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Most current knowledge on cerebral processing of music comes
from studies of normal listeners1–7. Positron emission tomogra-
phy (PET)8,9, magnetic resonance tomography (MRI)10–12, elec-
troencephalography (EEG)13–16 and magnetoencephalography
(MEG)17–19 have all been used to identify differences between
musicians and non-musicians. EEG and MEG studies typically
report the late auditory evoked response (the evoked neuronal
activity that peaks about 100 ms after the onset of a sound).
Intracranial EEG20, scalp EEG21 and MEG22,23 studies have
shown that the earliest evoked activity of the auditory cortex
occurs around 15–30 ms after stimulus onset with a negative–
positive complex (N19-P30) in the auditory evoked potential.
This complex reflects the postsynaptic neuronal activities of the
initial thalamocortical input to the auditory cortex, corresponds
to the N19m-P30m component of the auditory evoked magnet-
ic field and originates from the medial half of the first transverse
temporal gyrus of Heschl20–23.

Cytoarchitectonic24–26, myeloarchitectonic26,27 and histo-
chemical27–29 studies show that the granular core field in
humans, often referred to as the primary auditory cortex (PAC),
is largely confined to the medial two-thirds of Heschl’s gyrus
(HG), namely the anteromedial portion of Heschl’s gyrus
(amHG)27–29. Considerable individual differences have been
reported, however, in the size and location of PAC along HG and
relative to the location of sulcal boundaries27–31. Volumetric
MRI studies, therefore, can only provide gross anatomical land-
marks for HG using the first transverse sulcus (FTS) as the ante-
rior boundary and Heschl’s sulcus (HS) or sulcus intermedius
(SI) as posterior boundaries32–34.

Plasticity in the frequency representation of the primary core
field indicates that it is involved in the fine discrimination of pitch
and tonal pattern35,36. We therefore reasoned that the greater
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auditory cortex of 12 non-musicians, 12 professional musicians and 13 amateur musicians. We found
neurophysiological and anatomical differences between groups. In professional musicians as
compared to non-musicians, the activity evoked in primary auditory cortex 19–30 ms after stimulus
onset was 102% larger, and the gray matter volume of the anteromedial portion of Heschl’s gyrus
was 130% larger. Both quantities were highly correlated with musical aptitude, as measured by psy-
chometric evaluation. These results indicate that both the morphology and neurophysiology of
Heschl’s gyrus have an essential impact on musical aptitude.

tonal musical aptitude37 of musicians might have an anatomical
correlate in the auditory cortex. We found a substantial differ-
ence in the magnetic field component (N19m-P30m) of the PAC
evoked by sinusoidal tones in musicians as compared to non-
musicians. These neurophysiological differences corresponded
with anatomical differences in HG morphology and with differ-
ences in musical aptitude.

RESULTS
Auditory evoked responses
After grouping our 37 subjects a priori into non-musicians, 
amateur musicians and professional musicians according to 
musical ability, we recorded each subject continuously over both
hemispheres with a whole-head MEG system while sinusoidal
tones with carrier frequencies of 100, 220, 500, 1,100, 2,500 and
5,600 Hz were presented. Tones were 100% amplitude-modulated
to record the fast, steady-state response of the auditory cortex23.
From the averaged steady-state responses, the primary N19m-
P30m responses were computed off-line by deconvolution23. The
source activity of the auditory cortex was calculated using equiv-
alent dipoles21,38,39 in the medial portion of the left and right HG
(Fig. 1 and Methods).

The primary N19m-P30m source activity of the auditory cor-
tex evoked by tones with a carrier frequency of 500 Hz was
markedly different between subject groups (Fig. 2). Signal ampli-
tudes were about twice as large in professional musicians as in
non-musicians. Similar response differences were seen at the
other five frequencies, but the responses were largest at 500 Hz
in all groups. The primary N19m-P30m source activity averaged
over all frequencies and both hemispheres was 102 ± 16% larger
in professional musicians than it was in non-musicians (F1,22 =
58.7, P < 0.0001). The increase was highly significant at each 
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frequency and ranged from 78% (1,100 Hz, P < 0.0001) to 144%
(5,600 Hz, P < 0.0001).

