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Human auditory cortex (AC) organization resembles the core-belt-parabelt organization in nonhuman primates. Previous studies
assessed mostly spatial characteristics; however, temporal aspects were little considered so far. We employed co-registration of
functional magnetic resonance imaging (fMRI) and magnetoencephalography (MEG) in musicians with and without absolute pitch
(AP) to achieve spatial and temporal segregation of human auditory responses. First, individual fMRI activations induced by complex
harmonic tones were consistently identified in four distinct regions-of-interest within AC, namely in medial Heschl’s gyrus (HG), lateral
HG, anterior superior temporal gyrus (STG), and planum temporale (PT). Second, we analyzed the temporal dynamics of individual MEG
responses at the location of corresponding fMRI activations. In the AP group, the auditory evoked P2 onset occurred ∼25 ms earlier in
the right as compared with the left PT and ∼15 ms earlier in the right as compared with the left anterior STG. This effect was consistent
at the individual level and correlated with AP proficiency. Based on the combined application of MEG and fMRI measurements, we
were able for the first time to demonstrate a characteristic temporal hierarchy (“chronotopy”) of human auditory regions in relation to
specific auditory abilities, reflecting the prediction for serial processing from nonhuman studies.
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Introduction
The human auditory cortex (AC) has been extensively investigated
in anatomical and functional neuroimaging studies, which
confirm AC’s location in the superior temporal gyrus (STG), in
particular in Heschl’s gyrus (HG) and adjacent areas, including the
planum polare (PP) and planum temporale (PT) (Galaburda and
Sanides 1980; Melcher et al. 1999; Kaas and Hackett 2000; Hackett
2008; Woods and Alain 2009; Moerel et al. 2014; Leaver and
Rauschecker 2016). The literature on nonhuman primates corrob-
orates the existence of a hierarchical structural and functional
organization of at least 13 distinct subfields within AC forming a
core and surrounding belt and parabelt auditory areas (Kaas et al.
1999; Kaas and Hackett 2000; Hackett et al. 2001, 2014; Sweet
et al. 2005; Hackett 2011). The three subfields within the core
area receive their input from the ventral division of the medial
geniculate nucleus, process auditory information in parallel, and
have cytoarchitectonic and electrophysiological characteristics
of primary sensory cortices. Core auditory neurons respond with
short latencies to simple acoustic stimuli, show narrow receptive
fields, and are modulated by basic properties of sound as intensity

and location (Kaas et al. 1999). Central auditory areas exhibit
tonotopic organization, i.e. frequency-specific cortical maps
that show a systematic mirror-image distribution of frequency
representations from “low to high to low” (Morel et al. 1993;
Rauschecker 1998; Recanzone et al. 2000; Herdener et al. 2013; Joly
et al. 2014); for review, see: Schreiner and Winer (2007). Core areas
of the two hemispheres are directly and strongly interconnected
via transcallosal projections. The eight subfields within the belt
area receive their inputs mainly from the core area and the
dorsal and medial divisions of the medial geniculate nucleus
and are strongly interconnected (Kaas et al. 1999; Kaas and
Hackett 2000). They have cytoarchitectonic and electrophysiolog-
ical characteristics of secondary cortices, are formed by neurons
with higher responsiveness to complex acoustic features and
broader receptive fields, and display only partial or less refined
tonotopic organization (Rauschecker et al. 1995; Kaas and Hackett
2000; Hackett et al. 2001). However, there are also exceptions to
these rules, as for example macaque belt area CM displays core-
like physiological properties (Camalier et al. 2012). Finally, sub-
fields within the parabelt area (at least two), adjacent to the belt
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area along the lateral aspect of STG, receive their inputs not only
from the belt areas but also from the dorsal and medial divisions
of the medial geniculate nucleus and have cytoarchitectonic
and electrophysiological characteristics of association cortices.
Their neurons are tuned to more complex properties of sound
(e.g. pitch), are strongly modulated by attention, and show no
tonotopic organization (Kaas et al. 1999). Parabelt and, to a lesser
degree, belt areas project to neighboring polysensory temporal,
and more distant parietal and prefrontal cortices for higher levels
of processing (Kaas and Hackett 2000; Hackett 2011). In general,
a serial processing of auditory information from core to belt to
parabelt areas is assumed (Hackett 2011) and several studies have
confirmed that core areas exhibit the shortest onset latencies,
while noncore areas are characterized by progressively longer
latencies (Recanzone et al. 2000; Lakatos et al. 2005; Camalier et al.
2012; Nourski et al. 2014; Nourski 2017). Connectivity studies have
demonstrated at least two distinct pathways originating from
rostral and caudal lateral belt areas that target distinct domains
of the frontal lobes. This suggests separate streams of spatial
and nonspatial auditory information (Romanski et al. 1999; Kaas
and Hackett 2000). However, converging evidence points to a far
more complex view of the hierarchical organization of auditory
information processing, which involves a dynamic whole brain
network of highly interconnected auditory and auditory-related
areas (Hackett 2011; Hackett et al. 2014).

Most studies in humans suggest that the basic principles of
core-belt-parabelt organization of human AC are similar to those
in nonhuman primates (Scheich et al. 1998; Hackett et al. 2001;
Sweet et al. 2005; Woods and Alain 2009; Chevillet et al. 2011;
Barton et al. 2012; Moerel et al. 2014). A number of studies have
addressed the tonotopic organization of human primary AC (PAC)
revealing a frequency-dependent segregation of auditory regions
(Bilecen et al. 1998; Formisano et al. 2003; Talavage et al. 2004;
Woods et al. 2009; Da Costa et al. 2011; Herdener et al. 2013;
Leaver and Rauschecker 2016; Besle et al. 2019); for review, see:
Saenz and Langers (2014). Even though anatomical landmarks are
missing, there is converging evidence that PAC is mainly located in
the medial 2/3 of HG and adjacent posterior duplications (Woods
and Alain 2009; Da Costa et al. 2011; Moerel et al. 2012, 2014; De
Martino et al. 2015; Zoellner et al. 2019), as predicted by cytoarchi-
tectonic data (Galaburda and Sanides 1980; Morosan et al. 2001;
Rademacher et al. 2001; Sweet et al. 2005; Fullerton and Pandya
2007). Functional imaging studies have shown that presumed
human core auditory areas in medial HG are involved in more
basic auditory analyses (Pantev et al. 1989; Seifritz et al. 2002;
Formisano et al. 2003; Okada et al. 2010; Leaver and Rauschecker
2016) and sensitive to changes in basic properties of sound such
as intensity (Bilecen et al. 2002; Woods et al. 2009) and location
(Jäncke et al. 2002; Petkov et al. 2004; Behne et al. 2005; Woods et al.
2009). In marked contrast, presumed human belt and parabelt
auditory areas in lateral HG and lateral anterior and posterior STG
seem to process more complex features of sound such as pitch,
melody, rhythm, and timbre as well as specific auditory, musical,
and language-related components (Binder et al. 2000; Wessinger
et al. 2001; Hall et al. 2002; Patterson et al. 2002; Zatorre et al.
2002; Griffiths 2003; Schneider et al. 2005; Hickok and Poeppel
2007; Okada et al. 2010; Chevillet et al. 2011; Golestani et al. 2011;
Farbood et al. 2015; Allen et al. 2022); for review, see: Moerel et al.
(2021).

