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Abstract: Recent studies in humans and nonhuman primates have shown that the functional organization
of the human sensorimotor cortex changes following sensory stimulation or following the acquisition of
motor skills. It is unknown whether functional plasticity in response to the acquisition of new motor skills
and the continued performance of complicated bimanual movements for years is associatedwith structural
changes in the organization of the motor cortex. Professional musicians, especially keyboard and string
players, are a prototypical group for investigating these changes in the human brain. Using magnetic
resonance images, we measured the length of the posterior wall of the precentral gyrus bordering the
central sulcus (intrasulcal length of the precentral gyrus, ILPG) in horizontal sections through both
hemispheres of right-handed keyboard players and of an age- and handedness-matched control group.
Lacking a direct in vivo measurement of the primary motor cortex in humans, we assumed that the ILPG is
a measure of the size of the primary motor cortex. Left-right asymmetry in the ILPG was analyzed and
compared between both groups. Whereas controls exhibited a pronounced left-larger-than-right asymme-
try, keyboard players had more symmetrical ILPG. The most pronounced differences in ILPG between
keyboard players and controls were seen in the most dorsal part of the presumed cortical hand
representation of both hemispheres. This was especially true in the nondominant right hemispheres. The
size of the ILPG was negatively correlated with age of commencement of musical training in keyboard
players, supporting our hypothesis that the human motor cortex can exhibit functionally induced and
long-lasting structural adaptations.Hum. Brain Mapping 5:206–215, 1997. r 1997Wiley-Liss,Inc.
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INTRODUCTION

Electrophysiological and neuroimaging studies in
humans revealed adaptive changes in the cortical
motor hand representations in response to learning
and the acquirement of newmotor skills [Jenkins et al.,
1994; Pascual-Leone et al., 1993, 1995a,b; Schlaug et al.,
1994; Karni et al., 1995]. Similar functional changes
have been reported after stimulation of primary so-
matosensory and motor areas in nonhuman primates
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and cats [Merzenich et al., 1988; Recanzone et al., 1990;
Jacobs and Donoghue, 1991; Nudo et al., 1992; Wang et
al., 1995]. Pascual-Leone et al. [1995a] showed that
over the course of 5 days, as subjects learned a
five-finger exercise on the piano, the cortical motor
areas targeting the long finger flexor and extensor
muscles enlarged. Others suggested that the early
acquirement of fine sensorimotor skills leads to lasting
functional changes, such as having a larger sensory
finger representation in string players [Elbert et al.,
1995]. The underlying neurophysiological changes are
still a matter of intense research. Possible modifica-
tions could include a strengthening of existing syn-
apses, the formation of new synapses, or recruitment
of cortical tissue into the activated cortex that was
previously not recruited [Donoghue and Sanes, 1988;
Merzenich et al., 1988; Recanzone et al., 1990; Jacobs
and Donoghue, 1991; Nudo et al., 1992; Pascual-Leone
et al., 1993, 1995a,b; Karni et al., 1995; Jones et al., 1996;
Kleim et al., 1996].
In a previous study, we found evidence for struc-

tural adaptations in the interhemispheric connectivity
of frontal motor-related regions between musicians
with a different commencement of musical training.
The anterior corpus callosum was larger in musicians
with an early commencement of musical training
(before age 7) compared to musicians starting later
(after age 7) and right-handed controls [Schlaug et al.,
1995a]. Since this structural difference was seen in
musicians with an early commencement of musical
training, it was argued that this might represent a
structural cerebral adaptation (e.g., thicker myelinated
transcallosal fibers or a greater amount of transcallosal
fibers) which have been triggered by a requirement for
performing and continuously practicing complicated
bimanual finger movements. These results indicated
that the corpus callosum underwent an adaptation in
the young brain which seemed to coincide with the
late myelination of the corpus callosum [Yakovlev and
Lecours, 1967]. Since late-beginning musicians (some
of the musicians in this study were quite accomplished
performers) did not show this anatomical difference
and as a matter of fact did not differ significantly from
a right-handed nonmusician control group, a selec-
tional hypothesis (e.g., a larger anterior corpus callo-
sumwould endow a child to become skilled at playing
a musical instrument at a young age) was deemed to
be less likely to explain these anatomical differences. A
selectional hypothesis would explain the structural
differences in the brains of musicians compared with
controls as an effect of a selection of people with, for
example, larger corpora callosa inherent in the de-
mands of musical training and competition.