We next averaged the peak-to-peak N19m-P30m dipole
amplitudes for each group (Fig. 3a). Amateur musicians 
showed an intermediate average increase of 37 ± 11% over non-
musicians (F1,23 = 7.8, P < 0.05). The difference
between amateur musicians and non-musicians
was significant only in the low frequency range
(<1,000 Hz, P < 0.05). There was a frequency ×
group interaction (F10,165 = 2.9, P < 0.01) that
ranged from 77% (100 Hz, P < 0.01) to 14%
(2,500 Hz, nonsignificant (n.s.)).

In professional musicians, dipole amplitudes
were significantly larger in the right than in the left
hemisphere at all frequencies. On average, the
N19m-P30m signal was 21 ± 9% larger in the right
hemisphere (F1,11 = 47.3, P < 0.0001). Compared
to non-musicians, professional musicians had an

Fig. 2. Auditory evoked N19m-P30m signals and 3D
gray matter surface reconstructions of HG for all sub-
jects aligned in the same order. Both the neurophysio-
logical and the anatomical data show a large increase in
professional musicians and a smaller increase in ama-
teur musicians. Left, dipole strength of the primary
cortical response at 500 Hz. Source activities of the
right (thick lines) and left (thin lines) hemispheres are
superimposed. Right, highlighted areas show the
amHG for each subject, aligned in the same order as
the primary evoked responses.

average signal that was 115 ± 18% larger over all frequencies in
the right hemisphere (F1,22 = 73.4, P < 0.0001) and 87 ± 17%
larger in the left hemisphere (F1,22 = 43.6, P < 0.0001). Non-musi-
cians, by contrast, did not have significantly larger dipole ampli-
tudes in the right than in the left hemisphere (5 ± 9%, F1,11 = 3.6,
n.s). In amateur musicians, dipole amplitudes were 19 ± 14%
larger in the right than they were in the left hemisphere (F1,12 =
17.8, P < 0.01). This was significant at three frequencies (100 Hz,
500 Hz and 1,100 Hz, P < 0.05).

There was a pronounced difference between the early and late
auditory cortical responses. Whereas the early N19m-P30m com-
plex was much larger in musicians, the late N100m component,
which was evoked by the onset of the sinusoidal tones, showed
similar amplitudes in all three groups over all frequencies (Fig. 3b).
For all groups, the N100m was largest around 1,000 Hz.

Morphology of Heschl’s gyrus
The large neurophysiological difference between musicians 
and non-musicians at the level of the PAC coincided with a large 

Fig. 1. The auditory stimulus, evoked magnetic fields and cortical
anatomy. (a) Stimulus waveform. A modulation frequency of 26–37 Hz
was superimposed on sinusoidal tones with carrier frequencies of
100–5,600 Hz to measure the responses to tone onset and to each mod-
ulation cycle. (b) Typical averaged response at an MEG sensor over the
right auditory cortex shows middle latency onset components P30m and
P50m, long latency components N100m and the sustained field (SF). The
responses to the modulation cycles appear superimposed on the SF. 
(c) Typical early N19m-P30m response of the PAC after deconvolution
of the modulated signals. (d, e) Source model with one equivalent dipole
in each hemisphere depicted in sagittal and transversal T1-weighted MRI
images. The transversal section is parallel to the supratemporal plane.
The source activity is modeled with dipoles drawn in the left and right
hemispheres. (f) Three-dimensional (3D) gray matter surface recon-
struction of the right HG. The FTS defines the anterior boundary and
the most posterior HS defines the posterior boundary. The first trans-
verse HG is sometimes divided by the SI, a shallow sulcus which does not
extend over its full length.
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morphological difference. From the three-
dimensional (3D) gray matter surface recon-
structions of the right and left HG (Fig. 2,
right), we estimated the volumes of the gray and white matter of
HG and its macroanatomical subdivisions (Fig. 1f). The whole
HG was defined as extending to the lateral border of the tempo-
ral plane, with the FTS as the anterior boundary and the most
posterior HS as the posterior boundary. The anterior portion of
Heschl’s gyrus (aHG) was defined by the SI, if present, or other-
wise by the most anterior HS as posterior boundary33, and the
amHG was defined as the medial two-thirds of aHG.