In addition to the large number of reports investigat-
ing anatomical features and/or stimulus-dependent cortical
mapping of human AC, relatively few studies have explored
the temporal aspects of human auditory processing. Several

magnetoencephalography (MEG) studies have provided evidence
for tonotopic organization of presumed PAC as reflected by
frequency-dependent postero-medial shift of auditory-evoked
fields (AEF) (Romani et al. 1982; Pantev et al. 1988; Scherg et al.
1989; Lütkenhöner et al. 2003; Wienbruch et al. 2006). Further
studies have shown that the distribution of AEF latencies is
generally consistent with serial processing, extending from the
presumed core area into neighboring areas in STG (Liegeois-
Chauvel et al. 1994; Pantev et al. 1995; Yoshiura et al. 1996).
Few investigations have used intracranial electrophysiological
recordings in neurosurgical patients and provided evidence for
the core-belt-parabelt organization of human AC, e.g. measuring
an increase of neuronal frequency preference toward postero-
medial locations (Howard et al. 1996). Further results revealed
the spatiotemporal pattern of activity, propagating first along
the medio-lateral and then along the postero–anterior axis of
the supratemporal plane (Yvert et al. 2005), or delineating three
auditory subfields based on distinct shapes of auditory-evoked
potentials (Brugge et al. 2008) (for review, see: Nourski 2017).
Recently, Nourski et al. (2014) employed intracranial recordings
to directly measure onset latencies in different regions of AC.
In accordance with the predictions of results in nonhuman
primates, the authors found the shortest response latencies
within posteromedial HG, corroborating the assumption that it
contained core auditory areas. Response latencies were found to
progressively increase along the medio-lateral axis, with longer
latencies in a middle portion of posterolateral STG (presumed
belt), followed by surrounding areas of posterolateral STG
and anterolateral HG (presumed parabelt). Moreover, a recent
study using direct electrophysiological recordings investigated
auditory decoding of speech and reported parallel and distributed
processing within AC (Hamilton et al. 2021).

Absolute pitch (AP) is the rare ability to immediately and
effortlessly identify the pitch of any given tone without relying
on external reference (Zatorre 2003). The prevalence of AP is
estimated to be ∼0.01% in the general population, but ∼7–32%
in professional musicians (Baharloo et al. 1998; Gregersen et al.
1999). The quality of AP perception may depend on the stim-
ulus material and particularly was found to be more accurate
for natural complex tones as compared with sine tones (Gruhn
2018). In some individuals, partial AP qualities or instrument-
specific AP is observed where AP is restricted to limited fre-
quency ranges or facilitated by sounds produced by their own
instrument (Reymore and Hansen 2020). AP possessors recognize
pitch instantaneously and can label it according to musical scale
with no delay. This has led to the notion that AP is based on an
early step of pitch recognition, followed by a subsequent step
of pitch labeling (Levitin and Rogers 2005; Elmer et al. 2015).
It is assumed that the neuronal processes of pitch recognition,
pitch labeling, and pitch memory involve distinct or incompletely
overlapping neuronal networks (Levitin and Rogers 2005; Wilson
et al. 2009; Wengenroth et al. 2014). Recent 2-component mod-
els suggest that the pitch perception in AC and the mnemonic
association component of pitch labeling in the prefrontal cortex
are characterized by enhanced perisylvian connectivity in AP
(Jäncke et al. 2012; Elmer et al. 2015).

At the structural level, several neuroimaging studies have
assessed hemispheric asymmetry of STG in musicians with AP
and found significant grey matter volume differences in HG
and/or PT in the right versus left hemisphere (Schlaug et al.
1995; Keenan et al. 2001; Luders et al. 2004; Wilson et al. 2009;
Wengenroth et al. 2014). This has initiated controversies about
the contribution of left- vs. right-hemispheric structures to
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AP perception with regard to anatomical (Zatorre et al. 1998;
Bermudez et al. 2009; Loui et al. 2011; Wengenroth et al. 2014)
and functional aspects (Zatorre et al. 1998; Ohnishi et al. 2001;
Bermudez and Zatorre 2005; Schulze et al. 2009; Wilson et al.
2009; Oechslin et al. 2010; Wengenroth et al. 2014). Tract-
based structural connectivity statistics showed higher fractional
anisotropy within the path of the inferior fronto-occipital,
longitudinal, and uncinate fasciculus of AP musicians (Dohn et al.
2015). Recently, greater resting state functional connectivity and
enhanced intracortical myelination were observed in the right PP
in musicians with AP (Kim and Knösche 2016, 2017) supporting
a critical role of the ventral pathway in AP recognition. At the
temporal level, between-group differences could be identified
within the early processing time range up to about 200 ms after
tone onset in right-sided perisylvian brain regions (Wengenroth
et al. 2014; Burkhard et al. 2019) and independently of the level
of musical transgression (Coll et al. 2019). Using an oddball
paradigm, a reduction of the later auditory-evoked P3a response
could be observed in AP musicians (Rogenmoser et al. 2015), which
however could not be replicated by a more recent study (Greber
et al. 2018).

In this study, we selected experienced musicians with and
without AP as a model population due to their generally enhanced
auditory responses and high attentive capacities in the experi-
mental setup. There is evidence that the intra- und interhemi-
spheric timing of auditory responses may influence the qual-
ity of auditory perception already at an early processing stage
(Wengenroth et al. 2014). Here, we used functional magnetic imag-
ing (fMRI) to identify individual activations in distinct subfields of
AC and MEG with a combined fit-seeding model to assess vari-
ations in the temporal hierarchical order of auditory processing
during the first 90 ms after stimulus onset in musicians with
and without AP. This paper describes for the first time a novel
method for fMRI/MEG co-registration, which makes spatial and
temporal segregation of functionally distinct auditory areas on
an individual basis possible. The results illustrate that the early
steps of auditory information decoding may determine the quality
of auditory perception and characterize specific auditory abilities
such as AP.

