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Voxel-based morphometry (VBM) was used to analyze gray matter
(GM) asymmetries in a large sample (n = 60) of male and female
professional musicians with and without absolute pitch (AP). We chose
to examine these particular groups because previous studies using
traditional region-of-interest (ROI) analyses have shown differences in
hemispheric asymmetry related to AP and gender. Voxel-based
methods may have advantages over traditional ROI-based methods
since the analysis can be performed across the whole brain with
minimal user bias. After determining that the VBM method was
sufficiently sensitive for the detection of differences in GM asymmetries
between groups, we found that male AP musicians were more leftward
lateralized in the anterior region of the planum temporale (PT) than
male non-AP musicians. This confirmed the results of previous studies
using ROI-based methods that showed an association between PT
asymmetry and the AP phenotype. We further observed that male non-
AP musicians revealed an increased leftward GM asymmetry in the
postcentral gyrus compared to female non-AP musicians, again
corroborating results of a previously published study using ROI-based
methods. By analyzing hemispheric GM differences across our entire
sample, we were able to partially confirm findings of previous studies
using traditional morphometric techniques, as well as more recent,
voxel-based analyses. In addition, we found some unusually pro-
nounced GM asymmetries in our musician sample not previously
detected in subjects unselected for musical training. Since we were able
to validate gender- and AP-related brain asymmetries previously
described using traditional ROI-based morphometric techniques, the
results of our analyses support the use of VBM for examinations of GM
asymmetries.
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Introduction

Traditional postmortem and in vivo morphometric studies have
detected some regional brain asymmetries, the most consistent of
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which include the leftward occipital, and rightward frontal exten-
sions of the brain (Chiu and Damasio, 1980; LeMay, 1977), and
the leftward asymmetry of the planum temporale (PT) (Geschwind
and Levitsky, 1968; Shapleske et al., 1999; Steinmetz, 1996; Wada
et al., 1975). Given that the PT is a cerebral structure located within
the posterior superior bank of the temporal lobe, its asymmetry is
strongly related to hemispheric differences in the trajectory of the
Sylvian fissure running steeper in the right hemisphere while it
extends further back in the left (Loftus et al., 1993; Ratcliff et al.,
1980). In addition, differences in asymmetry between groups
defined by gender, handedness, or according to their functional
characteristics were reported (see Jancke and Steinmetz, 2003;
Toga and Thompson, 2003 for a summary of this research). These
studies have typically defined particular region-of-interests (ROIs)
and measured their size and hemispheric asymmetry using tradi-
tional morphometric techniques.

In contrast to ROI-based methods, a fully automated voxel-by-
voxel analysis technique allows the examination of cerebral
asymmetries across the entire brain while it avoids the subjectivity
of ROI approaches. Voxel-based morphometry (VBM) has been
described in detail (Ashburner and Friston, 2000; Good et al.,
2001a,b), and validated with structural ROI analyses and function-
al studies (Good et al., 2002; Krams et al., 1999; Sowell et al.,
1999; Tisserand et al., 2002; Woermann et al., 1999). With regard
to hemispheric differences within a study group, VBM was shown
to replicate previous findings of frontal and occipital petalias,
asymmetries of posterior language areas including the PT, the
cingulate sulcus, and caudate nucleus in normal adult human
brains (Good et al., 2001a; Watkins et al., 2001). However, studies
comparing gray matter (GM) asymmetry between two groups have
yielded conflicting results. While Good et al. (2001a) confirmed
increased leftward asymmetry within Heschl’s gyrus (HG) and the
PT in males compared to females, Watkins et al. (2001) did not
find any gender differences in the degree of cerebral asymmetry.
These discrepant results raise the question whether the VBM
technique is sufficiently sensitive for detecting differences in
cerebral asymmetries. Consequently, this study’s first goal was to
verify whether VBM is an alternative to traditional ROI-based
methods for detecting GM asymmetry differences between differ-
ent groups. Conventional ROI-based morphometry has already
been shown to yield regional asymmetry differences between
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groups (e.g., Keenan et al., 2001; Kulynych et al., 1994; Schlaug et
al., 1995b; Zatorre et al., 1998). In order to contrast these two
techniques, we chose to compare manually obtained regional
asymmetry scores for the PT using traditional morphometric
techniques with asymmetry scores obtained automatically on a
voxel-by-voxel basis across the entire brain within the same
subjects.

