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Abstract Morphological variations of the first transverse
Heschl’s gyrus (HG) in the human auditory cortex (AC) are
common, yet little is known about their functional impli-
cation. We investigated individual morphology and func-
tion of HG variations in the AC of 41 musicians, using
structural and functional magnetic resonance imaging
(fMRI) as well as magnetoencephalography (MEG). Four
main morphotypes of HG were (i) single HG, (ii) common
stem duplication (CSD), (iii) complete posterior duplica-
tion (CPD), and (iv) multiple duplications (MD). The vast
majority of musicians (90%) exhibited HG multiplications
(type ii—iv) in either one (39%) or both (51%) hemispheres.
In 27% of musicians, MD with up to four gyri were found.
To probe the functional contribution of HG multiplications
to auditory processing we performed fMRI and MEG with
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auditory stimulation using analogous instrumental tone
paradigms. Both methods pointed to the recruitment of all
parts of HG during auditory stimulation, including multi-
plications if present. FMRI activations extended with the
degree of HG gyrification. MEG source waveform patterns
were distinct for the different types of HG: (i) hemispheres
with single HG and (ii) CSD exhibited dominant NI
responses, whereas hemispheres with (iii) CPD and (iv)
MD exhibited dominant P1 responses. N1 dipole ampli-
tudes correlated with the localization of the first complete
Heschl’s sulcus (cHS), designating the most posterior
anatomical border of HG. P2 amplitudes were significantly
higher in professional as compared to amateur musicians.
The results suggest that HG multiplications occur much
more frequently in musicians than in the general population
and constitute a functional unit with HG.

Keywords Heschl’s gyrus - Auditory cortex - Musicians -
Functional magnetic resonance imaging -
Magnetoencephalography

Introduction

The Heschl’s gyrus (HG) is traditionally considered to
represent the first transverse convolution in the superior
temporal gyrus (STG), containing primary auditory areas
(“core regions”) in its medial part and some of the sec-
ondary auditory areas (“belt regions”) in its lateral part.
The anatomical structure located posterior to HG is termed
“planum temporale” (PT), due to its rather plane structure;
this area harbours secondary auditory-related areas
(“parabelt regions”). The anatomical border between HG
and PT is traditionally defined by the first Heschl’s sulcus
(HS) (Steinmetz et al. 1989; Penhune et al. 1996; Kim et al.
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2000). The STG is known for its high inter-individual and
inter-hemispheric morphological variability. Asymmetries
in gyrification and size exist between individuals and
hemispheres, as already pointed out in the early descrip-
tions by Heschl (1878) during anatomical investigation of
1087 postmortem brains. Later, Heschl’s observations were
extended through both postmortem (Auerbach 1906;
Brodmann 1909; v. Economo and Horn 1930; Geschwind
and Levitsky 1968; Campain and Minckler 1976; Gal-
aburda et al. 1978; Galaburda and Sanides 1980; Morosan
et al. 2001; Rademacher et al. 2001) and in vivo magnetic
resonance imaging (MRI) analyses (Penhune et al.
1996, 2003; Rojas et al. 1997; Leonard et al. 1998;
Emmorey et al. 2003; Schneider et al. 2002, 2005; Wong
et al. 2008; Wengenroth et al. 2010; Smith et al. 2011;
Bonte et al. 2013). Morphological STG variability has
more often been described in the right than in the left
hemisphere (Penhune et al. 1996; Westbury et al. 1999).
Also the morphology of PT was found to be highly variable
(Steinmetz et al. 1989; Westbury et al. 1999). Furthermore,
there is increasing evidence from human postmortem and
MRI analyses that duplications/multiplications of HG may
contain both primary and secondary auditory cortex (AC)
(Pfeifer 1920; v. Economo and Horn 1930; Campain and
Minckler 1976; Musiek and Reeves 1990; Rademacher
et al. 1993, 2001; Penhune et al. 1996, 2003; Leonard et al.
1998; Schneider et al. 2002, 2005; Wong et al. 2008;
Tahmasebi et al. 2010; Da Costa et al. 2011; Moerel et al.
2014; Marie et al. 2015; De Martino et al. 2015; Wasserthal
et al. 2014). In the general population, HG has been most
frequently identified as a single gyrus (up to 75% of
hemispheres), despite differing definitions of sulcus inter-
medius (SI) variations (Rademacher et al. 1993, 2001;
Penhune et al. 1996; Leonard et al. 1998; Yoshiura et al.
2000). Multiplications of HG were reported with varying
frequency up to 30% for two gyri (Rademacher et al.
1993, 2001; Yousry et al. 1997; Leonard et al. 1998;
Morosan et al. 2001), in single cases for three gyri (Cam-
pain and Minckler 1976; Musiek and Reeves 1990; Rade-
macher et al. 1993, 2001; Abdul-Kareem and Sluming
2008), and anecdotally for up to five transverse gyri
(Heschl 1878; Campain and Minckler 1976; Seither-Pre-
isler et al. 2014; Wengenroth et al. 2010). Recently Marie
et al. (2015) were the first to describe detailed HG anatomy
in a large sample of the general population (n = 430,
including 198 lefthanders). In right-handers, they reported
an occurrence of HG duplications in 37% of left and 49%
of right hemispheres. Regarding inter-hemispheric mor-
phological patterns, they confirmed previous results, e.g.
that bilateral single HG (36%), and single HG in the left
with duplication in the right hemisphere (27%), were the
most common patterns in the general population for both
right- and left-handers. Furthermore, the type and number
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of HG duplications correlated with increased total HG size.
As a result, the interhemispheric asymmetry of the HG and
also of the PT was increased in cases of HG duplications.
However, it is important to note that morphometric mea-
sures are difficult to compare across studies due to
methodological variations and largely inconsistent delin-
eations of the regions of interest.