Materials and methods
Subjects
Forty experienced musicians participated in this study with a
minimum of 5 years of instrumental practice beyond the standard
school education, normal hearing level (hearing loss < 20 dB
within 0.1–8 kHz), and no history of neurological disorders.
All participants passed a minimum of 12 years of school and
at least 4 years of academic education. Subjects included 23
musicians without AP (nonAP group) and 17 musicians with
AP (AP group); see Table 1 for detailed sample description and
musical background information. Musicianship related auditory
skills, cognitive functions, and hearing abilities were assessed
using the following psychoacoustic tests: Advanced Measures of
Music Audiation test (AMMA, Gordon 1998) and Pitch Perception
Preference test (Schneider et al. 2005). Subjects were matched
between groups for age, gender, and total duration of musical
activity (years). The AP score was significantly higher in the AP
group (t(38) = 13.53, P < 0.01) than in the nonAP group (Table 1).
The AP group also performed significantly better in the AMMA
test (t(38) = 4.41, P < 0.01) and demonstrated increased mean
intensity of musical activity (hours/week) as compared with the
nonAP group (t(38) = 3.38, P < 0.01). The AP score was significantly

correlated with the AMMA score (r = 0.65, P < 0.01). All subjects
gave their informed consent to participate in the experiments,
which were approved by the Ethics committee of Heidelberg
University.

AP test
The AP test (Wengenroth et al. 2014) was specifically designed
to allow for quantification of the degree of AP ability (AP score)
and consisted of 28 equally tempered (relative to standard pitch
[a′] = 440 Hz) sampled instrumental test tones (piano, guitar, vio-
lin, organ, woodwind, brass, and voice) and 7 sine tones that were
presented for 500 ms each in low-, middle-, and high-frequency
ranges (32–138, 175–625, and 1000–2000 Hz, respectively) as well
as 6 active tone production tasks. Different instrumental test
tones have been chosen to address the fact that AP abilities may
be influenced by timbre or register. To rule out any relative pitch-
associated interval recognition, the memory of the last test tone
was extinguished by intermittent interference stimuli without
any harmonic relation to standard pitch: first, 5 nonequally tem-
pered sequential instrumental tones resembling and contorting
the previous test tone were presented for 500 ms each followed
by 18 s of glissando-like continuously distorted music pieces (see
Supplementary Materials for sound example 1). Only chroma, not
octave position, was tested. For correctly identified tones 1 score
point was accredited, and for semitone errors, 0.5 score point was
accredited, resulting in a maximal score of 41 points. The random
choice score was 6.9. The inclusion criterion for the AP group was
set as the saddle point of the bimodal distribution curve (� 21
score points).

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 mm3

isotropic resolution, flip angle 15◦, 176 contiguous sagittal slices,
matrix size 256 mm) were acquired at 3 Tesla (Magnetom Trio,
Siemens, Erlangen, Germany) with an 8-channel head coil.
Additional T2-weighted sequences were obtained and assessed
by a neuroradiologist for potential pathologies. MR morphometry
was computed and visualized using BrainVoyager QX 2.8
software (Brain Innovation, Maastricht, The Netherlands). T1-
weighted 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 based on an
established procedure (Schneider et al. 2005; Benner et al. 2017).
Several AC reconstructions were part of a data pool we already
analyzed in previous publications (Wengenroth et al. 2014; Benner
et al. 2017). 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; 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 was defined as the most anterior transverse gyrus
of STG located between the first transverse sulcus and the first
transverse Heschl’s sulcus (HS). For all HG morphotypes including
duplications (common stem duplication, complete posterior
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Table 1. Sample description and musical background.

AP (N = 17) nonAP (N = 23)

Age 36.5 ± 3.7 31.3 ± 2.2
Gender (f/m) 8/9 11/12
Musical status (pro/ama) 13/4 6/17
AP score 32.0 ± 1.5∗ 9.1 ± 0.9
AMMA score 35.1 ± 0.8∗ 29.3 ± 1.0
Total duration of musical activity (years) 17.6 ± 3.1 17.4 ± 3.3
Mean intensity of musical activity (hours/week) 18.4 ± 2.6∗ 8.7 ± 1.5
Main musical instrument (played by N subjects) piano (13) piano (2)

organ (1) organ (1)
violin (0) violin (5)
cello (2) cello (1)
guitar (0) guitar (4)
woodwind (1) woodwind (4)
brass (0) brass (2)
drums (0) drums (1)
singing (0) singing (3)

Subject and musicianship related data (M ± SE) are presented for each group. AP, absolute pitch; nonAP, nonabsolute pitch; f, female; m, male; pro,
professional musicians; ama, amateur musicians; ∗P < 0.001.

duplication, multiple duplication), transverse gyri posterior to
aHG and anterior to the first complete HS (cHS) were considered
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.

Functional MRI
Block designed blood-oxygen-level-dependent (BOLD) fMRI (echo
planar imaging EPI sequences, 36 oblique slices parallel to the Syl-
vian fissure, slice thickness 3 mm, gap 1 mm, echo time 30 ms, rep-
etition time 2500 ms) was performed during auditory stimulation
with different sampled instrumental and synthetically generated
complex harmonic tones (Wengenroth et al. 2014) presented for
12:25 min in total (stimulus length 500 ms, 20 items per block,
block duration 20 s, baseline: rest). Subjects were instructed to
attentively listen to the presented sounds (see Supplementary
Materials for sound example 2). The experimental setup was
optimized for reducing the scanner noise level using acoustically
optimized MRI-headphones (MR Confon OPTIME1, ∼25 dB passive
attenuation), standard earplugs (∼20 dB attenuation), as well
as foam cushions additionally installed around the headphones
(∼15 dB attenuation). Auditory stimuli were also level adjusted for
an optimal signal to noise ratio during the MRI scan. Subsequently
to motion correction, slice timing correction, alignment, and TAL
transformation, all functional maps were superimposed on both
the structural 3D datasets and the 3D surface reconstructions
of individual AC using BrainVoyager QX 2.8 software. Auditory
stimulation was contrasted with the baseline condition (no tone,
rest). BOLD activations were analyzed individually and related
to each subject’s individual HG morphotype including HG dupli-
cations. Four distinct regions of interest (ROIs) within AC were
defined, namely medial HG/medial HG duplication (ROI 1), lateral
HG/lateral HG duplication (ROI 2), anterior STG (ROI 3), and PT
(ROI 4). For standardized individual analysis of functional data,
a dynamic thresholding evaluation routine was used (Blatow
et al. 2007, 2009, 2011; Stippich et al. 2007). A minimal cluster
size of 4 (BrainVoyager QX standard preset) was used as a spa-
tial filter, e.g. clusters below this size were not displayed in the

activation map. This standard cluster size for data evaluation was
previously empirically established: it proved to be large enough
to eliminate very small clusters resulting from artificial noise
(false positives) and small enough to enable precise functional–
anatomical correlation. At first, a very high statistical threshold
value for the correlation between the measured BOLD signals
and the hemodynamic reference function (hrf) was selected so
that no functional activation was displayed (empty map). This
threshold was then continually reduced. As a result, the acti-
vation with the highest correlation to the hrf that exceeded
the cluster size of 4 was displayed first. By further reduction
of the threshold, activations with lower correlations between
the measured BOLD signals and the hrf appeared progressively.
This procedure was continued until activations were identified
in all ROIs. A statistical threshold of P < 0.05 (FDR corrected) was
established as a lower limit to ensure that BOLD signals were
clearly distinguishable from background noise. If no BOLD signal
was displayed in a ROI within the lower limit, this was evaluated
as “no activation”. Likewise, BOLD signals with a relative signal
change of > 4% were not included in the evaluation because
such high-level activation is likely to originate from draining veins
rather than from capillaries (Peeters and Sunaert 2007). In each
ROI, the center of gravity of the BOLD signal was evaluated at
the highest possible threshold assessing spatial coordinates and
t-value.

