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Quantitative Proton MR Spectroscopic Findings
of Cortical Reorganization in the Auditory

Cortex of Musicians

Kubilay Aydin, Koray Ciftci, Ege Terzibasioglu, Mehmed Ozkan, Asli Demirtas,
Serra Sencer, and Ozenc Minareci

BACKGROUND AND PURPOSE: Brain has a capacity for reorganization that enables
use-dependent adaptations to acquire skills. Previous studies demonstrated morphometric and
functional use-dependent changes in the brains of musicians. The purpose of this study was to
investigate the differences in metabolite concentrations in the planum temporale, an area
strongly associated with the processing of music perception, between trained musicians and
non-musicians. We hypothesized that the microscopic changes leading to use-dependent adap-
tations in brain might cause neurometabolite changes that could be detected with quantitative
proton MR spectroscopy.

METHODS: We performed quantitative proton MR spectroscopy in the left planum tempo-
rale of 10 musicians (six men and four women; age range, 20–37 years) and in those of 10 age-
and sex-matched control subjects who had no musical training. We calculated the major
metabolite concentrations in the left planum temporale.

RESULTS: The difference in N-acetylaspartate (NAA) concentrations between the musicians
and the non-musician control subjects was statistically significant (P < .01). No significant
difference was noted in the choline and creatine concentrations between the musicians and the
non-musician control subjects (P > .05). The NAA concentration of the musicians correlated
with the total duration of musical training and activity (r � 0.733, P < .05).

CONCLUSION: Long-term, professional musical activity caused significant changes in the
neurometabolite concentrations that might reflect the physiologic mechanism(s) of use-depen-
dent adaptation in the brains of musicians.

Brain is an organ that has a high capability of func-
tional reorganization and plasticity. Cortical repre-
sentation of body parts in the brain is continuously
modulated in response to activity, behavior, and skill
acquisition (1). After central nervous system (CNS)
injury, the plasticity of brain helps with functional
recovery of body parts that were previously repre-
sented by injured areas of CNS. Functions that were
previously performed by damaged regions can be
taken over by neighboring areas of brain. Functional

reorganization of brain enables not only functional
recovery of organs after injury, but also use-depen-
dent adaptation and skill acquirement (2–4).

Music production and perception is a fascinating
cognitive function of human brain. Different areas of
brain have been reported to be involved in the pro-
cessing of different components of music perception
(5–9). The posterior part of the superior temporal
gyrus, especially planum temporale, is an important
area for the processing of pitch perception (6, 7).
Morphometric MR studies showed a left-sided asym-
metry in the planum temporale of musicians com-
pared with non-musicians. The volume and surface
area of the left planum temporale in trained musi-
cians, especially those with absolute pitch (an ability
to identify a tone in the absence of a reference tone),
showed stronger left-sided asymmetry (10–12).
Hutchinson et al (13) reported larger cerebellar vol-
umes in musicians compared with those volumes in
non-musician control subjects. Also, the cerebellar
volumes in musicians correlated with the lifelong in-
tensity of musical performances. Previous functional
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studies demonstrated enhanced and larger cortical
representations of music perception and production
in musicians (2, 14). The results of these functional
and morphometric studies suggest the presence of
use-dependent adaptations in the brains of musicians,
which are induced by long-term training and
performances.

The morphometric changes reported in the previ-
ous studies have been suggested to reflect histologic
changes developed in the progression of use-depen-
dent adaptations. The exact mechanism of use-depen-
dent adaptation in brain, to our knowledge, has not
yet been defined. In vivo proton MR spectroscopy is a
noninvasive method to investigate the changes of me-
tabolite concentrations in brain tissue. N-acetylaspar-
tate (NAA), creatine (Cr), and choline (Cho) are the
major metabolites in brain and can be detected with
MR spectroscopy. The changes in concentrations of
these metabolites represent a variety of histopatho-
logic changes in brain tissue. The purpose of this
study was to investigate the differences in metabolite
concentrations in the planum temporale, an area
strongly associated with the processing of music per-
ception, between trained musicians and non-musi-
cians. We hypothesized that quantitative proton MR
spectroscopy would enable the detection of metabo-
lite changes that reflect structural and functional re-
organization induced by intense musical training and
performances.

