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Adult ability in complex cognitive domains, including music

performance, is commonly thought of as the product of gene-

environment interactions, where genetic predispositions

influence and are modulated by experience resulting in the final

phenotypic expression. Recently, however, the important

contribution of maturation to gene-environment interactions

has become better understood. Thus the timing of exposure to

specific experience, such as music training, has been shown to

produce long-term impacts on adult behavior, as well as on

brain structure and function. The goal of this paper is to

formulate a model of gene-maturation-environment

interactions in the context of musical skill, and to illustrate how

this framework can provide an important window into

understanding how predispositions, brain development and

experience interact.
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Introduction
As with most complex abilities, adult musical skill is the

product of genetic and environmental contributions that

interact with each other in multiple ways. Genes encode

individual differences in specific abilities and they also

interact with the environment to passively and actively

influence the development of skills [1��,2��]. Genes also

control neural and physical maturation, such that differ-

ent brain networks and abilities have developmental

peaks at different ages [3,4��]. Across all major neural

systems it has been shown that relevant experience has
www.sciencedirect.com 
greater effects during periods of peak maturational

change, which have been termed sensitive or critical

periods [3,4��,5�,6�]. The goal of this paper is to present

current evidence for sensitive period effects for musical

training and to present a gene-environment-maturation

model for the development of musical skill.

Evidence for sensitive periods in music
training
A sensitive period is a window in development when

specific experience has long-term effects on behaviour

and the brain [5�; and See Box 1]. Examples include

better grammar and accent when a second language is

acquired early [7,8] and improved restoration of hearing

function with earlier cochlear implantation [9]. This is in

contrast to a critical period where specific experience is

required for appropriate behavior and brain function to

develop [3]. Most complex cognitive functions are char-

acterized by sensitive rather than critical periods: there

are better and worse times to learn a second language,

pick up a musical instrument or start playing chess, but

these skills can be acquired to some degree at any time of

life. This is because complex abilities require the contri-

bution of interacting brain networks whose structure and

function are more and less plastic at different stages of

maturation. Brain maturation across development can be

thought of as a cascade of sensitive and critical periods

that are more or less responsive to particular experience

[4��,10�]. Further, it is critical to keep in mind brain

regions and their associated functions do not develop

in isolation, but within connected networks where both

earlier and later maturing regions can influence develop-

ment. Further, maturation can be influenced from the

bottom up by incoming sensory information, or by top-

down influences from higher level cognitive areas

[11��,12�]. Reciprocal communication between networks

is likely an important ongoing contributor to brain and

behavioural maturation, which has been termed interactive
specialization, which posits that maturation affects not just

individual regions, but functionally connected networks

and their organization [11��; and See Box 2].

Anecdotal evidence from the lives of famous musicians

suggests that early age of start (AoS) of training can

promote the development of extraordinary skill in adult-

hood [13]. (Mozart, who mastered the piano at age 4–5

and performed professionally throughout his childhood is

probably the most famous example.) Early empirical
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14 Sensitive and critical periods

Box 1 Sensitive and critical periods

A sensitive period is a window in development when specific experience has particularly potent effects on brain plasticity, and thus long-term

effects on structure and function [5�]. This differs from a critical period where exposure to specific experience is required for appropriate behaviour

and neural development to occur. The classic example of a critical period is ‘lazy eye’ syndrome in which early visual deprivation in one eye results

in irremediable loss of acuity and responsiveness in visual cortex [3]. Whereas the effects of early deprivation in lazy eye cannot be changed later in

life, this is typically not the case for more complex behaviours, such as musical achievement or second language learning.