The second goal was to compare GM asymmetries between
musicians with absolute pitch (AP) and musicians without AP. As
observed in traditional ROI-based analyses (Keenan et al., 2001;
Schlaug et al., 1995b), AP musicians have a more pronounced
leftward PT asymmetry than non-AP musicians or nonmusicians.
Similarly, Zatorre et al. (1998) detected a greater leftward PT
asymmetry when AP musicians were compared to a large control
sample, although no differences were found when comparing
smaller samples. Finally, we wanted to determine whether there is
a gender effect or an interaction between gender and AP with
respect to GM asymmetry. Amunts et al. (2000) showed that male
right-handers have a significantly deeper central sulcus on the left
hemisphere than on the right, whereas no interhemispheric asym-
metry was found in female right-handers. Furthermore, a gender-
dependent PT asymmetry with males having a significantly larger
left versus right PT, and females showing either diminished or no
PT asymmetry, was reported by Kulynych et al. (1994) based on the
analysis of a predefined brain region and by Good et al. (2001a)
based on a voxel-by-voxel analysis. Other studies, however, did not
find a gender effect in PT asymmetry (Foundas et al., 1999; Watkins
et al., 2001).

Materials and methods
Subjects

The study group consisted of 60 healthy, right-handed musicians
(40 non-AP musicians: 20 females/20 males, and 20 AP musicians:
10 females/10 males) who were selected from a database of high
resolution anatomical MR images. The sample was matched
according to gender (30 women, 30 men) and had a mean age of
24.7 years (£4.7). All musicians were classically trained profes-
sionals (mainly keyboard and string players) who were either
performing artists, teachers, or students at local music schools.
The mean age for commencement of music training was 6.4 years
(£2.6). Right-handedness was confirmed in all subjects with
standardized tests (Annett, 1992; Jancke et al., 1997). AP was
verified using well-established tests (Keenan et al., 2001; Ward and
Burns, 1982; Zatorre et al., 1998). A detailed description of the AP
testing procedure is provided in Keenan et al. (2001). The study
was approved by the Institutional Review Board of Beth Israel
Deaconess Medical Center Boston, MA.

MRI acquisition and data analysis

High-resolution anatomical images of the whole brain were
obtained on a 1.5 T Siemens Vision whole-body scanner (Erlangen,
Germany) by using a strongly T1-weighted gradient echo pulse
sequence (MP-RAGE) with parameters described in detail by
Keenan et al. (2001). Image analysis was performed on a PC using
MATLAB 5.3 (Mathworks Inc., Natick, MA, USA; http://www.
mathworks.com/products/matlab) and SPM99 software (Wellcome
Department of Cognitive Neurology, London; http://www.fil.ion.

ucl.ac.uk/spm/). Subsequent statistical analyses were performed
using SPSS 10.0 (SPSS Inc. 1989—-99; http://www.spss.com).

Image preprocessing

Creating templates: whole-brain and symmetrical GM template
Awhole-brain template was created from 56 T1-weighted images
(36 males, 20 females) chosen from right-handed subjects scanned
in our institution over the past 5 years. These 56 images were
stereotaxically transformed applying a 12-parameter affine transfor-
mation to match the Montreal Neurology Institute (MNI) 305
template. After the normalizing step, one average image was created
and smoothed with an 8-mm FWHM isotropic Gaussian kernel.
The 56 normalized, T1-weighted images were segmented and
extracted, then flipped vertically in the midsagittal plane (x = 0) to
create a symmetrical GM template. Finally, one average image from
all GM images (normal and flipped) was created and smoothed with
an 8-mm FWHM isotropic Gaussian kernel. In addition, we created
symmetrical a priori maps by averaging the GM, white (WM), and
cerebrospinal fluid (CSF) a priori maps provided with the SPM99
package, with their flipped counterparts. The symmetrical GM
template and a priori maps were used in the subsequent spatial
normalization and segmentation procedures described below.

