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Abstract: Absolute pitch (AP) is known as the ability to recognize and label the pitch chroma of a
given tone without external reference. Known brain structures and functions related to AP are mainly
of macroscopic aspects. To shed light on the underlying neural mechanism of AP, we investigated the
intracortical myeloarchitecture in musicians with and without AP using the quantitative mapping of
the longitudinal relaxation rates with ultra-high-field magnetic resonance imaging at 7 T. We found
greater intracortical myelination for AP musicians in the anterior region of the supratemporal plane,
particularly the medial region of the right planum polare (PP). In the same region of the right PP, we
also found a positive correlation with a behavioral index of AP performance. In addition, we found a
positive correlation with a frequency discrimination threshold in the anterolateral Heschl’s gyrus in
the right hemisphere, demonstrating distinctive neural processes of absolute recognition and relative
discrimination of pitch. Regarding possible effects of local myelination in the cortex and the known
importance of the anterior superior temporal gyrus/sulcus for the identification of auditory objects, we
argue that pitch chroma may be processed as an identifiable object property in AP musicians. Hum
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Absolute pitch (AP) is known as the ability to recognize
and label the pitch chroma of a given tone without external reference [Miyazaki, 2004a]. Behaviorally, AP is characterized by accuracy, rapidness, spontaneity, and
uncontrollability. For accuracy, average hit rates were
reported between 75% to 94% depending on the timbres
and pitch classes of given tones, as well as on other factors
such as ethnicity [Bermudez and Zatorre, 2009b; Miyazaki,
2004a]. For rapidness, some musicians with a high level of
AP could recognize the pitch of a given tone and press its
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corresponding key on a digital piano within 0.6 seconds
on average [Miyazaki, 1990]. Another feature is that AP
does not require explicit cognitive efforts, thus, those with
AP spontaneously and unintentionally recognize the pitch
of non-musical ambient sounds such as the clicking sound
of glasses [Miyazaki, 2004a]. The level of automaticity of
AP is very high, hence, it is usually difficult to control
(although it is possible through training) as demonstrated
by Stroop-like effects, namely slower and inaccurate
responses to incongruently labeled tones [Akiva-Kabiri
and Henik, 2012; Itoh et al., 2005; Schulze et al., 2013].
Apart from in musical composition and conducting, AP is
not generally regarded as being musically beneficial.
Instead, it could even be disadvantageous for players or
singers because of the uncontrollability. For instance,
musicians with AP may have difficulties recognizing transposed melodies [Miyazaki, 2004b].

Previously Found Neural Correlates of AP
From a cognitive perspective, AP perception may be
associated with two different processing steps: (1) an early
perceptual categorization of pitch and (2) a late cognitive
pitch labeling that involves verbal/motor association with
the pitch representation [Levitin and Rogers, 2005]. As
hinted by the rapid reaction time shown in behavioral
experiments [Miyazaki, 1990], both processing steps
appear to be very fast. In an electroencephalography
(EEG) experiment [Itoh et al., 2005], an early event-related
potential (ERP) component called “AP negativity” (with a
latency of about 150 ms from the left posterior temporal
electrode) was observed from AP musicians regardless of
tasks (i.e., either passive listening, pitch-naming, or Stroop
tasks) compared to participants without AP. The Strooplike effect (i.e., incongruent labeling of pitch) modulated
the amplitude of the AP negativity, which was interpreted
as evidence of an automatic process that associates pitch
and pitch label [Itoh et al., 2005].
Throughout neuroimaging morphometric literature using
magnetic resonance imaging (MRI), a leftward asymmetry
of the planum temporale (PT) has been identified as a key
anatomical feature of AP. In early studies based on manual
delineation of the region-of-interest (ROI) [Keenan et al.,
2001; Schlaug et al., 1995], the area of the right PT was
found to be smaller in AP musicians compared to non-AP
musicians, which increased the leftward asymmetry index
of the PT area in musicians with AP. A voxel-based morphometry (VBM) study [Luders et al., 2004] also reported
leftward asymmetry in local gray matter volume (GMV) in
PT from a larger sample, although the authors did not
report whether the result was due to a smaller GMV in the
right PT or a larger GMV in the left PT [Luders et al.,
2004]. A more recent VBM study again demonstrated a
smaller volume of the right PT in AP musicians [Wilson
et al., 2009]. These findings suggest that AP ability is associated with a smaller PT in the right hemisphere.
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On the functional side, greater activation in AP as compared to non-AP musicians has been consistently found in
the left posterior supra-temporal plane (STP) including PT
from electrophysiological data [Itoh et al., 2005], functional
MRI (fMRI) [Ohnishi et al., 2001; Schulze et al., 2013], and
positron emission tomography (PET) evidence [Wilson
et al., 2009]. Moreover, greater activation in the left frontal
cortex was found during passive listening [Ohnishi et al.,
2001; Wengenroth et al., 2014], processing incongruently
labeled tones [Schulze et al., 2013], and pitch naming [Wilson et al., 2009; Zatorre et al., 1998]. From these functional
studies it appears that AP-related processing does occur in
the left hemisphere, possibly in relation to language processes such as verbal labeling.
Conversely, Wengenroth and colleagues reported greater
volume of the right Heschl’s gyrus (HG) in AP as compared to non-AP musicians [Wengenroth et al., 2014]. In
that study, the posterior border of the right HG is
extended posteriorly, possibly explaining the smaller area
(or volume) of the right PT in previous morphometric
studies [Keenan et al., 2001; Schlaug et al., 1995; Wilson
et al., 2009]. Their finding of a larger right HG was accompanied by a larger amplitude of a dipole model fitted to
the P2a component of the auditory evoked potential,
where the dipole was located in the anterior PT of the
right hemisphere [Wengenroth et al., 2014]. Moreover,
BOLD activation during passive listening was correlated
with the behavioral score of AP in the right PT, but not in
the left PT [Wengenroth et al., 2014].
To summarize, so far there is evidence of an increased
leftward asymmetry for the posterior STP (i.e., PT) and an
increased rightward asymmetry for the HG, in terms of
gray matter volume and activation. The hemispheric specialization of AP processing requires further investigation,
possibly by employing different methods which are more
sensitive to the fine structure of the neural tissue.