Magnetoencephalography
AEF were recorded using a Neuromag-122 whole-head MEG sys-
tem in response to different sampled instrumental and syn-
thetically generated complex harmonic tones in analogy to the
fMRI experiment. Subjects were instructed to attentively listen to
the sounds, each of which was presented 200 times in pseudo-
randomized order (tone length 500 ms, interstimulus interval
range 400–600 ms). AEF were recorded with a sampling rate of
1000 Hz and were limited by an adequate 330 Hz lowpass filter
(DC). 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
artifacts by event-related fields ERF module. By applying the
automatic Artifact Scan tool, on average, about 3–7 noisy (bad)
channels were excluded and about 10% of all epochs exceeding
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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, a major part of endogenous artifacts, such as
eye blinks, eye movements, cardiac activity, face movements, and
muscle tensions, could be accounted for. A baseline-amplitude
calculated over the 100ms 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 artifact-free epochs)
in a 100ms prestimulus to 400ms poststimulus time window.
To analyze onset and peak latencies of MEG responses at the
location of the fMRI activations, a novel fMRI-based combined
fit-seeding model was established. Individual spatial coordinates
of BOLD activations in the four ROIs in AC were used as seeding
points for source modeling. In cases where BOLD activations were
missing within the ROI, mean spatial coordinates were employed.
Dipole orientation was fitted according to the subject’s individual
anatomy to obtain maximal positivity of the first response. In
each hemisphere, four equivalent dipoles were employed (one for
each ROI). To separate the early, middle, and late components
of the MEG response, e.g. (i) the P30 peaking around 20–50 ms
after tone onset, (ii) the P1/N1 complex around 50–120 ms, and
(iii) the P2 and P2a around 120–250 ms, time windows for source
modeling were adjusted accordingly to 20–50, 50–120, and 120–
250 ms, respectively. AEF could not be analyzed in 4 subjects (out
of 23) of the nonAP and 1 subject (out of 17) of the AP group, due
to low MEG signal power.

Statistics
Statistical analyses were performed using SPSS 24 software (IBM
Corp., Armonk, NY, USA); data are presented as mean with stan-
dard error (M ± SE), unless otherwise noted. Statistical signifi-
cance of differences between groups was assessed using t-tests.
Paired t-tests were computed to isolate innergroup differences
in fMRI and MEG parameters between hemispheres for each
fMRI ROI and corresponding MEG response separately. Pearson’s
coefficients were used for correlational analyses and, such as the
t-tests, corrected for their overall false discovery rate by applying
a Benjamini–Hochberg correction P ≤ 0.05. Cross-correlations of
P1 versus P2(a) source-waveforms were calculated using MATLAB
software (R2020b, The MathWorks Inc.).

Results
BOLD activations in anatomically distinct cortical
areas of AC
Block-designed fMRI using auditory stimulation with instrumen-
tal and synthetic tones of a wide frequency range in an atten-
tive listening paradigm, optimized for robust individual BOLD
signals, was performed in 23 musicians. Statistical parametric
maps were analyzed individually using a standardized dynamic
thresholding routine (Blatow et al. 2007, 2009, 2011; Stippich
et al. 2007). Starting from an empty map (highest threshold),
statistical thresholds were dynamically adjusted according to
each subject’s activation level, until distinct clusters of activation
appeared in STG (Fig. 1a and b). Individual clusters were analyzed
at a statistical threshold of at least P < 0.05 (FDR corrected). FMRI
activation maps were first projected onto 3D anatomical planes
for inspection and then rendered onto individually segmented 3D
surface reconstructions of each subject’s STG to better visualize
activations on the cortical surface and relate them to individual
anatomy, in particular to sulcal boundaries (Fig. 1c and d). Using
anatomical criteria established in our previous studies (Schneider
et al. 2005; Benner et al. 2017), four ROIs were defined: medial HG /

medial HG duplication (ROI 1), lateral HG / lateral HG duplication
(ROI 2), anterior STG (ROI 3), and PT (ROI 4). BOLD activations
were consistently found in all four ROIs in all subjects, albeit
with different occurrence probabilities. The highest probability of
activation was found in ROI 2 with 98%, lower probabilities were
found in ROIs 1, 3, and 4 (with 59%, 57%, and 52%, respectively).
When more than one activation cluster was found in an ROI, the
strongest cluster was evaluated. The spatial distribution of BOLD
activations was similar in both hemispheres. Small asymmetries
were observed in the y-axis, reflecting the known anatomical
asymmetry of left/right STG (Fig. 1e). In the nonAP group, signal
strength (measured as t-value) was on average comparable across
all ROIs showing slightly lower values in ROI 3 and 4 (n.s.) as
compared with ROI 1 and 2 (Fig. 1f). Spatial coordinates and
t-values of BOLD activations are summarized in Table 2.

MEG responses in four distinct ROIs in AC
display chronotopic organization
MEG with acoustic stimuli analogous to the fMRI experiment was
performed in the same 23 musicians. Individual data analysis was
conducted in a subgroup of 19 subjects (see Methods) applying
a novel fMRI-based combined fit-seeding model to analyze onset
and peak latencies of MEG responses at the location of the fMRI
activations. Individual spatial coordinates of BOLD activations in
the four ROIs in AC were used as seeding points for source mod-
eling. In cases where BOLD activations were missing within the
ROI, mean spatial coordinates were employed (Fig. 2a). Dipole ori-
entation was fitted according to the subject’s individual anatomy
to obtain maximal positivity of the first response (Fig. 2b). In each
hemisphere, four dipoles were employed (one for each ROI). To
separate the early, middle, and late MEG components (P30 / P1–
N1 / P2 & P2a), time windows for source modeling were adjusted
accordingly to 20–50, 50–120, and 120–250 ms, respectively. In each
ROI, a distinct average source waveform was obtained (Fig. 2c).
By measuring onset and peak latencies of the evoked responses
(ms after stimulus onset), a chronotopic order of responses could
be detected in the four ROIs. The earliest primary response (P30)
localized to medial HG (ROI 1) with an average onset latency of
∼20 ms, the secondary response (P1-N1 complex) to the lateral
HG (ROI 2) with an onset latency of ∼28 ms and the later P2
and P2a responses to the anterior STG and PT, respectively, with
onset latencies of ∼51 and ∼57 ms (ROIs 3 and 4, Fig. 2d). Average
latencies of the first peak were ∼34, ∼63, ∼87, and ∼90 ms for ROI
1–4, respectively. Source waveform parameters are summarized
in Table 3.