Verifying VBM sensitivity in detecting GM asymmetry differences
A data set of 52 brains that partly overlapped with the sample of
60 musicians used in the current analysis was available with a wide
range of PT asymmetry scores. These scores were obtained by
manually determining the PT surface area using splines to approx-
imate the contour of the PT on sagittal slices and forming a triangular
mesh between contours (for details, see Keenan etal., 2001). This set
of brains was chosen from a larger group (Keenan et al., 2001)
including only MR data sets that were obtained on the same MR
scanner. In order to determine whether VBM is sufficiently sensitive
to detect GM asymmetry differences, we calculated the correlation
between the 52 PT asymmetry scores obtained manually and the 52
asymmetry indices obtained automatically on a voxel-by-voxel basis
across the whole brain. The asymmetry index of the PT’s surface
area was calculated using the formula (Right — Left)/0.5(Right +
Left). The set of 52 subjects included AP musicians (n =25), non-AP
musicians (n = 10), and nonmusicians (n = 17), thus representing
individuals with a large range of PT asymmetry indices. The image
preprocessing steps for manual segmentation (e.g., data acquisition,
PT definition, PT measuring, and PT surface calculation) are
described in detail by Keenan et al. (2001). Voxel-by-voxel GM
asymmetry scores were determined as described below.

Applying VBM to examine GM asymmetry

Each T1-weighted, MR data set from our study group (n = 60)
was linearly transformed into MNI standard space using our whole-
brain template. We then segmented the normalized images into GM,
WM, CSF, and other nonbrain components by applying the SPM99
segmentation algorithm that also includes a correction for nonuni-
formity in image signal intensities (Ashburner and Friston, 2000).
Applying an additional series of fully automated, morphological
operations, we removed scalp tissue, skull, and dural venous sinuses
from the GM volumes (Good et al., 2001b). The extracted GM
volumes were then used to estimate the spatial normalization
parameters by matching them to our self-created symmetrical GM
template using linear (12 parameter affine transformation) and
nonlinear components (7 X 8 X 7 basis functions). These trans-
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Calculation of the Asymmetry Index (AI)

Fig. 1. Calculation of asymmetry indices (Als). The Als for the PT surface area were calculated by subtracting left hemispheric values from the right resulting in
“right-minus-left”-asymmetries. Whole-brain Als were calculated by subtracting the mirrored images from the original images. Thus, the resulting voxelwise Als
in the left hemisphere represent ““left-minus-right”-asymmetries, while Als in the right hemisphere represent “right-minus-left”’-asymmetries. Therefore, positive
correlations between Als obtained with the two different approaches will arise in the right hemisphere (while negative correlations will arise in the left hemisphere).

formations were used to spatially normalize the original T1-weight-
ed images. After reslicing image volumes into isotropic voxels (1
mm?®), we performed another segmentation procedure using our
modified symmetrical a priori maps. After the unconnected, non-
brain voxels were removed, the resulting GM images were extracted
(Good et al., 2001b).

In order to examine asymmetries, we generated a new set of
GM images by calculating a GM difference image (DI) for each
subject by flipping the normalized and extracted original GM
images (origGM) vertically in the midsagittal plane (x = 0). This
resulted in mirrored GM images (mirrGM) to which we applied the
following formula:

DI = (origGM — mirrGM) /0.5 (origGM + mirrGM)

These difference images represent the GM differences between
the two hemispheres for each voxel. Positive voxel values on the
right side of the image indicate that the right hemisphere had
higher GM intensity value than the left; negative voxel value on the
right side of the image indicate that the left hemisphere had higher
GM intensity values than the right. Images were then smoothed
using a 12-mm FWHM isotropic Gaussian kernel.

Statistical analyses

VBM sensitivity

Asymmetry scores obtained manually for PT surface area were
correlated with asymmetry scores obtained automatically on a
voxel-by-voxel basis across the entire brain. Using conventional
morphometry, the measurement of the PT surface is influenced by
the length and convolution of the PT region. Based on the

assumption that the latter is related to the regional GM volume,
we expected to find positive correlations in the region of the PT if
VBM is as sensitive as traditional ROI methods in detecting

