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Abstract

Music perceptual abilities are subjective and exhibit high inter-individual variability. Twenty-nine participants with varying
degrees of musical training were tested for musical perception ability with the Profile of Music Perception Skills (PROMS)
and brain structural measures obtained via diffusion tensor imaging. Controlling for the period of training, TBSS results
showed that individuals with better musical perception abilities showed increased deviations from linear anisotropy in the
corpus callosum. Specifically, mode of anisotropy in the genu and body of the corpus callosum was negatively correlated with
music perception score suggesting the presence of crossing fibers. A multi-compartment model of crossing fibers revealed
a significant positive relation for partial volumes of secondary fiber populations with timing aspects of music perception.
Our results suggest that inter-hemispheric connectivity differences in the anterior parts of the corpus callosum may reflect
innate differences in the processing of the rhythmic aspects of music.
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Introduction

The origin of musical expertise has long been a fascina-
tion for lay and academic audiences alike. While one view
suggests that experts are “born”, in that innate ability is
the determining factor in performance achievement (i.e.,
“Nature”) the opposing view is that experts are “made” and
training overshadows any effects of innate ability to deter-
mine the ultimate level of performance (Macnamara et al.
2014) (i.e., “Nurture”). While the latter view, also referred to
as the ‘deliberate practice theory’ (Ericsson et al. 1993) has
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gathered much support and attraction (Charness and Erics-
son 1994; Ericsson et al. 2007a, b) it has also been sharply
criticized (Gardner 1995; Sternberg 1996) because of its
inability to explain results from behavioral genetics (Gal-
ton 1869) that have demonstrated that excellence in music,
as well as science, art, sports, and other domains, is both
inherited and innate (Macnamara et al. 2014). Furthermore,
the degree and likelihood of deliberate practice itself may
be under genetic control (Galton 1869). Genetic and envi-
ronmental factors can modulate intelligence, personality and
creative achievement in arts and science domains differently.
A recent study using monozygotic and dizygotic twins has
shown that genetic factors associated with intelligence had
a greater role in scientific creative achievement than artistic
creative achievement. Artistic achievement was related more
to openness and divergent thinking abilities than intelligence
(de Manzano and Ullén 2018). Another study (Hambrick and
Tucker-Drob 2015) on 800 pairs of twins demonstrated evi-
dence for moderate-to-strong genetic influences on skilled
music performance. However, this study also showed that the
genetic effect only partially explained (25%) music accom-
plishment and suggested that factors other than practice also
contribute to individual differences in music accomplish-
ment (Hambrick and Tucker-Drob 2015). An important but
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relatively poorly investigated notion in all such research has
been the definition of ‘musical ability’. There has been lit-
tle consensus on how musical ability may be objectively
assessed. The concept of musical ability embraces a variety
of definitions that range from exceptional ability as a conse-
quence of both extended deliberate practice (Ericsson et al.
1993) and expertise that results from innate giftedness (Mos-
ing et al. 2014). The notion that musical ability is a combi-
nation of both nature and nurture was also demonstrated by
a recent study using monozygotic and dizygotic twin pairs
by Seesjirvi et al. (2016). Their results showed predomi-
nantly additive genetic effects in the pitch discrimination
task, shared environmental effects in the Out-of-key task
and non-shared environmental effects in the rhythm (Off-
beat) task and thus demonstrated that while both genetic and
environmental factors play a role in our ability to perceive
music, there is variability in the extent of influence on dif-
ferent aspects of music cognition.

Past studies investigating differences in musical percep-
tion abilities have rested heavily on the binary classification
of participants into musician and non-musician groups, and
the implicit assumption that musical ability differs as a result
of musical training—i.e., that samples selectively recruited
from musical academic and professional circles have better
musical perception skills than controls. However, given the
variation in musical perception abilities some non-musicians
may possess musical abilities that have remained untapped
and underestimated and provide an opportunity to investi-
gate individual differences in musical ability. Predisposition
to musical abilities could enhance the learning rates of such
individuals if they were to receive musical training later on
in life (Zatorre 2013).