Encouraged by our previous findings and by the
results of Elbert et al. [1995] and Schlaug et al. [1995b],
wewanted to investigate whether the early commence-
ment and long duration of motor learning and practice
of complex bimanual finger movements in musicians
might lead to persistent, macrostructural adaptations
within the motor cortex, which may underlie the
representational plasticity observed in persons while
acquiring and continuously performing fine motor
skills [Pascual-Leone et al., 1993, 1995a,b; Schlaug et
al., 1994].
There is also previous evidence that the primary

motor cortex might show a structural correlate of
handedness. Several groups [White et al., 1994; Foundas
et al., 1995; Amunts et al., 1996] have shown that
estimates of the primary motor cortex revealed a
left-larger-than-right motor cortex size in right-handed
subjects.While right-handers showed a left-larger-than-
right motor cortex size (as indexed by the ILPG),
left-handers showed a right-larger-than-left ILPG
[Amunts et al., 1996]. These interhemispheric asymme-
tries were thought to represent structural correlates of
handedness. A similar suggestion was made on the
basis of results from a postmortem study on human
brains with unknown handedness [White et al., 1994].
In roughly 2/3 of these brains, the left central sulcus
was deeper than the right. In this regard, it is also
important that several studies have found evidence
that handedness and distal handmotor skills are much
more symmetrical in professional musicians [Christ-
man, 1993; Schlaug et al., 1995a; Waldron and Anton,
1995].
On the basis of all these findings we hypothesized

that the size of cortical motor areas could differ
between musicians with a history of intense bimanual
hand skill training and appropriate nonmusician con-
trols. In this study, we attempted to answer the
following questions: 1) Do keyboard players exhibit a
more symmetrical cortical motor hand representation
area as indexed by the ILPG than right-handed con-
trols? 2) If musicians indeed differ from controls, are
these differences correlated with the age of commence-
ment of musical and motor training?

MATERIALS AND METHODS

Subjects

The study was performed on male, right-handed
professional musicians. Theywere recruited from three
music conservatories as well as through personal
contacts. All of them were actively performing, classi-
cally trained musicians who had either finished their
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education or were still students at a music school. No
amateur musicians were included. All musicians were
keyboard players, with 9 of them playing string instru-
ments in addition. These professional male musicians
(n 5 21; mean age 5 26.9 years, SD 5 4.6) were com-
pared to an age- and handedness-matched male con-
trol group (n 5 30; mean age 5 26.4 years, SD 5 3.9).
The control subjects in this study were either nonmusi-
cians who had never played a musical instrument or
controls who had played an instrument for less than 1
year after age 10 (the latter group comprised about 1/3
of our subjects). We will refer to this group as the
nonmusician control group. The control group did not
include professional typists, although some used type-
writers and computer keyboards for personal commu-
nication and correspondence.
In order to exclude possible gender influences, only

male subjects were examined in this study. All subjects
gave informed consent according to institutional guide-
lines. Musicians as well as their controls did not have
any history of neurologic or psychiatric disease, and all
subjects had an unremarkable general physical and
neurological examination. Hand preference was as-
sessed with the 12-item Annett questionnaire [Annett,
1970]. Handedness classification was performed by
using criteria suggested by previous studies [Witelson
and Kigar, 1992; Steinmetz et al., 1992; Jäncke, 1996;
Jäncke et al., 1997]. Consistent right-handedness corre-
sponded to performance of all 12 tasks with the right
hand, with up to two ‘‘either hand’’ preferences being
acceptable. In addition to hand preference, we also
assessed distal hand motor skills using an index finger
tapping test [Peters and Durding, 1978]. A laterality
coefficient was calculated according to (R 2 L)/
(R 1 L), where L (left) and R (right) were the number
of finger taps with either hand within 20 sec. Positive
values indicated right-handedness, negative values
left-handedness. All subjects (musicians and controls)
had a laterality coefficient greater than zero and were
right-handers according to Annett [1970].

