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Abstract 

Intensive training and the acquisition of expertise are known to bring about structural changes 

in the brain. Musical training is a particularly interesting model. Previous studies have 

reported structural brain modifications in the auditory, motor and visuospatial areas of 

musicians compared with nonmusicians. The main goal of the present study was to go one 

step further, by exploring the dynamic of those structural brain changes related to musical 

experience. To this end, we conducted a regression study on 44 nonmusicians and amateur 

musicians with 0-26 years of musical practice of a variety instruments. We sought first to 

highlight brain areas that increased with the duration of practice and secondly distinguish 

(thanks to an ANOVA analysis)brain areas that undergo grey matter changes after only 

limited years of musical practice from those that require longer practice before they exhibit 

changes. Results revealed that musical training results a greatergrey matter volumes in 

different brain areas for musicians. Changes appear gradually in the left hippocampus and 

right middle and superior frontal regions, but later also include the right insula and 

supplementary motor area and leftsuperior temporal, and posteriorcingulate areas. Given that 

all participants had the same age andthat we controlled for age and education level, these 

results cannot be ascribed to normal brain maturation. Instead, they support the notion that 

musical training could induce dynamic structural changes.  

 

Keywords: music, training, plasticity, MRI, VBM 
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1. Introduction 

 

The effects of intensive training and expertise on brain structure have been observed in 

several areas (for reviews, see Draganski and May, 2008; May, 2011; Zatorre et al., 2012), 

including the taxi driver’s hippocampus (Maguire et al. 2000), the juggler’s midtemporal area 

(hMT/V5) and left posterior intraparietal sulcus (Boyke et al., 2008; Draganski et al., 2004), 

the basketball player’s cerebellum (Park et al., 2009) andthe frontal and parietal areas of 

individuals who engage in physical exercise (Taubert et al., 2010).  

It is now well established that musical training requires complex multimodal abilities, 

including somatosensory and memory processes, motor skills and emotion. Thus, musical 

expertise can be regarded as a relevant model for studying structural brain plasticity 

mechanisms (Wan and Schlaug, 2010). Skills acquired by musicians result not only in specific 

connections and interactions between different brain areas (Altenmuller, 2008, Fauvel et al. 

2014), but also in the enlargement of brain regions involved in music-related processes such 

as auditory, motor and visuospatial abilities (Bermudez et al., 2009; Gaser and Schlaug, 2003; 

James et al. 2014;Luders et al., 2004; Schneider et al., 2002; Seung et al., 2005). In most 

studies, structural changes have been observed after onlya few months of intensive practice. 

For example, Hyde et al. (2009) showed that 15 months of instrumental musical training in 

childhood were enough to increase the volume of the auditory and motor cortices. Moreover,  

some authors have also shown a relationship between the age of onset of musical training and 

structural brain modifications particularly in the premotor cortex and corpus callosum (Bailey 

et al. 2014; Steele et al. 2013) for early-trained musicians (< age 7) suggesting a sensitive 

period of musical training effect. Nevertheless, these training-induced, regional structural 

brain changes do not occur solely during brain development, as they can be observed 

throughout the lifespan (Engvig et al., 2010). Nor are they restricted to specific cognitive 
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demands (for a review, see Draganski and May, 2008), as they can concern many areas 

sustaining learning, memory, sensory or motor processes (see Fauvel et al. 2013 for review in 

musical training).Thus,some investigations have revealed that musical training can have 

structural and functional effects on regions not directly involved in sensori-motor processes of 

music practice, such as those that subtend working memory (Oechslin et al., 2012; Schulze et 

al., 2011) or long-term memory (Groussard et al., 2010a). In the latter study, a musical 

memory task revealed both functional and structural greater activation and grey matterin the 

left hippocampus of adult musicians compared to nonmusicians. Regarding results of our 

previous study, we would like togo one step further in the assessment of the relationship 

between the duration of musical expertise and the left hippocampus and generally in whole-

brain grey matter changes.  

