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INTRODUCTION

To what extent does musical practice change the structure of the brain? In order
to understand how long-lasting musical training changes brain structure, 20 male
right-handed, middle-aged professional musicians and 19 matched controls were
investigated. Among the musicians, 13 were pianists or organists with intensive practice
regimes. The others were either music teachers at schools or string instrumentalists,
who had studied the piano at least as a subsidiary subject, and practiced less
intensively. The study was based on T1-weighted MR images, which were analyzed using
deformation-based morphometry. Cytoarchitectonic probabilistic maps of cortical areas
and subcortical nuclei as well as myeloarchitectonic maps of fiber tracts were used
as regions of interest to compare volume differences in the brains of musicians and
controls. In addition, maps of voxel-wise volume differences were computed and analyzed.
Musicians showed a significantly better symmmetric motor performance as well as a greater
capability of controlling hand independence than controls. Structural MRI-data revealed
significant volumetric differences between the brains of keyboard players, who practiced
intensively and controls in right sensorimotor areas and the corticospinal tract as well
as in the entorhinal cortex and the left superior parietal lobule. Moreover, they showed
also larger volumes in a comparable set of regions than the less intensively practicing
musicians. The structural changes in the sensory and motor systems correspond well to
the behavioral results, and can be interpreted in terms of plasticity as a result of intensive
motor training. Areas of the superior parietal lobule and the entorhinal cortex might be
enlarged in musicians due to their special skills in sight-playing and memorizing of scores.
In conclusion, intensive and specific musical training seems to have an impact on brain
structure, not only during the sensitive period of childhood but throughout life.

Keywords: brain plasticity, long-term musical practice, musicians, MRI, deformation-based morphometry, DBM,
cerebral cortex

For example, pianists showed left-hand superiority in motor

“Ce qu’on ne peut pas dire et ce qu’on ne peut pas taire, la musique
Pexprime!” This well-known statement by Victor Hugo illustrates
the deep impact of music on human beings. In the past scientists
frequently investigated to what extent music affects individuals
and whether it has measurable effects on the brain and/or physi-
cal health. A recent review outlined the effect of music on health
through changes in different domains, e.g., reward, immunity or
social affiliation, in the context of neurochemical systems like
neurotransmitters, hormones and peptides (Chanda and Levitin,
2013). Moreover, the particular need for specific requirements for
musicians such as motor training, auditory capacities, and mem-
ory have been supposed to allow conclusions to be made about
the relation between music, brain plasticity and behavior (for a
recent review, see Herholz and Zatorre, 2012).

1“Music expresses that which cannot be said and on which it is impossible to

be silent.” (Victor Hugo, “William Shakespeare,” Essay, 1864).

tasks when compared to non-musician controls (Amunts et al.,
1997; Jincke et al., 1997). These behavioral differences were asso-
ciated with changes in brain structure. Musicians had a reduced
interhemispheric asymmetry of the intrasulcal length of the pre-
central gyrus, an estimate of the size of the motor cortex control-
ling hand movement; this measure was also larger in keyboard
players than in controls (Amunts et al., 1997; Li et al., 2010).
Others reported a different degree of lateralization depending on
auditory habits and instrument choice, respectively (Schneider
et al., 2005; Bangert and Schlaug, 2006). A correlation between
gray matter density of the right and left sensorimotor cortices in
controls but not in musicians was found, and interpreted as a cor-
relate of the independent use of pianists’ hands (Lv et al., 2008).
Differences in the corpus callosum between musicians and non-
musicians have been reported in the anterior midbody, which is
thought to connect motor areas of both hemispheres (Schlaug
et al., 1995; Lee et al., 2003). Musicians had a larger cerebellum
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than controls (Hutchinson et al., 2003), and they showed a larger
primary auditory cortex (Bermudez et al., 2009) and planum tem-
porale (Bermudez and Zatorre, 2005). The latter is involved in
pitch processing and has been shown to be markedly lateralized
to the left among musicians with absolute pitch (Schlaug et al.,
1995; Keenan et al., 2001; Luders et al., 2004). Recently, a relation
between auditory habits and brain function has been revealed:
during listening to an unknown piece of music, a high reward
value was associated with increased activation in the nucleus
accumbens (Salimpoor et al., 2013).

Correlations between brain structure and age of onset or years
of musical training supported the hypothesis that the observed
differences in brain structure are directly influenced by the
amount of practice. In this context it has been suggested that there
might be a sensitive period during which the impact of training
on brain structure is particularly high (Penhune et al., 2005). For
example, an early age of onset of musical practice was associated
with enlarged cortical representation of the fingers of the left hand
in string players (Elbert et al., 1995), with longer intrasulcal length
of the precentral gyrus as a measure of motor cortex size (Amunts
et al., 1997), and with higher diffusivity measures along the cor-
ticospinal tract (Imfeld et al., 2009). Recently it was shown that
early-trained musicians had greater “connectivity” as estimated
by the fractional anisotropy (FA) in the posterior midbody and
isthmus of the corpus callosum and that FA in this region was
related to age of onset of training and sensorimotor synchroniza-
tion performance. It was proposed that training before the age
of 7 years results in changes in white-matter connectivity that
may serve as a scaffold upon which ongoing experience can build
(Steele et al., 2013).

To date only a few longitudinal studies have been conducted,
analyzing long-lasting effects of musical training on brain struc-
ture. After 1 year of musical practice, children showed better fine
motor and auditory discrimination skills than controls without
practice (Schlaug et al., 2005). Further studies reported temporar-
ily improved spatial abilities (Costa-Giomi, 1999), as well as gray
matter changes in motor and auditory regions and the corpus
callosum (Hyde et al., 2009a,b) after receiving piano lessons.