Methods

Subjects
We studied 10 right-handed, professionally trained musi-

cians (six men and four women). The musicians were the staff
and postgraduate students of a music academy. The mean age
of the musicians was 25.2 years (range, 20–37 years). Detailed
information about their professional history including the age
at which they commenced musical training, total (lifetime)
duration of time spent during musical training and musical
activities, and time spent for all professional musical activities
each week for the previous 6 months. The mean age at which
musical training commenced was 6.4 years (range, 5–8 years).
The mean total duration of musical training and activity was
18.2 years (range 13–28 years). On average, they spent 22.2
hours for musical performance per week (range, 14–36 hours).
The musical performances included instrument playing, con-
cert performances, and composition. Ten age- and sex-matched

healthy, right-handed control subjects (six men and four
women) were included in the study. The control subjects were
chosen among the staff and postgraduate students of medical,
economic, and engineering schools of the university. The con-
trol subjects did not have formal musical training and could not
play any musical instrument. The presence of any metabolic,
infectious, or inflammatory neurologic disease in both groups
was excluded by detailed clinical history and neurologic exam-
ination. Handedness of both the musicians and the control
subjects was assessed by using the Edinburgh handedness
inventory.

Written informed consent was obtained from all the subjects
before the MR examinations, and the study was approved by
the local human subjects committee.

Proton MR spectroscopy
MR imaging and single-voxel proton MR spectroscopic

studies were performed with a 1.5-T superconducting whole-
body MR imaging and spectroscopic system (Symphony; Sie-
mens Medical Systems, Erlangen, Germany) by using a quadra-
ture head coil. Motion artifacts were minimized by supporting
the head with foam cushions.

Anatomic images were acquired before MR spectroscopy
and included sagittal, axial, and coronal T1-weighted se-
quences. Sagittal T1-weighted images (530/20/3 [TR/TE/NEX])
were obtained with a section thickness of 3 mm and a intersec-
tion distance of 0.3 mm. Coronal T1-weighted images (530/
20/3) were acquired perpendicular to the plane of the sylvian
fissure with a section thickness of 2 mm and intersection dis-
tance of 0.2 mm. Axial T1-weighted anatomic images (530/
20/3) were acquired parallel to the plane of the sylvian fissure
with a section thickeness of 3 mm and a intersection distance of
0.3 mm. The fields of view used for the anatomic images were
225–220 � 200–180 mm.

In the single-voxel proton MR spectrocopic examinations,
the voxels were placed in the cortex and subcortical white
matter of the planum temporale by using the T1-weighted
anatomic images (Fig 1). The planum temporale was defined by
criteria reported by Shapleske et al (15). The posterior border
of the planum temporale was defined as the point where the
posterior descending ramus of the sylvian fissure flips into the
ascending ramus on the sagittal anatomic images. The lateral
border of the planum temporale was defined as the lateral rim
of the superior temporal plane on coronal images. Although
the subcortical white matter of the superior temporal gyrus was
involved in the voxel, cortex of the superior temporal gyrus was
not included. The anterior border was defined as the bottom of
the Heschl sulcus on sagittal, axial, and coronal images. In the
cases with more than one Heschl sulcus, we included the
additional Heschl gyrus into the planum temporale. The medial
border was defined as the retroinsular origin of the Heschl
gyrus on coronal and sagittal images. Voxel sizes ranged from
7.13 cm3 (36 � 18 � 11 mm) to 4.95 cm3 (30 � 15 � 11 mm).

FIG 1. T1-weighted MR images (530/
20/3) depict examples of voxel placement.

A, Coronal MR image shows a voxel
placed in the left planum temporale, which
is located between the Heschl gyrus me-
dially (arrow) and superior rim of the supe-
rior temporal gyrus.