Work in rodents has shown that the critical period for frequency tuning in auditory cortex occurs between 11 and 14 days postnatally, whereas

tuning for frequency modulation occurs later [10�]. The fact that the same auditory experience before or after the critical period does not produce

the same effects suggests that immature neural systems do not have a uniform potential for plasticity across maturation and are simply awaiting

stimulation. It is thought that both sensitive and critical windows are opened by a combination of maturational readiness – programmed peaks of

plasticity controlled by genes – and exposure to the appropriate quantity and quality of experience [3,4��,10�]. Biological mechanisms underlying

the opening of sensitive periods initially depend on adequate maturation of GABA-ergic inhibitory networks that regulate changes in cellular and

synaptic architecture in the presence of appropriate sensory stimulation. Closing of these windows depends largely on final maturation of inhibitory

networks, which regulate a constellation of cellular and molecular mechanisms that brake plasticity, including myelination and development of peri-

neuronal nets [3,4��,10�]. Limiting plasticity, and thus fixing behavioural repertoires and neural representations, stabilizes function, forming a basis

for on-going learning and development. On-going developmental plasticity is regulated by the balance of excitatory and inhibitory mechanisms,

and is influenced by the specifics of experience.

On the basis of this understanding of the underlying biological mechanisms, it is better to think of the distinction between sensitive and critical

periods as a continuum: one in which genetics, the mechanisms underlying opening and closing, and experience may contribute more or less

strongly depending on the functional system and the maturational time-point. Further, there is growing evidence of sensitive or critical period

effects in multiple regions of cortex, each of which has a specific temporal window (for example, see Bedny in this issue). The timing of sensitive

periods will thus depend on the maturational time-line of relevant regions and the time-line of the behaviours that they control. So throughout the

entire developmental process we can imagine a cascade of sensitive periods that open and close at different times and which are sensitive to

different types of experience [3,4��,10�]. Further, because brain maturation occurs within connected networks, plasticity induced during one

sensitive period may contribute to learning and plasticity in more or less mature regions [11��,12�]. This is consistent with the greater temporal

variability of sensitive period effects for more complex functions. Basic sensory and motor functions that are represented in a single cortical or

subcortical region may have earlier, more clearly defined and less malleable windows for plasticity. More complex abilities, such as language or

music, which are represented across multiple functional regions – some of which develop into adulthood – may have broader, more variable

windows for change, and multiple functional routes for plasticity.

Together, this suggests that plasticity during a sensitive period may generate meta-plastic effects where change during the open window may

serve as a scaffold on which later experience can build [20]. The concept of meta-plasticity originates from studies of hippocampal learning

mechanisms, and denotes the idea that experience can change the potential for plasticity of a synapse [63�, For review see Ref.: 79]. Evidence for

behavioural meta-plasticity comes from animal and human studies showing that early stress shapes learning later in life [80]. Evidence for

metaplastic effects resulting from music training comes from studies showing that musicians have enhanced learning of sensory and motor skills

[41–43], and greater increases in M1 activity during learning [81].
evidence for the impact of AoS came from studies of

‘perfect’ or ‘absolute’ pitch – the ability to name the pitch

height of isolated tones. A large-scale study found that

78% of musicians with absolute pitch began their training

before age 6 [14]. Initial evidence for the effect of AoS on

the brain came from work showing that the surface area of

the anterior corpus callosum was larger in those who

began training before age 7 [15]. However, there was

no control for years of experience, thus the observed

differences could be related to the fact that early starters

had more years of experience than late starters of the

same age. Further, there were no measures of musical

skill, and thus brain structural differences could not be

linked to relevant behavior. Therefore, to systematically

examine the effect of AoS, we conducted a series of

studies comparing musical abilities and brain structure

in adult musicians who began training before and after

age7 [Early trained � age 7 (ET); Late-trained � age 7

(LT)]. Importantly, groups were matched for years of

music experience, years of formal training, and hours of

current practice [16–22]. We also assessed global cogni-

tive function and working memory. Data from these

studies are summarized in Figure 1.
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Across all studies, we found that ET musicians