Apparently, many studies have found differences between
musicians and non-musicians, which altogether strongly sup-
port the notion of plasticity in the human brain due to training.
However, all studies mentioned above investigated children or
young adults under the age of 30. There are only a few studies
of musicians in higher age groups. Pascual-Leone et al. (1995)
showed in older subjects that short-term training of a piano
exercise over a period of 5 days led to improved motor perfor-
mance and modulation of the cortical motor output to muscles
involved in a motor task using transcranial magnetic stimula-
tion. The subjects in this experiment had a mean age of 44, but
only three participants per group were analyzed. Sluming et al.
(2002) investigated Magnetic Resonance Imaging (MRI) data of
male orchestra musicians (playing a variety of instruments) with
an age range of 26—66 and found an increased gray matter den-
sity in the left inferior frontal gyrus (Broca’s Area). Different
abilities of orchestral musicians such as music discrimination,
visuospatial and audiospatial localization, musical syntax pro-
cessing and sight-reading were supposed to underlie this finding

although the parameter “gray matter density” is difficult to inter-
pret in biological terms. Additionally, higher age was associated
with lower gray matter volume only in control subjects, leading to
the supposition that the long-term musical training might reduce
degeneration processes through the lifespan. Other data suggested
that attention-dependent processing of a mistuned harmonic was
enhanced in older musicians, and thus provided evidence that
age-related decline in hearing abilities was mitigated by musical
training (Zendel and Alain, 2013).

Considering the above mentioned data on volumetric changes
in cortical regions and fiber tracts associated with sensorimotor
processing in young musicians, we examined to what extent musi-
cal training does shape the structure of the middle-aged brain,
depending on intensity of practice and qualification. It is yet
unclear, whether changes in brain structure which have for exam-
ple been observed in children after intensive musical training
(Hyde et al., 2009a,b) are still detectable at a higher age. Therefore,
brains of middle-aged, intensively practicing pianists and organ-
ists were investigated in the current cross-sectional study and
compared with age-matched controls using Deformation-based
morphometry. Regions of special interest were the motor cortices
and other motor regions, the corpus callosum and the auditory
cortices, as former studies revealed differences in younger sub-
jects in these regions (Gaser and Schlaug, 2003; Bermudez et al.,
2009).

A region-of-interest-based statistical analysis on 3 Tesla T1-
weighted MRI data was employed to determine the extent of
structural differences between the brains of two groups of musi-
cians with different practice regimes and qualification and control
subjects.

MATERIALS AND METHODS

SUBJECTS

Twenty right-handed, male musicians (mean age 43.3 +3.8
years) and 19 matched controls (mean age 43.5 £ 3.8 years)
were included in the study (Table1). All of them participated
after written informed consent. The study was approved by the
local ethics committee. Nine musicians and 10 controls who had
already participated in a previous MR study (Amunts et al., 1997)
were enrolled again in the present study to obtain new MR scans
and new behavioral data from them. The subjects came from
all over Germany and Switzerland. Additional musicians were
recruited from music conservatories, through personal contacts
and online search. All 20 musicians had studied the piano at a

Table 1 | Participants.

Age Practice Amount of  Practicing
(y) commencement practice time
(v) years (h/day)
M1(n=13) 43.3+34 7.8+26 36.2+45 28+09
M2 (n=7) 43.3+48 7.9+18 35.4+5.2 1.8+0.9
C(nh=19) 435+38 - - -

M1, intensively practicing musicians; M2, less intensively practicing musicians;
C, controls.
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conservatory at least as a subsidiary subject. After following dif-
ferent career paths until study participation, 13 musicians were
presently intensively practicing keyboard players (8 accompanists,
3 organists, and 2 chamber musicians, referred to as “M1”). The
remaining seven were either music teachers at schools or string
instrumentalists (3 teachers, 2 violinists, 2 bassists, referred to
as “M2”). Musicians of both groups (M1, M2) were matched
for age of onset and amount of practicing years (Table 1). Some
of the controls had played an instrument before, but not pro-
fessionally, and either for less than 2 years or more than 20
years ago. Subjects did not suffer from neurological or psychi-
atric disorders. A dementia detection test (DemTect; Kalbe et al.,
2004) was conducted to screen out pathological memory decline.
Hand preference was assessed using a questionnaire according to
the Edinburgh Handedness Inventory (Oldfield, 1971). In this
inventory, a laterality quotient (LQ) was calculated from hand
preference in everyday activities. Subjects with a quotient above
40 were defined as consistent right-handers.

QUESTIONNAIRE AND BEHAVIORAL TESTS

All subjects answered a musical biography questionnaire that had
been tested and successfully applied in previous studies (Jabusch
etal., 2008; Granert et al., 2011) and that was adopted for the cur-
rent study. Twelve questions relating to the following topics were
answered: onset of musical practice (piano, other instruments),
main professional music genre (classic, pop, jazz), musician status
(amateur, professional), subject of study and final degree, main
professional activity (soloist, accompanist etc.), daily practicing
time during different periods in life (piano, other instruments,
5 and 10 years each period, respectively), current neurologic
diseases, pain in the context with performing music, current
medication, impairment during daily fine motor skills, questions
concerning hand preference. From the estimated daily practic-
ing times, an overall lifetime average practicing time per day was
calculated.