B, Sagittal T1-weighted image shows
location of the voxel.
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Quantification of proton MR spectroscopy was performed by
the internal-water standard method (16). An automated shim-
ming algorithm was used before water suppression to maximize
the homogeneity of the magnetic field within the voxel of
interest. Localization of both water-suppressed and unsup-
pressed proton spectra was performed by using a stimulated
echo acqusition mode, or STEAM, sequence. Water suppres-
sion was performed with three chemical shift selective satura-
tion, or CHESS, pulses at the water resonance. The numbers of
acqusitions for water-suppressed and unsuppressed spectra
were 246 and 16 times, respectively. A total of 1024 points were
sampled. To correct the signal decays caused by T2 (transverse)
relaxations, T2 values of the metabolites had to be calculated.
For T2 corrections, we obtained proton spectra with TE values of
30, 48, 84, 135, and 230 ms. Spectral postprocessing included zero
filling to 2056 points, Fourier transformation, and zero-order
phase and baseline corrections. The MR system manufacturer’s
software package was used for curve fitting and measurement of
peak integrals. Curve fittings were performed by an experienced
neuroradiologist (K.A.) and a biomedical engineer (K.C.) to-
gether. Major metabolite peaks were assigned to NAA at 2.02
ppm, Cr at 3.02 ppm, and Cho at 3.22 ppm.

Calculating T2 values and T2-corrected signal amplitudes
for water-suppressed and unsuppressed spectra is an optimiza-
tion problem that involves minimizing the squared error be-
tween the actual values of the measurement and the estimated
function values evaluated at measurement points. The routines
of MATLAB software (The Mathworks Inc., Sherborn, MA)
were used for finding optimum model parameters. A monoex-
ponential curve was fit to the metabolite spectra (met) by the
following equation:

S�STE�0,met[exp(�TE/T2met)],

where STE�0,met is the signal amplitude at TE � 0. STE�0,met
and T2met were calculated by using the Levenberg-Marquardt
algorithm. For unsuppressed water spectra, CSF contamination
was measured by using the difference in T2 decay between the
brain tissue and CSF. The following equation was used for
double-exponential curve fitting:

S�{STE�0,B[exp(�TE/T2B)]}

�{STE�0,CSF[exp(�TE/T2CSF)]},

where STE�0,B and STE�0,CSF are the signal amplitudes at TE �
0 from brain water and CSF, respectively. During curve fitting,
T2CSF was set at 800 ms and T2B was allowed to vary. So,
optimization was performed over three parameters: STE�0,B,
STE�0,CSF, and T2B.

After the T2 corrections, metabolite concentrations were
calculated by using the following equation:

Cmet�Cwater�(STE�0,met/STE�0,B)�(2/Nmet)

�1/�mmol/kg brain,

where Cmet and Cwater (55 � 103 mmol/L) are the concentra-
tions of the metabolite and pure water, respectively. STE � 0,met
and STE � 0,B are amplitudes of T2 corrected signals (signal
amplitudes at TE � 0) obtained from the metabolite and brain
water, respectively. Nmet is the number of protons contributing
to the metabolite peaks. � represents the specific gravity of the
brain tissue (� � 1.04 kg/L) (17). It was reported that T1
(longtidunal) relaxation did not affect the metabolite concen-
trations obtained with TR values above 3 seconds. Therefore,
we used TR � 3.5 seconds and did not do T1 correction.

We performed phantom studies to demonstrate the reproduc-
ibility of the spectral quantification. We used a spherical phantom
containing 0.1 mol/L sodium acetate and 0.1 mol/L lactate (Fig
2A). We measured acetate concentration with the internal water
reference method by using the same TR and TE values (Fig 2B).
We repeated the measurements on different days.

Data Analysis
We tested the difference in the metabolite concentrations

between the musicians and the non-musician control sub-
jects by using the Student t test (independent samples). We
tested the association of the metabolite concentrations with
the age of commencement of musical training, duration of
total musical training and activity, and time spent for musi-
cal activities per week, by using linear regression analysis.
The differences in metabolite concentrations between men
and women in both the musician and the non-musician
groups were tested by using the Student t test. A one-sample
t test was used to test the measured concentrations in the
phantom studies. A P value less than .05 was selected to
indicate a statistically significance difference. All statistics in
our study were calculated by using SPSS 11.0 for Microsoft
Windows (SPSS Inc., Chicago, IL).