Preceding P2 and P2a responses in right versus
left AC in musicians with AP
Analogous fMRI and MEG experiments were performed in 17
musicians with AP (1 subject was excluded from MEG analysis,
see Methods). BOLD activations were consistently found in the
four ROIs in all subjects, with similar occurrence probabilities
as in the nonAP group. The highest probability of activation was
found in ROI 2 with 94%, lower probabilities were found in ROIs
1, 3, and 4 (with 74%, 62%, and 59%, respectively). The spatial
distribution of BOLD activations was similar in both hemispheres
and comparable to the nonAP group. The small asymmetries in
the y-axis observed in the nonAP group were less pronounced
in the AP group, presumably reflecting the known right hemi-
spheric dominance of AC in this population (e.g. less left/right
asymmetry; Fig. 3a). Signal strength (measured as t-value) in each
ROI did not differ on average significantly between groups (AP
vs. nonAP) or hemispheres within the groups (left vs. right). In
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Fig. 1. BOLD activations occur in four distinct ROIs in AC of musicians. Exemplary individual BOLD activation clusters in the AC during auditory fMRI task
(individual threshold) superimposed on a) axial and b) sagittal MRI planes. 3D reconstruction of exemplary STG (mesh) shown in c) axial and d) sagittal
views, containing individual color-coded auditory BOLD activation clusters. Four distinct ROIs were defined and color-coded based on the corresponding
anatomical area of each cluster: ROI 1: Medial HG (red), ROI 2: Lateral HG (green), ROI 3: Anterior STG (blue), ROI 4: PT (yellow). e) Individual positions of
BOLD activations within the ROIs in nonAP musicians were marked onto the axial plane of a schematic AC using TAL coordinates of the center of gravity
(not representing the actual cluster size). f) Histograms depict mean (± SD) BOLD t-values for each ROI and hemisphere in the nonAP group. nonAP,
nonabsolute pitch; medHG, medial Heschl’s gyrus; latHG, lateral Heschl’s gyrus; antSTG, anterior superior temporal gyrus; PT, planum temporale; SI,
sulcus intermedius; cHS, complete Heschl’s sulcus; TAL, Talairach; ant, anterior; post, posterior; LH / RH, left/right hemisphere.
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Table 2. FMRI parameters.

AP

LH RH

ROI t-value x y z t-value x y z

1 8.2 ± 0.7 −40.6 ± 1.3 −33.4 ± 1.5 11.8 ± 1.3 8.0 ± 0.7 43.2 ± 1.6 −28.7 ± 1.8 13.1 ± 0.9
2 10.0 ± 0.8 −54.4 ± 1.3 −23.8 ± 1.6 7.8 ± 1.0 9.8 ± 0.7 57.0 ± 1.1 −19.8 ± 1.5 10.9 ± 0.9
3 7.2 ± 0.8 −53.0 ± 0.9 −9.2 ± 2.3 1.7 ± 0.9 5.9 ± 0.3 51.9 ± 1.4 −5.7 ± 2.1 2.7 ± 1.1
4 9.6 ± 1.1 −54.6 ± 2.2 −34.3 ± 2.5 13.5 ± 1.6 8.9 ± 0.8 59.0 ± 1.8 −31.9 ± 1.2 15.9 ± 1.6

nonAP

LH RH

ROI t-value x y z t-value x y z

1 9.7 ± 0.7 −42.7 ± 0.8 −29.4 ± 1.0 8.8 ± 1.0 8.1 ± 0.7 42.2 ± 1.0 −23.5 ± 1.6 10.8 ± 1.3
2 10.0 ± 0.7 −54.0 ± 1.0 −19.0 ± 0.9 5.3 ± 0.6 9.2 ± 0.6 56.0 ± 0.8 −15.3 ± 1.0 6.7 ± 0.7
3 8.3 ± 0.9 −53.0 ± 1.4 −9.0 ± 1.9 1.2 ± 1.0 6.8 ± 0.6 52.2 ± 0.9 −3.8 ± 2.2 1.8 ± 1.0
4 7.8 ± 0.7 −53.7 ± 2.0 −32.8 ± 1.7 10.5 ± 1.0 8.2 ± 0.7 56.6 ± 1.8 −28.6 ± 2.1 12.2 ± 1.8

Mean fMRI t-values and TAL coordinates in mm (M ± SE) are presented per group for each ROI and hemisphere. AP, absolute pitch; nonAP, nonabsolute pitch;
LH/RH, left/right hemisphere.

Table 3. MEG parameters.

AP

LH RH

ROI onset (ms) peak (ms) amplitude (nAm) onset (ms) peak (ms) amplitude (nAm)

1 18.0 ± 0.9 32.8 ± 1.0 11.0 ± 1.5 17.2 ± 0.9 32.9 ± 0.9 12.7 ± 1.5
2 23.6 ± 0.7 61.6 ± 1.0 17.9 ± 2.1 24.9 ± 0.6 61.3 ± 1.6 17.8 ± 2.0
3 46.0 ± 3.4 79.8 ± 3.7 10.2 ± 1.0 30.4 ± 3.0 57.9 ± 3.6 10.7 ± 1.2
4 55.8 ± 2.7 90.5 ± 2.7 8.2 ± 1.1 29.1 ± 1.4 46.9 ± 2.6 8.1 ± 0.7

nonAP

LH RH

ROI onset (ms) peak (ms) amplitude (nAm) onset (ms) peak (ms) amplitude (nAm)

1 19.6 ± 0.8 33.7 ± 1.3 11.2 ± 1.7 20.0 ± 1.1 34.4 ± 1.5 11.6 ± 1.4
2 27.4 ± 1.0 62.8 ± 2.3 14.8 ± 2.0 29.3 ± 1.2 63.7 ± 2.7 10.6 ± 1.4
3 50.9 ± 3.3 85.0 ± 4.9 10.1 ± 1.2 50.6 ± 3.0 89.1 ± 4.3 10.3 ± 1.0
4 58.1 ± 2.2 90.0 ± 3.8 8.0 ± 1.0 56.2 ± 2.0 90.8 ± 3.1 10.7 ± 1.2

Mean MEG response parameters (M ± SE) are presented per group for each ROI and hemisphere. AP, absolute pitch; nonAP, nonabsolute pitch; LH/RH, left/right
hemisphere.

the AP group, t-values were on average higher in ROI 2 and 4
as compared with ROI 1 and 3. Within the left hemispheres,
t-values in ROI 2 (M = 10.15, SE = 0.98) were significantly higher
than in ROI 1 (M = 7.99, SE = 0.76, t(11) = -4.66, P < 0.001); as well
as t-values in ROI 2 (M = 10.34, SE = 1.05) were significantly higher
than in ROI 3 (M = 6.66, SE = 1.91, t(8) = 5.25, P < 0.001). Within
the right hemispheres, no significant signal strength differences
were found between the ROIs (Fig. 3b). Spatial coordinates and
t-values of BOLD activations for the AP group are summarized
in Table 2.