Towards a Computational Model of AP
The neuroimaging studies mentioned above indicate
important candidates for the neural substrate of AP by
describing macroscopic morphology and activations. However, to understand how AP perception is implemented in
the neural circuitry, detailed structural information is
essential. Recently, in vivo imaging of myeloarchitecture
of the human cortex has drawn much attention in the neuroimaging field [Blackmon et al., 2011; De Martino et al.,
2014; Dick et al., 2012; Glasser and Van Essen, 2011;
Hashim et al., 2015; Lutti et al., 2014; Shafee et al., 2015;
Sigalovsky et al., 2006] due to its significant implication in
the working principles of the human cerebral cortex [Nieuwenhuys, 2013]. Unlike conventional morphometric methods that only use arbitrary image intensity of T1-weighted
images, such as VBM [Ashburner and Friston, 2000] or
cortical thickness analysis [Chung et al., 2005], this novel
technique can infer the myelin content in a voxel based on
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TABLE I. Mean and standard deviation of demographic information
Non-AP (n 5 9)

AP (n 5 8)

Variables

Mean

Std.

Mean

Std.

t/z-statistic

P

Sex ratio (women/all)
Age (yr)
Handedness (LQ)
MET-melody hit rate (%)
FDTa
Ethnicity ratio (Asian/all)
Musical training onset (yr)
Musical training duration (yr)

0.56
25.78
90.56
82.26
2.41
0.00
8.00
16.9

—
5.19
11.54
11.12
0.23
—
2.96
7.83

0.62
26.88
92.63
91.11
2.73
0.38
5.00
23.00

—
2.95
10.60
10.02
0.68
—
1.51
3.34

0.22
0.53
0.87
1.71
21.34
2.91
22.88
2.04

0.823
0.607
0.399
0.107
0.199
0.004
0.012
0.059

a
FDT is transformed in negative logarithm base to 10.
LQ, laterality coefficient, from 2100 (exclusively left-handed) to 100 (exclusively right-handed) [Oldfield, 1971]; MET, Musical Ear Test
[Wallentin et al., 2010]; FDT, frequency discrimination threshold [Micheyl et al., 2006]; Std., standard deviation.

the inverse relationship between myelin content and quantitative longitudinal relaxation time (qT1) [Marques et al.,
2010]. Experiments that demonstrated the relevance of
intracortical myelin to brain function and behavior already
exist [Grydeland et al., 2013, 2015]. Moreover, applications
of in vivo myelin mapping demonstrated that the separation of the core and belt regions of the human auditory
cortex is feasible by in vivo imaging [De Martino et al.,
2014; Dick et al., 2012] based on the same myeloarchitectonic principles that are used in histological studies,
namely, the core is defined by denser myelination
[Wallace et al., 2002].
Intracortical myelination may be beneficial for neural
circuits that enable AP, because cortical myelin provides
electric insulation that reduces ephaptic crosstalk between
nearby axons and thereby contributes to the specificity of
transmission. That is, cortical myelin may support higher
precision in categorization of pitch chroma. Moreover,
cortical myelination development is known to suppress
neuroplasticity after the “critical period” [McGee et al.,
2005]. This fixation effect of cortical myelination is particularly interesting given the known importance of musical
experience during the early stage of life (i.e., between the
ages of 4 and 7 years) in acquiring AP [Baharloo et al.,
1998; Miyazaki, 2004a,]. Thus, greater cortical myelination
may indicate that more information is preserved in neural
circuits, which lasts throughout life.
Hence, the degree of axonal myelination could be an
important structural property of neural tissue with respect
to AP ability, which goes beyond the mere size (area or
volume) of macroscopically delineated sections of the cortex. This hypothesis will be tested in the present study by
comparing cortical myelination between musicians with
and without AP.
If the above hypothesis is confirmed and myelination is
discriminative between AP and non-AP brains, we will
also be able to shed new light on the location of the AP
processor. Importantly, such a result is expected to directly
point to the locations where increased or altered computa-
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tional procedures associated to AP processing are carried
out. Because of the speed and accuracy of AP processing
indicated by behavioral investigations [Miyazaki, 1990]
and the short latency of the AP-specific ERP component
[Itoh et al., 2005], it is highly likely that early auditory
processing is involved in chromatic categorization. Thus it
is reasonable to expect greater myelination in regions of
the auditory cortex (either primary or non-primary).
Finally, in light of cortical myelination, we will elucidate
the question whether chromatic processing in AP musicians is spatially distinct from mere frequency discrimination, as suggested by previous behavioral evidence. In an
early study [Siegel, 1974], AP listeners showed better pitch
discrimination performance than control listeners only
when the reference tone was tuned in to standard pitch
(i.e., A4 5 440 Hz). This advantage of AP musicians was
abolished when the tones were deviantly tuned (i.e., A4 is
not exactly 440 Hz), implicating that pitch discrimination
ability is independent of AP acuity, as extensively discussed in the literature [Deutsch and Henthorn, 2004;
Miyazaki, 1988, 2004a; Takeuchi and Hulse, 1993]. Accordingly, we hypothesize that myeloarchitectonic features
related to the frequency discrimination threshold (FDT)
[Micheyl et al., 2006] would be found in auditory cortical
regions that are spatially distinct from the myeloarchitectonic correlates of AP. More specifically, because pitchselective neurons were found near the anterolateral border
of primary auditory cortex in marmoset monkeys [Bendor
and Wang, 2005] and at the anterolateral end of HG in
humans [Penagos et al., 2004], we hypothesize that pitch
discrimination precision may be related to myeloarchitecture in the lateral HG extending to superior temporal
gyrus (STG).
To achieve these aims, we map quantitative longitudinal
relaxation rates (qR1 5 1/qT1) in the cortex using ultrahigh-field (7T) MRI, which allows for submillimeter resolution, and we investigate whether and where there is a relationship between the concentration of myelin in the cortex
on the one hand, and the AP and FDT abilities on the other.
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influence from ethnicity and therefore this speaks for the
robustness of the findings.