The MRI-based volumetry of these structures showed much
larger gray matter volumes in musicians than in non-musicians,
particularly in amHG (Table 1). Averaged over both hemispheres,
the amHG gray matter volume was 130 ± 23% larger in profes-
sional musicians (F1,22 =71.2, P < 0.0001). The mean differences
by hemisphere were 122 ± 15% in the right and 136 ± 19% in the
left (F1,22 = 2.0, n.s.). The difference was considerably less, but
still significant, when the gray matter volumes of the whole HG
or aHG were considered (aHG, 67 ± 19%, F1,22 = 18.1, P < 0.001;
HG, 37 ± 15%, F1,22 = 8.3, P < 0.01). White matter volumes were
not significantly different between professional musicians and
non-musicians, apart from a slightly larger amHG volume in
professionals (30 ± 16%, F1,22 = 4.5, P < 0.05). Gray matter had a
considerably larger influence than did white matter on this 

Fig. 3. Frequency dependence of the primary
N19m-P30m and the late N100m dipole
moments. Solid lines depict the data for the
right hemisphere with standard error bars.
Dashed lines depict the corresponding mean
group data for the left hemisphere with slightly
smaller early dipole moments. (a) The profes-
sional musicians (circles) showed much larger
early response signals over all frequencies than
non-musicians (squares); the amateur musicians
(triangles) had larger signals only at frequencies
below 1,000 Hz. (b) N100m dipole moments
were similar in all groups.

difference (tissue × group interaction, F1,22 = 77.1, P < 0.0001).
Compared with non-musicians, amateur musicians showed sig-
nificantly more gray matter volume in only the anterior portions
of HG (amHG, 60 ± 21%, F1,23 = 11.4, P < 0.01; aHG, 61 ± 22%,
F1,23 = 10.7, P < 0.01). White matter volumes were not signifi-
cantly different between amateurs and non-musicians.

For all three groups, there was a strong correlation (r = 0.87, 
P < 0.0001) between the neurophysiological (individual peak-to-
peak N19m-P30m dipole amplitudes averaged over all frequencies
and both hemispheres) and the anatomical (mean gray matter
volume of amHG) parameters (Fig. 4a). This functional–
anatomical correlation was also significant within each group:
non-musicians (r = 0.68, P < 0.01), amateurs (r = 0.67, P < 0.01)
and professionals (r = 0.58, P < 0.05). Combining the professional
and amateur musicians into one group supported the strong cor-
respondence between the primary auditory source activity and
the gray matter volume of amHG (r = 0.78, P < 0.0001). The 
correlation over all groups was much weaker (r = 0.32 instead of 
0.87, P < 0.05) when the whole HG was used as the anatomical 
reference.

The gray matter volume of amHG separated professional musi-
cians (range 536–983 mm3) from non-musicians (172–450 mm3),

Table 1. Volumetry of Heschl’s gyrus.

Gray matter volume (mm3) White matter volume (mm3)

Area Side Non- Professional Amateur Non- Professional Amateur
musicians musicians musicians musicians musicians musicians

HG L 2,083 ± 212 2,607 ± 215 2,694 ± 411 929 ± 72 861 ± 128 883 ± 116
R 1,868 ± 110 2,814 ± 197** 2,256 ± 256 946 ± 90 1,172 ± 165 1,018 ± 188

(L+R)/2 1,976 ± 153 2,710 ± 201** 2,475 ± 308 937 ± 52 1,018 ± 132 951 ± 144
δHG –0.11 ± 0.06 0.08 ± 0.04 –0.18 ± 0.10 0.02 ± 0.09 0.31 ± 0.12* 0.22 ± 0.10

aHG L 925 ± 107 1,513 ± 115** 1,435 ± 181* 434 ± 44 516 ± 56 504 ± 82
R 824 ± 57 1,406 ± 142** 1,379 ± 170** 353 ± 46 484 ± 65 453 ± 50

(L+R)/2 873 ± 77 1,461 ± 112*** 1,407 ± 138** 394 ± 39 505 ± 48 502 ± 59
δaHG –0.11 ± 0.07 –0.07 ± 0.09 –0.04 ± 0.11 –0.21 ± 0.13 –0.06 ± 0.15 –0.11 ± 0.18

amHG L 328 ± 58 776 ± 68*** 523 ± 57* 176 ± 18 220 ± 27 246 ± 35
R 296 ± 31 659 ± 39*** 448 ± 47* 160 ± 22 227 ± 27 208 ± 26