MEG source modeling applying the same fMRI-MEG co-
registration method as in the nonAP group yielded similarly
distinct average source waveforms for each ROI. As previously
described (Wengenroth et al. 2014), the second peak amplitude of
the late P2a component was increased in the right as compared
with the left PT in musicians with AP, demonstrating reproducibil-
ity of the result with this model (Fig. 3c). Onset latencies of the
evoked responses in the four ROIs were comparable to those of

nonAP musicians in the left hemisphere: the earliest primary
response (P30) localized to left medial HG (ROI 1) with an average
onset latency of ∼18 ms, the secondary response (P1-N1 complex)
to the left lateral HG (ROI 2) with an onset latency of ∼24 ms,
and the later P2 and P2a responses to the left anterior STG and
PT, respectively, with onset latencies of ∼46 and ∼56 ms (ROIs
3 and 4). Latencies of the first peak in the left hemisphere of
AP musicians were comparable to those of nonAP musicians in
ROIs 1 and 2 with ∼33 and ∼61 ms, respectively, but were on
average 20 ms shorter in ROIs 3 and 4 with ∼69 and ∼69 ms,
respectively. In the right hemisphere, however, onset latencies
were ∼17 ms for the primary response (ROI 1), ∼25 ms for the
secondary response (ROI 2), and ∼30 and ∼29 ms for the later
P2 and P2a responses (ROIs 3 and 4) in AP musicians (Fig. 3d).
Thus, the onsets of late P2 and P2a responses in anterior STG
and PT occurred significantly earlier in the right than in the
left hemisphere of AP musicians (P2: P < 0.001; P2a: P < 0.0001).
Latencies of the first peak in the right hemisphere were ∼33, ∼61,
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Fig. 2. Chronotopic organization of AC is reflected by distinct MEG responses in the four ROIs. a) Axial plane of schematic AC containing the exemplary
positions of BOLD activations in all four ROIs as marked by colored dots (ROI 1: Red, ROI 2: Green, ROI 3: Blue, ROI 4: Yellow). b) Corresponding dipole
positions in all four ROIs after co-registration on the MEG system and adaptation of dipole orientation based on individual anatomy, as marked by
colored dipole-markers on a schematic head. c) Mean source waveforms of corresponding MEG responses (AEF) of the nonAP group are depicted for
each ROI and hemisphere (red: P30, green: P1/N1 complex, blue: P2, yellow: P2a). Arrows mark the onsets of each response, emphasizing the left–right
synchronous onset latencies between the early (P30, P1/N1) and later (P2, P2a) responses. Frames indicate the adjusted time windows for MEG source
modeling (P30: 20–50 ms, P1/N1: 50–120 ms, P2(a): 120–250 ms). d) Time sequence of the mean onsets of all four MEG responses in the nonAP group,
demonstrating the chronological order of auditory processing: P30 (ROI 1) – P1/N1 (ROI 2) – P2 (ROI 3) and P2a (ROI 4). nonAP, nonabsolute pitch; LH/RH,
left/right hemisphere; ant, anterior; post, posterior.

∼58, and ∼47 ms in ROI 1–4, respectively. Hence, the peaks of
the late P2 and P2a responses also occurred significantly earlier
in the right than in the left hemisphere of AP musicians (P2:
P < 0.0001; P2a: P < 0.0001). Furthermore, onset and peak latencies
of right hemispheric P2 and P2a responses in AP musicians were
significantly shorter compared with the corresponding right
hemispheric responses of nonAP musicians (onset latencies P2:
P < 0.0001; P2a: P < 0.000001; peak latencies P2: P < 0.00001; P2a:
P < 0.000001). These effects remained significant after Bonferroni

correction for multiple testing. In marked contrast to the AP group,
no significant interhemispheric differences in the nonAP group
were observed. Source waveform parameters for the AP group are
summarized in Table 3.

The synchronization of right auditory areas
correlates with AP proficiency
At the individual level, a preceding response in the right PT (P2a,
ROI 4), e.g. the response occurred earlier in the right vs. the left
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Fig. 3. Preceding P2 and P2a responses in right versus left AC in musicians with AP. a) Individual positions of BOLD activations of all AP musicians were
marked onto the axial plane of a schematic AC using TAL coordinates of the center of gravity (not representing the actual cluster size). b) Histograms of
the mean (± SD) BOLD t-values for each ROI and hemisphere of the AP group, particularly showing larger mean t-values of ROI 2 (lateral HG) as compared
with ROI 1 (medial HG) and 3 (anterior STG). c) Mean source waveforms of corresponding MEG responses (AEF) of the AP group are depicted for each
ROI and hemisphere (red: P30, green: P1/N1 complex, blue: P2, yellow: P2a). Arrows mark the onsets of each response, emphasizing the AP specific
left–right onset latencies of the later P2 (anterior STG) and P2a (PT) responses. Frames indicate the adjusted time windows for MEG source modeling
(P30: 20–50 ms, P1/N1: 50–120 ms, P2(a): 120–250 ms). d) Time sequence of the mean onsets of all four MEG responses in the AP group, highlighting
the AP specific markedly preceding P2 and P2a responses in the right hemisphere. AP, absolute pitch; TAL, Talairach; LH/RH, left/right hemisphere; ant,
anterior; post, posterior; ∗P < 0.001; ∗∗P < 0.0001.

hemisphere and earlier in AP vs. nonAP (Fig. 3d), was consistently
found in all AP musicians (AP score � 21) and only in one nonAP
musician (AP score � 20). For the preceding response in anterior
STG (P2, ROI 3), the individual results looked more variable: in
15/17 AP musicians, the P2 response preceded either in the right
vs. left hemisphere or in both hemispheres (onset latency ∼30–
40 ms after stimulus onset), which was also the case in 5/23
nonAP musicians (Fig. 4). Correlations of the AP score with onset
latency difference (left–right) and peak latency difference (left–
right) separated the two groups for P2 (onset: r = 0.53, P < 0.001,
peak: r = 0.67, P < 0.001, Fig. 5a) and even more significantly for