Results

The anatomic MR images revealed no abnormality
in any of the subjects. All spectra obtained from the
musicians and control subjects were deemed to be of
good quality (Figs 3 and 4). The calculated T2 values
of brain tissue water (mean T2 value � 81.6 ms)
were similar to those of the previous studies in
literature. The calculated metabolite concentra-
tions and professional information of the musicians
are given in Table 1.

FIG 2. A, Image shows voxel placement
for the phantom study.

B, Spectrum obtained from the phan-
tom shows the acetate peak and lactate
doublet.
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The mean NAA concentration in the left planum
temporale of the musicians was 14.00 mmol/kg brain
(range, 15.86–11.26 mmol/kg brain) compared with a
value of 12.33 mmol/kg brain (range, 14.09–10.79
mmol/kg brain) in the control subjects (Table 2) (Fig
5). The difference in NAA concentrations between
the musicians and the non-musician control subjects
was statistically significant (P � .01). The calculated
NAA concentrations of the musicians were associated
with total duration of musical training and activity
(r � 0.733, P � .016) (Fig 6). However, no significant

association was noted between NAA concentrations
and age of commencement (r � �0.463, P � .178) or
time spent for musical activities per week (r �
�0.327, P � .357) (Fig 6).

The mean Cr concentration of the musicians was
6.76 mmol/kg brain (range, 5.32–8.35 mmol/kg brain)
compared with 6.54 mmol/100 g brain (range, 5.46–
7.33 mmol/kg brain) in the control subjects. The in-
crease in Cr concentrations of the musicians did not
reach statistical significance (P � .05). No significant
association was noted between Cr levels of the musi-

FIG 3. A–D, Proton spectra from the pla-
num temporale in a musician, obtained
with TE values of 30 ms (A), 48 ms (B), 135
ms (C), and 230 ms (D).

FIG 4. A–D, Proton spectra from the pla-
num temporale in a non-musician control
subject, obtained with TE values of 30 ms
(A), 48 ms (B), 135 ms (C), and 230 ms (D).
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cians and age of commencement (r � 0.563, P � .09),
total duration of musical training and activity (r �
�0.150, P � .68), or time spent for musical perfor-
mances per week (r � �0.155, P � .669).

The mean Cho concentration of the musicians was
1.18 mmol/kg brain (range, 0.94–1.42 mmol/kg brain)
compared with 1.14 mmol/kg brain (range, 0.86–1.48
mmol/kg brain) in the control subjects. No significant
difference was noted between the Cho concentrations
of musicians and that of control subjects (P � .05).
No significant association was noted between the Cho
concentrations in the musicians and age of com-
mencement (r � –0.116, P � .751), total duration of
musical training and activity (r � 0.270, P � .451),
and time spent for musical activities per week (r �
0.159, P � .662).

No significant difference was noted in metabolite
concentrations between women and men in both the
musician and non-musician groups (P � .05).

In the phantom studies, the mean value of the
measured acetate concentration was 0.1 � 0.005
mol/L. The results of the phantom studies demon-
strated that there was no significant difference be-
tween the measured values and the real acetate
concentration.

Discussion
Brain has a capacity for functional and structural

reorganization, known as plasticity, that allows it to
adapt to changing intrinsic or environmental condi-
tions. Owing to this ability, functional recovery after
an injury to the CNS is possible, to some extent.
Function(s) of the injured area of brain may be taken
over by the adjacent cortical areas, which can lead to

the functional recovery. Cortical reorganization might
also have a role in recovery after a peripheral injury,
such as amputation. After the amputation of an ex-
tremity, the cortical areas representing the motor
functions of the muscles adjacent to the amputation
invade the cortical areas previously representing the
amputation, to improve the motor control of the
stump and compensate for the loss of the extremity.