The main goal of the present study is to analyze in what waystructural grey matter 

changes with increasing number of years ofmusical training. To this end, we conducted a 

regression study on grey matter volumes of 44 nonmusicians and amateur musicians with 0-

26 years of musical practice of a variety instruments. We sought first to highlight brain areas 

that increased in volume with the duration of practice and secondly distinguish (thanks to an 

ANOVA analysis)brain areas that underwent grey matter changes after only limited years of 

musical practice from those that require longer practice before they exhibit changes. Actually, 

some neuroimaging studies on structural plasticity (for a review, see Jancke, 2009) have 

suggested that musical training initially induces structural changes in regions that are directly 

involved in music learning (i.e. auditory and motor cortices). But recently James et al. (2014) 

studied the expertise effect on grey matter changes comparing three groups: nonmusicians, 

amateur musicians and professional musicians and observed that grey matter areas related to 

higher-order cognitive function increase with musical practice. 



 

5 

 

We therefore hypothesized that musical practice would have differential effects on the 

brain according to its duration, affecting first regions involved in motor and perceptual 

processes, to subsequently include regions involved in higher cognitive processes (i.e. 

executive functions, memory, and emotion). 

 

 

2. Methods 

2.1.Participants 

Forty-four young volunteers (26 men, mean age ± SD: 23.75 ± 3.43 years, mean 

education level ± SD: 15.45 ± 2.02 years) with no history of neurological or psychiatric 

disease took part in this study. All participants were right-handed according to the Edinburgh 

Inventory (Oldfield, 1971), none of them reported having hearing deficits and none had 

perfect pitch. This study was approved by the regional ethics committee, and written informed 

consent was obtained from all the participants.  

In order to study the progression of musical expertise from the verybeginning, eleven 

nonmusicianparticipants were included. They were classified as strictly nonmusicians, and 

met the following criteria: (1) none had ever taken part in musical performances or received 

music lessons (except for basic musical education at French high school, corresponding to 1 

hour/week), (2) they were common listeners (i.e., not music lovers, who tend to listen to one 

specific type of music), and (3) they scored normally on a test of pitch perception. The 

remaining 33 participants were amateurmusicians that had been playing music several times a 

week (5 minimum to 10 hours maximum per week was our range of inclusion), for a time 

duration ranging from one to 26 years at the time of the study. We chose to select young adult 

participants  in order to excludepossible effects of age on grey matter andto focus mainly on 
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the effect of the duration of musical practice. Thus, in order to reveal the dynamicof grey 

matter changes, the musicians were divided into three groups according to the musical 

education phases and levels of trainings such as they are cut out in the musical academies in 

France (Table 1). Thus, the 11 musicians with 1-8 years’ musical practice constituted the 

novice group. These novice musicians were in the process of acquiring basic musical skills 

(rhythm and music reading), which takes 8 years to be completed. The 11 musicians with 9-14 

years’ musical practice constituted the intermediate group. In this group, musicians were 

working on their musical training in preparation for the French final musical diploma. Finally, 

the 11 musicians with 15 or more years’ musical practice constituted the expert musician 

group who had obtained their French final musical diploma(„Certificat de fin d‟études 

musicales‟). Thus, within each group, musical proficiencies of our participants are pretty 

homogeneous. Moreover, we intentionally set up our groups of musicians by choosing various 

types of instrumental practice(violin, cello, guitar, flute, recorder, trumpet, clarinet and 

piano)in order to avoid the possible bias induced by a particular type of instrumental practice 

(in reference to the work of Sluming et al. 2002). Most of our musicians played more than one 

instrument. The distribution of the primary instrument played by the musicians of our three 

groups is the following one: 9 strings and 2 winds in novice musician group; 5 strings, 5 

winds and 1 pianist in intermediate musician group; 1 string, 5 winds and 5 pianists in expert 

musician group. 
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Table 1: Mean (± standard deviation) demographic data for each group. For the 

statistical results of the post hoc 2-by-2 comparisons (Tukey’s HSD) only significant 

differences at p< .05 are shown:
a
compared with nonmusician group,

b 
compared with novice 

musician group. 