Several recent studies specifically addressed the signif-
icance of HG multiplications and/or of increased size of
HG as reviewed by Marie et al. (2016). A correlation
between increased size of left anterior HG (aHG, i.e. first
HG) and effective phonological learning suggested that
leftward asymmetry of aHG might be a predictor for left-
lateralized language processing (Golestani and Pallier
2007; Wong et al. 2008). Expert phoneticians showed an
increased occurrence of left-hemispheric HG duplications
with increased left HG volume as well as higher gyrifica-
tion degree (Golestani et al. 2011). On the other hand,
professional musicians and musically trained children were
reported to have increased HG grey matter (GM) volume
and duplication occurrence (Schneider et al. 2005; Seither-
Preisler et al. 2014; Serrallach et al. 2016). Musical apti-
tude correlated with the GM volume of the anteromedial
portion of HG (Schneider et al. 2002), overall volume of
HG bilaterally (Schneider et al. 2005) and volume of right
HG in primary school children (Seither-Preisler et al.
2014). Preference for fundamental or spectral pitch per-
ception correlated with the GM volume of the lateral por-
tion of left or right HG, respectively (Schneider et al.
2005), and absolute pitch perception proficiency correlated
with the total GM volume of right HG including duplica-
tions (Wengenroth et al. 2014). A study on individuals with
the genetic cognitive disorder Williams syndrome, known
to have a strong affinity to music and sound, showed
increased bilateral left-lateralized HG volume and gyrifi-
cation with up to four transverse gyri (Wengenroth et al.
2010). Overall, these results point to a specific role of HG
multiplications associated with advanced phonetic, audi-
tory and musical skills. However, at the functional level we
do not know much about the recruitment of HG multipli-
cations during auditory processing, especially with respect
to individual structure—function relationships. The aHG
including primary AC is involved in more basic auditory
analyses (Pantev et al. 1989; Seifritz et al. 2002; Formisano
et al. 2003; Serrallach et al. 2016), whereas more complex
features, such as pitch, melody, rhythm and timbre as well
as specific auditory and language-related aspects are pro-
cessed more laterally in anterior and posterior areas of STG
(Hall et al. 2002; Griffiths 2003; Patterson et al. 2002;
Schneider et al. 2005; Golestani et al. 2011). Furthermore,
there is evidence of functional lateralization of acoustic
encoding with leftward-lateralizing of language-related and
rightward-lateralizing of music-related aspects of the sound
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properties (Warrier et al. 2009). Several studies showed
that anatomical variability of AC is linked to individual
differences in temporal and spectral auditory processing
(Patterson et al. 2002; Warrier et al. 2009) and individual
tonotopic representations (Da Costa et al. 2011; Moerel
et al. 2014; De Martino et al. 2015), as well as word lists
processing (Tzourio-Mazoyer et al. 2015).

Auditory evoked responses such as P1, N1, and P2 are
ideal for studying the interplay between maturation, learn-
ing-induced processes and dispositional factors. The primary
P1 response complex peaking between 30 and 80 ms after
tone onset reflects thalamo-cortical and automatic basic
sound processing (Liegeois-Chauvel et al. 1994; Stein-
schneider etal. 2011). P1 amplitudes were shown to correlate
with musical aptitude (Schneider et al. 2002, 2005) and
represent a biomarker of auditory dysfunction (Serrallach
et al. 2016). The secondary NI response, peaking at
90-130 ms after sound onset, is sensitive to physical,
acoustic features of the sound (N&itianen and Picton 1987,
Picton 2013) and is modulated by (pre-) attentional processes
(Nédtdanen 1990; Woldorff and Hillyard 1991; Jiancke et al.
1999). The late auditory evoked P2 response, which is eli-
cited typically at 160-230 ms after sound onset, reflects
auditory categorization (Liebenthal et al. 2010), stimulus
classification, specific complex features of acoustic stimuli
experienced during musical practice (Shahin et al. 2005;
Tremblay et al. 2010, 2014), rapid neural plasticity (Seppé-
nen et al. 2012) and, furthermore, specific auditory skills
such as absolute pitch perception (Wengenroth et al. 2014).

The goals of the present study were first, to characterize
HG multiplications in musicians and second, to corroborate
their functional belonging to HG by means of two com-
plementary functional neuroimaging methods: functional
magnetic resonance imaging (fMRI) and magnetoen-
cephalography (MEG). Since musicians exhibit increased
size of AC (Schlaug et al. 1995; Gaser and Schlaug 2003;
Schneider et al. 2002, 2005), we hypothesized that this
might be linked to an increased occurrence of HG multi-
plications and enhanced gyrification. Furthermore, musi-
cians show increased functional activation of AC (Besson
and Faita 1995; Pantev et al. 1998; Koelsch et al.
2002, 2005; Schneider et al. 2002; Tervaniemi et al. 20006;
White-Schwoch et al. 2013; Wengenroth et al. 2014), thus,
they may be considered an instructive model for the
investigation of auditory structure—function relationships.

Materials and methods

Subjects

41 experienced musicians (22 professional and 19 amateur
musicians, 21 males, mean age 33.8 & 2.0 years) with

musical training intensity of 17.7 & 2.2 weekly hours
averaged over the past 3 years, a minimum of 5 years of
instrumental practice beyond the standard school educa-
tion, normal hearing level (hearing loss <20 dB), and no
history of neurological disorders participated in this study.
All participants passed a minimum of 12 years of school
and at least 4 years of academic education. Music-related
auditory skills, cognitive functions and hearing abilities
were assessed with the following psychoacoustic tests:
Advanced Measures of Music Audiation test (AMMA)
(Gordon 1998), as well as Pitch Perception Preference test
(Schneider et al. 2005). All subjects gave their informed
consent to participate in the experiments, approved by the
local Ethics committee.