out-perform LT musicians on measures of rhythm

synchronization and melody discrimination. Further,

ET musicians showed enlargement of ventral premotor

cortex (vPMC) that was related to performance on the

rhythm task [19]. We also found that ET musicians had

enhanced white matter (WM) integrity in the posterior

mid-body of the corpus callosum (CC), the location of

fibres connecting primary motor (M1) and the premotor

cortex (PMC) in the two hemispheres [20]. Intriguingly,

in the same sample, we showed that ET musicians had

smaller volumes of cerebellar lobules IV, V and VI, and

that smaller volumes were related to reduced variability

on an auditory-motor timing task [21]. We have recently

replicated this finding, and shown that the cerebellar

and cortical volumes are inversely correlated [23]. This

suggests that plasticity in the two regions is interde-

pendent, and is consistent with evidence that con-

nected regions change together across development

[11��,24��]. It is also consistent with data showing that

ET pianists had smaller grey matter (GM) volume in

the right putamen, and lower timing variability when

playing musical scales [22].
www.sciencedirect.com
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Figure 1
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Effects of early musical training on brain structure.

Figure 1 (left to right): The first panel shows expansion of right vPMC in ET versus LT musicians and the relationship between vPMC volume and

performance on a rhythm synchronization task (ET = red; LT = blue) [18]. The second panel shows greater fractional anisotropy (FA; blue) in the

posterior mid-body of the corpus callosum and its connections to motor and premotor cortex (yellow–red). The graph below shows the

relationship between FA in this region and AoS [19]. The third panel shows enhanced volume of the right putamen in ET musicians and the

relationship with AoS [21]. The fourth panel shows the region of decreased cerebellar volume in lobule VI and its relationship to tapping variability

(ET = light blue; LT = red; non-musicians = dark blue [20].
We have interpreted these findings based on data about

the function of these regions, the timing of their norma-

tive maturation, and the relative contribution of genes

and environment to their variability (See Box 2 and

Figure 2). Developmental data show that GM volume

of anterior motor regions, including M1 and PMC have a

peak rate of change between the ages of 6 and 8 [25]. The

PMC is known to be involved in auditory-motor integra-

tion [26] and is thought to play a key role in motor timing

[27]. The size of the posterior mid-body of the CC also

has a maturational peak in middle childhood [28], and

adult variability in this region has a strong unique envi-

ronmental contribution [29]. This part of the CC connects

M1 and PMC, and is related to bimanual coordination in

children and adolescents [30]. In contrast, peak matura-

tion in the cerebellum occurs later, between the ages of

12 and 18 [31]. The cerebellum is structurally homoge-

neous, with subregions connected through feedforward

and feedback loops to the rest of the brain [32]. In motor

control, these circuits are known to play a role in error-

correction, optimization and instantiation of forward mod-

els. Because they are uniform and connect to all regions of

the cortex, it is hypothesized that they may also perform

the same role in optimizing a wide variety of sensory and

cognitive functions [33]. The cerebellar regions we found
www.sciencedirect.com 
to be smaller in ET musicians are connected to frontal

motor and association regions, including M1 and PMC

[32]. Because these regions are functionally connected,

plasticity effects of early training on cortical regions may

be partially mediated by cerebellar optimization mecha-

nisms that result in greater efficiency and thus reduced

volume. On the basis of these data, we hypothesize that

early experience during periods of peak maturation pro-

motes brain plasticity, and that regional differences in

genetic permeability mean that some brain regions are

more susceptible to the impact of training than others.

Our findings emphasize that the impact of early experi-

ence occurs at a network level, with changes in one region

influencing changes in connected regions.

Differential effects of AoS and type of training were

revealed by a recent study in which we compared the

effect bilingualism and music training on the structure of

the arcuate fasciculus (AF) [34]. The AF is a white matter

pathway that connects posterior auditory cortex and fron-

tal motor regions, and whose structure has been linked to

language in the left hemisphere [35] and to music in the

right hemisphere [36]. All participants in our study exhib-

ited a left-greater-than-right asymmetry in the volume of

the long segment of the AF, consistent with previous
Current Opinion in Behavioral Sciences 2020, 36:13–22