Three tests were performed to examine the hand motor perfor-
mance of the participants. The complete behavioral testing took
~60 min for each participant. (1) In a finger tapping test the sub-
ject had to type the space-bar of a keyboard as fast as possible
within 20s, at first using the right and then the left index finger.
Raw scores show the tapping speed for right and left hand. An
index was calculated (R — L)/(R + L) with the value zero indi-
cating a perfectly symmetric motor performance. (2) The Hand
Dominance Test (HDT) included three different tasks (tracing
lines, dotting circles, dotting quadrates), each performed with
the right and left hand separately (Steingriiber, 1971). An index
above zero denoted right-handedness in each subtest and sums of
sub scores were calculated. (3) The third hand motor test was the
Contralateral Co-Movement-test (CoMo). It was originally devel-
oped to investigate involuntary co-movements of the contralateral
hand or foot (not performing afore trained motor tasks) between
patients with amyotrophic lateral sclerosis and controls, point-
ing toward corpus callosum dysfunction (Bartels et al., 2008).
Being placed behind a visual barrier the subjects were unable
to see their hands. Their feet were similarly out of sight, being
placed under the table. The subjects were asked to carry out var-
ious motor tasks, such as making a fist, turning their hand over

or spreading their toes successively with their right hand, left
foot, left hand and right foot. The movements included in the
official version of the test (Bartels et al., 2008) were extended
to include two musician-specific motions (solely tapping of the
ring finger; alternately tapping of thumb and little finger; each as
fast as possible). Each involuntary contralateral co-movement was
noted by the observer (complete co-movement = 2 points, partial
co-movement = 1 point, no co-movement = 0 points). An indi-
vidual score was calculated as a percentage of the maximum score
(68 points). In musicians, fewer involuntary co-movements with
the contralateral hand (not performing the task) were expected
while performing the CoMo tasks because of the well-trained
independence of their hands. No significant difference had been
expected for the lower extremity so these results were not included
in the statistical analysis. Tapping test and HDT were analyzed
using a One-Way ANOVA in SPSS software for Windows (ver-
sion 20) to test between-group differences (p < 0.05). Due to the
skewed data for the statistical analysis of the CoMo a combination
of Kruskal Wallis test with Monte Carlo permutation was used to
compare the distributions of the three groups.

MR IMAGING
Structural magnetic resonance images were acquired with a
Siemens Magnetom Trio 3 Tesla scanner and a 12 channel head
coil (Siemens, Erlangen, Germany). A 3D T1-weighted magneti-
zation prepared rapid gradient echo (MP-RAGE) sequence with
the following parameters was accomplished: 176 sagittal slices,
voxel size 1 x 1 X 1 mm, repetition time 2250 ms, echo time
3.03 ms, inversion time 900 ms, field of view 256 x 256 mm, flip
angle 9°, acquisition matrix 256 x 256. All images were visually
inspected to prove image quality and to rule out brain lesions.
MR images were segmented using tools in SPM8 (Ashburner
and Friston, 2005; http://www.fil.ion.ucl.ac.uk/spm/software/
spma8/), yielding masks of gray and white matter. These were com-
bined to a binary mask of the brain. The contour of each mask was
superimposed onto the MR image, in order to visually inspect and
manually correct it, if necessary. MR images of the brains were
corrected for inhomogeneity by means of the software package N3
(Sled et al., 1998) and registered to the T1-weighted single sub-
ject template of the Montreal Neurological Institute (“colin27”;
Holmes et al., 1998; Evans et al., 2012). The program FLIRT
from the FMRIB software library (Jenkinson et al., 2002; http://
fsl.fmrib.ox.ac.uk/fsl/fslwiki/FLIRT) was used for affine registra-
tion. After that the MR images were non-linearly registered with a
program that models an elastic deformation (Homke, 2006). The
deformation was driven by forces which are calculated based on
the squared difference in voxel-wise intensity differences between
the reference image and the transformed image. The resulting
transformation of each brain is defined by a deformation field,
which is analyzed in the next step.

DEFORMATION-BASED MORPHOMETRY (DBM)

The deformation fields were used to compute maps of voxel-wise
volume differences of each individual brain relative to the ref-
erence brain [= Local Volume Ratio (LVR)-maps; (Pieperhoff
et al.,, 2008)]. The LVR is the exact volume difference of each
finite volume element (i.e., voxel) relative to the reference brain,
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that is determined by a given deformation field. It differs from
the Jacobian determinant, which is often used for the same
purpose, in that the latter requires the computation of partial
derivatives of the deformation field. These, however, can only be
approximated on discrete grids. Depending on the approximation
scheme, the maps of volume differences calculated by the Jacobian
determinant can be less smooth than the LVR maps.

The LVR maps were analyzed in two ways: to begin
with, volumes of anatomical regions were calculated, which
were defined by cytoarchitectonic maps of cortical areas
and subcortical nuclei (http://www.fz-juelich.de/inm/inm-
1/EN/Forschung/_docs/Gehirnkarten/gehirnkarten _node. html;
Amunts et al., 2007; Zilles and Amunts, 2010), myeloarchitectonic
maps of fiber tracts (Biirgel et al., 2006), maps of gyri and basal
ganglia from the ICBM-atlas of the colin27 reference brain
(http://www.loni.ucla.edu/ICBM/Downloads/Downloads_ICBM
template.shtml), as well as segmentations of hemispheres,
cerebellum, corpus callosum and ventricles, which were done
by ourselves. Thus, 319 regions were examined. Subsequently,
voxel-wise volume differences between all groups were computed.
The LVR-maps were spatially smoothed for this step, using an
isotropic Gaussian kernel (full width at half maximum = 2 mm).
The intracranial space was manually delineated in the sagittal
sections of each subjects’ MR image in order to measure the
intracranial volume (ICV), which was used to correct for head
size differences (Mathalon et al., 1993).