Morphological MRI

High-resolution T1-weighted 3D MR images of the brain
(magnetization-prepared rapid acquisition of gradient echo
sequence: echo time 4.38 ms, repetition time 1930 ms,
1 mm® isotropic resolution, flip angle 15°, 176 contiguous
sagittal slices, matrix size 256 mm) were acquired at 3 T
(Magnetom Trio, Siemens, Erlangen, Germany) with an
eight-channel head coil. Additional T2-weighted sequences
were obtained and assessed by a neuroradiologist for
potential pathologies. MR morphometry was performed
using semi-automatic BrainVoyager QX 2.8 segmentation
software (Brain Innovation, Maastricht, The Netherlands).
Images were corrected for inhomogeneity, transformed into
anterior commissure posterior commissure plane, and
subsequently normalized in Talairach (TAL) space
(Talairach and Tournoux 1988). Subsequently, individual
segmentation and 3D surface reconstruction of AC were
performed. In particular, the STG including HG and PT
was segmented on sagittal images in a standardized semi-
automatic slice-by-slice approach (Schneider et al.
2005, 2009; Wengenroth et al. 2010, 2014; Seither-Preisler
et al. 2014). We employed the following criteria for
anatomical AC landmarks in accordance with established
criteria (Schneider et al. 2005; Abdul-Kareem and Sluming
2008; Wengenroth et al. 2010, 2014; Marie et al. 2015) and
by extending earlier standard definitions (Steinmetz et al.
1989; Rademacher et al. 1993, 2001; Penhune et al.
1996, 2003; Leonard et al. 1998; Kim et al. 2000; Yoshiura
et al. 2000; Wong et al. 2008): the first anterior HG (aHG)
was defined as the most anterior transverse gyrus of STG
located between the first transverse sulcus (FTS) and the
first transverse Heschl’s sulcus (HS). The anterior com-
missure line was used as a standard anterior border sepa-
rating aHG from anterior STG (aSTG). Common stem
duplication (CSD) was defined based on a present SI not
reaching the medial end, if the sulcal length was at least
one-third of aHG length (Rademacher et al. 1993; Penhune
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et al. 1996; Patterson et al. 2002; Marie et al. 2015). If the
sulcal length was smaller than one-third, the morphotype
was considered a single HG. Complete posterior duplica-
tion (CPD) was characterized by an intermediate HS (HS1)
not reaching the lateral end. Multiple duplications (MD)
included either two intermediate HS (HS1 and HS2) or
possible variations of combined CSD/CPD structures,
including HS1 and SI represented in Z- or S-shapes. For all
morphotypes transverse gyri posterior to aHG and anterior
to the first complete HS (cHS) were considered to be part
of HG. Adjacent convolutions separated from HG by cHS
were considered part of PT. The PT was defined as the
cortical structure posterior to the cHS. The posterior border
of PT was defined as the origin of the ascending ramus (if
present), the medial border was the insular cortex, and the
inferior border was the supratemporal sulcus. For mor-
phometric analysis, grey matter (GM) volumes of left and
right HG and PT were determined according to individual
intensity histograms with a voxel counting algorithm. For
the correct identification of PT and HG including multi-
plications, a critical step was the visualization of sulcal
boundaries. 3D surface reconstruction of AC allowed for
reliable allocation of anatomical landmarks. We quantified
the gyrification index (GI) of gross morphology of the
transverse gyri according to Golestani et al. (2011), i.e.
GI =1 in case of one transverse gyrus as viewed on a
horizontal section, GI = 7 in case of n complete transverse
gyri. GI = 1.25 if the gyrus was split such that the inter-
mediate sulcus (SI) extended to approximately one-quarter
of the length of HG; GI = 1.5 if it extended to approxi-
mately half the length of HG, and GI = 1.75 if it extended
to approximately three-quarters the length of HG. For
display of group data individually segmented ACs were
aligned within the morphotype group using the anatomical
alignment procedure of BrainVoyager QX 2.8 software in
volume space.

Functional MRI

Block designed blood-oxygen-level-dependent (BOLD)
fMRI (echo planar imaging EPI sequences, 36 oblique
slices parallel to the Sylvian fissure, slice thickness 3 mm,
gap 1 mm, echo time 30 ms, repetition time 2500 ms) was
performed during auditory stimulation with different sam-
pled instrumental and synthetically generated tones
(Wengenroth et al. 2014) presented for 12:25 min in total
(stimulus length 500 ms, 20 items per block, block dura-
tion 20 s, baseline: rest). Subjects were instructed to
attentively listen to the presented sounds. As demonstrated
by Specht et al. functional activations in response to a
specific listening task do not significantly differ when
varying the attention mode (Specht et al. 2003). The
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experimental setup was optimized for reducing the scanner
noise level using acoustically optimized MRI-headphones
MR Confon OPTIME1 (approx 25-30 dB attenuation),
standard earplugs (approx 20-25 dB attenuation), as well
as foam cushions additionally installed around the head-
phones (approx 10-15 dB attenuation). Auditory stimuli
were adjusted for an optimal signal to noise ratio (A 10 dB)
providing clearly audible task sounds.

Subsequent to motion correction, slice timing correc-
tion, alignment, and TAL transformation, all functional
maps were superimposed on both the structural 3D datasets
and the 3D reconstructions of individual AC using
BrainVoyager QX 2.8 software. Auditory stimulation was
contrasted with the baseline condition (no tone, rest).
BOLD activations were analysed individually and rendered
onto each subject’s AC surface reconstruction for better
visualization of the activation in HG including multipli-
cations. For display of group data a “separate subject fixed
effects group analysis” (FFX) was conducted for the four
morphotype groups separately. In addition, BOLD activa-
tions were analysed using a standardized dynamic thresh-
olding method (Stippich et al. 2007; Blatow et al. 2007).
By individually elevating the statistical threshold in single
subjects and thereby reducing the total cluster size, the
individual centre of gravity (CoG) within the region of
interest “individual STG” was determined. This conser-
vative method does not require assumptions about the
individual anatomy within STG and has the advantage to
yield not only a statistical value of signal strength (e.g.
t value), but also precise spatial coordinates of the area of
activation with the highest correlation to the hemodynamic
reference function. The following CoG parameters were
identified: spatial coordinates, ¢ value, threshold, and
cluster size. CoG clusters were co-registered to the
anatomical average to create probability maps of activation
for the four morphotypes separately.