The reorganization capacity of brain not only helps
with functional recovery and compensation after CNS
or peripheral nervous system injuries, but also causes
the use-dependent adaptations in brain, which help in
acquiring behavioral skills. Use-dependent adapta-
tion causes not only functional but also structural
changes in brain (3, 18). Maguire et al (3) reported
that taxi drivers had larger volumes of gray matter in
their right posterior hippocampus, which was shown
to be the center of spatial memory and navigation in
previous studies, compared with the healthy control
subjects who did not drive taxis. The results of their
study revealed that the volume of the right posterior
hippocampus of the taxi drivers correlated with time
spent as a taxi driver. Maguire et al proposed that the
need for storage of detailed and extensive navigation
information led to internal reorganization in the pos-
terior hippocampus of the taxi drivers. Similar use-
dependent structural and functional adaptations in
the brains of musicians have been reported. In a
voxel-based MR morphometry study, Sluming et al
(19) reported increased gray matter density and vol-
ume in the Broca area of musicians compared with
IQ-matched non-musicians. There was a significant
correlation between gray matter density in the Broca
area of the musicians and number of years of instru-
ment playing. They interpreted this result of their
study as the use-dependent adaptation caused by the
musical training and professional activities. In an-
other study (20), the gray matter volume in the Hes-
chl gyrus of professional musicians was 130% larger
than that of non-musicians. In a magnetoencephalo-
graphic study, Pantev et al (14) reported larger cor-
tical reorganization in the recognition of tones among
musicians who began their musical training before the
age of 9 years. The results of all these functional and
morphometric studies about music perception in mu-

TABLE 1: Personal information and metabolite concentrations of the musicians

Musician
No./Age (y)/Sex

Age (y) at
Commencement of
Musical Training

Total Duration of
Musical Training

Time Spent on
Musical Activity

per week (h)

Metabolite Concentration
(mmol/kg brain)

NAA Cr Cho

1/20/F 6 14 18 14.52 6.92 1.27
2/37/M 7 28 16 15.58 7.39 1.42
3/22/F 7 15 22 12.78 7.67 1.14
4/24/M 5 19 24 13.34 5.32 1.14
5/33/M 7 24 20 15.86 6.33 0.97
6/23/F 5 18 14 15.22 5.91 1.04
7/24/M 6 16 28 13.82 8.35 1.24
8/21/F 8 13 24 11.26 7.46 0.94
9/23/M 6 17 36 13.72 5.34 1.34
10/25/M 7 18 20 13.91 6.96 1.32

TABLE 2: Metabolite concentrations of study participants

Metabolite

Metabolite Concentrations
(mmol/kg brain)

P ValueMusicians Nonmusicians

NAA 14.00 � 1.38 12.33 � 1.08 .008
Cr 6.76 � 1.01 6.54 � 0.65 .559
Cho 1.18 � 0.16 1.14 � 0.21 .583

Note.—Data are mean � standard deviation.
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sicians indicated a use-dependent reorganization ca-
pacity of the brain in musicians.

Several studies have been conducted to investigate
the neuronal networks involved in processing musical
perception (5–7). The Heschl gyrus, planum tempo-
rale, planum polare, superior temporal gyrus, inferior
frontal gyrus, and dorsolateral prefrontal area have
been reported to process musical perception. The
perceptions of different components of music are
processed in different regions of brain (6). The loca-
tion of processing music perception also changes with
musical training. Music perception is processed in the
left hemisphere in musicians, whereas non-musicians
show a right hemispheric dominance (7, 21, 22). In
the previous neuroimaging studies, left planum tem-
porale was reported to be the area that was respon-
sible for pitch processing in musicians (6). Absolute
pitch is the ability to identify the pitch of a tone
without the need for a reference tone. Absolute pitch
is associated with beginning musical training at an
early age. Sergeant (23) reported that musicians with
absolute pitch started their musical training before
the age of 7 years. In an MR morphometry study
conducted by Schlaug et al (10), the planum tempo-
rale in right-handed musicians was lateralized to the
left compared with that in right-handed non-musi-
cians. The degree of asymmetry between the left and
right planum temporale of musicians showed a cor-

relation with the ability of absolute pitch. Musicians
with perfect pitch discrimination had stronger left
planum temporale asymmetry (11, 12). The degree of
activation in the left planum temporale correlated
with absolute pitch ability (7). Ohnishi et al (7) also
reported that the activation in the left planum tem-
porale during music perception was enhanced in mu-
sicians compared with that in non-musicians. Also, a
significant correlation existed between the degree of
activation in the left planum temporale of musicians
and age of commencement of musical training. Be-
cause use-dependent functional and structural adap-
tations have been demonstrated in previous studies,
we studied the left planum temporale of musicians to
investigate the possible metabolite changes induced
by professional musical training and activities.