 

2.2.MRI Data Acquisition 

Each participant underwent an MRI examination at the CYCERON center (Caen, 

France) using the Philips (Eindhoven, The Netherlands) Achieva 3.0T scanner . T1-weighted 

structural images were acquired using a 3D fast field-echo sequence (3D-T1-FFE sagittal; TR 

= 20 ms; TE = 4.6 ms; flip angle = 20°; 170 slices; slice thickness = 1 mm; no gap; FOV = 

256 x 256 mm²; matrix = 256 x 256; in-plane resolution = 1 x 1 mm
2
; acquisition time = 9.7 

min).  

2.3.Data preprocessing and statistical analysis 

2.3.1. Demographic statistical analyses 

 Nonmusicians Novice 

musicians 

Intermediate 

musicians 

Expert musicians 

Female/Male 5F/6M 4F/7M 6F/5M 3F/8M 

Age in years (± 

SD and range) 

25 ± 3.41 (21-

32) 

24.90 ± 3.80 (21-

32) 

21.09 ± 0.94 (20-

23)
a,b

 

24.18 ± 3.54 (21-

32) 

Education in 

years (± SD and 

range) 

16.9 ± 2.17 

(14-20) 

14.64 ± 2.80 (10-

19)
a
 

14.82 ± 0.60 (14-

16) 

15.45 ± 1.13 (14-

17) 

Range of 

musical 

practice  

(mean ± SD) 

0 
1-8 (4.6 yrs± 

2.83) 

9-14 (13.5 yrs± 

0.52) 

15-26 (17.5 yrs± 

3.47) 

Age of onset of 

training in 

years (±  SDand 

range) 

- 
20.27 ± 5.33 (14-

31) 
7.45 ± 0.82 (6-9) 6.63  ± 1.36(5-9) 
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One-way ANOVA were run on the demographic data: age and level of education. 

Mean level of education differed significantly between the nonmusician (16.9 ± 2.17 years) 

and novice musician groups (14.64 ± 2.80 years), p< .05; see Table 1). Mean age differed 

significantly between the nonmusician (25 ± 3.41 years) and intermediate musician groups 

(21.09 ± .94 years), and between the novice (24.90 ± 3.80 years) and intermediate musician 

groups (21.09 ± .94 years, p< .05; see Table 1).Consequently, in all the statistical analyses, 

age and educational level were included as confounding variables.  

We performed a Kruskal-Wallis one-way ANOVA in order to test gender distribution 

and no difference was observed between the four groups.  

 

2.3.2. Anatomical data preprocessing 

Imaging data preprocessing and analysis were performed using SPM12software 

(Wellcome Trust Center for Neuroimaging, London, UK) implemented in Matlab 7.4. Briefly, 

individual MRI data were spatially normalized to the Montreal Neurological Institute (MNI) 

template and segmented to isolate the grey matter partitions using the New Segment 

procedure in SPM12 and the DARTEL toolbox (Ashburner, 2007). Finally, the resulting 

modulated images (i.e. grey matter (GM) volume), which allow detection of relatively subtle 

changes in tissue contrasts were smoothed with an 8-mm FWHM isotropic Gaussian 

kernel.The resulting preprocessed images were masked so as to include only voxels 

considered as GM in the statistical analyses. 

We also obtained the individual total volume of GM, white matter (WM) and 

cerebrospinal fluid (CSF) that we used to calculated the individual total intracranial volume 
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(TIV) by summing the volume of the three compartments. In the imaging analyses described 

below, the TIV was used as a covariate to correct for brain volume difference.  