In the first step of the statistical analysis, a principle com-
ponent analysis (PCA) was calculated in order to reduce the
large amount of region data to a limited number of components
which explained most of the structural variability. Only volumes
of cytoarchitectonic and myeloarchitectonic regions, as well as
of basal ganglia and brain stem structures were evaluated, i.e.,
structures which are microstructurally and functionally defined
entities of the brain (Amunts et al., 2007). The PCA was sepa-
rately calculated for regions of the left and right hemisphere. The
subjects’ scores of the first eight components (which explained
about 70% of the structural variability) were tested by a multi-
variate analysis of variance (MANOVA) for differences between
groups. In the next step, volumes of anatomical regions were
statistically analyzed for differences between the subject groups
by means of a One-Way analysis of covariance (ANCOVA) with
the ICV of each subject as covariate. For these computations,
SAS 9.3 (SAS-Institute, Cary, NC) was applied. First of all, an
F-Test was performed in each of the 319 regions to look for over-
all differences. After that, pairwise comparisons were calculated
for the three contrasts (M1 vs. C, M1 vs. M2, and M2 vs. C).
The results of those regions are reported in Table 3, where the
t-score of the group differences corresponds to a p-value below
0.05 (uncorrected for multiple comparisons). In addition, a voxel-
wise analysis of the same ANCOVA model was pursued in order
to visualize the results from the ROI-analysis. Particularly, the
voxel-wise results can display in which sub-area of a predefined
ROI the differences occur. SPM8 was applied for the voxel-wise
analysis, which yielded a map of ¢-scores for each pairwise group
comparison. These maps were superimposed to the MNI-single
subject reference brain. In Figures 4-6 the voxel-wise results are
presented at a threshold of t = 2.03 (corresponding to p < 0.05).

RESULTS

MOTOR AND BEHAVIORAL DATA

All participants were consistent right-handers according to the
Edinburgh Handedness Inventory. They reached a LQ of at least
50 with an average of 81.42 (right-handedness: above 40) except
one musician (organist, LQ = 0, thus ambidextrous).

Hand performance revealed differences not only between
musicians and controls, but also within the musicians, i.e.,
between M1 and M2 subgroups: M1 musicians showed the high-
est tapping scores (Figure 1A, being significantly faster with both
hands than controls and M2 musicians). No significant difference
in tapping speed was found between M2 musicians and controls,
although there was a tendency in the left hand of M2 musicians
to be faster than controls.
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FIGURE 1 | Behavioral results. (A) Raw tapping scores right and left hand
and 95% confidence intervals. M1 reached higher scores than M2 and C in
both hands. No significant difference was found between M2 and C

(p > 0.05). (B) Means and 95% confidence intervals of the tapping indices.
M1 and M2 showed significantly lower tapping index means than C,
indicating a more symmetric motor performance. (C) Boxplot of the CoMo
scores. Only two of the musicians showed co-movements at all (one in
each of the subgroups; asterisks). Round circle = outlier within the control
group. *p < 0.05; **p < 0.01; ***p < 0.001.
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The tapping index differed significantly between the three
groups (One-Way ANOVA with tapping index as a dependent
variable; p = 0.026, n? = 0.183). This overall difference was due
to the difference between musicians and controls without an
effect between the two musician groups. M2 were even more
symmetric than M1, but showed greater variability in the indices
(Figure 1B).

In the HDT all participants showed an average score of 30.04 +
13.66 (right-handedness > 10). No difference between musicians
and controls was found in the HDT concerning the degree of
right-handedness (p = 0.644, n? = 0.024).

A significant difference between musicians (M1 + M2) and
controls was found for the upper extremity (p = 0.016) in the
CoMo. As expected the musicians were better able to control
the movement of one hand without accidentally moving the
contralateral hand as well. Only two of the musicians showed co-
movements at all (one in each of the subgroups). There was no
significant difference between M1 and M2 (Figure 1C).

The distributions of the estimated average daily practicing
times are shown in Figure 2 with M1 practicing significantly more
than M2 (¢-test of the means: p = 0.044). Whereas eleven M1
musicians practiced more than 2h per day and only two prac-
ticed less, two of the M2 musicians practiced more than 2 h per
day while the remaining five practiced less.

BRAIN MORPHOMETRY

Principal component analysis (PCA)

The eigenvalues and corresponding proportions of variance,
which were explained by each component, are listed in Table 2.
The eigenvalues of corresponding components were nearly equal
between both hemispheres. The first eight components summa-
rized about 69 and 70% of variance in left and right hemisphere,
respectively. The major constituents of the first component were
subcortical structures like thalamic nuclei, basal ganglia, substan-
tia nigra, red nucleus, periaquaeductal gray matter, cholinergic
nuclei as well as amygdala and the cortico-spinal tract. Areas of
motor and somatosensory cortex, inferior and superior parietal
lobule had a major contribution to the second component in
both hemispheres, but areas of the auditory cortex as well as the

61 M1

5 M2

practice

01 12 23 34 45 (Wday)

FIGURE 2 | Distributions of the estimated daily practice times of both
musician groups. M1 musicians had a significantly longer practicing time
per day (t-test of the means: p = 0.044).

corticospinal tract predominantly in the right hemisphere. The
anatomical contributions to the subsequent components were less
distinctively associated among each other.

The MANOVA of the first eight principle components revealed
differences in brain structure between the three groups [tested by
Wilks” Lambda: p = 0.0167 (right hemisphere) and p = 0.0468
(left hemisphere)]. This result justified to perform univariate
tests for differences between groups in each variable, i.e., com-
ponent (Rencher and Scott, 1990; Rencher, 2002). The second
component showed differences between the groups. The regions
which had major contributions to the first two components are
visualized in Figure 3.

Univariate analysis of group differences

In the subsequent univariate analyses of single brain regions, M1
musicians showed significantly greater volumes in several regions
as compared to M2 musicians (Table 3A) and controls (Table 3B).
Only results from those regions are reported in which the preced-
ing F-test had reached significance (p < 0.05). Volumetric dif-
ferences between M1 and M2 musicians were most pronounced
in the right somatosensory (area 3a, 3b, 1, 2; Geyer et al., 1999,
2000; Grefkes et al., 2001), and motor (area 4a, 4p, 6; Geyer
et al., 1996; Geyer, 2003) cortex and in the right corticospinal
tract and cingulate bundle (Biirgel et al., 2006). However, addi-
tional differences were found with respect to the left corticospinal
tract, left area 4 and the left red nucleus with M1 musicians hav-
ing larger volumes than M2 (Table 3A). A similar set of regions
was larger in M1 musicians as compared to controls (Table 3B).
Additionally, effects between M1 and controls were seen in the left
superior parietal lobule (area 5Ci; Scheperjans et al., 2008a,b), the

Table 2 | PCA results.