P2a responses (onset: r = 0.78, P < 0.0001, peak: r = 0.83, P < 0.0001,
Fig. 5b). The AP score was significantly correlated with the P2
onset (r = 0.51, P < 0.01), the P2 peak (r = 0.57, P < 0.01), the P2a
onset (r = 0.78, P < 0.01), the P2a peak (r = 0.80, P < 0.01), and the
P1/N1 amplitude (r = 0.47, P < 0.01) in the right hemisphere. In
the left hemisphere, no significant correlations with AP score
were found. The correlations remained significant after applying
a Benjamini–Hochberg correction for overall false discovery rate
P ≤ 0.05. Cross-correlations of the source waveforms (time range
20–120 ms after stimulus onset) of the P1 response (ROI 2) with
the P2 (ROI 3) or P2a response (ROI 4) showed a clear peak
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Fig. 4. Individual time sequences of MEG responses in AP and nonAP musicians. Individual time sequences of the onsets of all four MEG responses are
depicted for AP (left panel) and nonAP (right panel) musicians, sorted by AP score. Left–right onset differences of the late P2a (PT) response are highlighted
by the yellow area. All musicians of the AP group demonstrate a preceding right hemispheric P2a response. AP, absolute pitch; nonAP, nonabsolute pitch;
LH/RH, left/right hemisphere.

synchronization in the AP-group in the right hemisphere, but
not in the left hemisphere and not in the nonAP group (Fig. 5c).
This was also detectable in most subjects at the individual level
(Fig. 5d).

Discussion
Chronotopy
In this study, we systematically employed fMRI/MEG co-registration
to characterize the spatial organization and temporal hierarchy
of evoked auditory processing in human AC. Auditory information
has been previously shown to proceed from medial HG over
lateral HG and then to spread toward aSTG and PT, which
mirrors the serial auditory processing observed in nonhuman
studies (Nourski et al. 2014). The human AC exhibits important
interindividual macro-anatomical variability with respect to size,
shape, and gyrification (Rademacher et al. 2001; Okada et al.
2010; Chevillet et al. 2011; Barton et al. 2012; Moerel et al. 2014;
Leaver and Rauschecker 2016; Benner et al. 2017; Zoellner et al.
2019). Longitudinal studies in children and young adults show
remarkable stability of macro-anatomical features of AC and
demonstrate clearly that this variability can only be explained by
disposition (Seither-Preisler et al. 2014), Schneider P unpublished
data). At the functional level, there is evidence for a hierarchical
organization of subareas in primary core, secondary belt, and
tertiary parabelt regions (Moerel et al. 2014; Glasser et al. 2016;
Gulban et al. 2020). Recent fMRI studies have demonstrated that
topographic gradients of frequency preference, e.g. tonotopy
are extended along at least two orthogonal axes in human AC,
oriented on the one hand in mediolateral direction along HG
and, on the other hand, in anterior–posterior direction along STG
(Herdener et al. 2013; Leaver and Rauschecker 2016; Moerel et al.
2021; Allen et al. 2022). Along these axes characteristic, spatial
maps such as the tonotopic or periodotopic organization are
found and spread the core, belt, and parabelt areas in human (Da
Costa et al. 2011; Nourski et al. 2014; Besle et al. 2019) and also

nonhuman AC (Joly et al. 2014). Studies in experienced listeners
such as musicians point to left–right-hemispheric asymmetries
of the localization and spatial organization of primary and
secondary auditory subareas (Pfeifer 1936; Zoellner et al. 2019).

However, little is known about the temporal dynamics
of human auditory processing. The reasons for the lack of
knowledge in this area are diverse, as for instance, invasive
electrophysiological studies are challenging and rare (Nourski
2017), fMRI does not provide the necessary temporal resolution,
and most MEG experiments do not discern various sources
within AC (Scherg 1990; Hall et al. 2014). The temporo-spatial
representation of AEF has been particularly evidenced by MEG
source localization (Scherg 1984, 1990; Scherg and Berg 1991,
1996; Yoshiura et al. 1995; Godey et al. 2001; Kwon et al. 2002);
however, the specific relationship between temporal and spatial
aspects in the hierarchical organization of human AC remained
still unclear. Neurophysiological studies based on either MEG
or EEG are characterized by an excellent temporal resolution of
the corresponding sources of the core or belt areas but exhibit
methodological limitations due to lacking spatial information
(Kanno et al. 1996; Okamoto et al. 2009; Reite et al. 2009; Okamoto
et al. 2012; Shaw et al. 2013; Tang et al. 2016; Ruggles et al.
2018). Combining MEG/EEG with imaging methods such as MRI
or fMRI (Lehongre et al. 2013; Hall et al. 2014; Coffey et al. 2017)
facilitated to resolve AC activity with increased accuracy. However,
to our knowledge, no studies exist using specific anatomically or
functionally defined coordinates in the brain prior to the MEG/EEG
source analysis algorithms.

Combining the high temporal resolution of MEG and the
high spatial resolution of fMRI with individual data analysis, we
defined individual “seeds” for the core, belt, and parabelt sources
in AC. Thereby, we were able to measure with high precision and
noninvasively the temporal hierarchy (“chronotopy”) of primary
and secondary auditory responses. Our findings corroborate the
division into 2 spatio–temporal axes within AC. Based on the
fMRI data, we identified four spatially separable processing loci
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Fig. 5. The synchronization of right auditory areas correlates with AP proficiency. Left–right onset and peak differences of the a) late P2 and b) P2a
responses in AC correlate significantly with the AP score and clearly differentiate both groups. c) Mean and d) individual cross-correlations of source
waveforms of the early P1 with the late P2 (blue) or P2a (yellow) responses show a clear peak synchronization in the AP-group in the right hemisphere
due to the preceding right P2(a) responses, in contrast to the left hemisphere and the nonAP group. AP, absolute pitch; nonAP, nonabsolute pitch; LH/RH,
left/right hemisphere.

within the left and right AC, which are organized symmetrically
in both hemispheres. MEG source modeling integrating the
spatial information of these loci enabled the differentiation of
auditory source components and the extraction of response
onsets and peaks in millisecond resolution. Thus, the earliest
cortical processing step occurs at around 20 ms (poststimulus
onset) at the location of primary (core) AC in medial HG (Fig. 6,
red region). Auditory information then extends over 5–10 ms
along the medio-lateral axis toward the secondary (belt) AC
in the lateral HG (green region). From here, two processing
paths emerge along STG, one stream in anterior direction
toward parabelt areas in anterior STG (blue region) and a
second posterior processing stream toward parabelt areas in PT
(yellow region). The response onsets in parabelt areas around
50–60 ms (poststimulus onset) reflect the expected latency of
serial processing and the integration of cortico–cortical feedback
from auditory and nonauditory areas. Accordingly, auditory
responses in parabelt areas were less synchronized than those

in core and belt areas and displayed higher interindividual
variability.