 

2.3.3. Imaging statistical analyses 

2.3.3.1.Brain Regions Modified by Musical Practice. 

First, we performed a regression analysis for the whole sample (44 participants) 

between the whole-brain GM volumes and the duration of musical practice, controlling for 

age, educational level and TIV, in order to first, locate the areas where grey matter 

volumesincreased with the duration of musical practice and second, highlight regions where 

grey matter volumes decreased with the duration of musical practice. 

2.3.3.2.Dynamics of Brain Regions Modified by years of Musical Training 

Second, to highlight the possible dynamics of grey matter volume modifications related to 

duration of musical practice,we divided the participants into four groups (Table 1) according 

to the duration of their musical training and extracted (using a fMRI_ROI toolbox developed 

in our lab) the grey matter volumes of the areas that were significant (at p< .001 

uncorrectedfor multiple comparisons and cluster size k > 110 in the regression analysis. Using 

Statistica softwarewe performed one-way ANOVAs(controlling for age, educational level and 

TIV) for each region and conduct post hoc comparisons (Tukey’s HSD) of grey matter 

volumes between the four groups (nonmusicians, and novice, intermediate and expert 

musicians). For the statistical results of the post hoc 2-by-2 comparisons (Tukey’s HSD) we 

discussed significant differences at p <0.05. 
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2.3.3.3.Influence of Age of Onset of musical training 

Finally, to highlight brain areas modified by early and late musical training (before and 

after age 7 of onset), we performed as a complementary analysis a two-sample t-test (at p < 

.001 uncorrected for multiple comparisons and cluster size k > 110) on GM images of the 15 

musicians who began music before age 7 compared to 18 musicians who began music later 

(after age 7). To control for duration of musical practice, number of years of practice was 

included as covariate, and we also set age, educational level and TIV as covariates. 

3. Results 

3.1.Brain Regions Modified by Musical Practice 

Positive correlations between GM volume and the duration of musical practice were found 

in the left hippocampus,posterior cingulate gyrus and superior temporal cortex, and in the 

right insular, middle and superior frontal cortices, and supplementary motor area Figure 1 and 

Table 1). These same areas were foundafter controlling for gender, by including this 

parameter as a nuisance variable in the model (data not shown). No brain area exhibited a 

negative correlation between GMvolumeand the duration of musical practice. 

 

3.2.Dynamics of Brain Regions Modified by years of Musical Training 

Except for the right insula (F(3,37)=2.25, p=0.09), all these areas present a significant 

main effect of musical expertise, aftercontrolling for age,educational leveland TIV: the left 

hippocampus (F(3,37)=5.25, p=0.003), posterior cingulate (F(3,37)=3.56, p=0.023) and 

superior temporal cortex (F(3,37)=3.71, p=0.019), and the right middle and superior frontal 

cortices (F(3,37)=6.39, p=0.001), and supplementary motor area (F(3,37)=5.78, p=0.002).Post 

hoc between-group comparisons conducted on the GM volume of the brain regions found in 

the previous analysis suggested distinct patterns of training-induced structural changes (Fig 1. 
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Statistical results of the post hoc 2-by-2 comparisons (Tukey’s HSD) revealed, for the left 

hippocampus: significant differences between the nonmusicians and novice (p=0.024), 

intermediate (p=0.0007) and expert musician (p=0.0001) groups and between the novice 

musicians and expert musicians (p=0.015); for the left posterior cingulate cortex: significant 

differences between the nonmusicians and the expert musicians (p=0.0002) and between the 

intermediate musicians and the expert musicians (p=0.036); for the left superior temporal 

gyrus: significant differences between nonmusicians and the expert musicians (p=0.003) and 

between the intermediate musicians and the expert musicians (p=0.032); for the right middle 

and superior frontal cortices:  significant differences between the nonmusicians and 

intermediate (p=0.027) and expert musician (p=0.0001) groups and between the expert 

musicians and the novice (p=0.009) and intermediate musicians (p=0.036) ; and for the 

supplementary motor area the only significant difference was observed between the 

nonmusicians and the expert musicians (p=0.04) ( Fig. 1). 
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Fig 1:Brain areas in which grey matter density changed with musical expertise. Results 

displayed the brain areas with significant positive correlationat p< .001 uncorrectedfor 

multiple comparisons and cluster size k > 110 between the duration of musical practice and 