MATERIALS AND METHODS
Participants
Eight AP musicians (five women) and nine non-AP
musicians (five women) participated in MRI and behavioral experiments at the Max Planck Institute for Human
Cognitive and Brain Sciences in Leipzig, Germany. Participants were recruited via the Institute’s participant database and flyers posted in the University of Music and
Theatre “Felix Mendelssohn Bartholdy” Leipzig and the
University of Leipzig. Inclusion conditions comprised: age
between 18 and 40 years, musical training of more than 10
years, right-handedness (i.e., laterality coefficients of handedness [LQ]  70 [Oldfield, 1971]), absence of any contraindication for MRI scanning, and absence of any history of
neurological disorders, psychiatric diseases, use of psychiatric medications, head trauma, hearing loss, and tinnitus.
An abbreviated audiometry, which was used to equalize
stimuli presentation loudness across participants, confirmed intact hearing of all musicians. Prior to recruitment
of musicians who identified themselves to have AP, a
web-based AP test was used to confirm it (80% correct
answers). There was one case of self-reported absence of
AP, which was re-categorized into the AP group based on
that test. The local ethics committee approved the experimental protocol, and all participants submitted written
informed consents prior to experiments.
Demographic information of AP and non-AP musicians
is listed in Table I. The musical aptitudes were estimated
by the “Musical Ear Test” [Wallentin et al., 2010]. Here,
only the scores of the melodic tasks are reported, while
rhythmic tasks are left out. Frequency discrimination
threshold (FDT 5 F1/F0; F1 and F0 are the frequencies of
target and reference, respectively) was measured using an
abbreviated version of a protocol presented in Micheyl
et al. [2006]. Sex, age, handedness, musical aptitude, and
logarithmic FDT were matched between the groups (minimum P 5 0.107). The first musical instrument was for the
AP musicians (n 5 9): piano (n 5 6), violin (n 5 1), guitar
(n 5 1), and clarinet (n 5 1); for the non-AP musicians
(n 5 8): piano (n 5 5), violin (n 5 2), and guitar (n 5 1).
There were mismatches between the AP and non-AP
groups in terms of ethnicity. This imbalance is rooted in
the much higher incidence of AP in Asian as compared to
European musicians [Miyazaki et al., 2012], which makes
it difficult to recruit balanced cohorts. Nonetheless, using
a simulation, we demonstrated that the reliability in estimating the effect size of AP under the current design (relative error 5 20.09 6 13.16%) is still comparable to a
perfectly balanced design (relative error5 0.05 6 9.41%)
and much better than the worst case (relative error 5
20.39 6 21.39%). See Supporting Information for further
details about this simulation. In an additional analysis,
only with European participants (see Results below), we
replicated the main finding even from that small subset,
which means that the result cannot be due to confounding
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Behavioral Tests
The AP performance of all musicians was measured by
a behavioral test where the participants heard a random
sequence of pure and piano tones tuned to the 12-key
equal-tempered scale with A4 as 440.0 Hz and then
pressed the corresponding keys on a muted digital piano.
The target tones spanned 3 octaves: C3 (130.81 Hz) to B5
(987.77 Hz) for sine waves and E3 (164.81 Hz) to D#6
(1,244.50 Hz) for piano timbre. The pure tones had a
length of 1 s and were prepared with the sine function of
MATLAB (version 8.2; Mathworks Inc., Natick, MA) with
linear ramps of 10 ms at the beginning and the end. The
piano tones were also 1 s long, created using music creation software called GarageBand (version 10.1.0; Apple
Inc., Cupertino, CA) with a virtual musical instrument
named “Steinway Grand Piano.” Monochannel audio files
were sampled at 44,100 Hz with a precision of 16 bits per
sample. Each target tone was presented once, resulting in
72 trials (36 pure 1 36 piano tones). Stimuli were binaurally delivered through headphones (HS-800; A4tech, Taipei, Taiwan) at the approximate intensity of 70 dB sound
pressure level (SPL) to a participant sitting in front of an
88-key digital piano (CLP-150; Yamaha, Hamamatsu, Shizuoka, Japan), which was linked to the experiment software package Presentation (version 14.9 build 20110719;
Neurobehavioral Systems Inc., Berkeley, CA) on the Windows XP system (version 5.1.2600; Microsoft, Redmond,
WA) via musical instrument digital interface (MIDI).
To differentiate interindividual variability in AP performance, we introduced a limited response time window
from the stimulus onset to 4 s after the onset. Participants
were instructed to respond as quickly as possible while
maintaining accuracy within the given time window of 4
seconds. They were warned about time-out after 4 s. A
short training session was used to familiarize the participants with the experimental procedure.
The absolute pitch performance was analyzed in terms
of (1) absolute error (AE), (2) absolute octave-errorcorrected error (ACE), (3) difference between mean AE
and mean ACE, as a measure of octave error, (4) AP score
(APS), (5) hit rate, and (6) reaction time (RT) for pure and
piano tones. “Octave-error” is defined by an answer with
correct pitch chroma but incorrect pitch height, which is
known to be frequently observable in AP musicians [Miyazaki, 1988, 2004a]. Octave error correction was achieved by
disregarding errors with respect to octaves: for example, if
the target is “C4” and the participant’s answer is “C3,” the
error would be 12 semitones for AE, but 0 semitones for
ACE. Arithmetically, the pitch chroma in the 12-tone key
scale can be noted by a remainder after division of a natural index of a pitch in the unit of semitone (e.g., MIDI
codes) by 12 as c 2 f0; 1; 2;    ; 11g. An octave-error
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Figure 1.
Confusion matrices from the absolute pitch (AP) test for non-AP and AP groups. For each
matrix, rows correspond to the target notes and columns correspond to the answers of the participants. For pure tones (upper row) and piano tones (lower row), the four matrices on the left
side show raw responses (“Pitch chroma & height”) and octave error corrected responses
(“Pitch chroma only”). Gray scale codes the proportion of the trial numbers for a specific combination of target and answer notes over the total number of trials.
corrected error E between two pitch chromas c1 and c2
(c1 > c2) is given as:
(
c1 2c2
if c1 2c2  6
E5
(1)
2fc2 2ðc1 212Þg if c1 2c2 > 6:
A positive, scaled score of AP (APS) was computed from
ACE as APSj 512mj =mmax for the jth timbre, where m is
the mean ACE, and mmax is the maximum of possible corrected errors, which is 6 semitones. Thus the APS is confined between 0 and 1, positively coding the AP ability
with the chance level of 0.5.

The qT1 images were mapped onto cortical surfaces
generated by FreeSurfer [Fischl, 2012] at various depths
(i.e., 25, 50, and 75% of cortical thicknesses, measured
from the interface between gray and white matter). Subsequently, the qR1 (5 1/qT1) values were computed from
the surface-mapped qT1 values and bounded within a
range between 0.25 and 10 s21, which corresponds to the
qT1 range between 100 and 4,000 ms. Following this, they
were registered onto the template meshes. A detailed
description of the image processing can be found in the
Supporting Information.