S = N W b

Fig. 2. Positive correlations between manually (PT region) and automat-
ically (whole-brain) obtained asymmetry scores. By applying a linear
regression, we found a positive correlation in the region of the PT and the
caudate nucleus. Since we had a clearly defined regional hypothesis, the
statistical map was thresholded at P < 0.001 and not corrected for multiple
comparisons. Only clusters thresholded with the number of expected voxels
(spatial extent threshold of » = 48) are shown. As a result of calculating the
asymmetry index by subtracting the values of the left hemisphere from the
right (ROI approach), and subtracting the mirrored images from the original
images (wWhole-brain approach), all positive correlations arise exclusively in
the right hemisphere. The color bar represents the 7 score.
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between-group differences in cerebral asymmetries. Our preexisting
hypothesis predicted correlations in the PT region; therefore, the
statistical map was thresholded at P < 0.001 and not corrected for
multiple comparisons. Only clusters thresholded with the number of
expected voxels (spatial extent threshold) calculated according to
the theory of Gaussian random fields are reported. Due to the fact
that we calculated the whole-brain asymmetry index by subtracting
the flipped images from the original images, the resulting voxelwise
asymmetry indices in the left hemisphere represent “left-minus-
right”-asymmetries, while asymmetry indices in the right hemi-
sphere represent ‘“‘right-minus-left”’-asymmetries (Fig. 1). As de-
scribed above, the manually obtained asymmetry indices for the PT
region were obtained by subtracting the left from the right hemi-
sphere (“right-minus-left”’-asymmetry). Therefore, positive corre-
lations between asymmetry indices obtained with the two different
approaches should arise in the right PT region.

GM asymmetry differences between groups defined by gender and
AP

The smoothed GM difference images of our study group (n = 60)
were analyzed using a one-way analysis of variance (ANOVA). The
design matrix employing the general linear model represented the
GM difference images of female AP musicians (n = 10), female
non-AP musicians (n = 20), male AP musicians (#n = 10), and male
non-AP musicians (n = 20). We created different contrasts compar-
ing GM asymmetries between males and females and between AP
musicians and non-AP musicians. In addition, we investigated the
possibility of interaction effects between AP and gender in associ-
ation with GM asymmetries. Significance levels for the ¢ statistics
were set at P < 0.05, corrected for multiple comparisons across the
brain volume (Benjamini and Hochberg, 1995). Only clusters
thresholded with the number of expected voxels (spatial extent

Table 1
Summary of preprocessing steps and statistical analyses

threshold), calculated according to the theory of Gaussian random
fields, are reported.

GM asymmetry across the entire sample of musicians

The smoothed GM difference images of all subjects (n = 60)
were analyzed using a one-sample ¢ test. To examine the effects of
AP and gender on a specific cerebral region previously described as
showing asymmetry differences between AP and non-AP musi-
cians, and between males and females, we conducted follow-up
analyses. Here we focused on the superior temporal gyrus, and
assessed GM asymmetry in groups defined by gender (males,
females) and/or musician status (AP musician, non-AP musician).
Significance was assigned to the resulting ¢ fields using the theory of
Gaussian random fields. The statistical map was thresholded at P <
0.05, corrected for multiple comparisons across the volume (Benja-
mini and Hochberg, 1995). Again, only clusters thresholded with
the number of expected voxels (spatial extent threshold) calculated
according to the theory of Gaussian random fields are reported.

All preprocessing steps and statistical analyses described in the
Materials and methods are summarized in Table 1.

Results

Correlation of asymmetry indices obtained with different
approaches

The linear regression analysis between asymmetry indices
obtained automatically on a voxel-by-voxel basis across the
entire brain, and PT surface area asymmetry indices determined
manually, revealed a significant positive correlation in the
anterior PT region (Fig. 2). A further significant positive

Creating a template:
(a) whole-brain template,

(b) symmetrical GM template differences

Verifying VBM sensitivity
in detecting GM asymmetry

Examining GM asymmetry  Examining GM asymmetry
differences between groups —across the entire sample
defined by gender and AP of musicians

Subjects n =56 (36 males, 20 females)