MR imaging

In vivo MR imaging was performed as previously
described and validated [Steinmetz et al., 1990] using a
Siemens 1.5 T magnet (Erlangen, Germany) and a
T1-weighted volumetric MR sequence [Frahm et al.,
1986] covering the entire brain. Parts of the image not
corresponding to telencephalic gray or white matter
were removed by an interactively controlled segmenta-
tion procedure. Total brain volumes were determined
by summing up all voxels (1.00 3 1.00 3 1.17 mm
voxel size) corresponding to telencephalic gray or

white matter, but excluding voxels that would corre-
spond to cerebrospinal fluid.
TheMRvolumeswere spatially oriented and normal-

ized in the computerized Human BrainAtlas, whereby
only linear transformations were applied (for details
concerning the Human Brain Atlas, see Roland and
Zilles [1994]). Normalization was performed in order
to exclude the influence of intersubject variability in
absolute brain size when determining intrasulcal
lengths. All brains were spatially oriented according to
the coordinate system of Talairach and Tournoux
[1988], which enabled us to perform the analyses on
horizontal sections which were parallel to the plane
determined by the anterior and posterior commissures
(AC-PC plane). The presumed representation of the
cortical motor hand region was based on previous data
from positron emission tomography [Colebatch et al.,
1991; Grafton et al., 1991; Kawashima et al., 1994;
Schlaug et al., 1994] and functional MRI studies [Kim
et al., 1993; Sanes et al., 1995; Yousry et al., 1995;
Schlaug et al., 1996]. In some of the latter reports,
signal changes in the primary motor cortex in response
to single digit movements were found to span up to 40
mm in the dorso-ventral direction. Even more impor-
tant, some of these reports specifically stated that
signal changes in response to finger movement were
observed in the most superior horizontal slices, or up
to z 5 69 when Talairach coordinates were given.
These findings are very important for our study, since
they served as a justification to performmeasurements
of the ILPG from Talairach coordinate z 5 69 to z 5 35.
Before performing any analyses, we coded all MR

data sets. In a randommanner, half of the MR data sets
were mirrored in the horizontal plane, so that neither
subject-identification nor side-of-hemisphere were
known to the examiner during the measurements. This
ensured optimal blinded conditions. The ILPG was
measured in a dorso-ventral sequence of horizontal
sections (5regionA) as the length of the contour line of
the posterior bank of the precentral gyrus from the
deepest point of the sulcus to a lateral surface tangent
which connected the crests of the pre- and postcentral
gyrus (Fig. 1). Region B in Figure 1 was arbitrarily
defined as the dorsal part of region A.
In each horizontal section, the total intrasulcal length

as well as an asymmetry score was evaluated (left-
right differences in ILPG). An intraobserver reliability
[Bartko and Carpenter, 1976] was calculated using a
randomly selected subset of 15 brains. Intra- and
intersubject reliabilities ranged from R 5 0.87 (for
region A) to R 5 0.95 (for region B; both P , 0.0001).
Parametric tests (t-tests and analyses of variances)
were used for the statistical analysis. Normality was
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tested using the Kolmogorov-Smirnov test with Lillie-
fors’ correction. Homogeneity of variances was con-
firmed by a Levene median test (SigmaStat, Jandel,
Erkrath, Germany). If these prerequisites for conduct-
ing parametric tests were not passed, nonparametric
tests were used (Mann-Whitney rank sum test).
Since the tapping scores of the group of musicians

were extremely homogeneous, we did not perform
intraindividual correlation analysis between tapping
scores and ILPG. A Spearman rank order correlation
was performed between ILPG size and age of com-
mencement of musical training.

RESULTS

Preliminary statistical analysis and data inspection
did not reveal any significant differences in the anatomy

of the cortical motor hand representation area between
musicians being predominantly keyboard players and
musicians playing both keyboard and string instru-
ments. Therefore, these two subgroups were lumped
together to constitute the musician group. In order to
strengthen the statistical analysis, two mean asymme-
try scores were computed, one comprising the entire
set of horizontal sections (region A, Talairach coordi-
nates z 5 69–35) and one comprising only a dorsal
subset (region B, Talairach coordinates z 5 69–54). For
the asymmetry scores of regions A and B, significant
leftward asymmetries were evident, both for musi-
cians and controls (Table I). t-tests for independent
samples with mean asymmetry scores as depen-
dent variables revealed significant larger leftward
asymmetries of both regions for the right-handed

Figure 1.
Schematic lateral view of a human brain (right-handed control).
The intrasulcal length of the posterior bank of the precentral gyrus
ILPG was analyzed in 35 consecutive horizontal sections (5 region
A; Talairach coordinates z 5 69–35). *ILPG of both hemispheres is
shown as a thick black line on a model horizontal section with