Statistical Inference
Image Acquisition and Processing
Magnetization-prepared two rapid gradient echo
(MP2RAGE) [Marques et al., 2010] images at 0.7 mm isotropic resolution were acquired using a 7-T whole-body
MR system (Siemens, Erlangen, Germany) with an eightchannel head coil system (RAPID MR International, OH).
From the two inversion images, a T1-weighted (T1w)
image and a qT1 image were derived [Marques and Gruetter, 2013]. The imaging parameters were: TR/TE/TI1/
TI2 5 5,000/2.45/900/2,750 ms, FA1/FA2 5 5/3 degrees,
FOV5 223 3 223 mm2, image matrix 5 320 3 320 3 240
(TR, time of repetition; TE, time of echo, T1, time of the
first inversion; T2, time of the second inversion; FA, flip
angle; FOV, field of view).

r

Statistical tests were carried out using a general linear
model (GLM) for each layer and each hemisphere with the
nuisance covariates age, sex, and ethnicity. Multiple comparison correction based on the Random Field Theory
(RTF) was applied after surface-based smoothing with a
two-dimensional Gaussian kernel with the full-width of
half-maximum (FWHM) of approximately 8 mm (10 iterations on the mesh with a mean edge length of 0.77 mm)
using the SurfStat Toolbox [Worsley et al., 2009] on MATLAB environment. Due to signal dropout in the inferior
regions of the brain in the original 7 T measurements, we
limited the search region to accurately estimate the number of resels, or resolution element in RTF [Worsley et al.,
1992] by excluding ventral regions (i.e., temporal poles,
fusiform gyri, entorhinal cortices, parahippocampal gyri,
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TABLE II. Behavioral measures for absolute pitch performance
Non-AP (n 5 9)
Measure
AE (semitones)
ACE (semitones)
APS
Hit ratea
RT (s)

AP (n 5 8)

Timbre

Mean

Std.

Mean

Std. dis

t-statistic

P

Pure tone
Piano tone
Pure tone
Piano tone
Pure tone
Piano tone
Pure tone
Piano tone
Pure tone
Piano tone

11.44
8.59
2.89
2.99
0.52
0.50
0.27
0.29
2.02
1.92

6.90
5.05
0.26
0.43
0.04
0.07
0.07
0.09
0.64
0.48

10.81
3.69
0.36
0.53
0.94
0.91
0.87
0.89
1.59
1.69

4.52
2.14
0.51
0.57
0.08
0.10
0.21
0.17
0.65
0.74

0.22
2.54
13.18
10.11
213.18
210.12
8.31
9.02
1.36
0.79

0.831
0.023
<1028
<1026
<1028
<1027
<1025
<1025
0.194
0.441

Significantly different measures are marked with a bold type (P < 0.05).
a
An error with a semitone was considered as a correct response as in some of previous literature [Keenan et al., 2001; Micheyl et al.,
2006; Oldfield, 1971; Schulze et al., 2013].
AE, absolute error; ACE, absolute corrected error; APS, absolute pitch score; RT, reaction time; Std., standard deviation.

and inferior temporal lobes) as well as the medial wall (a
cut section of the corpus callosum and subcortical structures to separate hemispheres) using an automatic parcellation based on the “Desikan-Killiany-Atlas” [Desikan
et al., 2006] from the FreeSurfer package. Because the signal drop is dependent on the position in the head coil, systematic bias due to gross morphology such as the inferiorto-superior length of a head could alter qR1 values and
statistical inference unless masked. In the current study,
the family-wise error rate (FWER) was controlled to be
below 0.05 at the cluster level with a cluster-defining
threshold of 0.001.

RESULTS
Behavioral Results
In our experiment we allowed responses only within 4 s
after the stimulus onset, causing some of the trials to be
left unresponded. Additionally, in some cases, multiple
keys were pressed within the time window. If the first
response was given later than 100 ms after the stimulus
onset, it was taken as a valid response; otherwise it was
regarded as a late response to the previous trial. The overall percentage of valid responses was 93.7 6 8.1% (non-AP)
and 94.4 6 1.0% (AP).
The group differences in the AP test are illustrated
using confusion matrices in Figure 1. The row of each
matrix corresponds to the pitch of a presented tone. The
column corresponds to the pitch of the answer: An element at the ith row (e.g. C4) and jth column (e.g., C3) represents how often (on average) subjects reported the jth
note (e.g., C3) when the target was actually the ith note
(e.g., C4). AP musicians showed distinctively sharp diagonal elements (meaning correct answers) whereas non-AP
musicians did not show such a pattern, but a very broad
scatter over nearly one octave. As commonly reported in
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the literature [Miyazaki, 1988; Takeuchi and Hulse, 1993],
it was notable that AP musicians also made “octave
errors,” which are defined as answers with correct pitch
chroma but incorrect pitch height. In accordance with a
previous study [Miyazaki, 1989], AP musicians made more
octave errors with pure tones (59.6 6 19.3% of total valid
answers) than with piano tones (14.6 6 12.3% of total valid
answers; P < 0.0001), which could be explained by the relative unfamiliarity of the timbre of sine waves to musicians. There was no correlation between the frequency of
octave errors and the APS (see Supporting Information).
Table II summarizes the statistics of AP performance
including “hit rates” (regarding errors up to one semitone as
‘hit’) in order to enable comparisons to previous studies
[Keenan et al., 2001; Schulze et al., 2013]. The mean values of
AE were smaller in AP only for piano tones (P 5 0.028) but
not for pure tones (P 5 0.777). In contrast, the mean values of
ACE were smaller in AP both for pure and piano tones (P <
1026). The indifference in AE for pure tones is possibly due to
the persistent octave errors in some musicians with AP (e.g.,
in an extreme case, octave errors were found in 83% of valid
responses). The hit rates were also significantly different
between APs and non-APs (P < 1025), consistently with the
literature [Keenan et al., 2001; Schulze et al., 2013]. The average hit rates were slightly lower than in previous studies
[Keenan et al., 2001; Schulze et al., 2013] because those studies
applied a more stringent threshold (>90%) [Miyazaki, 1988].
In our case, hit rates from two musicians were below 90%,
thus those participants could be classified as “quasi-APs”
[Wilson et al., 2009]. Because of this, we also did correlation
analysis with APS, which was measured for all musicians.
Unexpectedly, no significant difference in the RT was
found between non-AP and AP musicians (min P 5
0.179), although the participants were instructed to
respond as quickly as possible while maintaining the accuracy of responses within the 4-s time window. The mean
RTs in the current study (1.97 s in non-AP; 1.64 s in AP)
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Figure 2.
Surface-mapped quantitative longitudinal relaxation rate (qR1) values of a single subject (left) and
the average over all subjects (right, n 5 17). qR1 values were sampled at the 50% projection
level of cortical thickness from the white matter surface. Masks excluding ventral regions are
indicated by green contours (see Methods, Statistical Inference). Note that the values of the single subject were minimally smoothed for visualization (FWHM 5 1 mm) whereas the group
mean values were not smoothed. Isocurvature contours (black) at zero level are overlaid to aid
localization of landmarks of the inflated cortical surfaces. [Color figure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Figure 3.
Effects of absolute pitch (AP) and AP score (APS) in quantitative longitudinal relaxation rate (qR1). Tstatistic maps for group differences are shown on inflated cortical surfaces. T-statistic maps for APS
effect are not shown because they are very similar to those of AP effect. The degree of freedom is
noted in parentheses above the color bar. Regression plots for AP effect (A) and APS effect (B) are
given. The expected APS by chance (0.5) is marked by a gray vertical line in the plot (B). Note that the
qR1 values in scatterplots are adjusted for the nuisance variables in the GLM [Eq. (2)]. [Color figure
can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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Figure 4.
Axial slices showing significant cluster voxels (red) in native volumes of individuals. NAP, nonabsolute pitch musician; AP, absolute pitch musician; qR1, quantitative longitudinal relaxation rate.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
were much smaller than in a previous study that allowed
self-paced timing (7.6 s in non-AP; 3.3 s in AP) [Bermudez
and Zatorre, 2009a]. Because of the fixed response window, the non-AP participants could not take longer than
AP participants as in the previous study [Bermudez and
Zatorre, 2009a], which presumably is the reason for the
observed lack of difference in RTs.