Preprocessing  whole-brain template:
(1) 12-parameter affine transformation
(MNI305 template)
(2) averaging the 56 whole-brain images
(3) smoothing the average whole-brain
image (8 mm)
symmetrical GM template:
(1) 12-parameter affine transformation
(MNI305 template)
(2) segmentation (SPM99 a priori maps)
(3) flipping the GM images
(vertically, x = 0)
(4) averaging the 56 non-flipped
and 56 flipped GM images
(5) smoothing the average GM image
(8 mm)
Statistics

n =52 (25 AP musicians,
10 non-AP musicians,
17 nonmusicians)
ROI asymmetry measures:
(1) Manually drawing splines to
represent the PT surface
(2) calculating the asymmetry
index (AI) of the PT surface:
Al=@®R — L)0.5 R +L)
VBM asymmetry measures:
(1) 12-parameter affine transformation (whole-brain template)
(2) segmentation (SPM99 a priori maps)
(3) parameter estimation for spatial normalization (GM images, symmetrical GM template)
(4) spatial normalization of the original images (linear + non-linear components)
(5) segmentation (symmetrical a priori maps)
(6) flipping the GM images (vertically, x = 0)
(7) calculating the difference GM images: DI = (origGM — mirrGM)/0.5 (origGM + mirrGM)
(8) smoothing the difference GM images (12 mm)

correlation between ROI
asymmetry scores for the PT
region and VBM asymmetry
scores for the entire brain
(P < 0.001, not corrected)

n = 60 (30 males, 30 females; 20 AP musicians,
40 non-AP musicians)

ANOVA in a two
(males, females) by two
(AP musicians, non-AP
musicians) design

(P < 0.05, corrected)

one-sample ¢ test
(P < 0.05, corrected)
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Fig. 3. Relationships between asymmetry scores obtained with different
approaches. Correlating the first eigenvariates of automatically obtained
asymmetry scores in a defined set of PT region voxels with manually
obtained asymmetry scores for the PT surface areas revealed a highly
significant, positive correlation (r = 0.96; P < 0.01).

correlation was observed in the head of the caudate nucleus
(Fig. 2).

In order to provide further evidence supporting a positive
relationship between both sets of asymmetry scores, we extracted
the first eigenvariate of automatically obtained GM asymmetry
scores for a sphere with a radius of 8 mm centered around the
maximum in the PT region. The first eigenvariate of this cluster
accounted for most of the variance in the automatically obtained
GM asymmetry scores in this defined set of voxels. A correlation
of r=0.96 (P = 0.01) was found when the 52 eigenvariates were
correlated with the 52 manually obtained asymmetry scores of the
PT surface area (Fig. 3).

Between-group GM asymmetry differences

By comparing GM asymmetries between groups, we observed
that male AP musicians showed increased leftward asymmetries in
the anterior region of the PT compared to male non-AP musicians
(Fig. 4a). Furthermore, male non-AP musicians revealed an in-
creased leftward GM asymmetry in the postcentral gyrus compared

to female non-AP musicians (Fig. 4b). None of the other compar-
isons taking AP, gender, and the interaction between the two into
account (all females vs. all males, all AP musicians vs. all non-AP
musicians, female AP musicians vs. female non-AP musicians,
etc.) resulted in statistically significant suprathreshold voxels.

GM asymmetries in musicians—whole brain

When hemispheric GM differences were analyzed within the
entire group of 60 professional musicians, the analysis revealed
extensive rightward GM asymmetries (R > L) in the frontal and
prefrontal lobe, mesial portions of the superior temporal lobe,
posterior parts of the inferior and medial temporal gyrus, and
temporal pole. In addition, more focal rightward GM asymmetries
were detected in the superior parts of the pre- and postcentral
gyrus, the inferior and superior parietal lobe, the cuneus, cingulate,
and lingual gyrus, as well as in the orbital and medial occipital
gyrus (Fig. 5, upper row). We also observed a dominant rightward
GM asymmetry in most of the cerebellum with some small foci of
leftward GM asymmetry in the dorsal, posterior, and anterior
regions of the cerebellum. Leftward GM asymmetries (L > R)
were also detected in the superior temporal gyrus including HG,
and in the anterior portion of the PT. Additional clusters of leftward
GM asymmetry were demonstrated in the inferior parts of the pre-
and postcentral gyrus, the mesial frontal lobe, thalamus and
caudate nucleus, and occipital pole (Fig. 5, lower row).