(L+R)/2 311 ± 27 716 ± 39*** 494 ± 46** 172 ± 15 223 ± 18* 227 ± 28
δamHG –0.10 ± 0.12 –0.16 ± 0.10 –0.15 ± 0.11 –0.09 ± 0.13 0.03 ± 0.18 –0.16 ± 0.15

*P < 0.05, **P < 0.01, ***P < 0.001 (ANOVA, professionals/amateurs versus non-musicians). Values given as mean ± s.e.m. δ, hemispheric asymmetry (Methods).
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and amateur musicians showed an intermediate gray matter 
volume (189–798 mm3). The total volume of HG, including 
white and gray matter, showed a larger variance and could not 
separate the groups (non-musicians, 1,955–4,694 mm3; profes-
sionals, 2,629–6,297 mm3; amateurs, 2,151–7,603 mm3). The
asymmetry measures (Methods) showed only one significant
effect: the total volume of HG was 14% larger in the right hemi-
sphere of professional musicians (right, 3,986 ± 305 mm3; left,
3,468 ± 263 mm3; δHG = 0.14 ± 0.04; F1,11 = 11.7, P < 0.01).

Correlation with musical aptitude
For all three groups, there was a high correlation between the
N19m-P30m signal amplitude and musical aptitude as mea-
sured by the AMMA tonal test (Fig. 4b). Both the primary
source activity and the tonal score of musical aptitude com-
pletely separated the professional musicians from the non-
musicians. The amateur musicians showed an intermediate
range of musical aptitude and dipole amplitudes that over-
lapped with the two other groups. Within groups, the correla-
tion was significant for non-musicians (r = 0.55, P < 0.05), but
not for amateurs (r = 0.19, n.s.) or professionals (r = 0.05, n.s.).
In general, professional musicians had high AMMA scores, high
signal amplitudes and large gray matter volumes of amHG.
When analysis was restricted to amateur and professional musi-
cians, the correlation was significant (r = 0.52, P < 0.01).

Similarly, the gray matter volume of amHG was highly cor-
related with musical aptitude (Fig. 4c). Within groups, the cor-
relation was significant for non-musicians (r = 0.71, P < 0.001)
and amateurs (r = 0.56, P < 0.05), but not for professionals 
(r = 0.40, n.s.). When all amateurs and professionals were com-
bined, however, the correlation was highly significant (r = 0.70,
P < 0.0001). This correlation was smaller when considering the
gray matter volume of aHG in its full lateral extent (r = 0.44, P
< 0.01) and was nonsignificant when the whole gray matter
volume of HG was calculated (r = 0.26, n.s.). No correlation
was found between musical aptitude and white matter volumes
of HG.

Under the assumption that anatomical size determined the
signal strength, a partial correlation was calculated to eliminate
the influence of amHG gray matter volume of on the correla-
tion between N19m-P30m amplitude and AMMA score. This
partial correlation was only r = –0.04 (n.s.), indicating that
anatomical size was the key parameter.

Influence of external variables
We found no influence of the covariates sex, age or head size
on either the early dipole amplitudes or on the gray matter vol-
ume of amHG. To exclude influences of attention during MEG
recording and of the frequency modulation in the stimulus, we
carried out two additional control sessions in a subgroup of 24
stochastically selected subjects. While watching a video, sub-
jects detected deviant tones of a different frequency (1,100 Hz
instead of the standard 500 Hz) and indicated them by button
press in the attention experiment. We found no significant effect
of attention on the primary N19m-P30m component. Within
noise limits, the N19m-P30m signals for the onset of pure sinu-
soidal tones agreed with the signals deconvoluted from the
modulated tones23,40.

DISCUSSION
Here we found a large difference in the early neurophysiological
activity of the auditory cortex in musicians versus non-musicians,
using simple tonal stimuli. In addition, we found strong correla-
tions of this activity with the gray matter volume of amHG and
with musical aptitude. Using partial correlations, we showed that
the gray matter volume of amHG was the key parameter influ-
encing the early evoked response of the auditory cortex. The 
larger gray matter volume in professional musicians was most
pronounced for amHG (130% greater than in non-musicians)
and dropped to 37% more volume than in non-musicians when
the whole HG was used for anatomical reference. Together with
evidence from previous EEG20 and MEG21–23 studies that local-
ized the origin of the primary auditory-evoked N19-P30 source
activity to amHG, our findings provide evidence for the aug-
mentation of PAC gray matter in musicians.