Magnetoencephalography

Auditory evoked fields were recorded using a Neuromag-
122 whole-head MEG system in response to different
sampled instrumental and synthetically generated complex
harmonic tones in analogy to the fMRI experiment. Sub-
jects were instructed to attentively listen to the sounds,
each of which was presented 200 times in pseudo-ran-
domized order (tone length 500 ms, inter-stimulus interval
range 400-600 ms). The auditory evoked fields were
recorded with a bandpass filter of 0.00 (DC)-330 Hz and a
sampling rate of 1000 Hz. Data analysis was conducted
with the BESA Research 6.0 software (MEGIS Software
GmbH, Graefelfing, Germany). Prior to averaging, data
were automatically checked to exclude external artefacts
by event-related fields ERF module. By applying the
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automatic Artefact Scan tool, on average, about 3—7 noisy
(bad) channels were excluded and about 10% of all epochs
exceeding a gradient of 600 fT/cm s and amplitudes either
exceeding 3000 fT/cm or falling below 100 fT/cm were
rejected from further analysis. Thereby, the major part of
endogenous artefacts such as eye blinks, eye movements,
cardiac activity, face movements, and muscle tensions
could be accounted for. A baseline-amplitude calculated
over the 100-ms interval before the onset of the tones was
subtracted from the data. The responses of each subject
were first collapsed into a grand average (2600 artefact-free
epochs) in a 100 ms pre-stimulus to 400 ms post-stimulus
time window. Based on a spherical head model (Himé-
ldginen and Sarvas 1987; Sarvas 1987), spatio-temporal
source modelling was performed for the P1 response
peaking around 30-80 ms after tone onset, the subsequent
N1 response complex peaking around 90-130 ms (Sch-
neider et al. 2005; Wengenroth et al. 2010, 2014; Seither-
Preisler et al. 2014) and the P2 response peaking around
160-230 ms using one equivalent dipole in each hemi-
sphere. The fitting intervals were individually adjusted
using the lower and upper half-side lobe around the Pl
peak, and fixed time intervals of 80—150 ms for the N1 and
150-300 ms for the P2 response. In a second step the
dipole orientations were set to their maximum in both
hemispheres. The linear source showing the maximal
amplitude was orientated towards the vertex and used for
further analyses of P1 latency and amplitude.

Statistics
FMRI

General linear models in fMRI experiments were calcu-
lated on a separate subject basis using BrainVoyager QX
2.8 software. Statistical parametric fMRI maps were dis-
played after correction for multiple comparisons using
false discovery rate (FDR <0.001) for individual data and
conservative Bonferroni correction (fixed threshold
p < 0.00001) for group data.

Morphometry and MEG

Statistical analyses were performed using SPSS 23 soft-
ware (IBM Corp., Armonk, NY, USA), presented as mean
(£SEM); statistical significance between groups was
assessed using analysis of variance (ANOVA) and Bon-
ferroni correction in case of multiple comparisons. Corre-
lation analyses were hypothesis driven and not corrected
for multiple comparisons.

Results
Prevalence of HG morphotypes

Individual semi-automatic GM segmentation and 3D
reconstruction of right and left STG were performed in 41
musicians using established standardized procedures (see
“Materials and methods” for details). As expected, a high
degree of anatomical variability on the inter-hemispheric
and inter-individual level was observed. Based on the iden-
tification of individual sulcal landmarks, in particular the
cHS, and in accordance with criteria from existing literature
(see “Materials and methods” for details), hemispheres were
grouped into four main morphotypes: single HG, common
stem duplication (CSD), complete posterior duplication
(CPD) and multiple duplications (MD; Fig. 1). A partial SI
parallel to cHS occurred in a completely enclosed ‘O-
shaped’ version of HG in 18 (10 left, 8 right) and in a laterally
separated ‘Y-shaped’ or ‘V-shaped” HG version in 11 (6 left,
5 right) hemispheres.One hemisphere could not be classified.

A single HG was present in 30% (14 left, 10 right) of
hemispheres. In the remaining 70% of hemispheres mul-
tiplications were observed, including 16% CSD (5 left, 8
right), 37% CPD (15 left, 15 right) and 17% MD (6 left, 8
right). There were no significant differences between fre-
quencies of morphotypes per hemisphere (left 7> = 8.200,
p < 0.17; right XZ = 3.195, p < 1.45; Table 1). At the
subject level, 10% of individuals exhibited a bilateral sin-
gle HG, whereas 90% showed multiplications either in one
(39%) or in both (51%) hemispheres, including any com-
bination of CSD, CPD and/or MD. Bilateral duplications
occurred in 29% (including all CSD and CPD combina-
tions), unilateral duplications (CSD or CPD) in 34%, and
MD in 27% of our sample of musicians. In 7% bilateral
MD were observed (Table 2). Taken together these struc-
tural data indicate that HG multiplications not only occur
more frequently, but also constitute the predominant mor-
photype in musicians.

AC morphometry

Comparing hemispheres, GM volume was 19% larger in
CPD and 40% larger in single HG in the left as compared
to the same morphotypes in the right hemisphere. GM
volume in CSD was 12% larger in the right as compared to
the left hemisphere. Comparing morphotypes, GM volume
in MD was significantly larger than in single HG or CSD in
both hemispheres, and significantly larger than in CPD in
the right hemisphere. GM volume in CPD was significantly
larger than in single HG on both sides. The largest volume
differences were observed in the right hemisphere with
118% larger GM volume in MD relative to single HG. CPD
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Fig. 1 HG morphotypes of auditory cortex in musicians. a Averaged
morphotypes of HG (n = 41subjects) including adjacent multiplica-
tions are shown for right hemispheres in a transversal view from the
top for single HG, CSD, CPD, and MD, respectively. The posterior
border of HG defined by the cHS is marked at its most lateral position
with an asterisk (*). The green axis shows the transversal slice
position through STG in a sagittal plane. The red axis corresponds to
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the projected anterior commissure line. b Exemplary 3D surface
reconstructions of individual AC (view from the top) show inter-
individual variability and extent of HG (red coloured) for different
hemispheric combinations of morphotypes, from left to right: (top
row) single/single, CPD/CSD, single/CPD, single/MD; (bottom row)
single/single, CSD/CSD, CPD/MD, MD/MD. a anterior, p posterior,
L left, R right

Table 1 Morphometry, gyrification and frequencies of HG morphotypes per hemisphere

Morphometry Single CSD CPD MD
LH RH LH RH LH RH LH RH

Hemispheres (1) 14 10 5 8 15 15 6 8

Hemispheres (%) 17.3 12.3 6.2 9.9 18.5 18.5 7.4 9.9

GM volume HG 4178 £ 221 2989 + 244 3776 + 529 4231 4+ 285 5458 £ 322 4577 £ 251 6551 £330 6530 + 312
(mm?®)

GM volume PT 5304 4+ 242 3650 4 347 4821 4+ 734 4518 & 496 3814 4+ 285 2994 + 335 4656 £+ 814 2133 £ 468
(mm?)