Intracortical Myelination and Absolute Pitch
Examples of surface-mapped qR1 values of a single subject and the total mean (n 5 17) are shown in Figure 2. In
high accordance with previous in vivo myelination studies
[De Martino et al., 2014; Glasser and Van Essen, 2011; Shafee et al., 2015], high qR1 values (indicating high myelination) were observed in primary motor/somatosensory
cortices (the pre/postcentral gyri), primary auditory cortex
(the medial region of Heschl’s gyrus), and primary visual
cortex (the occipital poles and the precuneus).

r

In order to find myeloarchitectonic correlates of the AP
ability, it is desirable to control for confounding factors.
Age [Good et al., 2001b; Thambisetty et al., 2010], sex
[Good et al., 2001a; Gur et al., 1999], and ethnicity [Chee
et al., 2011] are known to correlate with macroscopic morphology such as local gray matter volume and cortical
thickness. Moreover, age effects of cortical myelination
have been reported [Grydeland et al. 2013; Shafee et al.
2015]. In particular, as the demographic variables significantly affected qR1 values in our current dataset (see Supporting Information for effects of demographic variables),
we tested the effect of AP while controlling for possible
confounding effects of these variables using a GLM as:
qR1 5b0 1age  b1 1sex  b2 1ethnicity  b3 1AP  b4 1e;

(2)

where qR1 is a column vector with one value per vertex; age,
sex, ethnicity, and AP are column vectors coding age (years),
sex (male or female), ethnicity (Asian or European) of
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Figure 5.
Effect of absolute pitch (AP) within only European musicians in quantitative longitudinal relaxation rate (qR1). T-statistic maps are shown at the deep (25% of thickness) and the middle (50%
of thickness) projection levels from the white matter surfaces. Medial views are omitted because
no significant differences were found there. Note that the qR1 values in scatterplots are adjusted
for nuisance variables. [Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]
musicians, and AP level (non-AP or AP); bi is the ith
unknown coefficient to estimate; e is zero-mean Gaussian
noise.
We found greater qR1 values in the AP group compared
to the non-AP group in the right planum polare (PP) (max
T(12) 5 6.60, P 5 0.012, area 5 40 mm2 at 50% projection
level, peak MNI305-coordinate 5 [46, 28, 212] mm) as
shown in Figure 3A.
Furthermore, we analyzed the correlation between qR1
values and APS. Because APSs for pure tones and piano
tones were very similar (r 5 0.96, P < 1028), the APSs for
the two timbres were averaged for the correlational analysis. We used the same GLM [Eq. (2)] replacing the binary
variable of AP group membership with a continuous
behavioral variable of APS. We found a significant positive
correlation in the right PP in the same position as for the
AP (max T(12) 5 6.45, P 5 0.035, area 5 23 mm2 at 50% projection level, peak MNI305-coordinate 5 [46, 25, 212] mm)
as shown in Figure 3B.
In order to show anatomical landmarks around the significant clusters with AP-related higher myelination, the
significant clusters for the AP contrast in Eq. (2) were
transformed back into the native volumes of participants
as shown in Figure 4. The cluster voxels are aligned along
the medial part of the PP in the right hemisphere.

r

Ruling Out Confounds From Ethnicity: Effect of
AP With Europeans Only
Although ethnicity was included in the previous analysis
as a nuisance variable, one may still be concerned about the
risk of confound. In order to demonstrate that the AP effect
in the right PP cannot be due to the mismatch in ethnicity,
we replicated the same analysis with only the European
musicians (i.e., three AP Europeans vs. nine non-AP Europeans). Because there was no Asian musician included in
this subset, the ethnicity term was discarded as:
qR1 5b0 1age  b1 1sex  b2 1AP  b3 1e:

(3)