This functional–anatomical interpretation is consistent with
the microanatomical24–29 finding that amHG comprises most
of the primary granular core field. However, the macroanatom-
ically defined amHG is only an approximate measure of the
location and extent of PAC, because there is considerable indi-
vidual variability27–31. Non-primary cortical fields are most
likely to be found near the lateral and posterior edges of
amHG2,27–29. Thus, the larger volume of gray matter in musi-
cians may comprise PAC as well as surrounding belt areas. The
strong functional–anatomical correspondence at the level of
amHG is probably related to the stimulation with sinusoidal
tones. Whereas functional MRI41,42 and PET43 studies have shown

Fig. 4. Correlations between early neurophysiological source activity, amHG gray matter volume and musical aptitude. (a) The N19m-P30m
dipole moment was strongly correlated with the mean gray matter volume of amHG. Values were averaged over the right and left hemispheres.
(b, c) The tonal raw score of musical aptitude (AMMA test) was highly correlated with both the N19m-P30m dipole moment (b) and the gray
matter volume of amHG (c).
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that simple tonal stimuli primarily activate the auditory core
regions, the fine time resolution of MEG and EEG allowed us to
distinguish the initial primary source activity evoked by pure tones,
and to compare the data with human intracranial recordings20.

Our anatomical data extend earlier findings of enlarged Hes-
chl’s gyri in musicians. Morphometric post-mortem case stud-
ies44 have reported an abnormally large anterior ‘Heschl
convolution’ in two eminent musicians. Furthermore, a histo-
logical study45 has reported larger volumes of cytoplasm in
nerve cells in layers 3–6 of Heschl’s first transverse convolution
in two professional musicians as compared to non-musicians.
This is in accordance with our finding that thicker amHG gray
matter, not white matter, was the main factor contributing to
the morphological volume difference between musicians and
non-musicians.

At the neurophysiological level, we found a striking differ-
ence between the early and late evoked responses of the audi-
tory cortex. The finding that the late N100m component was
not enhanced in musicians is in agreement with a previous
MEG study that reports an increase of 25% in the amplitude of
N100m with piano tones, but not with sinusoidal tones17. It has
been suggested that structural differences in the white matter
of the planum temporale of musicians10 (which has been iden-
tified as the predominant generating substrate of N100m20)
underlies this effect. In combination, these and our findings
indicate that the early and late auditory evoked responses reflect
different stages and areas of functional processing in the human
auditory cortex. Thus, the increase in the activity and structure
of particular regions of the auditory cortex in musicians seems
to be related to the processing of specific stimulus properties
and may therefore reflect multiple structural and neurophysio-
logical specializations in the auditory cortex of musicians.

The increase in the early dipole source activity was larger in
the right hemisphere of professional musicians, whereas the
gray matter volumes of amHG did not show significant hemi-
spheric differences. This result should be interpreted with cau-
tion because MEG is largely insensitive to radial current flow.
Hence, MEG cannot measure the full size of the net dipole
source vector, and the hemispheric differences could be due, in
part, to different effective orientations in the groups of profes-
sionals and non-musicians. Despite this uncertainty about the
full dipole moment, the correlation between the primary source
activity and the gray matter volume of amHG was highly sig-
nificant for all anatomical measures, irrespective of whether the
right hemisphere alone, the left hemisphere alone, or both
together were considered.

What are the causes for the striking increases in the gray
matter volume of the anteromedial portion of HG and the early
neurophysiological activities of the auditory cortex in musi-
cians? No influence of attention was found. The role of musi-
cal practice40,49, however, remains unclear. In the group of
musicians, there was a ceiling effect in the correlation between
AMMA score and dipole amplitude (Fig. 4b). Therefore, only
the amateur musicians are an appropriate sample for studying
the influence of musical practice on the dipole amplitude. The
number of amateur musicians in this study was too small, how-
ever, to obtain significant results regarding the effects of start-
ing age and intensity of musical practice in childhood.