Comp Eigenval Prop Cum
A. LEFT HEMISPHERE

1 33.33 0.267 0.267
2 11.27 0.090 0.357
3 10.47 0.084 0.441
4 7.95 0.064 0.504
5 6.99 0.056 0.560
6 5.97 0.048 0.608
7 5.12 0.041 0.649
8 4.61 0.037 0.686
B. RIGHT HEMISPHERE

1 32.12 0.257 0.257
2 13.45 0.108 0.365
3 1.24 0.090 0.455
4 7.77 0.062 0.5617
5 6.94 0.056 0.5672
6 6.18 0.049 0.622
7 4.86 0.039 0.661
8 4.47 0.036 0.696

Eigenvalue and corresponding proportion of variance assigned to each principal
component of the region volume data (range of proportion, cumulative 0-1).
Abbreviations: Comp, component, Eigenval, eigenvalue, Prop, proportion; Cum,
cumulative.
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A Component 1, coronal

FIGURE 3 | Visualization of the first and second PCA component.
Component 1 (A,B) includes the whole corpus callosum and the thalamic
nuclei. In (C) it can be seen that the major constituents of component 2 are
the sensorimotor cortices and the right corticospinal tract. Color coding: red
to yellow, coefficient of the eigenvalue > 0.1. Dark blue to light blue,
coefficient of the eigenvalue < —0.1.

posterior half of the corpus callosum (from y = —14 to y = —44,
see Figure 4), and bilaterally in the entorhinal cortex and the tha-
lamus. The localization of exemplary regions of interest is shown
in Figures 5, 6.

The analysis also revealed regions, where controls had greater
volumes than M1 and M2 musicians. Controls showed increased
volumes as compared to M1 in the inferior parietal lobule (area
PFm, PGa, PGp; Caspers et al., 2006, 2008) (Table 3C). Larger
volumes than in M2 musicians were found in the inferior pari-
etal lobule, the precuneus and the frontal cortex including area 4a
(Table 3D). The effects in these regions were weaker (all p-values
< 0.05, but above 0.01, see Tables 3C,D) than those mentioned
above (Tables 3A,B). Results with p < 0.05 are listed in Table 3.

BRAIN STRUCTURE AND BEHAVIOR

A weak correlation between the tapping score of the left hand and
the volume of the right motor cortex area 4p was found (p =
0.045, R = 0.102), when all subjects were taken into account.
However, as can be seen in Figure 7, both variables in this cor-
relation analysis are highly imbalanced between groups, so that
this correlation may be influenced by the group differences, which
were found for these variables independently from each other. An
additional correlation analysis for each of the groups separately
did not reach significance.

DISCUSSION

Studies in brains of musicians have contributed to our under-
standing of brain plasticity. It has been assumed that inten-
sive experience in the motor or auditory domains conduces
to long-lasting changes in the brain (Stewart, 2008; Kraus and
Chandrasekaran, 2010; Herholz and Zatorre, 2012). It is less well-
understood, however, in how far these effects can be detected
not only in young musicians, but throughout the lifespan, and
whether they may disappear in older ages, if musical practice
becomes less intensive than during the period of education. More
or less intensive musical practice is a factor contributing to inter-
subject variability among musicians, which has to our knowledge
not yet been addressed. The current study has analyzed musicians
with less or more intensive musical practice regimes, which was
quantified through a musical biography questionnaire (Jabusch
et al., 2008; Granert et al., 2011). In contrast to most previous
studies, which have focused on young adults, the present investi-
gation has analyzed middle-aged participants. All musicians had
studied the piano at conservatories, at least as a subsidiary subject;
i.e., they were all professional musicians. However, later they fol-
lowed different professional careers, which allowed subdividing
them into two subgroups: on the one hand keyboard players with
intensive practice regimes and on the other hand music teachers
and string instrumentalists, who practiced less intensively.

MOTOR FUNCTION AND HAND INDEPENDENCE

Not surprisingly, musicians showed a superior motor perfor-
mance of both the left and the right hand. This was demon-
strated by higher tapping scores in M1 musicians, whereas M2
musicians were more similar to controls. In addition, musicians
had lower tapping indices, indicating a better symmetric per-
formance than controls. This difference can be explained by the
intensive bimanual (for keyboard players) and left-hand (for
string instrumentalists) training, respectively. A reduced degree
of hand skill asymmetry in the same tapping test in keyboard
players has already been shown previously (Jincke et al., 1997).
The lower tapping index of M1 musicians compared to controls
was mainly due to their higher tapping scores of the left hand.
Compared to M2 musicians, the tapping speed advantage of M1
musicians was stronger for the right hand. This seems to be evi-
dent, considering that M2 musicians consisted in part of string
instrumentalists whose left-hand fingers are especially trained,
whereas all M1 musicians were keyboard players. This result is
consistent with a study of Elbert et al. (1995), which found a
greater cortical representation of the left-hand fingers in string
players using MR imaging and sensorimotor stimulation.
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Table 3 | Volume difference between the groups from the ROl-analysis.