GM volumes (controlling for age, educational level and TIV) and boxplot representations of 

GM volumes of (a) the left hippocampus, (b) right supplementary area, (c) right insula, (d) 

right superior and middle frontal cortex, (e) left superior temporal cortex and (f) left posterior 

cingulate cortex for each group. Box plots represent data of each group with quartiles (upper 

values 75%, median, and lower values 25%). The whiskers show range of the data and blobs 

raw values. For statistical results of the post hoc 2-by-2 comparisons (Tukey’s HSD) only 

significant differences are shown: * compared with the nonmusician group, o compared with 

the novice musician group and # compared with the intermediate musician group. 

 

Table 2:Brain areas in which GM volume changed with musical expertise.Location and 

MNI x, y, z coordinates (in mm) of peaks of significant grey matter density increases revealed 

by the analysis of variance with age, years of education and TIV as covariates. In all the areas 

listed, changes in grey matter volume are statistically significant at the p< .001 uncorrected 

level for multiple comparisons and cluster size k > 110.  

 

 

 

 

Anatomical location Cluster size  

(in voxels) 

 x y z  Z score 

Lefthippocampus 434  -28 -15 -12  4.77 

Right supplementarymotor 

area 

114  
9 14 49  

4.43 

Right superior and middle 

frontal cortex 

211  
27 59 3  

4.22 

Leftposteriorcingulate cortex 165  -6 -57 32  4.02 

Right insula 177  33 21 -8  3.70 

Leftsuperior temporal 122  -56 -19 2  3.47 
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3.3.Influence of Age of Onset of musical training 

The two-sample t–test performed on 15 musicians who began music before age 7 

compared to 18 musicians who started music later (after age 7), revealed no significant GM 

difference,and neither didthe reverse comparison. Thus, controlling for the duration of 

musical practice, nobrain area seemed to be specifically influenced by the age of onset of 

musical training. 

 

4. Discussion 

Consistent with the evidence that musical training can bring about neural plasticity in 

the brain (for reviews, see Stewart, 2008; Wan and Schlaug, 2010), the results of the present 

study showed only significant positive correlations between the duration of musical practice 

and changes in grey matter volumes in specific brain regions that have already been found to 

be sensitive to musical training or expertise (Bermudez et al., 2009; Groussard et al., 2010a; 

Hutchinson et al., 2003; Hyde et al., 2009;James et al. 2014;Schneider et al., 2002).The 

comparison of subjects with different levels of musical expertise enabled us to extend our 

understanding of brain plasticity in musicians, by allowing us to analyze different grey matter 

changes within each brain region in the course of musical training. 

4.1.  Different Structural Changes across Musical Practice 

Our analyses indicated that the grey matter modifications associated with musical 

practicediffer according to brain regions (Fig 1). These changes appear to be already 

noticeable in novice musicians and were greater in the intermediate and expert musician 

groupin the right middle and superior frontal regions andleft hippocampus, whereas structural 

modifications in the left superior temporal, posterior cingulateand right supplementary motor 
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areas seem to beless linear andappear only after several years of musical practice. Given that 

we controlled for age and education level, these results cannot be ascribed to normal cerebral 

maturation. So,these findings suggest that experience-dependent shifts within cognitive 

processes take place during musical training (Bermudez et al., 2009; Hyde et al., 2009). 