Proton MR spectroscopy is a sensitive, noninvasive,
in vivo method used in the detection of metabolite
changes. It gives clues about the histopathologic
changes in tissues. In our study, NAA concentration
in the left planum temporale of the musicians was
significantly increased compared with that in the non-
musicians. The correlation of NAA concentration
with total duration of musical training and activity is
compatible with the results of previous functional and
morphometric studies about the adaptational changes
in the brains of musicians. This correlation suggests
that increased NAA concentration in the left planum

FIG 5. A–C, Graphs show metabolite concentrations in musicians (M) and the non-musician control group (NM) for NAA concentration
(A), Cr concentration (B), and Cho concentration (C). Error bars show 95% confidence intervals for the means of the metabolite
concentrations.

FIG 6. A, Graph demonstrates the relationship between NAA concentration in the musicians and total duration of musical training and
activity. NAA concentration increases significantly as the duration of total musical training and activity increases (r � 0.733 [Pearson
correlation coefficient], P � .016).

B, NAA concentration aganist age of commencement (r � �0.463, P � .178).
C, NAA concentration aganist time spent for musical activities per week (r � �0.327, P � .357).
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temporale reflects the functional and structural
changes stimulated by the long-lasting, intensive mu-
sical training. Nonassociation of NAA concentrations
with the time spent for musical activities per week
suggested that the changes in NAA levels were not
developed in the short term. In a commentary article
about the study conducted by Maguire et al (3), Ter-
razas and McNaughton (24) argued that morphomet-
ric MR imaging studies could not reflect the subtle
cellular changes leading to brain adaptation. Changes
in metabolite concentrations may be a more sensitive
and precise tool to follow the trace of cellular changes
in the process of brain adaptation.

NAA is a free amino acid that is biosynthesized
from acetyl coenzyme A and aspartate by D-aspartate
N-acetyltransferase in the mitochondria of neurons
(25). NAA is expected as a marker of neuroaxonal
integrity in proton MR spectroscopy (26, 27). The
exact function of NAA is not known, yet. However,
NAA is known to be involved in the intercellular
communication of the neurons with glial cells (28).
Abnormalities that cause neuronal loss or impairment
of neuroaxonal functions decrease the level of NAA
at proton MR spectroscopy. In neurodegenerative
diseases, an association exists between the degree of
neuronal loss and level of NAA at proton MR spec-
troscopy. In a recent study, a correlation between
neuronal density and NAA concentration was dem-
onstrated (29). In our study, NAA concentrations of
musicians were not associated with time spent for
musical activities per week, although the association
of NAA concentration with total duration of musical
training and activity was significant. These two find-
ings demonstrate that increased NAA levels in musi-
cians represent a long-term process induced by musi-
cal training. In our study, increased NAA
concentration might be caused by increased neuronal
density in the left planum temporale of musicians.

Until recently, it was believed that neuronal prolif-
eration in brain was not possible after birth. However,
neurogenesis in adult hippocampus has been demon-
strated (30, 31). Kempermann et al (31) reported the
experience-dependent regulation of adult neurogen-
esis in the hippocampi of mice. In an animal study
conducted by Nillson et al (32), it was shown that an
enriched environment increased the neurogenesis in
the dentate gyrus. The possibility of neurogenesis in
the adult brain is not restricted to the hippocampi (33,
34). Palmer et al (35) reported the presence of mul-
tipotent precursor cells in the various regions of adult
rat brains that could differentiate into neurons. To-
day, it is known that human brain has neuron-gener-
ating capacity. All the musicians in our study had
started musical training before 9 years of age. Inten-
sive musical training and performances during the
developmental periods of brains in the musicians
might stimulate neurogenesis by acting as an “envi-
ronment enriching activity.”