Past studies exploring neural correlates of music per-
ception have suggested that when it comes to musical abil-
ity, Nature works in tandem with Nurture. These studies
have primarily demonstrated structural neural plasticity in
a number of cortical areas of the brain, which include the
auditory, parietal and premotor cortices, inferior frontal
areas (Halwani et al. 2011) and their right hemispheric
homologues (Cheung et al. 2018) between musically
trained and untrained individuals. For instance, keyboard
players exhibit greater grey matter volumes in the motor,
auditory and visual regions in both hemispheres, compared
to non-musicians (Gaser and Schlaug 2003). Grey matter
volume in the Heschl’s gyrus, a major component of the
primary auditory cortex has shown correlated increases
with musicianship status (Schneider et al. 2005), and with
self-reported hours of practice (Foster and Zatorre 2010).
Similarly, cortical thickness differences between musicians
and non-musicians have also been observed in the planum
temporale, an area which has been attributed to absolute
pitch in people (Elmer et al. 2016; Limb 2006). Regions
associated with processing temporal aspects of music,
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such as the supplementary motor area and the premotor
cortex similarly have greater grey matter volume in musi-
cians versus non-musicians (Bermudez et al. 2008). Most
of these studies have used methods like voxel-based mor-
phometry and surface-based cortical thickness metrics to
inform studies of training-related changes in grey matter.

With advances in magnetic resonance imaging technol-
ogy, recent studies have focused on examining the role of
white matter (WM) tracts (regions in the nervous systems
that are composed of myelinated axons) to skill training
and coordinating communication between different brain
regions. Consequently, white matter architecture has pro-
vided explanations for dance and music training (Giacosa
et al. 2016; Karpati et al. 2015; Moore et al. 2014). The
most commonly used diffusion-weighted imaging meas-
ures are scalar-invariant indices like fractional anisotropy
(FA) and mean diffusivity (MD), which roughly measure
the coherence of white matter organization and the overall
spread of white matter tracts, respectively. Specifically, FA
is the normalized difference measure of the three eigen-
values corresponding to diffusion along parallel (princi-
pal eigen vector) and perpendicular directions within a
fiber, which measures the degree of diffusion anisotropy
within a voxel (Mori and Zhang 2006) while MD is the
average of the three eigen-values and provides a measure
of the overall diffusion within an imaging voxel (Giacosa
et al. 2016). Motor tracts like corticospinal tract (CST),
association tracts like the superior longitudinal fasciculus
(SLF), the inferior longitudinal fasciculus (ILF) and the
uncinate fasciculus (UF), and commissural tracts like the
CC have shown group differences primarily in FA and MD
of which the latter CC has exhibited the most consistent
musician versus non-musician differences (for a detailed
review, see Moore et al. 2014). More recently, the arcuate
fasciculus (AF) has also been shown to play an important
role in music. Studies have shown that the microstructure
of the arcuate, which is a crucial auditory-motor path-
way, to be different in musicians when compared to non-
musicians. In fact, singers and instrumentalists were both
found to have a larger tract volume and higher FA in the
arcuate bilaterally (Halwani et al. 2011). Specifically, the
AF has been shown to have a role in predicting learn-
ing. For example, Engel et al. 2014 found that FA values
in the anterior segment of the right AF could predict the
learning rate and speed of learning in non-musicians, who
learned to perform short melodies on a keyboard in a pure
audio-motor training condition. Another study (Vaquero
et al. 2018) showed that FA values and tract volumes in the
right anterior and long segments of the AF could predict
performance in rhythm and melody tasks, respectively, in
non-musicians. These results have hinted towards the fact
that WM micro-architecture (or neuroanatomical struc-
ture) might also play a role in predicting musical abilities.
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Here, we undertake a study of music perception abili-
ties along with neuroanatomical structure and connectiv-
ity in a group of individuals with varying levels of musical
training, in an attempt to understand how micro-architecture
might predict music perception. We hypothesize that pre-
existing neural architecture may be a factor in explaining
individual differences in musical abilities, specifically those
in music perception. In this case, musical ability differences
are gauged via standardized assessment, rather than binary
vocational classification. We propose that some non-musi-
cians, even without musical training, could possess a neural
architecture that is primed with unrealized musical poten-
tial, and musicians with years of musical training may not
have aptitudes commensurate with their self-reported “pro-
fessional” status. Thus, even with years of musical training
and degrees, a musician may not be as proficient as assumed
(“Sleeping Musicians”), whereas even without any musical
training, a non-musician could show superior musical pro-
ficiency (“Musical Sleepers™) since an absence of musical
training does not essentially mean an absence of musical
ability (Law and Zentner 2012). We tested for individual
differences in music perception skills and their relation to
brain architecture in an adult population with heterogene-
ous musical backgrounds. The PROMS-S (Profile of Music
Perception Skills-Short version)—a test battery specially
designed to quantify individual differences in music percep-
tion—was used to assess different aspects of music percep-
tion in a normative population with varying degrees of musi-
cal training (Zentner and Strauss 2017). The PROMS was
used since it is a test constructed to assess the processing of
elementary patterns of thythm and pitch—acoustic features
that are common across most musical systems and traditions
(Savage et al. 2015). Diffusion-weighted imaging (DWI),
an in vivo technique that uses the properties of diffusion of
water molecules was used to infer underlying variations in
white matter microarchitecture in the whole brain.