GM asymmetries defined by gender and AP—superior temporal
gyrus

AP musicians (males and females combined) showed a signif-
icant leftward GM asymmetry in the superior temporal gyrus
including HG and anterior portion of the PT. However, when male
and female APs were analyzed separately, a clear leftward GM
asymmetry in the anterior PT region was only seen in male AP
musicians. Female AP musicians, on the other hand, demonstrated
hemispheric GM differences anterior to the PT, in the HG (Fig. 6,
upper row). Similar results were found in the group of female non-
AP musicians who showed hemispheric GM differences slightly

Fig. 4. Brain regions with significant differences of GM asymmetries. The voxel-by-voxel comparison of GM asymmetries between groups revealed two
significant differences: (a) the left anterior portion of the PT in male AP musicians was more lateralized than in male non-AP musicians, and (b) the left
postcentral gyrus in male non-AP musicians was more lateralized than in female non-AP musicians (P < 0.05, corrected for multiple comparisons, spatial extent
threshold, » = 16). The color bar represents the ¢ score.

Fig. 5. Brain regions with significant hemispheric GM differences in a sample of 60 professional musicians. Rightward GM asymmetries (R > L) were seen in
the frontal and prefrontal lobe (a, blue arrows), mesial portions of the superior temporal lobe (b, blue arrow), posterior parts of the inferior and medial temporal
gyrus (a, green arrows), superior parts of the pre- and postcentral gyrus (a, yellow arrows), inferior and superior parietal lobe (a, cyan arrows), cuneus and
lingual gyrus (c, blue arrows), cingulate gyrus (d, blue arrow), medial occipital gyrus (a, purple arrow), and in some regions of the cerebellum (c, green arrow).
Leftward GM asymmetries (L > R) were seen in the superior temporal gyrus including HG and anterior portion of the PT (e, blue arrow), inferior parts of the
pre- and postcentral gyrus (e, yellow arrows), mesial frontal lobe (g, blue arrow), thalamus and caudate nucleus (h, blue arrows), occipital pole (f, blue arrow),
and in dorsal, as well as most posterior and anterior portions of the cerebellum (e and f, green arrows). Only clusters corrected for multiple comparisons (P <
0.05) and thresholded with the number of expected voxels—spatial extent threshold of 163 voxels per cluster—are shown here.

Fig. 6. Brain regions with significant leftward GM asymmetries in the superior temporal gyrus. The combined group of AP musicians (all APs) showed
significant leftward GM asymmetries in the superior temporal gyrus including HG and anterior portions of the PT (P < 0.05, corrected for multiple
comparisons). When male and female APs are analyzed separately, a leftward GM asymmetry in the anterior PT was found in the male sample (male APs) with
significant differences in the upper-left quadrant of the crosshair (placed in Heschl’s sulcus at x = —53; y = —18; z = 0, MNI space for all images shown). The
female APs demonstrated more anterior hemispheric GM differences (mostly in the upper and lower right quadrant) in HG but not the PT. Similar results were
found for the group of female non-AP musicians (female nAPs). In male non-AP musicians (male nAPs), hemispheric GM differences were located even more
anterior and inferior (lower right quadrant) compared to the other groups. These findings were clearly reflected in the combined non-AP musician group (all
nAPs). The description of significant results is restricted to the superior temporal gyrus in the left hemisphere (LH).
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Fig. 5.

Fig. 6.
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more inferior to the HG than the female AP musicians, whereas in
male non-AP musicians, hemispheric GM differences were located
anterior to the HG (Fig. 6, lower row).