Please note that, due to the small number of samples in
one group (i.e., three APs), the sensitivity of the analysis is
reduced. However, if it does yield a significant result, it
cannot be confounded by ethnicity. The result is shown in
Figure 5. At the same level in the same location, we reproduced the AP effect (max T(8) 5 10.68, P 5 0.005, area5
37 mm2 at the 50% projection level, peak MNI305-coordinate 5 [45, 29, 211] mm). The effect size of AP at the
peak in the right PP was 0.0171 s21, which is very close to
the effect size of AP estimated with the whole dataset
(0.0169 s21; relative error 5 1.18%). If the current finding of
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Figure 6.
Effect of frequency discrimination threshold (FDT) in quantitative longitudinal relaxation rate (qR1).
T-statistic map only at the middle level (50% of thickness) is shown. A regression plot at the peak
vertex is given with an inset showing locations of the significant clusters (P < 0.05) for AP effect
(green) and FDT effect (red). For FDT effect, the cluster is a union of all clusters across layers.
[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

greater myelin in the right PP had been due to confounding effect from the mismatch of ethnicity in experiment
design, there should not be such a cluster without the
Asian musicians. Therefore we can rule out the possibility
of an ethnicity confound in the results presented in Figure
3. See Supporting Information for a simulation demonstrating the reliability of the estimation under the current
design.
An additional cluster in the left precentral gyrus was
found (max T(8) 5 8.84, P 5 0.029, area 5 52 mm2 at the 25%
projection level, peak MNI305-coordinate 5 [256, 6, 15]
mm). However, the estimated effect size (0.0344 s21) was
much larger than that of the whole dataset (0.0118 s21; relative error 5 192.3%). Thus, the AP effect in the left precentral
gyrus might be because of certain characteristics that are
specific to the three European AP musicians, which were
cancelled out by the Asian musicians when the GLM [Eq.
(2)] was fitted to the full dataset. Hence, any further interpretation of this finding based on the current data is difficult. A dedicated study explicitly targeting the ethnicity
effect would be needed here.

qR1 5b0 1age  b1 1sex  b2 1ethnicity  b3 1AP
 b4 1ð2log 10 FDTÞ  b5 1e;

(4)

where FDT 5 F1/F0 is the frequency discrimination threshold (see Methods section). Note that FDT was not significantly different between AP and non-AP groups (see
above). Strikingly, a localized positive correlation of cortical myelin with FDT was found in the lateral HG, extending into lateral STG, in the right hemisphere (max
T(11) 5 6.26, P 5 0.021, area 5 56 mm2 at the 50% projection
level, peak MNI305-coordinate 5 [60, 21, 22] mm) as
shown in Figure 6. We also found other regions in addition to HG (i.e., inferior frontal gyrus and intraparietal sulcus) in the superficial layer (see Supporting Information
for scatterplots of all clusters). It is noteworthy that the
significant cluster of the AP group effect in the anteromedial part of STP (Figure 8, inset, green) did not overlap
with the effect of FDT in the anterolateral part of STG
(Figure 8, inset, red). This clearly demonstrates the distinctiveness of the AP-related temporal myeloarchitecture (for
pitch chroma recognition) and the FDT-related one (for relative comparison of two successive tones).

Intracortical Myelination and Frequency
Discrimination Threshold
Finally, to differentiate the observed neuronal correlate
of AP from the sensitivity to mere pitch discrimination
power (i.e., the relative pitch ability), we tested a GLM as:

r

DISCUSSION
In the search for the myeloarchitectonic correlate of AP,
we found greater myelination in AP musicians compared
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to non-AP musicians in the right PP. This is, to our best
knowledge, the first in vivo finding of myeloarchitecture
that correlates with absolute recognition of pitch chroma.
As hypothesized, the group effect of AP and the correlation effect of APS were located in the STP. In addition, we
found a positive correlation with the frequency discrimination threshold in the lateral Heschl’s gyrus demonstrating
spatially distinct neural processes of absolute recognition
of pitch chroma and relative frequency resolution.
While our findings associate the AP ability with the
myeloarchitecture of the right anterior STP that is part of
the ventral auditory pathway, some previous studies have
found heightened leftward specialization in the posterior
STP (i.e., the area, volume, GMV as well as the functional
activation of the PT) in AP musicians compared to non-AP
musicians [Keenan et al., 2001; Luders et al., 2004; Schlaug
et al., 1995]. In addition, a recent diffusion tensor imaging
study reported greater fractional anisotropy (FA) in the
left superior longitudinal fascicle (i.e., the dorsal auditory
pathway) [Oechslin et al., 2009]. Although this might seem
surprising at first glance, it is not necessarily a contradiction, because we analyzed a different aspect of anatomy,
namely cortical myelination as opposed to cortical thickness [Dohn et al., 2015], area size [Keenan et al., 2001;
Schlaug et al., 1995], or diffusion anisotropy in the white
matter [Oechslin et al., 2009] in previous studies. These
aspects do not need to be correlated. For example, an
increase or decrease of GMV at the border of the cortex
would affect the image intensity gradient, thus changing
the apparent cortical thickness. However, in the present
study, we found an increase in myelination in the middle
depth of the cortex, which is less likely to affect the cortical surface reconstruction [Dale et al., 1999]. As previously
discussed in the Introduction, the notion of leftward asymmetry of AP processing [Keenan et al., 2001; Schlaug et al.,
1995] is not uncontended, because recent studies reported
AP effects also in the right STP [Bermudez et al., 2009;
Dohn et al., 2015; Wengenroth et al., 2014]. In particular, a
positive correlation between the right HG volume and AP
proficiency suggests that AP processing is not strictly left
hemispheric (possibly bilaterally in parallel) [Wengenroth
et al., 2014]. Moreover, because AP mainly involves processing spectral aspects of the auditory input, the idea of
hemispheric differences in temporal integration time windows [Poeppel, 2003] and the hemispheric specialization
theory [Zatorre and Zarate, 2012] support a prominent
role of the right hemisphere. Here, we discuss the biological implications of intracortical myelination, particularly in
the context of the role of the anterior STP in pitch chroma
processing.