We hypothesized that diffusion tensor metrics quanti-
fying diffusivity and geometry (tensor shape) would be
related to music perception abilities, especially in regions
like the corpus callosum and auditory-motor pathways.
Specifically, we postulated that microstructural differences
in cross-hemispheric tracts like the CC may be correlated
with enhanced music perception ability as measured by
PROMS-S scores since it is a test constructed to assess
the processing of elementary patterns of temporal, tonal
and qualitative domains of music (Law and Zentner 2012).
The rationale was that although a number of factors could
account for individual differences in music perception
skills, controlling for years of training would allow us to
carefully dissociate the effects of musical training from
these differences. The use of a heterogeneous group with
varied amounts of music training would allow us to iden-
tify fine gradations in music perception skills amongst

them. Due to the potential confound of binary classifica-
tion in previous studies, we made no prior assumptions
regarding the direction of changes in these regions.

Materials and methods
Participants

Thirty-three healthy, right-handed adult participants
were recruited for this study. A heterogeneous group
with varying degrees of self-reported musical expertise
was selected. The study was approved by the Institutional
Ethics Committee of the National Brain Research Centre,
Manesar. All participants provided written and informed
consent. All participants were graduates and had under-
gone at least 15 years of formal instruction. Four subjects
were removed from the analysis either due to image arti-
facts or missing behavioral data resulting in n =29 par-
ticipants (16 males, age 24.7 + 3.66 years; see Table 1 for
full demographics). There were 17 participants who had
reported any form of previous musical training. The kind
of training varied from vocal, keyboard, string instruments
(guitar, ukulele, and violin), flute and percussion instru-
ments (tabla, drums) and the duration of training ranged
from 1 to 18 years. Based on self-report, the participants
described themselves as non-musicians (no training in
music and minimal listening to music, n =4), music lov-
ing non-musicians (no training in music but avid listen-
ing to music, n =38), amateur musicians (have had a little
exposure to musical training and occasionally play musical
instruments as a part of a hobby; n=15), semi-professional
musicians (at least 5-7 years or more of musical training
and occasionally performs professionally although music
not being the mainstream profession; n=7), and profes-
sional musicians (trained mainstream professional musi-
cians; n=>5).

Participants without normal hearing or those under
medication for depression or other neuro-psychiatric and
neurological conditions or with a history of any of these
conditions were not included.

Table 1 Demographics table showing the self-reported musical abil-
ity of the participants (N =29)

Age (mean=+SD) Sex (M/F) Years of
training
(mean+ SD)

24.7 years +3.66 16/13 7.09+5.07

Range: 19-32 years Range: 0-18
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Evaluation of music perception abilities

To observe behavioral differences in terms of musical per-
ception, we employed the Profile of Music Perception Skills-
Short (PROMS-S). This standardized test gauges skill level
in temporal and tonal domains of music using eight sub-
tests: Standard Rhythm, Embedded Rhythm, Accent, Tempo,
Melody, Pitch, Timbre, and Tuning (Zentner and Strauss
2017). It takes approximately 30 min to administer and was
conducted in a soundproof room. All stimuli were delivered
at a constant volume using the same set of headphones for all
the participants. The test involved auditory tasks in a series
of blocks, drawn from the aforementioned subtests, each of
which focuses on a different aspect of music. The system of
stimuli presentation was identical in all sequences. Partici-
pants were exposed to two presentations of the same musi-
cal piece. The third presentation was the target sequence,
and participants were required to rate the musical piece as
‘Same’ or ‘Different’ compared to the earlier tone, on a five-
point Likert Scale (‘Definitely Same’, ‘Maybe Same’, ‘Don’t
Know’, ‘Maybe Different’, ‘Definitely Different’). The level
of chance performance was calculated and the raw scores
converted to the d’s (d-prime) using the standard d” model
(Micheyl et al. 2008). Hits were defined as correctly identi-
fied same-stimuli and weighted 1 or 0.5 points based on
certainty ratings. False alarms were defined as same-stimuli
that were incorrectly classified as different-stimuli. The dif-
ference between z-scores of hits and false alarms constituted
the d” scores. These scores (Table 2) were used to examine
all the brain—behavior relations.