Functional long-term and short-term plasticity might influ-
ence the amplitude of the late auditory evoked N100m
response17,46, as well as the frequency representation and tem-
poral information processing in the PAC35,36 of non-human
primates. On the other hand, developmental stability around

age seven has been demonstrated for the human HG and
planum temporale in morphometric34,47 and myeologenetic48

studies. This maturation age is consistent with that observed
for the psychometric variable of our study, musical aptitude.
The level of musical aptitude reached by the age of nine remains
the same throughout life37. In conclusion, our results indicate
that the morphology and neurophysiology of HG have an essen-
tial impact on musical aptitude. The question remains, 
however, whether early exposure to music49 or a genetic pre-
disposition50 leads to the functional and anatomical differences
between musicians and non-musicians.

METHODS
Subjects. Thirty-seven right-handed adults with normal hearing were
divided into three groups: 12 non-musicians (age range 26–43 years; 
6 men, 6 women), 12 professional musicians (age 29–55; 6 men, 
6 women) and 13 amateur musicians (age 24–62; 7 men, 6 women). As
there is no standard definition of ‘musician’8–19, we classified the three
subject groups as follows: non-musicians had never played an instru-
ment beyond standard school education, professional musicians had
undergone a professional music education ending with a diploma and
were actively performing at the time of examination, and amateur musi-
cians had received special instruction in one or more musical instru-
ments. This classification was validated by the advanced measure of music
audiation (AMMA) tonal test37 (see below).

A stochastically chosen subgroup of 24 subjects, divided into 8 non-
musicians (age 26–43, 4 men, 4 women), 7 professional musicians (age
29–51, 3 men, 4 women) and 9 amateur musicians (age 24–62, 5 men, 
4 women) participated in additional experiments. Averaged over the
groups, there were no significant differences in age, sex or head size. All
participants gave their informed consent to the study. Experimental pro-
cedures were approved by the local ethics committee.

AMMA test. This test, which has been standardized with more than 5,000
students, presents 30 pairs of short melodies. The repeated melody has
a small change in pitch (10 pairs) or rhythm (10 pairs) or is unchanged
(10 pairs). Subjects detected the modification in a three-way forced choice
task. As our study used tonal stimuli, only tonal raw test scores were cal-
culated. The tonal raw score was calculated as 20 plus the number of cor-
rect responses, minus the number of false alarms. Non-musicians scored
less than 25 on a scale of 0–40 (range 17–24), professional musicians had
a raw score of at least 26 (range 26–39) and amateur musicians scored
in an intermediate range (18–33).

Stimuli. 100% amplitude-modulated pure tones with a duration of 1 s
including approximately 30 modulation cycles (Fig. 1a) were presented
binaurally at a level of 50 dB SL (sensation level). The tones were delivered
in blocks with one fixed carrier frequency through shielded transducers
connected to the subject through 90 cm plastic tubes and foam earpieces.
In one session, six blocks with carrier frequencies of 100, 220, 500, 1,100,
2,500 and 5,600 Hz were presented. These carrier frequencies were cho-
sen to be equidistant on a logarithmic frequency scale corresponding to
the musical interval of a major ninth. Within each block, 430 tones were
presented at seven different modulation frequencies in the range of 
26–37 Hz in pseudorandom order, with an interstimulus interval ranging
from 1.0 to 1.2 s. To minimize stimulus artifacts, tone polarity was
reversed from one tone to the next. The modulated tones sounded sim-
ilar to pure tones with an additional small roughness.

In the additional tonal experiment, unmodulated tones were present-
ed with the same frequencies ranging from 100 to 5,600 Hz. To obtain
about 2,000 averages per frequency, the duration of the tones was reduced
to 150 ms including a 20 ms rise and fall time. Interstimulus interval was
reduced to the pseudo-randomized 400–600 ms range.