Discussion

Previous studies have revealed different results when using
VBM methods to detect between-group differences in GM asym-
metries. While Good et al. (2001a) detected gender differences in
regional GM asymmetries confirming previous results from tradi-
tional ROI analyses, Watkins et al. (2001) did not detect a gender
effect on hemispheric GM asymmetry. Consequently, our first aim
was to test the validity of VBM for detecting GM asymmetries by
comparing whole-brain asymmetry indices obtained automatically
on a voxel-by-voxel basis, with PT asymmetry indices obtained
manually with a conventional ROI-based approach (for details, see
Keenan et al., 2001; Schlaug et al., 1995b). The positive correla-
tion between both sets of asymmetry scores mapped to the region
of the PT supports the notion that VBM is a sufficiently sensitive
method for detecting GM asymmetry differences between groups.
There was an additional positive correlation in the caudate nucleus.
Although the finding in the caudate nucleus is not relevant for the
purpose of validation, it is of great interest considering the animal
literature that suggests extensive connections between caudate
nucleus and secondary auditory areas as well as auditory associ-
ation cortex (Baizer et al., 1993; Yeterian and Pandya, 1998). If
brain structures localized in different regions (e.g., PT and caudate
nucleus) are strongly interconnected, they might resemble each
other in terms of asymmetry. This hypothesis, however, warrants
further examination in future studies. An alternative explanation is
that the manually determined PT asymmetry, which correlated with
the GM asymmetry in the anterior PT region and the head of the
caudate, reflects hemispheric asymmetries in more than just
temporal regions. It might be possible that dorsolateral prefrontal
regions, which typically project to the caudate nucleus, are asym-
metric. This could lead to a hemispheric asymmetry of the caudate
nucleus if the planum temporale is a marker of a greater hemi-
spheric asymmetry. There is some indirect evidence for this, since
several studies have shown strong leftward activation of a posterior
dorsolateral brain region in pitch experiments in individuals with
absolute pitch (Ohnishi et al., 2001; Zatorre et al., 1998); AP
musicians typically have an exaggerated leftward PT asymmetry
(Keenan et al., 2001).

The second aim of our study was to examine whether GM
asymmetries differ between AP musicians and non-AP musicians.
We observed a significantly increased leftward GM asymmetry in
the anterior PT region in male AP musicians. However, this effect
was not observed in comparisons between female samples or when
comparing all AP with all non-AP musicians. Nevertheless, the GM
asymmetry difference between male AP and male non-AP musi-
cians in the PT region replicates previous studies that described an
increased leftward PT asymmetry in AP musicians (Keenan et al.,
2001; Schlaug et al., 1995b). The PT was the only region that
showed a significant effect when testing across the entire brain
space. The current study is the first to find a gender effect in the AP-
modulated PT asymmetry since previous studies did not investigate
whether a gender effect existed (Keenan et al., 2001).

By comparing female and male non-AP musicians, the present
study also revealed a significantly increased leftward GM asym-
metry in males in a region posterior to the central sulcus. This is

of particular interest considering the results of central sulcus
measurements from a nonmusician sample. Amunts et al. (2000)
demonstrated that right-handed males show a significantly deeper
central sulcus on the left hemisphere than on the right, whereas
no interhemispheric asymmetry was found in females. A recent
functional imaging experiment reported gender-specific peri-
rolandic asymmetries in a tactile discrimination task, where
females activated predominantly both premotor cortices, but
males showed an asymmetric activation (Sadato et al., 2000).
Other studies (e.g., Good et al., 2001a; Hiscock et al., 2001;
Kansaku et al., 2000; Kulynych et al., 1994; Lake and Bryden,
1976; Medland et al., 2002) that showed increased anatomical
symmetry or decreased functional lateralization in females cor-
roborate the presence of gender-specific cerebral asymmetries. It
is also of great interest that both male samples demonstrated GM
asymmetries in different brain regions, with male AP musicians
showing GM asymmetries in the anterior PT, and male non-AP
musicians in the region anterior to HG. In contrast, both female
groups (AP and non-AP musicians) showed GM asymmetries in
the same location in the region of HG but not in the PT. In
agreement with our findings, Kulynych et al. (1994) did not
observe any hemispheric differences in the PT in females, despite
the differences found in males. These findings suggest that the
location and degree of hemispheric GM asymmetries may be
strongly determined by gender, AP, and the interaction between
the two. A recent replication study from our group revealed a
similar finding with males showing a significant musicianship
effect in corpus callosum size while females did not show a
significant effect (Lee et al., 2003). Similar observations were
made when examining the effects of music training intensity and
cerebellar volume (Hutchinson et al., 2003). Taken together, prior
findings and the results of the present study may suggest a
dimorphic organization in the brains of men and women that is
detectable in morphometric studies using either voxel-based or
traditional ROI-based techniques (Amunts et al., 2000; Foundas
et al., 1999; Good et al., 2001a; Nopoulos et al., 2000).