Gyrification index 1.11 £0.04 1.10£0.04 1.68+0.21 1.96=+0.17 2.00=+0.06 2.01 +0.03 2.84 +£0.04 294 + 0.06
(GD

cHS localizationon —17.5+09 -—-137+15 -204+09 -210+12 -279+12 -243+09 -357+25 -315+4+0.8

y-axis (mm)

LH left hemisphere, RH right hemisphere
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Table 2 Frequencies of morphotype combinations per subject compared with previous studies
Study Cases (n) Frequency of duplication LH/RH
S/S S/D D/S D/D SM M/S D/M M/D MM
n % n % n % n % n % n % n % n % n %
Von Economo and Horn (1930) post-mortem 11 2 18 6 55 2 18 1 9
Campain and Minckler (1976) post-mortem 30 3 10 14 47 1 3 11 37 1
Musiek and Reeves (1990) post-mortem 29 5 17 6 21 7 24 10 34 1
Rademacher et al. (1993) post-mortem 10 4 40 20 3 30 0 O 1 10
Penhune et al. (1996) MRI 40 26 65 15 6 15 2 5
Schneider et al. (2005) MRI 87 30 34 42 48 5 6 10 11
Wong et al. (2008) MRI 17 24 4 24 4 24 29
Tahmasebi et al. (2010) MRI 20 30 10 50 1 5 15
Da Costa et al. (2011) MRI 10 20 3 30 2 20 30
Marie et al. (2015) MRI (right-handers) 232 84 36 63 27 35 15 50 22
Present study MRI 41 4 10 8 20 6 15 12 29 2 5 37 3 7 317

S Single HG, D CSD or CPD, M MD, LH left hemisphere, RH right hemisphere

had the second largest GM volumes on both sides with
31% more in left and 53% in right hemispheres as com-
pared to single HG in the corresponding hemisphere. GM
volume of CSD ranged between single HG and CPD, but
the differences were not statistically significant due to
variance presumably caused by the high anatomical vari-
ability of CSD morphotypes, including variations of SI
(Fig. 2a; Table 1).

The differences in GM volume between the four mor-
photypes were mirrored by the degree of gyrification (GI)
measured by a combination of the number of transverse
gyri and sulcal length (see “Materials and methods” for
details). As expected, the highest degree of gyrification was
found in MD, the lowest in single HG. With respect to
gyrification, no significant inter-hemispheric asymmetries
were observed for the different morphotypes (Fig. 2b). The
localization of the lateral end of cHS in anterior—posterior
direction was significantly different between the morpho-
types with the most posterior localization in MD (Fig. 2¢)
and correlated highly with GM volume (RH: r = —0.80;
LH: »r = —0.71) and degree of gyrification of HG (RH:
r = —0.88; LH: —0.82; Fig. 2e, f). In general, the cHS
located more posterior in the left than in the right hemi-
sphere, in agreement with the known leftward asymmetry
of STG (see “Introduction”).

Functional recruitment of HG morphotypes
during fMRI

To probe functional recruitment of HG multiplications,
BOLD fMRI was performed using a robust block design
paradigm with auditory stimulation (see “Materials and

methods” for details). At the group level, BOLD activa-
tions were analysed at a fixed threshold of p < 0.00001
(Bonferroni corrected). BOLD activation was highest in
HG including multiplications, and lower in neighboured
structures of PT. Clusters generally involved the whole HG
including multiplications with emphasis on the lateral
aspects (Fig. 3a). At the individual level, BOLD activa-
tions were analysed using a standardized dynamic thresh-
olding method. By individually elevating the statistical
threshold in single subjects and thereby reducing the total
cluster size, the centres of gravity (CoG) of activation were
determined. The CoG clusters with the highest ¢ value per
hemisphere were used to create probability maps of acti-
vation for each of the four morphotypes. The highest
probability of activation was observed at the posterior
aspect of lateral aHG close to or partially encompassing
cHS (Fig. 3b). In addition, BOLD activations were anal-
ysed individually at a fixed threshold of FDR <0.001 and
rendered onto each subject’s AC surface reconstruction for
better visualization of multiplications. Also at the indi-
vidual level, BOLD activations covered mainly medial and
lateral aspects of aHG and multiplications including the
most posterior gyri, specifically in hemispheres with CPD
and MD, but also localized in areas of lateral cHS as well
as lateral aspects of anterior PT (Fig. 4). Mean CoG spatial
coordinates, ¢ values, threshold and cluster size for the
different morphotypes are summarized in Table 3.

Auditory evoked fields in AC
To obtain additional functional information MEG with

auditory evoked fields was performed using the same
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Fig. 2 GM volume and gyrification in HG morphotypes. GM
volumes (a) and gyrification (b) of HG differ significantly between
morphotypes with: ***¥p < 0.0001, ***p < 0.001, **p < 0.01,
*p <0.05. n.s. not significant. LH left hemisphere, RH right
hemisphere. Single HG shows the lowest and MD the highest
average volumes. The gyrification index is calculated by a combi-
nation of the number of transverse gyri and sulcal length. Note the

variance of CSD in left hemispheres due to high anatomical

auditory stimulation as used in the fMRI experiment. For
source localization analysis MEG dipoles were adjusted to
the primary P1 (time range 30-80 ms, presumably origi-
nating in core areas), secondary N1 and P2 (presumably
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Gyrification index

variability. ¢ The position of the most lateral end of cHS on y-axis
(TAL space) differs significantly between morphotypes with:
*#%kp < 0.00001, **p < 0.004, *p < 0.02. High correlations mea-
sured between d GM volume and gyrification of HG (LH: r = 0.65;
RH: r = 0.83), e GM volume and cHS position (LH: » = —0.71; RH:
r = —0.80) and f gyrification and cHS position (LH: r = —0.82; RH:
r = —0.88), **p < 0.01. Lower correlations in the left hemisphere
reflect the higher volume of single HG and variance of CSD

originating in belt and parabelt areas) responses of the
auditory evoked field (see “Materials and methods” for
details). Individual spatial coordinates of P1, N1 and P2
dipoles were then superimposed onto each subject’s AC
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BOLD activation / MEG dipoles