Macroscopic Area Side Map Est StdErr Tmax p-value

localization

A. VOLUME M1 > M2

Parietal cortex Area 3b R 1 1029 244 4.22 0.0002***
Area 1 R 1 772 199 3.88 0.0004***
Area 3a R 1 478 133 3.60 0.0010**
Postcentral gyrus R 3 1855 596 3.1 0.0037**
Area 2 R 1 628 221 2.85 0.0073**

Frontal cortex Area 4p R 1 715 197 3.62 0.0009***
Area 4a L 1 702 201 3.48 0.0013**
Area 4a R 1 515 192 2.69 0.0109*
Area 6 L 1 1202 493 2.44 0.0199*
Area 6 R 1 1020 451 2.26 0.0300*
Area 4p L 1 330 154 2.14 0.0395*

White matter Corticospinal tract R 2 562 162 3.46 0.0014**
Corticospinal tract L 2 427 174 2.46 0.0192*
Corpus callosum (posterior) 3 933 435 2.15 0.0389*

Others Cingulate gyrus R 3 1718 590 2.91 0.0062**
Red nucleus L 3 24 12 2.06 0.0470*

B. VOLUME M1 > C

Parietal cortex Area 5Ci (SPL) L 1 124 33 3.71 0.0007***
Area 3a R 1 314 102 3.08 0.0040**
Area 3b R 1 497 188 2.65 0.0120*
Area 1 R 1 327 153 2.13 0.0402*

Frontal cortex Area 4p R 1 469 152 3.09 0.0039**
Precentral gyrus R 3 764 356 2.15 0.0387*

White matter Corticospinal tract R 2 323 125 2.59 0.0140*
Cingulate bundle R 2 96 38 2.56 0.0151*
Corpus callosum (posterior) - 3 847 334 2.54 0.0157*

Others Entorhinal cortex R 3 233 88 2.66 0.0118*
Lateral geniculate body R 3 5 2 2.32 0.0262*
Thalamus IPU R 1 1 5 2.32 0.0263*
Entorhinal cortex L 3 98 44 2.22 0.0333*
Thalamus PO R 1 9 4 2.07 0.0454*

C. Volume C > M1

Parietal cortex Area PFm (IPL) R 1 406 178 2.28 0.0288*
Area PGa (IPL) R 1 351 171 2.05 0.0477*
Inferior parietal lobule R 3 613 299 2.05 0.0477*

D. Volume C > M2

Parietal cortex Inferior parietal lobule R 1 1901 749 2.54 0.0158*
Area 7p (SPL) L 1 353 145 2.43 0.0204*
Area 1 R 1 446 186 2.39 0.0224*
Area 3b R 1 532 228 2.33 0.0256*
Area PGa (IPL) R 1 477 208 2.29 0.0280*
Precuneus L 3 Akl 316 2.25 0.0307*

Frontal cortex Area 4a L 1 391 189 2.07 0.0455*

p-values (< 0.05) are given from an ANCOVA (with intracranial volume as covariate). Abbreviations: M1, M2, musician subgroups, C, controls; Map, definition of the
region (1, cytoarchitectonic; 2, myeloarchitectonic; 3, macroscopic); Est, estimated volume change (mm?); StdErr, standard error; Tmax, maximal Tvalue; R, right; L,
left; a, anterior/rostral; p, posterior/caudal; |, lateral; SPL, superior parietal lobule; 5Ci, area 5 near the cingulate sulcus; IPU, inferior pulvinar; PO, posterior nucleus;
OFC4l, lateral orbitofrontal cortex; IPL, inferior parietal lobule; PFm, caudal part of the IPL on the supramarginal gyrus, transition zone between area PF and PG, PG,
part of the IPL on the angular gyrus (PGa, rostral;, PGp, caudal).

References to cytoarchitectonic maps: area 1, 3a, 3b, 4a, 4p, 6 (Geyer et al., 1996, 1999, 2000, Geyer, 2003); area 2 (Grefkes et al., 2001); area 5Ci, 7a, 7p
(Scheperjans et al., 2008a,b); area PFm, PGa, PGp (Caspers et al., 2006, 2008). Fiber tracts: Blirgel et al. (2006). *p < 0.05; **p < 0.01; ***p < 0.001.
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In contrast, the hand dominance test was not different between
musicians and controls, although a previous study reported lower
HDT scores in musicians than controls (Schlaug et al., 1995).
We may speculate that compared to the tapping test (which

FIGURE 4 | Volume change of M1 musicians compared to controls in
the corpus callosum*. (A) Coronal slice (y = —32). (B) Sagittal slice

(x = 8). The significant cluster is located in the isthmus and splenium of the
corpus callosum, with few voxels reaching the posterior midbody.

proves the speed of both index finger taps as a task simi-
lar to requirements needed during piano practice), the HDT
investigates more complex abilities, which are not as specifi-
cally needed in piano performance, and which are more sim-
ilar to writing movements. This makes the test less sensitive
to characterize hand movement in musicians as compared to
controls.

Musicians showed significantly fewer co-movements than con-
trols as tested in the CoMo. This is a clinical test, that had been
developed to compare patients with amyotrophic lateral sclerosis
and healthy subjects (Bartels et al., 2008). A significantly higher
amount of contralateral co-movements as compared to healthy
controls was associated with lower FA values in motor areas of the
corpus callosum (Bartels et al., 2008). The current study revealed
a greater capability to control hand independence in musicians
than in controls. Such a capability may result from an improved
transmission through the corpus callosum. In fact, larger regional
volumes in the corpus callosum were found in musicians as
compared to controls (see also below). It is also in line with
studies investigating intracortical inhibition with transcranial

* Corpus callosum
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V (cm?3)
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55

. 'M 3,u

FIGURE 5 | Results from voxel-based and ROI-Analysis are overlaid.
Volume increase (red) and volume decrease (blue) in M1 musicians
compared to controls from the voxel-based analysis are used for
visualization of the ROI results in five coronal slices (height threshold

t = 2.03, threshold corresponds with p < 0.05, uncorrected for multiple
comparisons). As green curves the contours of the regions used in the
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ROl-analysis are outlined. The scatterplots display the absolute volume (in
cm3) within the three groups in the corresponding regions. Horizontal
lines = volume means. Contours: (A) area 3a (somatosensory cortex), (B)
entorhinal cortex (EC), (C) corticospinal tract (CT), (D) left area 5Ci
(superior parietal lobule), (E) area 4p (primary motor cortex). Red, volume
increase; blue, volume decrease.
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FIGURE 6 | Volume increase in M1 musicians compared to M2
musicians in the right primary motor cortex (red) with the contour of
area 4a (green). (A) Shows a volume increase mainly in the foot region,
but also the hand region (Geyer et al., 1996; B).

magnetic stimulation (Ridding et al., 2000; Rosenkranz et al.,
2007).