Talairach coordinate z 5 54. CS 5 central sulcus. The dorsal part
of region A (5 region B; Talairach coordinates z 5 69–54) showed
the most pronounced differences between musicians and right-
handed controls with respect to asymmetry in ILPG.
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control group compared with the musician group
(region A, t(50) 5 2.08, P , 0.05; region B, t(50) 5 2.20,
P , 0.05).
As depicted in Table I and Figure 2, leftward asym-

metry was most pronounced in region B. We therefore
analyzed the absolute left and right ILPG of this region
in more detail (Fig. 3). These measurements were
subjected to a two-way analysis of variance (ANOVA)
(classification factor: musicians vs. controls; repeated
measurements factor: right vs. left hemisphere). The
test revealed a significant interaction (F 5 5.02,
P , 0.05) as well as main effects (F 5 4.32, P , 0.05 for
classification factor; F 5 28.5, P , 0.0001 for repeated
measurements factor). Subsequent pairwise multiple
tests (Student-Newman-Keuls test, P , 0.05) showed a
significant greater right intrasulcal length in musicians
than in controls, while therewas no significant between-
group difference in this measure for the left hemi-
sphere. Thus, greater symmetry of ILPG in musicians
was mainly due to greater ILPG in the hemisphere
controlling the nondominant left hand. This result
cannot be explained by a simple scaling effect, since
absolute brain volumes did not show a significant
difference: 1,500 cm3 (SD 5 89) for musicians vs. 1,517
cm3 (SD 5 129) for controls (P . 0.05).
In order to examine whether ILPGwas related to the

age of commencement of musical training, correlation
analyses were performed. We found strong correla-
tions between the time at which musical training had
begun and right and left ILPG (Spearman rank order
correlation, rs; right hemisphere, rs 5 20.63; left hemi-
sphere, rs 5 20.60; both P , 0.01). The relationship
between early commencement of musical training and
right and left ILPG are presented in Figure 4a,b. No
correlation, however, was found with the biological
age of the musicians at the time of the study, and with
the duration of practice (in years), i.e., the time be-
tween onset of musical training and biological age
(P . 0.05).

Less anatomical asymmetry, combined with greater
ILPG, was paralleled by more symmetrical and supe-
rior distal finger performance (tapping) in musicians
compared with controls. This was confirmed by a
two-way ANOVA and subsequent Student-Newman-
Keuls tests revealing significant main effects and a
significant interaction (classification factor, musicians
vs. right-handed controls; repeated measurements fac-
tor, right vs. left hand; all P at least ,0.05; Table II),
although in both groups, hand skill asymmetry coeffi-
cients significantly differed from zero, indicating a
rightward asymmetry in hand performance for both
groups (Mann-Whitney rank sum test T 5 790 for
controls, T 5 595.5 for musicians, both P , 0.0001).
The reduced hand skill asymmetry in musicians was
due to superior performance of the nondominant
hand. This finding parallels the reduced anatomical
asymmetry of the ILPG, which was mainly due to a
greater ILPG of the nondominant right hemisphere in
our right-handed sample.

DISCUSSION

In this study, we provided evidence for amacrostruc-
tural difference in a measure of primary motor cortex
size (ILPG) comparing a group of right-handed, profes-
sional musicians (predominantly keyboard players) to
right-handed nonmusician controls. The selected re-
gion (ILPG) is a gross-anatomical correlate of the
primary motor cortex [White et al., 1994; Foundas et
al., 1995; Amunts et al., 1996] and is also a correlate of
the cortical motor hand representation [Grafton et al.,
1991; Kim et al., 1993; Sanes et al., 1995; Schlaug et al.,
1996]. Musicians had a lesser interhemispheric asym-
metry in the ILPG than controls, although musicians
still demonstrated a leftward asymmetry in this mea-
sure. Reduced ILPG asymmetry in our right-handed
musicians was due to a more pronounced enlargement
of the ILPG on the right, nondominant hemisphere.
Decreased anatomical asymmetry was associated with
a reduced asymmetry in distal hand/finger motor
skills as assessed by index finger-tapping rates. Further-
more, the reduced hand motor skill asymmetry in
musicians was mainly caused by a more pronounced
proficiency of the left, nondominant hand, which in
turn is controlled by the right hemisphere. In addition
to providing evidence for a macrostructural cortical
difference comparing musicians to nonmusicians, our
results also corroborate a previously found association
between the interhemispheric asymmetry of the ILPG
and handedness [Amunts et al., 1996].