The results of this study were obtained in musicians, who
form a special population with respect to their anatomical and
functional auditory properties (Münte et al. 2002; Schneider
et al. 2002; Sluming et al. 2002; Gaser and Schlaug 2003;
Bangert and Schlaug 2006; Bermudez et al. 2009). The rationale
behind this choice of subjects was that experienced and
attentive listeners such as musicians display enhanced auditory
responses in comparison to the general population. This aimed
at increasing the robustness of our results. However, musical
training is known to modulate neurocognitive functions in
auditory and other modalities (Altenmüller and Furuya 2016).
Notably, such neuroplasticity and some cognitive near and far
transfer effects have been observed, be the musical training
formal or informal, group-based or individual, and with early
onset in childhood or later in adolescence (Habibi et al. 2018;
Putkinen and Tervaniemi 2018; Criscuolo et al. 2022). Therefore,
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Fig. 6. Chronotopic sequence of auditory processing in AC. Schematic
illustration of the core-to-belt-to-parabelt auditory processing sequence
within AC, proceeding from medial HG (ROI 1, red) to lateral HG (ROI
2, green) and further splitting parallelly to anterior STG (ROI 3, blue)
and PT (ROI 4, yellow). medHG, medial Heschl’s gyrus; latHG, lateral
Heschl’s gyrus; antSTG, anterior superior temporal gyrus; PT, planum
temporale.

generalization of our results to the general population may be
limited.

Synchronization and lateralization of auditory
responses in musicians with and without AP
Hemispherical differences with respect to structure, function, and
linkage of the right and left AC have extensively been discussed
with respect to spatial and/or temporal aspects (Schlaug et al.
1995; Schneider et al. 2002; Boemio et al. 2005; Serrallach et al.
2016; Benner et al. 2017; Rus-Oswald et al. 2022). However, sys-
tematic co-registration of spatial and temporal information has
not been undertaken, and therefore, the mechanisms of intra-
and interhemispheric integration, tuning, and synchronization in
human AC are not fully understood.

Our previous study combining MEG with structural as well
as functional MRI revealed the correlation of AP proficiency
with grey matter volume of right HG and amplitudes of
AEF (Wengenroth et al. 2014). Here, we describe for the first
time, characteristic variations in the temporal hierarchical
order of right- and left-hemispheric auditory responses by
comparing 2 cohorts of experienced musicians with and
without AP. The present analysis of chronotopy in AC offers
a new neurophysiological marker for the early processing
stage of AP perception: the preceding response of right vs. left
auditory parabelt areas leading to a specific synchronization
pattern within the right AC. These results contribute to our
understanding of the neurophysiological mechanisms behind
auditory perception in general and AP perception in particular.
The methodological approach of systematic co-registration of
fMRI and MEG data emphasizes the importance of considering
spatial and temporal information concomitantly in individual
subjects.

AP is a rare and specific auditory ability, presumably mostly
innate, which should influence early auditory processing. More-
over, since the development of the AP ability can also be con-
sidered dynamic, including contributions from individual and
cultural contextual factors, AP can be seen as a model to investi-
gate neuroplasticity of the human auditory brain (Miyazaki 1988;
Miyazaki et al. 2018). In marked contrast to the nonAP group

(presumably representing the general population), musicians with
AP consistently demonstrated stronger synchronization of right-
hemispheric auditory responses as compared with the left hemi-
sphere. Furthermore, auditory responses occurred more rapidly
in AP musicians, e.g. ∼25 ms earlier in the right as compared
with the left PT and ∼15 ms earlier in the right as compared with
the left anterior STG. This right-hemispheric synchronization and
lateralization effect was evident at the individual level and corre-
lated strongly with AP proficiency, corroborating earlier evidence
for the specific role of the right hemisphere in AP processing
(Wengenroth et al. 2014; Kim and Knösche 2016, 2017; Burkhard
et al. 2019; Leipold et al. 2019; Burkhard et al. 2020). In addition,
auditory synchronization and response patterns showed impor-
tant interindividual variations, pointing to possible neuroplastic
effects at the functional level, particularly in parabelt areas.
Arguably, the observed right-hemispheric synchronization of belt
and parabelt areas could reflect altered neuronal connectivity
in AP musicians, as suggested by previous reports (Loui et al.
2011; Jäncke et al. 2012). Developmental studies in early childhood
demonstrated faster maturation of the right hemisphere as com-
pared with the left, suggesting increased myelination of the right
side at a particular age (Chi et al. 1977; Chiron et al. 1997). A right-
hemispheric advantage in maturation—inherited or acquired—
may have also an influence on the specific network properties in
AP possessors. Or one might even envisage that altered connec-
tivity in AP might be part of a broader developmental spectrum.
For an instance, it was suggested that AP individuals may also
have autistic traits, i.e. AP and autism may share some neural
features or connectivity patterns (Wenhart et al. 2019). However,
AP ability seems to be not associated with deficits in social and
communication domains that are characteristic for autism (Dohn
et al. 2012).

Finally, the presented results are at the basis of the early
perceptual processing stage of AP, e.g. pitch recognition. The sub-
sequent processing stages of pitch labeling and memory require
further interhemispheric interaction of parabelt areas as well as
the involvement of more distant nonauditory regions such as
the left prefrontal (Levitin and Rogers 2005; Elmer et al. 2015;
Rogenmoser et al. 2021) and visual cortex (Greber et al. 2020).
Recent studies indicate moreover the influence of large-scale
brain networks (Leipold et al. 2021).

Conclusion
We employed co-registration of fMRI and MEG to achieve spatial
and temporal segregation of auditory responses in musicians.
For the first time, we introduce a noninvasive method which
provides information about individual chronotopic response pat-
terns. These patterns reflect the spatio–temporal hierarchical
organization of distinct auditory subareas and furthermore mirror
individual differences in auditory perceptual abilities. We were
able to derive on the one hand a model for the general population
(based on the results from nonAP musicians) and, on the other
hand, use the model to investigate the specific temporal mecha-
nism of an exceptional auditory skill (based on the results from
AP musicians). Our finding of preceding responses of the right
vs. left auditory parabelt areas leading to a characteristic right-
hemispheric synchronization pattern in AP musicians provide the
so far most comprehensive depiction of early perceptional aspects
of AP processing. Taken together, auditory information processing
was found to be chronotopically organized, exhibiting distinctive
temporal dynamics in the presence of specific human auditory
skills.
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