SENSORIMOTOR INTEGRATION

The study demonstrated significant volumetric differences
between musicians and controls in the primary and premotor
cortex, the corticospinal tract, and the primary somatosensory
cortex. These differences predominantly occurred in the right
hemisphere, where the left hand is represented. Due to the
bimanual training, it is not surprising that pianists have a better
left-handed motor performance compared to right-handed, non-
motoric-trained controls, which is in turn associated with struc-
tural changes of the corresponding right hemisphere. Differences
in the primary motor cortex involved both hand and foot region.
Playing on the pedal keyboard means a permanent motoric
training of the feet for an organist. This is true, although to
a lesser degree, for pianists, since control of the two pedals is
a highly complex task involving subtle flexion-extension move-
ments. More precisely, the pedaling in pianists is a highly refined
skill requiring years of practice. Temporo-spatial control in the
range of millimeters and milliseconds is required to modulate
adaptively color, expressivity and loudness of the music. This
could be the reason for the volume increase in the foot region
in M1 musicians, including both pianists and organists. A later-
alization of motor regions to the right hemisphere of musicians
has also been revealed in diffusion tensor imaging (DTI) studies.
For example, higher FA in piano players appeared in the right
internal capsule (Bengtsson et al., 2005; Han et al., 2009). In this
context it has to be mentioned that the results of several DTT anal-
yses, which found differences in white matter between musicians
and non-musicians, were contradictory. Namely, lower (instead

A

Volume area 4p right (cm?)
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_ %o o M1
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55 — oc
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FIGURE 7 | Brain volume and behavior. (A) A higher tapping score of the
left hand is associated with a greater volume in right area 4p (p = 0.045,
RZ = 0.102). (B) A slight effect can be seen also within the control group
without the correlation analysis reaching significance (p = 0.23,

R? = 0.084).

of higher) FA values in musicians were shown in the internal cap-
sule (Schmithorst and Wilke, 2002) and in the corticospinal tract
(Imfeld et al., 2009). Additionally, the meaning of the different
diffusion parameters is merely adequately understood, so that the
authors have to be careful with the interpretation of their data
(Jones et al., 2012) and tractography methods have to be further
validated with postmortem data (Dell’Acqua and Catani, 2012).
In Figure 5 it can be seen that some of the controls had vol-
umes comparable to those of the M1 musicians in the reported
regions. Despite this overlap, the means in the M1 musician
group are still higher than those of M2 musicians and controls.
Furthermore, the lower variability within the M1 group com-
pared to the control group could be an indicator for the specific
musical training having converged the musicians’ region volumes.
In a range of different motor cortex sizes the M1 group consisting
of highly specialized musicians might represent the superior part.
M1 musicians also showed significantly greater volumes than
M2 in a very similar set of regions as mentioned for the compari-
son with controls. This difference between M1 and M2 musicians
seems to reflect the difference in musical practice between the two
groups. M1 musicians were mostly accompanists at music con-
servatories or organists, practicing during life course much more
than M2 musicians. M2 musicians had studied the piano at least
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as a subsidiary subject during their studies but then either became
music teachers at schools or professional string instrumental-
ists. Thus, they are presently not as specifically trained as M1
musicians. Furthermore, the volumetric differences between M1
and M2 musicians in anterior and posterior parietal, motor and
premotor areas as well as subcortical regions correspond to the
observed differences between these groups in hand performance
scores and indices.

That even short training periods may lead to significant
group differences between musicians and non-musicians has been
shown in the past in two functional MRI (fMRI) studies (Karni
et al., 1995; Pau et al., 2013). The present data therefore sup-
port the hypothesis that the specialization within the musicians
had an influence on brain structure. Such a “specialization of
the specialized” has already been pointed out by Bangert and
Schlaug (2006). They discovered that the so-called omega sign in
the precentral gyrus, which indicates the region of hand move-
ment representation (Yousry et al., 1997), is oppositely lateralized
in string instrumentalists and piano players (Bangert and Schlaug,
2006).

Moreover, no significant differences in motor regions were
found between M2 musicians and controls. The markedly lower
practicing time of M2 musicians may provide a plausible expla-
nation. In other words, if there is a causal relation between motor
training and measurable changes in human brain structure, this
training has to be very specific and intensive.

Significant differences between M1 and both M2 and controls
appeared not only in the premotor and primary motor cortex,
but also in the somatosensory areas 3a, 3b, 1 and 2. During
the performance piano players permanently modify the position
and tension of the finger and hand muscles and the speed of
contraction sequences while moving the keys, depending on the
sensory information they receive from their fingertips. Sensory
information available at finger-key contact in piano players seems
to enhance the timing accuracy of finger movements, show-
ing the importance of the tactile feedback (Goebl and Palmer,
2008). It is thus possible that tactile stimulation during long-term
piano practice leads to structural alterations in the somatosensory
regions of the brain.

The region of interest analysis also revealed extended volu-
metric differences in the posterior part of the corpus callosum
between M1 musicians and controls (and to a smaller degree
between both musician groups). This is in line with two studies
showing changes in the anterior midbody of the corpus callo-
sum between musicians and controls; this was interpreted as
an indicator of greater interhemispheric connectivity between
motor areas (Schlaug et al., 1995; Lee et al., 2003). Both studies,
however, interpreted their findings on the basis of the Witelson
classification, which was originally developed from rhesus mon-
key data (Witelson, 1989). Meanwhile, a new classification of
the corpus callosum has been proposed, which differs in some
aspects from the Witelson scheme (Hofer and Frahm, 2006).
Based on human diffusion tensor imaging and fiber tractogra-
phy data, it was shown that the fibers which connect the motor
cortices run through the posterior instead of the anterior mid-
body of the corpus callosum. This scheme was later confirmed
by another DTT and fMRI study (Wahl et al., 2007). The callosal