 

4.1.1. Leftsuperior temporal gyrus 

The left superior temporal gyrus is the structure where grey matter density greater the 

most (50%) in expert musicians versus nonmusicians.Previous studies observed an increase of 

GM in the left superior temporal lobes in musicians (Schneider et al. 2002; GaseretSchlaug 

2003; James et al. 2014) compared to nonmusicians suggesting a direct effect of musical 

practice on this area. Moreover, functional imaging studies have revealed that bothsuperior 

temporal areaswere involved in the processing of melody (Bengtsson and Ullen, 2006) and 

the left one in musical semantic memory (Groussard et al.2010b).We thus can hypothesize 

that throughout their training, musicians gradually develop the ability to decode the perceptual 

features of tunes (melody) and to memorize these features, in order to obtain a unique 

representation of each musical encounter. Moreover, previous research has suggested that the 

temporal structure is central to the recognition of familiar melodies. This brain area is thought 

to sustain the musical lexicon and could be involved in perceptual musical memories (Peretz 

et al., 2009). Given that the musical lexicon is gradually enriched through training and 

through listening to tunes, our results suggest that the grey matter differences in the left 

temporal area can be attributed to musical expertise. 

4.1.2. Left posterior cingulate cortex 
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We observed a 23.5% enlargement in grey matter volume in the left posterior 

cingulate cortex of the expert musicians, compared with the nonmusicians. Hyde et al. (2009) 

previously observed a grey matter increase in the posterior cingulate cortex in children after 

15 month of musical training and interpreted this fact as a consequence of integration of 

sensory information (visual) and emotional contentoccurring during the learning to read 

musical notation. Moreover, in musical memory studies, this area appears to be activated 

during familiarity tasks featuring well-known songs (Groussard et al., 2010b;Satoh et al., 

2006) and could underlie autobiographical memories associated with musical excerpts (Ford 

et al., 2011).  

4.1.3. Right insular cortex 

We observed an enlargement of grey matter in the insula cortex with the duration of 

musical practice but no clear pattern of modification appears regarding the level of musical 

expertise, nevertheless we could observe 14.6% difference between the expert musicians and 

the nonmusicians. This area is thought to reflect the emotional aspects of music processing 

(Koelsch et al., 2005; Koelsch, 2010). A positive correlation has been observed between the 

activation of the insula and the intensity of the thrills induced in musicians by favorite pieces 

of classical music (Blood and Zatorre, 2001). We can assume that, musicians hone not just 

their technical prowess but also their emotional sensitivity to music. In the course of their 

musical experience, musicians develop the ability (their sensitivity) to perceive the emotional 

content inherent to different pieces of music and, in turn, the ability to communicate that 

emotion to their audience. 

4.1.4. Right supplementary motor area 
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An increase in grey matter of the right supplementary motor area only seemsto appear 

after 15 or more years of musical practice, amounting to26% between the expert musicians 

and the nonmusicians. This structure,together with the premotor cortex,had previously shown 

a greater GM volume in musicians vs. nonmusicians(Gaser and Schlaug 2003).This cerebral 

area was also observed in musical studies focusing on the processing of sequential temporal 

structures in passive rhythm perception (Bengtsson et al. 2009). fMRIstudies, revealed that in 

pianists the supplementary motor area could be involved in both pitch and timing repetition 

during listening and performance tasks (Brown et al. 2013), as well as in the rhythmic and 

melodic musical improvisation (Manzano&Ullén, 2012) confirming its probable implication 

during musical training. On the other hand, some studies suggested that when musicians reach 

a professional status, the activity of motor structures decrease, which is likely to reflect motor 

automatizationor specialization (Gaser&Schlaug 2003, James et al. 2014). 