16 Sensitive and critical periods
findings [37]. This portion of the AF has been linked to

left-hemisphere dominance for language, and it is

hypothesized that its structure may be largely under

genetic control [38]. In an interesting dissociation, simul-

taneous bilinguals, who acquired their L2 in the first year

of life showed an increased volume of the left long

segment and a greater leftward asymmetry, while ET

musicians showed an increased volume of the right

long-segment and reduced leftward asymmetry. These

findings suggest that very early, intensive bilingual expe-

rience can modify a white matter pathway that is typically

under strong genetic control, whereas music training at a

later period in childhood affects the right hemisphere,

which may be more open to on-going experience. These

results support the idea that brain plasticity depends on

region-specific differences in malleability by experience,

the age at which experience begins as well as the type of

experience.

If the observed differences in behaviour and brain

structure between adult ET and LT musicians are

hypothesized to result from the interaction between

AoS and experience, an important question is how soon

after training in childhood do they appear? To address

this we tested whether AoS affected musical skills in
Box 2 Brain maturation

Maturational changes in brain structure are continuous throughout the lifesp

stimulation generally proceeding from primary sensory and motor regions 

develop in isolation, but rather in structurally and functionally connected net

[24��].

Following birth, across the brain the number of synapses, and therefore th

15 months [83]. Afterward, synapses are reduced through pruning, a proc

including perceptual narrowing for native language speech sounds [4��]. S

imaging (MRI) show that GM volume and cortical thickness (CT) peak in c

adulthood. During the same period, white matter (WM) volume increases an

cortical thinning and WM growth proceed from primary sensorimotor to fr

expansion are largely the result of increased axonal myelination and prolif

boundary measured by MRI [85]. While the surface area or extent of cortic

variation in CT is thought to reflect a combination of accumulated genetic

Along with frontal-parietal and temporal networks, some subcortical regions

peaks in adolescence [31], at a time that coincides with changes in its func

forms loop connections with many regions of the cortex, and is thought to

[33]. Later maturation of the cerebellum may thus be linked to parallel peaks

the striatum, a region important for the processing of reward (including mu

that coincides with changes in dopamine modulation of incentive reward [

Together, current data show a pattern of rapid growth in the first 1–2 year

maturation of basic sensory and cognitive functions. Across childhood and

connectivity within and between cortical networks that underlie complex se

more strongly modulated by experience. Putting together information abo

ment presents an intriguing contradiction. Peak cortical maturation of senso

motor abilities develop much earlier. Additionally, sensorimotor abilities and

their childhood peak through adolescence and into early adulthood [12�,8
development may rely on interactions between more mature, low-level se

[11��,12�]. These interactions can thus bootstrap processing in less mature

brainstem regions and later-developing cortex, and in childhood between 

Interactions between earlier and later developing networks is likely an ong

specialization [11��]. These findings lead to a more complex picture of brai

and network-level properties.
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childhood after four years of lessons. To do so, we

compared melody discrimination and rhythm synchro-

nization in groups of ET and LT children using age-

normed scores [39]. Groups were matched for years of

music lessons and hours of weekly practice, as well as

working memory, global cognitive function and socio-

economic status [40]. We found that ET children per-

formed better than their LT counterparts on a simple

melody discrimination task, and that across groups, AoS

and global cognitive function independently predicted

discrimination scores. There were no group differences

or effects of AoS for the rhythm synchronization or a

transposed melody discrimination task, but working

memory ability predicted these scores. In addition,

weekly practice predicted transposed melody discrimi-

nation. These results illustrate the combined effects of

maturation, training and cognitive abilities on the

development of musical skills. Further, they suggest

that basic pitch abilities mature earlier than more

complex auditory and motor functions, and/or that

children who begin early have advantages in pitch

processing. Finally, in this study and in a previous

sample of adults, we were able to validate that the

age range where early training has its strongest effect

is between the ages of 7 and 9 [17].
an. Maturation is controlled by genes and modulated by environmental

to frontal and parietal association areas [24��]. Brain regions do not

works [82] that may also share timelines of modulatory gene expression

e volume of grey matter (GM), continues to increase for between 3 and

ess thought to underlie early experience-dependant specialization,

tudies of brain development based on structural magnetic resonance

hildhood (6–10) and then decrease across adolescence and into

d then remains relatively stable into older adulthood [84,85]. Patterns of

ontal, parietal and temporal association areas. GM thinning and WM

eration of glial cells within the cortical ribbon, which shift the GM/WM

al regions is thought to be largely under genetic control, individual

 and environmental effects [86��].