Implication of the Intracortical
Myelination for AP
Myelination in the cortex, and alterations thereof, can in
principle be due to myelination of intracortical fibers or

r

r

due to long-range axonal connections that start from or
end in the cortical region. In our study, myelination effects
were found in the right STP at middle depth (i.e., 50% of
cortical thickness) and not in deeper or more superficial
cortical layers. Moreover, we did not find a group difference in qR1 values in the subcortical white matter underneath the right STP (see Supporting Information).
Although the subcortical white matter needs to be further
investigated using imaging techniques that are more sensitive to white matter microstructures, such as magnetization transfer imaging or diffusion-weighted imaging, the
absence of strong differences in the subcortical white matter, along with the restriction of the cortical findings to the
middle layer, suggests that the myelination effect in the
anterior STP is indeed mainly related to local connections.
Ephaptic crosstalk between two adjacent axons depends
on the electric resistance between a node of Ranvier in one
axon and the nearest, myelinated part of the other axon
[Binczak et al., 2001]. By means of electrical insulation,
myelination of local neural circuitries could reduce ephaptic coupling between nearby axons, therefore, increasing
specificity of information transfer. Extraction of pitch
chroma based on the long-term templates of 12 tones in
the Western scale would require precise processing of
pitch information, which is already a cortical representation based on acoustic inputs [Griffiths and Hall, 2012]. If
such neural operations occur in the non-primary auditory
cortex, greater local myelination might support processing
with heightened specificity. It is known from postmortem
investigations that nonprimary auditory cortex in the
human brain has more widespread tangential intracortical
connections compared to primary auditory cortex [Tardif
and Clarke, 2001]. The current myeloarchitectonic findings
might be interpreted as an alteration of the tangential connections in the nonprimary auditory cortex, which contribute to the computation of pitch chroma.
Moreover, intracortical myelination can restrict
experience-driven neuroplasticity. In a mouse model
[McGee et al., 2005], an abrupt increase of gray matter
myelination was found in normal mice after the critical
period, which precluded further reorganization of ocular
dominancy. The importance of cortical myelin in suppression of neuroplasticity in adult mice was also demonstrated by the observation that focal demyelination
enabled recovery from amblyopia [Bavelier et al., 2010]. A
recent intriguing human study found that administration
of volproic acid, which is known to cause hypomyelination of the corpus callosum in developing mice [Shen
et al., 2005], can enable human adults to acquire an APlike long-term memory for a limited number of tones [Gervain et al., 2013]. Given that the acquisition of AP is associated with an early onset of musical training/experience,
typically between age 4 and 7 years [Baharloo et al., 1998;
Miyazaki and Ogawa, 2006], the greater myelination in the
AP musicians may imply that AP requires a prohibitory
mechanism of neuroplasticity, which preserves the
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spectro-temporal templates obtained during the critical
period in children with predispositions for AP [Baharloo
et al., 2000].

Functional Role of the Anterior STP in AP
We found heavier cortical myelination in the anterior
STP in the AP musicians. Specifically, the myelin difference was localized on the medial part of the PP, which
corresponds to anterior auditory (AA) region as defined
based on cyto-/receptor architecture [Rivier and Clarke,
1997]. The AA region, which is a part of the ‘belt’ region,
was characterized by strong (but weaker than primary
auditory area; AI) densities of soma and fibers of pyramidal cells in layer III [Rivier and Clarke, 1997]. A tracing
study found that the intrinsic connectivity of area TG (in
PP) is mainly of longer range (greater than 4 mm and up
to 7 mm) compared to that of HG (less than 2.5 mm) and
anisotropic: the connections spread more posteriorly
towards HG [Tardif and Clarke, 2001]. Based on the intermediate cytoarchitectonic properties (i.e., cell density
greater than lateral STG but smaller than AI) AA has been
considered as an early non-primary auditory cortex [Rivier
and Clarke, 1997] and also a part of the ventral pathway
based on neuroimaging studies that demonstrated selectivity of AA to sound recognition rather than sound localization [Clarke and Morosan, 2012].
The functional and structural dissociation of the spatial
and non-spatial information, being separately processed in
parallel in non-human primates [Kusmierek and Rauschecker, 2009; Rauschecker, 2015; Tian et al., 2001] and
humans [Arnott et al., 2004; Warren and Griffiths, 2003],
has been theorized as ‘dual-auditory-pathways’. From a
number of human neuroimaging studies [Altmann et al.,
2007; Arnott et al., 2004; Barrett and Hall, 2006; Hart et al.,
2004], the spatial information was found to be processed
in the dorsal auditory pathway whereas the nonspatial
information was found to be in the ventral auditory pathway. Particularly, the ventral auditory pathway, including
the right anterior region of STP and superior temporal sulcus (STS), has been believed to play a distinctive role in
identifying auditory object properties [Griffiths and Warren, 2004], such as voice identity [Belin et al., 2000] and
acoustic properties of vocal tracts [von Kriegstein et al.,
2006]. This further demonstrated that the right anterior
STS is sensitive to the change of the sound-source identity
using environmental sounds, of which distinctiveness was
parametrically manipulated.
The differential processing of pitch chroma and pitch
height has often been suggested based on the occurrence
of octave errors in AP musicians [Deutsch, 2013; Deutsch
and Henthorn, 2004; Miyazaki, 1988; Takeuchi and Hulse,
1993]. The dissociated recognition ability of AP musicians
on pitch chroma and pitch height implies that the AP
musicians are especially sensitive to the pitch chroma, not
to the pitch height. A neuroimaging study that independ-
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ently manipulated pitch chroma and pitch height revealed
that the anterior STP is more sensitive to change in pitch
chroma than the posterior STP [Warren and Griffiths,
2003], supporting the notion that recurring representation
of pitch chroma is handled in a pathway that is distinct
from the one that processes the pitch height. Thus, we
speculate that the AP-related myelination increase in the
anterior STP found in our data might be related to the parallel processing of pitch chroma and pitch height. More
specifically, for AP musicians, pitch chroma may be an
identifiable property of an auditory object, while pitch
height is processed as a relative position on a linear continuum, similarly to the non-AP population. As discussed
in the previous section, local myelination may increase
specificity of the tone representations and hinder neuroplasticity [Bavelier et al., 2010], thus enabling precise
matching between the spectrotemporal images [Griffiths
and Warren, 2004] of online inputs and of the templates in
long-term memory.
Localization of the long-term memory traces of pitch
chroma in AP musicians remains unclear. Dohn et al.
[2015] suggested an involvement of the right hippocampus
based on their finding of a correlation between the FA of
the white matter in the ventral pathway and cortical thickness in the parahippocampal gyrus. However, it was
shown that the hippocampus is selectively involved in the
retrieval of recollection-like context-based episodic memory, but not in familiarity-based recognition [Eldridge
et al., 2000; Fortin et al., 2004]. Strikingly, two very rare
cases of epileptic patients with AP [Suriadi et al., 2015;
Zatorre, 1989] demonstrated that the musical abilities and
AP recognition remained intact after temporal lobectomy.
In one case [Zatorre, 1989], the patient underwent an anterior temporal lobectomy in the left hemisphere that
removed the amygdala and a sizable portion of hippocampal structures. In another case [Suriadi et al., 2015], the
patient underwent a selective amygdalohippocampectomy
in the right hemisphere to minimize damages in other
temporal structures. The unimpaired AP listening after the
operation implies that the hippocampus might not be necessary in retaining AP.
We suggest that the right anterior STP plays a key role
in the pitch chroma extraction process, which corresponds
to the early perceptual component of AP and should be a
unique process only in the AP musicians but not in the
non-AP musicians. For further clarification, functional
measurements (e.g., through fMRI) might be useful. If
there exists a separate cortical module in the right PP that
extracts pitch chroma, the region would be selectively sensitive to pitch chroma but not to pitch height. In other
words, when an AP musician hears two tones an octave
apart (e.g., C4 and C5), in the primary auditory cortex the
activation peaks for the two tones should be distant along
the tonotopic gradient [Moerel et al., 2012], whereas in the
right PP the two peaks should be at the same position
because of the identical pitch chromas of the two tones.
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Alternatively, instead of a geometrical (preferably geodesic) distance between brain sites, one could measure a
high dimensional distance in a functional space as commonly utilized in multivariate pattern analysis methods
such as a searchlight method [Haxby, 2012]. Under the
same assumption, the functional distance amongst the
local multivariate patterns in the right PP responding to
the two tones with the same pitch chroma is expected to
be closer than that in the primary auditory cortex. Such
analyses will help to localize the AP template in the
future.