By analyzing hemispheric GM differences within our entire
sample of professional musicians (z = 60), we confirmed findings
of previous ROI-based and VBM studies in normal (nonmusician)
samples. These observations include the well-known leftward
asymmetry of the superior temporal gyrus including HG and
anterior portion of the PT, as well as the leftward GM asymmetries
in the occipital pole corroborating reports of leftward occipital
extensions (petalias). Furthermore, we replicated findings of right-
ward asymmetries in posterior parts of the inferior and medial
temporal gyrus (Paus et al., 1996; Watkins et al., 2001) and
cingulate gyrus (Good et al., 2001a; Paus et al., 1996; Watkins et
al., 2001). We also observed a leftward asymmetry of the caudate
nucleus confirming recent VBM findings by Good et al. (2001a).
In contrast, other studies reported a rightward asymmetry of the
caudate nucleus (Ifthikharuddin et al., 2000; Watkins et al., 2001).
Interestingly, we detected rightward GM asymmetries in mesial
portions of the superior temporal lobe, in superior parts of the pre-
and postcentral gyrus, the inferior and superior parietal lobe, the
cuneus, and the lingual gyrus. These asymmetries have not been
observed previously in subjects not selected for musical back-
ground. Given that the quality of tissue classification is influenced
by the contrast between GM and WM, it is of critical importance
for interpreting GM asymmetries that GM and WM contrasts do
not differ significantly between homologous regions of both hemi-
spheres. However, it is more likely that GM—WM contrasts are
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different between cortical and subcortical areas, rather than be-
tween homologous regions of the two hemispheres. Although some
anatomical studies have described subtle cytoarchitectonic differ-
ences between right and left superior temporal lobe, these studies
have also emphasized that the overall cortical thickness, as well as
the overall number of neurons, does not differ much between right
and left superior temporal cortex. Thus, it is very unlikely that
differences in the GM-WM contrast between right and left hemi-
sphere could explain our findings.

Findings of unusually pronounced rightward GM asymmetries
in musicians may be the result of cerebral adaptations to specific
environmental challenges, such as learning to play an instrument
with particular emphasis on skill development in the nondominant
hand (e.g., piano and string instruments). Amunts et al. (1997)
found a similar effect in musicians by detecting areal and hemi-
spheric asymmetry differences in an index of precentral gyrus size
when instrumentalists were compared with matched nonmusicians.
The dominance of changes in the right compared to the left
hemisphere as a function of acquiring a musical skill has also
been observed in two recent studies. Bangert and Altenmuller
(2003) showed the rapid development of a right-hemispheric
frontotemporal network in an auditory—motor mapping task.
Stewart et al. (2003) demonstrated a right-more-than-left superior
parietal activation when learning of musical notation was examined
in nonmusicians. In addition, we found some evidence for a right-
sided dominance of a pitch memory network involving the inferior
parietal lobe when musicians were compared with performance-
matched nonmusicians (Gaab and Schlaug, 2003). Shahin et al.
(2003) also described a right-hemispheric enhancement of the early
auditory-evoked potentials when musicians were compared with
nonmusicians. The functional significance of the rightward GM
asymmetry of the cuneus and lingual gyrus will have to be
determined in future studies. Alternatively, these specific hemi-
spheric GM differences in musicians could reflect the innate ability
to become a professional musician or acquire exceptional skills like
AP. As demonstrated in some ROI-based studies, several brain
areas differ in their structure and size when comparing musicians to
control subjects (Hutchinson et al., 2003; Lee et al., 2003; Munte et
al., 2002; Schlaug, 2001; Schlaug et al., 1995a; Schneider et al.,
2002; Zatorre et al., 1998). Additional studies applying VBM have
revealed increased GM volumes in motor, auditory, and visual—
spatial brain regions (Gaser and Schlaug, 2003) as well as in
Broca’s area (Sluming et al., 2002) when comparing professional
musicians with nonmusicians.

Since we were able to validate gender and AP-related brain
asymmetries previously described using traditional ROI-based
morphometric techniques, the results of our analyses support the
use of VBM to analyze GM asymmetries. Our methods and results
may help generate hypotheses for future research into group
differences of cerebral asymmetries using VBM methods allowing
whole-brain analysis with minimal user bias.
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