 also have relatively late peaks of structural change. Cerebellar volume

tional interaction with connected cortical regions [87]. The cerebellum

 be important for optimization of sensory, motor and cognition function

 in the fronto-parietal cortical networks to which it is connected. Finally,

sical reward) also appears to peak in adolescence [13–17,77] at a time

78].

s of life that is largely genetically controlled, and which underpins

 adolescence, maturational changes occur largely in WM density and

nsorimotor and cognitive processes. These changes are thought to be

ut brain maturation with known changes in behaviour across develop-

rimotor networks occurs in middle childhood, but basic perceptual and

 their associated neurophysiological markers continue to develop after

8,89]. We can make sense of this contradiction by hypothesizing that

nsory and motor processes and less mature, higher-level processes

 regions. This may first occur in infancy between early developing

primary cortical areas and later developing frontal-parietal areas.

oing feature of development and has been termed interactive
n maturation where regional maturation depends on both local changes

www.sciencedirect.com
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Integrating these results with those of adult ET musi-

cians, we hypothesize that early training has an immedi-

ate impact on skills such as simple melody discrimination

that rely on earlier-maturing regions including auditory

cortex. Better simple melody discrimination skills may

then promote acquisition of more complex skills, such as

transposition or even rhythm synchronization. More cru-

cially, we propose that early practice exerts a meta-plastic

effect in which experience promotes the long-term poten-

tial for learning and plasticity when exposed to additional

training [See Box 1 for a more detailed description of the

concept and neurophysiological bases of meta-plasticity].

Thus, we hypothesize that abilities, such as transposition

and rhythm synchronization, which do not show immedi-

ate gains in early trained children, would be more readily

acquired because early experience has primed the under-

lying neural systems to learn. This is consistent with

evidence that adult musicians show better learning of

new sensory and motor skills [41–43]. These more com-

plex skills might also require further cognitive and physi-

cal maturation as well as additional training.
Figure 2
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Training-related plasticity in childhood
The hypothesis that the observed effects of early AoS are

partly theresultof training-dependentplasticity isconsistent

with longitudinal studies of music training in childhood

showing structural and functional changes in auditory and

motor cortex, as well as the corpus callosum after 1–2 years of

practice [44–48]. In these studies, no behavioural or neuro-

physiological differences were observed before the start of

training, even though the groups self-selected to take music

lessons, and thus might represent children with pre-existing

skills or predilections. The fact that these changes occur in

similar regions of the auditory-motor network that have been

shown to differ after long-term training in adults supports the

inference that these differences can be attributed in part to

training. It is also consistent with a recent study comparing

brainstructure inmonozygotic twinswhowerediscordant for

music practice. It found that the twins who played an

instrument had greater cortical thickness in auditory and

motor regions as well as WM enhancements  in the corpus

callosum compared to those who did not [49��]. Because

these twins start life with an identical genetic makeup and
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sical training.

ume between ages 4–8 (hot colours are regions of greater change) [23].

llosum between the ages of 6–8 [26]. Yellow circle indicates the region

 musicians [19]. The third panel shows the developmental trajectories

ased volume in ET compared to LT musicians [20].
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18 Sensitive and critical periods
can be supposed to have a very similar family environment,

this study provides the strongest evidence thus far that

observed differences in brain structure between musicians

and non-musicians can be attributed to the effects of

training.