Kempermann (36) proposed that the addition of even
small numbers of new neurons can dramatically increase
the complexity of a neuronal network to adapt to in-
creased functional stimuli. Maguire et al (3) suggest that

the increased cortical volume in the right posterior hip-
pocampus of taxi drivers might have been caused by
neurogenesis that might be induced by a high need for
spatial memory. Similarly, a long-term need to process
the pitch perception of highly complex musical perfor-
mances may induce neurogenesis in the planum tempo-
rale of musicians. Addition of new neurons may in-
crease the complexity of neuronal networks and make
the processing of highly complex data possible. Cecchi
et al (37) proposed a mathematics model to explain the
role of neurogenesis and incorporation of new neurons
into the synaptic networks in experience-induced
adaptations.

Neural branching and formation of new synapses
are associated with long-term uses in many species.
Long-term sensory stimulation causes increased num-
bers of central synapses that can modify the sensitivity
of sensory perception (38, 39). Increased number of
synapses, glial cells, and capillary density occur after
long-term motor learning in the motor cortex (40–
43). Increased number of synapses, which is one of
the mechanisms proposed to explain the use-depen-
dent adaptations, might contribute to the increased
NAA concentrations in our study. The musical expe-
rience beginning in early childhood might have led
to the formation of new synapses in the left planum
temporale of musicians, to be able to process highly
complex data during music perception.

Modulation of synaptic transmission is another the-
ory proposed to explain the mechanisms of brain
reorganization and adaptation (44, 45). Intracortical
�-aminobutyric acid (GABA)ergic inhibitory neurons
have been reported to play a role in the plasticity and
the exercise-induced rapid adaptations of brain. In an
MR spectroscopy study, Levy et al (46) showed rapid
reduction of GABA levels in the motor cortex within
10 minutes after ischemic deafferentation of the con-
tralateral hand. GABAergic mechanism has been re-
ported to be rapid and short-term, and it cannot
explain the morphometric changes induced by func-
tional stimuli, which were reported in the previous
studies. Because the resolution of minor metabolites
such as GABA is low with 1.5-T MR systems, we
could not study the effects of musical training on
GABA concentration in the planum temporale.

Because of the long examination times, we could
not study the metabolite concentrations in other cor-
tical areas not associated with music perception. This
can be accepted as a limitation of our study. One may
argue about the possibility of significant differences in
metabolite concentrations of non-music-associated
cortical areas of musicians and those of the control
subjects. However, metabolite mapping of musical
perception in the brain was not the aim of this study.
The significant correlation of metabolite concentra-
tions with total duration of musical training has dem-
onstrated that long-term, intensive musical training
and activities induce significant changes in the con-
centrations of neurometabolites, whether specific to
the left planum temporale or not.

Significant associations between age of commence-
ment of musical training and morphometric measure-
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ments in the brains of musicians were reported in the
previous studies. All the musicians in our study had
started musical training before 9 years of age. Be-
cause the ages of commencement were not wide
spread among the musicians, we did not find any
association between metabolite concentrations and
age of commencement in our study.

An auditory functional MR imaging study might be
performed together with quantitative spectroscopy.
Correlation of the neurometabolite changes with the
results of the functional MR imaging study might be
investigated. We could not perform an auditory func-
tional MR imaging study because of the lack of techni-
cal background. However, the combination of these
studies would increase examination time, which was
already long enough.

Conclusion

Structural and morphometric changes in brain that
are created by use-dependent adaptation and reorga-
nization have been shown in previous studies. How-
ever, the results of our study demonstrated use-de-
pendent changes in neurometabolite concentrations
that might be created by the cellular changes devel-
oped in the process of brain adaptation. The increase
of NAA concentration in regions of brain that show
use-dependent adaptation may be created by the in-
crease in neuronal or synaptic density.
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