In the main and additional tonal experiments, subjects listened pas-
sively to the sounds while watching a silent video of their own choice. In
the additional attention experiment, modulated tones of 500 Hz (stan-
dards) and 1,100 Hz (deviants) were presented in an oddball task and
subjects were asked to indicate the deviants by button press.
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Procedures. MEG was recorded continuously over both hemispheres
with a whole-head Neuromag-122 system (Neuromag, Helsinki, Finland)
in a magnetically shielded room using a band-pass filter of 0.01–250 Hz
and a sampling rate of 1,000 Hz. For coregistration with MRI, the loca-
tions of four indicator coils and 35 surface points, including the nasion
and two pre-auricular points, were digitized. The head position in the
Dewar was determined at the beginning of each recording block. For
each carrier frequency, about 400 artifact-free responses were averaged
off-line by excluding trials with eye-blinks or MEG gradients greater than
600 fT/cm. One of the resulting 122 averaged MEG waveforms over the
right auditory cortex is depicted in Fig. 1b. About 2–5 noisy channels
were excluded from further analysis. The amplitude of the N100m com-
ponent was measured against the prestimulus baseline by subtracting the
average signal over a 100 ms interval before tone onset. The fast prima-
ry N19m-P30m component was analyzed after applying a zero phase
shift band-pass filter from 20 Hz (12 dB/octave) to 120 Hz (24 dB/octave).

Deconvolution technique. To obtain the primary N19m-P30m compo-
nents from the steady-state responses, we applied a linear deconvolution
technique23 to the period modulation cycles. Responses were averaged
over all cycles at each modulation frequency. The averaged cyclic respons-
es (total ∼ 12,000) were then combined to deconvolute the time course
of the transient N19m-P30m response elicited by each modulation cycle
(Fig. 1c). Intrinsically, this deconvolution technique23 uses the varying
phase lag and overlap of the underlying components at each modulation
frequency for the reconstruction. The deconvoluted responses had a very
large signal-to-noise ratio and were highly similar to the N19m-P30m
response recorded with short transient stimuli. The advantage of the
deconvolution technique was that it separated the primary N19m-P30m
response (Fig. 1c) from later overlapping responses such as P50m-N100m
(Fig. 1b), which originate outside the PAC. Decomposed and transient
N19m-P30m responses had similar source localizations in the medial
portion of the anterior HG23.

Source analysis. The BESA software (MEGIS Software GmbH, Graefelf-
ing, Germany) was used to model the source activity of the auditory cor-
tex with one equivalent dipole in each hemisphere38,39. When the dipoles
were fitted to the measured magnetic evoked fields in the 19–30 ms range,
locations near the anteromedial portion of the HG were found with a
mean deviation of 3 mm in the posterior direction and 5 mm in the supe-
rior direction. As dipole depth is the weakest parameter in MEG dipole
fitting and has a strong inverse correlation with dipole amplitude, a fixed
depth value was defined using the mean dipole depth over all frequen-
cies and subjects40. This depth point was 10 mm from the medial bound-
ary of the anterior HG for N19m-P30m, and 22 mm from the boundary
for N100m. Thus, the dipole sources were seeded systematically40 along
the individual anterior HG at these distances, laterally from its medial
boundary. Location parameters in the anterior–posterior and inferior–
superior directions were retained from the fit procedure, and orienta-
tions were fitted individually to N19m-P30m and the peak of N100m.
Using this two-dipole model, robust source waveforms were calculated
for both components. These provided an image of brain function in terms
of the magnitude and timing of the compound source currents in the
region of HG.

Morphometry. To obtain morphological measures of the right and left
HG, the surfaces of the gray and gray–white matter boundaries were ren-
dered from the individual T1-weighted 3D-MRI images (Philips Edge
System, Eindhoven, Netherlands; 1.5 T, 1 mm slices, Fig. 1d–f) using the
segmentation tools of the BrainVoyager program (Brain Innovation B.V.,
Maastricht, Netherlands). The inclusion range of image gray values was
calculated from the individual intensity histograms by identifying the
peaks corresponding to gray and white matter and their half-amplitude
side lobes. For gray matter surface segmentation, both the white and gray
matter peaks were included with their side-lobes. For white matter seg-
mentation, only the white matter peak was included up to the midpoint
between the peaks of white and gray matter. These rendered surfaces were
then used together with macroanatomically defined anterior, posterior,
medial and inferior boundaries to calculate the white and gray matter
volumes of HG, aHG and amHG. FTS defined the anterior boundary in

all cases (Fig. 1f). SI defined the posterior boundary of aHG in 35 of 74
hemispheres. The first, most anterior HS was used in 39 hemispheres.
The medial boundary was drawn from the medial end of FTS to the
medial end of the most posterior HS. The inferior boundary was derived
by an intersecting surface running from the depth of FTS to the depth
of HS. Hemispheric asymmetry was determined by the coefficient δ =
(VR – VL)/(0.5 × (VR + VL)).
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