Individual differences: possible genetic
contributions
Although direct evidence for specific genetic contribu-

tions to musical skill is currently limited [50], there is

indirect evidence for possible structural or functional

predispositions that are related to better performance

and learning of musical tasks. A study of 8–10 year-old

children taking music lessons found that the volume of

auditory cortex was larger in those who practiced more,

and was associated with measures of music aptitude, as

well as behavioural and physiological measures of audi-

tory processing [51�]. Further, aptitude accounted for a

greater proportion of the variance in auditory cortex

volume than practice time. The authors interpreted their

findings as suggesting that auditory cortex volume might

be a pre-existing anatomical feature that contributes to

long-term development of musical skills. However, it is

also possible that training-related plastic changes had

already occurred in the period preceding the study, as

most children had already been playing for 1–2 years.

Genome-wide association studies have linked musical

abilities to genes involved in development of the cochlea

and auditory brainstem [50]. But as with other complex

abilities such as language and IQ, the likelihood that

single genes account for the broad range of individual

differences in a complex function is small. Twin studies

in a sample with a range of musical experience have

shown that genes appear to account for a moderate

portion of the variance in music abilities [52]. They also

show that the propensity to practice appears to be herita-

ble [53], and that personality variables such as ‘openness

to experience’ are associated with lifetime practice [54].

These findings are supported by correlational evidence

that musical ability is linked to cognitive and personality

variables in addition to practice [55]. Finally, an enriched

musical environment in childhood is associated with

greater musical achievement later in life, and also

increases the relative contribution of genetic variability

to achievement [56]. The evidence for genetic contribu-

tions to musical ability closely parallels that for global

cognitive function (IQ), which has been found to be

highly heritable, but which is also modulated by family

and social environment, as well as personality [For review

see Ref.: 1��]. Comparison with other complex cognitive

functions reminds us that the simple idea that either

genes or environment alone contribute to variability in

musical skill should give way to a more sophisticated

appreciation of the range of gene-environment interac-

tions and their impact on ability.
Current Opinion in Behavioral Sciences 2020, 36:13–22 
Individual differences: predisposing factors
Even in untrained adults, individual differences, particu-

larly in the auditory-motor network, are linked to musical

abilities and the capacity to learn. For example, in a

sample selected to have a range of musical experience,

GM concentration and cortical thickness in auditory and

parietal regions was found to be related to the ability to

discriminate melodies which had been transposed [57].

Further, WM integrity in the left arcuate fasciculus and

the temporal segment of the CC were found to predict

individual differences in auditory-motor synchronization

[58]. The ability to learn musical skills has also been

linked to individual variation in auditory and motor

regions of the brain. In a longitudinal where non-musi-

cians learned to play short piano melodies, greater activity

in auditory cortex when listening to the melodies before

training began predicted how fast people learned [59].

Similarly, greater responsivity to pitch differences in

auditory cortex before training was related to later rate

of micro-melody learning [60]. In a study of cello learning,

greater activity in the supplementary motor area, as well

as its degree of connectivity with auditory cortex during

passive listening before training was positively correlated

with learning success [61]. Finally, WM connectivity

between auditory and motor regions was also related to

melody learning success [62].

Why is music such an effective driver of
sensitive-period plasticity?
We have argued that musical training that begins during a

sensitive period promotes long-term changes in brain and

behaviour. But what features of music training produce

these effects? One obvious answer is practice – lots of

practice. When children begin lessons they typically play

only a few hours per week [39,51�], but the average total

duration of training for musicians in the studies reviewed

here was 15–20 years. This is the equivalent of thousands

of hours of practice across a large portion of a person’s life.