TABLE I. Left-right differences in ILPG*

Region A
(z 5 69–35)

Region B
(z 5 69–54)

RH Musicians (n 5 21) 0.803 6 0.419 1.41 6 0.586
RH controls (n 5 30) 1.911 6 0.387 3.62 6 0.754

* Values are means of all horizontal sections for a region (in mm) 6

SEM. Mean differences in ILPG of right-handed (-RH) musicians
were significantly lower than those of RH controls for region A as
well as for B (t-test, P , 0.05).
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Can consistent and in most cases daily practice of
complicated bimanual finger sequences lead to detect-
able, gross-anatomical changes in the motor cortex
organization? Or is the predominance of individuals

with a more symmetrical anatomical organization in
the hand representation area among our musicians the
outcome of a selection process preferring individuals
with inborn larger motor cortices and less interhemi-

Figure 2.
Differences between left and right ILPG (mean 6 SEM) in 30
right-handed (-RH) controls and 21 RH musicians. Musicians
showed significantly lower degrees of asymmetry than controls
(P , 0.05) in region A of Figure 1. The most pronounced differ-

ences between musicians and controls were found between
Talairach coordinates z 5 69–54 (region B in Fig. 1). Abscissa:
plane of sectioning from the most dorsal (Talairach coordinate
z 5 69) to the most ventral (Talairach coordinate z 5 35) position.
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spheric asymmetry? These individuals with larger
motor cortices could excel in motor performance dur-
ing the long period of musical training and therefore
surpass competitors ‘‘suffering’’ a more asymmetrical
or smaller motor cortex, or both. Our finding of a
correlation between ILPG and age of commencement
of musical training supports more our initial hypoth-
esis of a training-induced anatomical plasticity. The
earlier our musicians began with their bimanual train-
ing, the larger were their ILPGs, especially in the
hemisphere controlling the nondominant hand. This
result is in accordance with current hypotheses that
plasticity decreases with aging and that the most
pronounced plasticity effects occur during the first
years of life [Hallett, 1995]. Considering that the
maturation of fiber tracts and cortical neuropil, two
determinants of gyral shape [Welker, 1990], are still
progressing at age 7 [Yakovlev and Lecours, 1967;
Amunts et al., 1995; Armstrong et al., 1995], local
structural changes can be assumed to occur in the
young brain in response to long-term stimulation.
However, since only about 40% of ILPG variability is

determined by the age of commencement of musical
training, the role of other putative determinants for
ILPG differences in musicians cannot be completely
excluded. We have to admit that we cannot rule out a
selectional hypothesis to explain our results. A selec-

tional hypothesis would mean that an individual
becomes a skilled musician because his motor cortex is
larger than average or that an individual establishes a
hand dominance because one sensorimotor region is
larger than the other.

Figure 3.
ILPG (means of all sections of region B 6 SEM) in musicians and
non-musicians. Region B: see Figures 1 and 2. A left-larger-than-
right asymmetry was found in both groups, but musicians were
more symmetrical and showed a significantly greater ILPG on the
right hemisphere compared to the controls (P , 0.05).

Figure 4.
A: Relationship between age of commencement of musical training
and ILPG in the right hemisphere of region B. ILPG was significantly
correlated with age of commencement of musical training
(R 5 20.63; P , 0.01). B: A similar correlation was found in the
left hemisphere (R 5 20.60; P , 0.01).
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After all, complicated bimanual finger movements
are the result of the interaction of several motor
circuits, including premotor and supplementary motor
cortex, basal ganglia, and the cerebellum. Thus, these
circuits could modify the effect of hand skill training
on the motor cortex and cause variability in ILPG. The
cerebellum, for instance, was shown to play a special
role in learning the timing of movement [Raymond et
al., 1996], whereby regulation of movements seems to
be performed independently in each half of the cerebel-
lum for the ipsilateral hand [Franz et al., 1996].
The finding of a structural difference between the