changes in the current study mainly appeared in the isthmus
and splenium, with a part of the cluster extending to the motor-
fiber-carrying posterior midbody. According to Hofer and Frahm
(2006), the isthmus carries fibers connecting both somatosen-
sory cortices and the splenium carries those that connect the
parietal, temporal and occipital lobes of both hemispheres. This
also includes fibers between the auditory cortices. Differences
between musicians and non-musicians in the posterior part of the
corpus callosum had also been shown by Oztiirk et al. (2002).
They supposed that especially a continuous auditory training
could lead to structural plasticity in this region. Later, a vol-
ume increase in the posterior part was shown in children after
piano practice (Hyde et al., 2009a,b), which is also consistent
with the results presented here. Finally, the changes in the cor-
pus callosum corroborate the above mentioned hypothesis that
fewer co-movements in the CoMo imply the musicians’ improved
callosal function with capability to control hand movements
independently.

VISUO-SPATIAL COORDINATION AND MEMORIZING SKILLS
Further volumetric differences between M1 musicians and con-
trols were shown in the left superior parietal lobule (area 5Ci).
The SPL has been reported to play an important role for visuo-
spatial capabilities and attention (Sergent, 1993; Hetland, 2000;
Vaina et al., 2001; Gaser and Schlaug, 2003; Stewart et al., 2003 ), as
well as for sensorimotor integration (Wolpert et al., 1998). These
functions are highly relevant in musicians, e.g., sight-reading
(Sergent, 1993). Sight-reading is defined as a complex process in
which a musician reads and performs a score for the first time
without having seen it before. Pianists, for example, have to read
the score (often several notation systems at a time), press the right
key (not to mention rhythm, musical interpretation, etc.) and
anticipate the next passage while fluently playing what they have
just read. Parallel to this, they have to integrate the visual infor-
mation from the score to the corresponding spatial position on
the keyboard. All this has to be done in a very short time as piano
players reach frequencies of over 30 notes per second, as for exam-
ple in the 6th Paganini-Etude by Franz Liszt (Miinte et al., 2002).
These specific requirements led to the term “sight-playing,” which
is preferred among musicians because it underlines the impor-
tance of motor control abilities during sight-playing much better
than the term “sight-reading” (Udtaisuk, 2005). Therefore, it is
plausible that sight-playing might lead to a measurable volume
increase in the superior parietal lobule if the training is intensive.
There was no significant difference in area 5Ci between either
M1 and M2 musicians or M2 musicians and controls. However,
M2 musicians showed a tendency toward a greater mean vol-
ume in left area 5Ci than controls and a smaller volume than M1
musicians. This finding suggested two aspects: first, M2 musicians
might have been less trained in sight-playing abilities than M1-
musicians, but of course better trained than controls. Second, an
overall larger volume of 5Ci during education might have per-
sisted for many years (at least in some of the M2 musicians),
which could explain a higher volume compared to controls.
Another special requirement for the M1 musicians is the
necessity to memorize scores. Accompanists have to play many
different and challenging pieces during their daily work. Within
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musicians it is generally accepted that the time needed for prac-
ticing and preparing a piece for concerts gets shorter during
the professional career. The subjects in the current study were
on average 43 years old and can therefore be classed as highly
experienced. When an accompanist plays a piece multiple times,
it is advantageous for him to memorize fingerings as well as
melodic and harmonic sequences from former performances. The
entorhinal cortex has been reported to play a role for memory
tasks and spatial navigation (Fyhn et al., 2004; Suthana et al,
2012). It is closely connected to the hippocampus which is one
of the only two regions in the human brain (besides the olfactory
bulb) in which neurogenesis has been reported (Eriksson et al.,
1998). Entorhinal cortex and hippocampus are inter-connected,
which shows the important role of the entorhinal cortex in
memory processing (Lavenex and Banta Lavenex, 2013). Several
studies have revealed training-induced changes of hippocampal
structures, as for example in taxi drivers, who have to memo-
rize a vast amount of information (Maguire et al., 2000). Another
study showed greater hippocampal activation in musicians than
controls during memory tasks as well as higher gray matter den-
sity (Groussard et al., 2010). Thus, it seems very plausible that
there might be a relation between the larger entorhinal vol-
ume and the highly trained memorizing skills of the keyboard
players.

These observed changes in brain structure may have already
existed in childhood (either inborn, facilitating a successful career
as musician, and/or as a consequence of early training) and
perhaps remained constant during the subsequent years. An ear-
lier study of our own group has found a correlation between
the onset of musical training, and the size of the motor cor-
tex as indicated by the depth of the central sulcus (Amunts
et al., 1997). This correlation provides an argument, that the
human motor cortex can exhibit functionally induced long-
lasting structural adaptations, probably at the background of
a specific genetic predisposition (Theusch and Gitschier, 2011;
Morley et al., 2012; Park et al,, 2012; Ukkola-Vuoti et al.,
2013).
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CONCLUSIONS

In the current work, we examined the impact of long-term musi-
cal practice on measures of motor performance and on brain
structure at a middle age. Professional musicians showed faster
and better symmetric motor performances than controls, as well
as a higher capability to control hand independence. Volumetric
differences in brain structure between keyboard players and con-
trols appeared in the sensorimotor cortices, the posterior half
of the corpus callosum, the entorhinal cortex, and the superior
parietal lobe, supposing a plastic effect through musician-specific
requirements such as sight-playing, memorizing of scores and
motor training. Importantly, the structural differences did not
only appear between musicians and controls but also between
two differently specialized and educated musician groups. Highly
trained keyboard players with intensive practice regimes showed
larger brain volumes than less specialized musicians, particu-
larly in the sensorimotor cortices and corticospinal tract. Hence,
intensity-dependent changes in brain structure were revealed.
This allows the assumption of a measurable, training-related
plasticity throughout the lifespan.
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