Fig. 3 Functional recruitment of HG multiplications. a Group aver-
aged BOLD activation after auditory stimulation (Bonferroni cor-
rected) as well as average localization of P1 (red), N1 (green) and P2
(blue). MEG dipoles of auditory evoked fields are superimposed onto
averaged 3D reconstructions of corresponding morphotypes (right
hemispheres, transversal view from the rop and sagittal view from
lateral). BOLD activation is highest in HG including multiplications,
and lower in neighboured structures of PT. P1 dipoles localize in
aHG, the corresponding N1 dipoles localize more posteriorly in
multiplication areas and P2 dipoles more anteriorly at the border of

surface reconstruction and averaged within each of the
morphotype groups. On average, P1 dipoles were localized
within the superior aspect of aHG in single HG, CSD and
CPD and just posterior to aHG in MD morphotypes. N1
dipoles were localized more posterior within the inferior
aspect of HG closer to cHS in single HG or within the
multiplication area in all other morphotypes (Fig. 3a). P2
dipoles were localized more anterior within the lateral
aspect of the aHG, sometimes within adjacent areas of the
planum polare and aSTG (in 13% of cases in the left
hemisphere and in 32% in the right hemisphere). Individual
spatial coordinates of MEG dipoles and fMRI CoG are
shown in Fig. 4.

Source waveform analysis was applied to evoked
responses and averaged within each of the morphotypes.
Source waveforms measured in hemispheres with single
HG and CSD showed smaller P1 than N1 amplitudes,
whereas those measured in hemispheres with CPD and MD
showed larger P1 than N1 amplitudes (Fig. 5a). In MD P1
amplitudes were larger in left than in right hemispheres
(p = 0.004). Amplitudes of the late P2 components
(150-300 ms, presumably originating in parabelt areas)

aSTG. b Probability maps for the localization of CoGs of individual
BOLD activations, corresponding to the area of maximal activation,
are presented for the respective morphotypes (overlapping voxels in
%, transversal view from the top, sagittal view from lateral). CoGs
are distributed over the whole extent of HG including multiplications.
Areas with highest CoG overlap (maximum 20%) located robustly at
the postero-lateral portion of aHG, and extended towards lateral
aspects of multiplication areas in CSD, CPD and MD morphotypes.
The posterior border of HG defined by the cHS is marked at its most
lateral position with an asterisk (*)

were smallest in hemispheres with single HG and larger in
hemispheres with HG multiplications. Significant ampli-
tude differences between morphotypes were obtained in the
left hemisphere for single HG vs. MD (P1, p = 0.019; P2,
p = 0.029) and in the right hemisphere for single HG vs.
MD (N1, p = 0.005), for CSD vs. CPD (N1, p = 0.024),
and for CSD vs. MD (N1, p = 0.001) (Fig. 5c). Moreover,
N1 dipole amplitudes correlated with the localization of
cHS (RH: r = —0.43; LH: —0.40; Fig. 5b). P2 amplitudes
were highest, albeit not significantly, in hemispheres with
MD morphotypes (Fig. 5a; Table 3). To further investigate
this aspect we analysed the data not by morphotype but by
professional musical state. Professional musicians demon-
strated about threefold larger P2 amplitudes as compared to
amateur musicians in both hemispheres [professionals:
35.5 &+ 4.3 nAm (RH) and 35.7 £ 3.5 nAm (LH); ama-
teurs: 10.0 £ 4.7 nAm (RH) and 8.9 &+ 4.3 nAm (LH),
p =29 x 107* (RH); p = 3.7 x 107> (LH); Fig. 6a, b]
and were stronger represented in the MD group (Fig. 6c¢).
P1, N1 and P2 dipole spatial coordinates and mean
amplitudes for the different morphotypes are summarized
in Table 3.
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433
t(294)
p < 0.0001

P1 ®N1 ®P2 OCoG

Fig. 4 Localization of individual BOLD CoGs and MEG dipoles.
a Individual spatial coordinates (x and y, Talairach space) are plotted
for P1 (red), N1 (green) and P2 (blue) dipoles, as well as for BOLD

Discussion

HG multiplications constitute the predominant
morphology in musicians

The HG morphology of musicians reveals substantial inter-
individual and inter-hemispheric anatomical variability,
exceeding by far earlier observations in the general popu-
lation, particularly with respect to HG multiplications and
complex shapes of different morphotypes (Campain and
Minckler 1976; Musiek and Reeves 1990; Penhune et al.
1996, 2003; Rojas et al. 1997; Leonard et al. 1998;
Emmorey et al. 2003; Smith et al. 2011; Marie et al. 2015).
HG multiplications have been described long ago at the
structural level (Heschl 1878; Auerbach 1906; Pfeifer
1920; v. Economo and Horn 1930; Campain and Minckler
1976; Musiek and Reeves 1990; Rademacher et al.
1993, 2001; Penhune et al. 1996, 2003; Leonard et al.

@ Springer

CoGs (black) on a scheme of STG in a transversal plane. Individual
cases are shown in b first row (left to right): single/single, CSD/CSD;
second row: CPD/CPD, CPD/MD, MD-7Z/MD-S

1998; Schneider et al. 2002, 2005; Tahmasebi et al. 2010;
Wengenroth et al. 2010, 2014; Seither-Preisler et al. 2014;
Serrallach et al. 2016), but were usually not specifically
addressed in neuroimaging studies of AC except in few
recent studies (Wong et al. 2008; Da Costa et al. 2011;
Golestani et al. 2011; Marie et al. 2015). One major reason
for this neglect is a methodological constraint, since in
many studies MRI data were averaged to compare results
between groups, obscuring inter-individual differences. A
second reason concerns the traditional definition of
anatomical landmarks using the first HS as the posterior
border of HG (Rademacher et al. 1993, 2001; Penhune
et al. 1996, 2003; Leonard et al. 1998; Yoshiura et al. 2000;
Wong et al. 2008) leading to the assumption that the major
part of HG multiplications belongs to PT. The SI was
usually considered either to be a part of a single HG,
independently of its length (Rademacher et al. 1993, 2001),
or to be the posterior border of HG (Penhune et al. 1996).
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Table 3 MEG and fMRI parameters of HG morphotypes per hemisphere

Single CSD

CPD MD

LH RH LH RH

LH RH LH RH

MEG

P1 —48/-25/4
coordinate
x/y/z (mm)