Intracortical Myelination and FDT
Further to some recent studies reporting in vivo measurements of myelin concentration and tonotopic organization in human auditory cortex [De Martino et al., 2014;
Dick et al., 2012], we found a correlation between in vivo
mapping of intracortical myelination in the right anterolateral HG extending to the lateral STG, which corresponds
to Te3 in non-primary auditory cortex [Morosan et al.,
2001], and the frequency resolution in auditory perception
of musicians for the first time. In the following paragraphs
we briefly discuss how this finding relates to previous
research.
The importance of the right lateral HG in pitch perception has been established in a number of functional and
lesion studies in human and non-human primate subjects
[Bendor and Wang, 2005; Norman-Haignere et al., 2013;
Patterson et al., 2002; Penagos et al., 2004]. In marmoset
monkeys, pitch-selective neurons were found near the
anterolateral border of the primary auditory cortex
[Bendor and Wang, 2005]. In humans, pitch-sensitive
regions were also localized in the anterolateral part of the
primary auditory cortex [Norman-Haignere et al., 2013;
Patterson et al., 2002]. Another human fMRI study, in
which pitch salience was manipulated while controlling
for temporal regularity of auditory stimuli, found a correlate of pitch salience at the anterolateral end of HG [Penagos et al., 2004]. Moreover, microelectrode recordings from
bilateral HG in epileptic patients showed that responses of
single neurons are selectively tuned with a very fine frequency resolution (frequency ratio of about 3%), which
corresponds to the just-noticeable difference in the
untrained normal population [Bitterman et al., 2008].
In addition, greater involvement of the right hemisphere, compared to the left hemisphere, in pitch perception [Zatorre, 1998] has been further demonstrated in
human studies using magnetoencephalography (MEG)
[Patel and Balaban, 2001; Schneider et al., 2002], positron
emission tomography (PET) [Zatorre, 1998], and fMRI
[Zatorre and Belin, 2001]. Even more strikingly, human
lesion studies showed that resection of the right HG
greatly worsened the pitch discrimination ability, whereas
it remained intact when only the left HG was removed
[Johnsrude et al., 2000; Russell and Golfinos, 2003]. More

r

r

recently, Coffey et al. demonstrated that the frequencylocked auditory response (estimated from MEG source
reconstruction) in the right auditory cortex was inversely
correlated with a frequency discrimination threshold
across individuals whereas such a relationship was not
found in the left auditory cortex [Coffey et al., 2016]. There
are also some morphological findings supporting the role
of the right HG in pitch discrimination. Schneider et al.
reported increased grey matter volume related to pitch
discrimination performance [Schneider et al., 2002], albeit
at a much coarser frequency resolution (>1 semitone) compared to the present study. In this context, our finding of
a correlation between the cortical myelination in the right
lateral HG and FDT supports the crucial role of the right
lateral HG in pitch extraction and may provide an insight
into the neural implementation of this process.
The separate locations of pitch chroma identification
and fine pitch frequency discrimination in the right auditory cortex, which is specialized to spectral as opposed to
temporal processing according to some theories [Poeppel,
2003], in terms of local cortical myelination (which might
reflect local processing capabilities) highlights the distinctness of the underlying mechanisms of both faculties.

Limitation
In the current dataset, there was a mismatch between
the AP and non-AP groups in terms of ethnicity (more
Asian musicians than European musicians in the AP
group), which was rooted in recruiting difficulties. However, we did demonstrate that the current findings with
respect to AP could not be due to confounding influence
of ethnicity.
The question remains as to whether there are some specific differences in cortical myelination that could be attributed to the ethnic background of the subjects. Although
up to now no study has reported ethnic differences in
cortical myelination, differences in cortical thickness and
GM local volume were found in various areas of the cortex; (frontal, parietal, median temporal, and polymodal
association cortices [Chee et al., 2011]. However, as discussed earlier, cortical thickness and myelination within
the cortex may not be necessarily related. Although we
did find effect of ethnicity in our current data (see Supporting Information for the effects of demographic variables), a large-scale study is needed to elucidate the effects
of ethnicity and any possible interaction with AP.

CONCLUSION
We found greater intracortical myelination in an area
within the right PP in AP musicians compared to non-AP
musicians, which was spatially distinct from another area
in the anterolateral HG that correlated with FDT. We
argue that heavier myelination of local wiring may be beneficial to the preservation of precise representations of
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pitch chroma after the acquisition of AP. Because it is
known that the identity of an auditory object is processed
along the ventral auditory pathway including the anterior
STP, we suggest that the pitch chroma may be processed
as an identifiable object property in AP musicians. Our
findings indicate that the extraction of pitch chroma might
occur in the anterior STP; however, further studies based
on structural and functional brain imaging are needed to
clarify whether and to what extent that region is merely a
part of a wider network. Moreover, the localization of distinct cortical myelination related to pitch chroma identification and frequency discrimination in the right
hemisphere is in favor of theories that postulate specialization of the left and right hemispheres in temporal and
spectral processing, respectively.
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