While the idea that simply practicing long enough will

result in expertise has been debunked [For review, see

Ref. [53]], length of training is typically strongly related to

both brain differences and performance [63�]. Thus, long-

term practice and related plasticity can build upon effects

of early AoS based on both behavioural scaffolding and

metaplastic effects that promote later learning. The

nature of music training may also be particularly effective

in promoting plasticity. As a musician practices, he or she

engages in a repeated cycle of prediction, feedback and

error-correction [64,65]. Feedback and error-correction

are key components of motor learning, and studies of

both motor and sensory learning show that functional and

structural changes in the brain are driven by decreases in

error and improved precision [66]. Thus, error-driven

learning, particularly during periods of high developmen-

tal plasticity may be an important contributor to structural

brain changes. Music training may also be particularly

potent because it is inherently multi-sensory sensory
www.sciencedirect.com
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Figure 3
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Gene-maturation-environment interaction model.

Figure 3 illustrates the gene-maturation-environment model, with genetic variation codes for individual differences in brain structure as well as

maturational changes. Maturation is shown to have two distinct bursts, one during infancy (the first two years of life) and another during childhood

and adolescence. Different regions, such as auditory, motor, frontal and cerebellum have peaks of maturational change at different times.

Experience during a sensitive period in childhood (orange bar) can have differential effects on structure in different regions. Plasticity in early and

later maturing regions can have feedforward and feedback effects on connected regions. Experience can also modify plasticity through gene-

environment interactions.
(combining hearing, sight and touch), and co-activation of

circuits deriving from multiple senses may drive plasticity

more strongly than input from a single sense [67].

A final feature that is likely crucial in promoting plasticity is

the rewarding nature of music and the pleasure of accurate

performance. The intrinsic pleasure derived from music

appears to be common to most people [68], and is hypothe-

sized to be based on the same dopamine-modulated, pre-

dictive systems that regulate reward in other domains

[69,70]. Learning to produce a rewarding stimulus, such

as music, is thus likely to be rewarding to theplayer. We also

know that the reward value of what is learned strongly

influences learning and plasticity. Animal studies show that

brain plasticity associated with auditory learning is greater

when the information to be learned is rewarded, or beha-

viourally relevant [71]. Importantly, dopamine has been

shown to modulate motor learning in both humans and

animals [72–74], possibly through the reinforcement and

habit-formation circuitry of the striatum [75,76]. The inter-

action of music training and reward may be at its peak

during late childhood and adolescence when brain struc-

tures and mechanisms associated with motivation are

developing rapidly [77,78].

Model
On the basis of these findings and existing models [2��,4��],
we propose a multidimensional gene-maturation-environ-

ment framework for the development of musical skill (See

Figure 3). Under this framework, genetic variation
www.sciencedirect.com 
produces individual differences in musically relevant abili-

ties such asauditory perception andmotorcontrol, aswell as

in non-specific cognitive and personality factors including

general cognitive ability and openness to experience, that

contribute to the potential for training. These individual

differences interact with experience in passive and active

ways to push or pull for development of skill. Genes also

control maturation, and the timing of structural and func-

tional changes differs across brain regions and networks,

producing a cascade of maturational effects [4��]. Early and

late maturing regions interact, and experience can drive

change through both bottom-up sensorimotor processes

and through top-downcognitive influences, consistentwith

the concept of interactive specialization [11��,12�]. We

propose that the timing of music experience interacts with

both predispositions and maturation to influence long-term

behavioural and brain plasticity. Early music training may

initially affect earlier maturing, lower-level sensory pro-

cesses such as pitch discrimination, but this training and its

related plasticity may also have a metaplastic effect, laying

the foundation for augmented development of later matur-

ing sensorimotor integration abilities. Further, interactions

within connected brain networks may produce different

kinds of plastic effects: for example, structural enlargement

in PMC, but structural reductions in connected regions of

the cerebellum. Taken together, we propose that early

training has a metaplastic effect where early training pro-

motes brain plasticity that makes a region or network more

receptive to future experience. Thus early training can be

seen as a scaffold on which later experience can build [20].
Current Opinion in Behavioral Sciences 2020, 36:13–22
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In this way, musical skill appears to be similar to other

complex abilities, in which there is strong evidence for

heritability, but also good evidence that individual variabil-

ity can be moderated by experience [1��]. One important

source of this variability may be the age at which training

begins.
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