N1 —50/-33/2
coordinate
Xx/y/z (mm)

P2 —48/—-21/—4
coordinate
x/y/z (mm)

P1 16.6 + 2.2
amplitude
(nAm)

N1 —27.7 £ 4.7
amplitude
(nAm)

P2 19.7 £ 6.8
amplitude
(nAm)

fMRI
CoG —53/-24/5
coordinate
Xx/y/z (mm)
CoG t value 123 £ 1.1

CoG 114+ 1.0
threshold
CoG cluster

size
(voxel)

54/—18/8 —52/=22/7

52/-21/5 —50/—-26/3
47/-11/2 —48/—15/3
129 £ 2.7 212 £1.2
—313+61 —258+£85

223+ 78 226 £9.3

54/—15/8 —51/=20/7

102 £ 0.8
9.6 £0.8

12.6 £ 1.1
11.6 £ 1.0
148.7 £ 8.7

177.1 £ 162 149.4 + 15.0

46/—-17/9

48/-21/—-1

47/-13/1

194 £ 3.8

—341+72

234 £ 104

58/—22/9

109 £ 1.2
102 £ 1.1

152.4 £ 18.1

—49/-21/7 47/-19/8 —47/-24/4  49/-19/6

—52/-24/4 50/=27/4 —52/-32/3 49/-26/7

—47/—18/1 45/—-16/4 —49/—17/-3 43/-3/1

184 £ 2.8 187+£33 322+6.1 129 £ 1.6

-140+39 -163£19 -92+37 —7.0 £ 2.8

237 £58 210 £ 63 35575 315+ 7.0

—56/-21/6 56/—18/7 —53/=-21/7 55/—-17/8

10.7 £ 0.8
99 £0.8

11.0 £ 0.9
102 £ 0.8

112+ 13
103 £ 1.2

10.5 £ 0.7
9.8 £0.7

1547 £11.8 1554 +£84 1302 £ 100 169.6 & 18.3

LH left hemisphere, RH right hemisphere

While HG multiplications were formerly considered a rare
phenomenon, there is now growing evidence that they are a
common anatomical feature of AC in the general popula-
tion (Marie et al. 2015, 2016). In the present study we
applied revised anatomical definitions on SI, HS1, HS2 and
cHS (Schneider et al. 2005; Abdul-Kareem and Sluming
2008; Wengenroth et al. 2010, 2014; Marie et al. 2015),
and confirmed cHS as a representative landmark separating
HG from PT (Fig. 7). For the first time HG multiplications
were specifically addressed in musicians, a model popu-
lation to study the auditory system (Zatorre 2013; Zatorre
and Salimpoor 2013). Remarkably, we find that about 90%
of musicians show HG multiplications in either one or both
hemispheres, whereas in the general population bilateral
single HG has been previously reported to be the prevailing
morphotype (Marie et al. 2015). In contrast to Leonard
et al. (1998) and Marie et al. (2015) our population
exhibited more than twice as often CPD than CSD mor-
photypes. Further, we observed a considerably higher

occurrence of MD, as compared to previous studies
(Campain and Minckler 1976; Musiek and Reeves 1990;
Rademacher et al. 1993, 2001). Taken together we find a
more balanced distribution of the morphotypes in our
collective of musicians as compared to frequencies repor-
ted by previous studies (verified by ¥ test; see Table 2).

Large GM volume of HG in musicians is associated
with increased gyrification

It has been repeatedly shown that the AC of musicians
exhibits increased GM volume (up to 130%) (Schneider
et al. 2002; Gaser and Schlaug 2003), and there is growing
evidence of a more complex gyrification of HG (Wen-
genroth et al. 2010; Golestani et al. 2011; Seither-Preisler
et al. 2014) as compared to non-musicians. Interestingly,
also other brain areas have been observed to show
increased gyrification, such as increased size and higher
incidence of duplications of the motor hand region (“hand
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Fig. 5 MEG source waveform analysis. a Individual MEG source
waveforms (modelled in a time window of 400 ms after stimulus
onset) are averaged for hemispheres and morphotypes. P1 (red, first
positive response complex, peaking around 30-80 ms after tone
onset), N1 (green, first negative response complex, 90-150 ms) and
P2 (blue, second positive response, 160-230 ms) amplitudes change
systematically with increasing gyrification. b N1 dipole amplitudes of

knob”) in professional pianists (Bangert and Schlaug
2006), showing that variations of gyrification patterns are
not confined to auditory areas.

There are, however, considerable discrepancies con-
cerning the amount of this morphological variability,
reflected by our sample of subjects with high musical
expertise (volume differences >100% between single HG
and MD). Taking into account the high occurrence of HG
multiplications, this implies that many previous studies
rather underestimated the GM volume difference in AC
between musicians and non-musicians. There is an ongoing
debate on whether these volume differences are linked to

@ Springer

left and right hemispheres are correlated with the position of cHS. In
single HG and CSD (green) the cHS localizes more anteriorly
associated with dominant N1 amplitudes, whereas in CPD and MD
(red) the cHS localizes more posteriorly associated with dominant P1
amplitudes. ¢ Dipole amplitudes of the MEG components P1 of left
and N1 of right hemispheres significantly differ between morphotypes
with **p < 0.01, *p < 0.05

training-induced neuroplasticity in musicians. As expected,
we found a link between GM volume and gyrification of
HG. Recently, several studies provided strong evidence
that training does not predict the gross morphology of AC,
suggesting that extended gyrification of AC may have its
origin in predisposition and complementary developmental
factors in early childhood (Wengenroth et al. 2010;
Golestani et al. 2011; Zatorre 2013; Seither-Preisler et al.
2014; Brown et al. 2015; Serrallach et al. 2016). Hence, it
becomes increasingly safe to assume that gyral patterns in
musicians are an innate quality, whereas training-induced
neuroplastic changes may take place at the substructural
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Fig. 6 Influence of musical experience on the AEFs. a Averaged
auditory evoked source waveforms for professional (red) and amateur
musicians (dark blue) in the right (solid lines) and left hemisphere
(dashed lines). P2 response marked in blue. b P2 amplitudes are
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Fig. 7 Morphotype scheme. Schematic representation of main HG
morphotypes showing macroanatomical landmarks in STG. a Single
HG, b CSD, ¢ CPD, and d MD, including either two intermediate HS
(HS1 and HS2) or possible variations of combined CSD/CPD
structures, including HS1 and SI represented in Z- or S-shapes.

level. Taken together our morphometric data suggest that
the larger HG volumes observed in musicians may be
partially explained by a higher frequency of HG multipli-
cations and increased gyrification patterns.