4.1.5. Right superior and middle frontal gyri 

Our study shows that, in the right superior and middle frontal gyri, grey matter volumes 

seems to undergo a gradual increase, to reach a 25% difference between the expert musicians 

and the nonmusicians. These structures have already been found in musical studies, and 

appear engaged in musical episodic retrieval (Platel et al. 2003) and also recruited by self-

referential processes associated with music (Zatorre et al., 2010), that are high-level cognitive 

processes developed with musical experience. One recent study explored brain structures that 

are activated when musicians play in an ensemble, and suggested that the cognitive empathy 

needed to take account of the other musicians and to play a piece of music together accurately 

is largely mediated by frontal areas BA 10/11 (Babiloni et al., 2012). Thus, we can 

hypothesize that the gradual modification in the right superior and middle frontal cortex with 

the musical expertise appears because playing in a music ensemble requires mastery of one’s 
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instrument synchronized with the other players,which is acquired progressively with the years 

of practice.  

 

4.1.6. Left anterior hippocampus 

We observed a gradual increase between duration of musical practice and grey matter 

volumes in the anterior part of the left hippocampus, suggesting a specific impact of musical 

practice on this area. This difference reached 17.8% with a greater grey matter volume for the 

expert musicians, compared with the nonmusicians. 

Hippocampal grey matter changes were already noticeable in the novice vs. 

nonmusicians. This structure is closely involved in context-dependent episodic or 

autobiographical memory (Burgess et al., 2002; Viard et al., 2007), suggesting that musicians 

construct specific memories relating to their musical experiences (e.g., a particular melody 

played during a specific concert). Thus, musicians’ memories of music may be more detailed, 

vivid and emotional than those of nonmusicians (Groussard et al., 2010a). Using grey matter 

volume analysis, Rajah et al. (2010) observed the involvement of the anterior part of the 

hippocampus in binding spatial and temporal contextual details with item information during 

encoding and/or retrieval-an ability that is also required in musical practice (e.g., reading a 

music score). Given the high intensity of auditory-visual encoding processes that 

characterizes music learning, our findings fit well with this assumption. 

Moreover, training-related neurogenesis has been found in the hippocampi of both 

animals and humans (Eriksson et al., 1998; Kempermann et al., 2002; Fotuhi et al. 2012 for 

review). In humans, modifications in hippocampal grey matter have been observed such as in 

London taxi drivers (Maguire et al., 2000) and medical students taking examinations 
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(Draganski et al., 2006), as well as in older people following a period of intense learning 

(Boyke et al., 2008), suggesting the biological engraving of new learning. These observations, 

taken together with the present results, suggest that musical practice could influence 

neurogenesis in the left hippocampus, whatever the level of musical expertise or the age of 

onset,and could possibly reflect an increasein memory faculties.  

5. Profits and limits 

We carried out a global regression analysis in order to give an account of the effect of 

years of musical practice on GM volume. Given that we controlled for age and education 

level, and that all participants were young adults, ourresults cannot be ascribed to normal 

cerebral maturation or aging effect. In addition, the major interest of including a group of 

strictly nonmusiciansin our experimental sample is precisely to be able to reveal early GM 

modifications related to the musical practice. Then, the ANOVA carried out makes it possible 

to show the contribution of each group in the GM modifications, and allows us to analyze 

grey matter changes within each brain region in relation with the number of yearsof musical 

training.One can however wonder whether the results of the regression analysis could mainly 

reflect the contribution of the nonmusicians group. We thus carried out the regression analysis 

(data not shown) on the 3 groups of musicians only, with TIV, Age,and Education level as 

covariates,and we obtainedmost of the cerebral areas already found in our previous analysis 