motor cortices of musicians and nonmusicians supple-
ments existing data on long-term functional adapta-
tion in the human cerebral cortex, e.g., changes in the
cortical representation of body parts [Cohen et al.,
1991; Ramachandran et al., 1992; Flor et al., 1995; Mano
et al., 1995; Pascual-Leone et al., 1995b; Elbert et al.,
1995]. Flor et al. [1995] and Elbert et al. [1995] revealed
differences in the functional organization of somatosen-
sory cortical areas that would suggest long-term adap-
tation. Long-term representational changes in the mo-
tor cortex as a function of practice were shown by
Pascual-Leone et al. [1995a] and by Karni et al. [1995].
Using transcranial magnetic stimulation, it was shown
that the motor cortical output map to the reading hand
in Braille readers was even modifiable after several
hours of training [Pascual-Leone et al., 1995b]. The
rapid time course of these changes makes an alteration
in the effectiveness of existing synaptic connections
and long-term potentiation more likely than actual
changes in the cortical microarchitecture [Iriki et al.,
1989; Jacobs and Donoghue, 1991; Hess and Dono-
ghue, 1994]. Studies done on patients with upper limb
amputation, and patients with ischemic or tumorous
brain lesions, provided further evidence that the corti-
cal sensory and motor maps are modifiable and can
exhibit long-term adaptations, including spatial reloca-
tion or enlargement of cortical maps [Cohen et al.,
1991; Ramachandran et al., 1992; Flor et al., 1995; Mano
et al., 1995; Seitz et al., 1996]. Similarly, nonhuman

studies have shown that intense motor activity can
lead to longer-lasting functional and macrostructural
cerebral changes: use-dependent alterations of move-
ment representations were found in the primary motor
cortex of adult squirrel monkeys at least several days
after acquisition of motor skills [Nudo et al., 1996]. In
another study, a time-dependent increase in the num-
ber of synapses per neuron in the contralateral motor
cortex after unilateral sensorimotor lesions was found,
which was interpreted as a compensatory change in
the hemisphere controlling the nonimpaired forelimb
[Jones et al., 1996]. A wealth of data exists to support
the contention that cortical plastic changes occur either
after peripheral lesions interfering with sensory input
or after central lesions interfering with the cortical
circuitry [Donoghue and Sanes, 1988; Merzenich et al.,
1988; Sanes et al., 1990; Recanzone et al., 1990; Jacobs
and Donoghue, 1991; Rauschecker, 1995].
A series of studies [Black et al., 1990; Isaacs et al.,

1992; Anderson et al., 1994; Swain et al., 1994] investi-
gated the underlyingmicroarchitecture of grossmacro-
structural adaptations in the cerebellum by subjecting
rats to different motor tasks. One group of rats was
forced to perform acrobatic tasks while another group
was forced to walk in a treadmill. Both groups were
compared to a voluntary exercise group. Acrobatic
training resulted in an increase in the number of
synapses and a greater volume of glial per Purkinje
cells in the cerebellar cortex, while there was an
increase in the microvasculature in the forced exercise
group. These studies are very important for interpret-
ing our results, since these results would support the
hypothesis that intense and prolonged motor activity
can lead to microstructural changes (e.g., increase in
the number of synapses, glial cells, and capillaries).
These volumetric changes in the neuropil compart-
ment can certainly lead to changes detectable by
macrostructural methods. Recent work from the same
group revealed changes in the thickness of the primary
motor cortex [Anderson et al., 1992] and, more specifi-

TABLE II. Results of index finger tapping test*

Left hand Right hand Mean
Laterality
coefficients

RH Musicians (n 5 21) 118.9 6 2.44 128.1 6 2.44 123.5 6 2.31 0.038 6 0.007
RH controls (n 5 30) 96.3 6 2.44 111.6 6 2.44 103.9 6 2.31 0.072 6 0.005

* Values are means 6 SEM. The mean tapping scores of right-handed (-RH) musicians were
significantly higher than those of RH controls; left-hand scores were more different than right-hand
scores (two-way ANOVA; P , 0.01). Laterality coefficients indicated significantly decreased asym-
metry in musicians compared to controls (P , 0.05).
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cally, an increase in the number of synapses per neuron
in the motor cortex [Kleim et al., 1996] of adult rats
which were trained on an acrobatic motor task. Taken
together, these studies support our interpretation of
the structural differences in the motor cortex between
keyboard players and controls as a structural compli-
ance in response to an intense and early hand skill
training. However, a longitudinal MR study will be
needed for a direct demonstration of training-induced
morphological plasticity.
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