HG multiplications form a functional unit with aHG

Although HG multiplications were known to occur and
recently shown in large populations to not be exceptional
(Schneider et al. 2005; Marie et al. 2015), their functional
belonging to core, belt or parabelt regions of AC has not
been elucidated yet. This is a challenging task, since no
reliable in vivo landmarks exist to differentiate between

aHG anterior Heschl’s gyrus, PP planum polare, PT planum
temporale, FTS first transverse sulcus, S/ sulcus intermedius, HS!
first Heschl’s sulcus, HS2 second Heschl’s sulcus, cHS first complete
Heschl’s sulcus. The lateral end of cHS is marked with asterisk (*)

primary (core) and secondary (belt) AC in humans. Post-
mortem cytoarchitecture suggests that aHG in first
approximation may include the central primary core area of
koniocortex in its posteromedial two-thirds (Rademacher
et al. 1993). This area, furthermore, shows a heavy
myelination and can thus be differentiated from surround-
ing secondary areas with less dense myeloarchitecture
(Yoshiura et al. 2000; Eickhoff et al. 2006; Sigalovsky
et al. 2006; Glasser and Van Essen 2011; Dick et al. 2012;
Wasserthal et al. 2014; De Martino et al. 2015; Glasser
et al. 2016). However, primary AC can cross posterior
borders of aHG occupying adjacent structures (Galaburda
et al. 1978; Galaburda and Sanides 1980; Leonard et al.
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1998; Hackett et al. 2001) including multiplications
(Rademacher et al. 2001; Morosan et al. 2001). This
implies that HG multiplications may contain core regions,
but for the most part probably contain belt regions. Further,
there are no landmarks to separate between belt and para-
belt regions of AC. In a simplified scheme one would
assume that core regions are located in the posteromedial
two-thirds of aHG, belt regions in the anterolateral third of
aHG and parabelt regions in the PT and in aSTG. In an
extended scheme one could envisage that core regions are
located in the posteromedial two-thirds of aHG and/or
multiplications, belt regions in anterolateral third of aHG
as well as lateral and dorsal aspects of HG multiplications
and parabelt regions in the PT posterior to the cHS (and in
aSTG). In addition, functional landmarks are missing to
differentiate between core, belt and parabelt regions of AC.
However, using paradigms specifically addressing tonotopy
it is possible to approximate the location of primary AC
(Humphries et al. 2010; Striem-Amit et al. 2011; Da Costa
et al. 2011; Langers and van Dijk 2012; Moerel et al.
2012, 2014; De Martino et al. 2015). In this study, we do
not achieve a functional separation of core, belt and para-
belt regions, but our combined multimodal approach of
electrophysiological measurements and functional neu-
roimaging provides converging evidence that HG multi-
plications anterior to cHS form a functional unit with aHG,
rather than with PT.

At the group level, fMRI activation clusters showed a
spatial extent that corresponded to the anatomical extent
and the degree of gyrification of the different morphotypes.
Thus, with increasing gyrification and more posterior
localization of cHS (as in CPD and MD) BOLD activations
expanded more dorsally and covered the cHS. This indi-
cates that HG multiplications were recruited by similar
auditory processes as aHG, whereas more posterior acti-
vations in PT were less robust and more likely to represent
secondary auditory processing steps. At the individual
level, BOLD activation clusters were commonly found in
different areas of aHG, multiplications, cHS, and PT. The
highest probability and signal strength of BOLD activation
was revealed in lateral aspects of aHG or multiplications as
well as in laterodorsal aspects of cHS. Since in the present
study we first described morphological landmarks and then
co-registered with functional data, we used a CoG analysis
which did not require any assumptions about the underly-
ing individual morphology. However, the data suggest that
the used fMRI paradigm may resolve functionally distinct
auditory areas within STG and further studies using more
detailed analyses based on individual anatomical ROIs are
currently undertaken. It is of note, however, that the used
fMRI paradigm was a very robust and simple block design,
where subjects had to attentively listen without performing
an active task. Although it is known that experienced
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musicians automatically focus attentively to every kind of
sounds, even if the latter are not music related and reduced
to basic acoustical stimuli (Varése and Wen-Chung 1966),
this may not be the case for non-musicians.

MEG analysis yielded converging functional evidence
for the recruitment of HG multiplications. First, as for
fMRI activations, the spatial extent of MEG dipoles
expanded with increasing gyrification of HG. Second, the
amplitude changes in the P1/N1 complex depending on
the HG morphotype suggest a structure—function rela-
tionship and a participation of multiplications in early
auditory processing (time range <150 ms). This is sup-
ported by a recent study where N1 amplitude correlated
with cortical thickness in lateral parts of HG (Liem et al.
2012). However, it is of note that the P1/N1 response also
depends on early developmental changes and expertise
(Sharma et al. 1997; Ponton et al. 2002). The P2 response
exhibited about threefold larger amplitudes in professional
musicians as compared to amateur musicians and was
found to localize within more anterolateral aspects of
aHG, even anterior to the primary P1 response complex.
In the light of earlier observations of increased P2
amplitudes (Shahin et al. 2005; Jongsma et al. 2005;
Kuriki et al. 2006) this enhancement may reflect a
dynamic trait influenced by cognitive auditory processes
(Liebenthal et al. 2010), training-induced neuroplastic
changes (Seppidnen et al. 2012) or specific auditory skills
(Wengenroth et al. 2014). Thus, both fMRI and MEG
data support the notion that HG multiplications constitute
structural and functional extensions of HG in musicians
and may contain core and belt areas of AC. In the future,
a more specific investigation of core, belt and parabelt
areas may warrant information about the differential
contribution of HG multiplications to processing of dis-
tinct features of auditory information. In conclusion, our
results emphasize the importance of neuroanatomical and
functional inter-individual variability, in particular with
respect to individual skills and expertise. Most likely, this
is not exclusive to AC, but instead should be considered
in most areas of neuroscience.
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