(that included nonmusicians). Unlike James et al. (2014) we did not observe any decrease in 

sensorimotor areas,possibly because our study included amateur musicians. All themusician 

in our study (from “novice’ to “expert”) practiced 5-10 hper week (selection criteria) 

whereasin the study of James et al. (2014) musicians who were professional pianists 

practicedmore than 10 hours. It is thus possible that the decrease in sensorimotor areas GM 

density needs a more intensive musical practice than that of non-professional musicians. 
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While most studies included only pianists, we deliberately decidednot to select our 

subjects on instrumental criteria (in reference to the work of Sluming et al. 2002) so as to 

limit the influence of a particular type of instrumental practice. The global repartition of 

instrumental practice is quite homogeneous in our sample of musicians (see 2.1 Participants), 

and most of our musician subjects, after learninga primary instrument had finally 

becomemulti-instrumentists. Our results thus reflect the cerebral effects of musical rather than 

instrumental training. However, it would be definitely interesting to have a larger sample of 

different kind of instrumentalists in order to learn whether particular instrumental practices 

differently modify GM volume during time. 

Concerning the possible effect of gender repartition in our results, we carried out a 

Kruskall-Wallis ANOVA, which does not show any significant difference between male and 

female repartition in our experimental group. We also checked that the results of the main 

correlation between musical practice and GM volume were not modified by including gender 

as covariate in our analysis (data not shown). However, we did a comparison (two-sample) 

between men and women participants by putting in covariate the number of years of practice. 

We found a significant greaterGM volume in men in motor areas: the cerebellum and the 

paracentral lobule (data not shown), while the opposite comparison did not show any such 

significant difference in women vs. men. As some authors have already observed (Hutchinson 

et al. 2003), if we compare men and women populations with the duration of musical practice 

as a covariate, grey matter differences are found only in men in motor area:cerebellum and 

paracentral lobule. The reason of such effect is unknown and needed future studies. 

Clearly, the cross-sectional design of this study limits the interpretations regarding the 

dynamics of grey matter modifications with duration of musical practice. These could be only 

confirmed with longitudinal studies carried out in nonmusicians who would learn a musical 
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instrument over a long period of time (e.g.15 or more years of musical practice), which is 

quite a challenging task in a research context.Nevertheless, our results do provide substantial 

evidencethat localized, structural modifications and adaptations occur in response to the long-

term musical training and acquisition of skills specifically needed to play an instrument.Asthe 

two-sample t–test performed on 15 musicians who began music before age 7 compared to 18 

musicians who started music later (after age 7), revealed no significant GM difference (as the 

reverse comparison), our results are likely to be explained by the number of years of musical 

practice rather than to reflect the influence of the onset of musical education taking place at a 

“sensitive” period of life (White et al. 2013). In other word, although some authors observed 

an effect of early-training music (for example, Bailey et al. 2014) our data suggested that even 

if musical training is begin after age of 7, musical practice could also modified structural 

brain. Finally, it is difficult to isolate from the structural brain modifications observed, the 

respective impact of the age of onset and duration of musical practice, but these two variables 

have undoubtedly an influence and are probably additional.  

 

6. Conclusion 

The present findings illustrate the dynamics of structural brain changes related to 

musical practice.While neural plasticity occurs in some regions (left hippocampus and right 

middle and superior frontal), as soon as an individual engages in music learning, grey matter 

modifications in other brain areas (left posterior cingulated cortex, superior temporal areas 

and right supplementary motor area and insula cortex) require several years of practice. These 

differential dynamics of structural neuroplasticity according to brain regions can be attributed 

to two nonexclusive mechanisms. First, these brain regions may differ in terms of their 

intrinsic plastic properties (e.g., the hippocampus and its mechanism of neurogenesis). 
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Second, the differential dynamics of change may reflect the involvement of different 

cognitive functions at different stages in music learning: initial improvements in motor, visual 

and perceptual skills and the progressive enhancement of the higher-level cognitive processes, 

such as semantic or episodic memory, meta-representation (emotional interpretation and 

musical expressiveness) and executive functions that are essential for playing in a music 

ensemble.  

Further investigations are nowrequired to determine whether, from a more clinical 

perspective, musical practice could increase the so-called cognitive reserve in healthy aging 

and, perhaps, delay the emergence of cognitive decline in older people (Verghese et al., 

2003). 
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