Imaging

All imaging was performed at a single site, using the Philips
Achieva 3T scanner with 8 channel head coil. All partici-
pants underwent 37-min MRI scans that included a T1
acquisition and a diffusion MRI acquisition. T1-weighted
MPRAGE structural images were acquired using TR/
TE=7.1/3.2 ms with a voxel size 1x1x1 mm?>. The

Table 2 Mean +SD of d’ sub-scores

PROMS-S score Mean+SD
Melody 0.51+£0.17
Tuning 0.76 £0.32
Tempo 0.97+0.18
Accent 0.62+0.2
Pitch 0.42+0.24
Rhythm 0.70+£0.19
Timbre 0.76 +0.14
Embedded Rhythm 0.72+0.29
Total 0.52+0.058
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diffusion MRI sequence was acquired using the following
parameters: TR/TE =8000/75 ms, slice thickness =2 mm,
64 diffusion directions with b=2000 s/mm?* and a single
b=0 (b,) image. Sixty-four 2 mm contiguous axial slices of
128 x 128 matrix yielded 2 x2x2 mm? data.

Diffusion images were preprocessed using standard FSL
tools (version 5.0.9) and included brain extraction and eddy
current correction by registering the gradient images to the
baseline b, volume and rotating back the gradients accord-
ing to the rotation parameter. For the preliminary analysis,
we fitted the diffusion tensor model (Basser et al. 1994)
followed by TBSS (Tract Based Spatial Statistics) analyses
(Smith et al. 2006) on all the diffusion metrics (FA, MD,
AD, RD, and MO). The FMRIB58_FA template was used
as the reference template in MNI space for all the analy-
ses. Based on our hypothesis of microstructural differences
in fiber architecture, we computed the mode of anisotropy
(MO) that encapsulates the distinction between linear and
planar anisotropy and thus delineates fiber architecture. MO
is a measure that is often related to the presence of cross-
ing fibers within an imaging voxel (Ennis and Kindlmann
2006; Douaud et al. 2011; Yoncheva et al. 2016) and it
varies from — 1 (planar anisotropic-two large eigen-values,
disk-shaped) through O (orthotropic-all eigen-values of simi-
lar magnitude, spherical) to 1 (linear anisotropic-one large
eigen-value, pencil-shaped).

To attain deeper insights into the white matter integrity
in the important regions derived from the MO analysis; our
subsequent analysis involved fitting a higher order ball-
and-stick model (Behrens et al. 2007; Jbabdi et al. 2010).
A three-fiber model was chosen to test for the presence of
more than one secondary fiber population. This ball-and-
stick model takes into account the presence of multiple fiber
populations within a voxel-each with its own distinct ori-
entation. The amounts of space occupied by each of these
populations are given by the partial volume fraction esti-
mates (3 in our case: F1, F2, and F3) for each voxel. These
directional measures provide more insights and interpretabil-
ity than the regular diffusion tensor-based metrics like FA,
especially in regions suggesting a crossing fiber population
such as the CC.

Voxel-wise statistical analysis that employed a general
linear model (GLM) with contrasts to test for positive or
negative linear associations of the d” total scores was car-
ried out on the MO images using the TBSS framework with
non-parametric permutation testing (5000 permutations)
for multiple comparisons correction and a threshold-free
cluster enhancement (TFCE). Mean centered age, years
of training and gender were added as nuisance covariates.
(Resulting GLM: MO =1+, , d' total score+ 3, , age+ 35
gender + /3, , years of training.) Results were considered
significant at p < 0.05, TFCE-corrected for multiple com-
parisons. The significant clusters from this analysis were
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marked and used as a mask for further analyses. The vox-
els limited to this mask were employed in a subsequent
GLM-based regression analysis that was performed using
a 3-compartment fiber crossing model (Behrens et al. 2007)
with the PROMS-S total d’ scores, as well as with the d's
of the PROMS-S sub-scores. F1, F2 and F3 partial volumes
were correlated with the musical scores using a similar
general linear model. Since the preliminary analysis with
MO showed little effects of gender, it was avoided from any
further analysis. Multiple comparisons correction was per-
formed using 5000 permutations and TFCE and significance
was considered at p < 0.05.

As a secondary analysis, the effects of self-reported years
of training were also analyzed by correlating the PROMS-
S scores with years of training. The self-reported years of
training was correlated with all the PROMS-S scores. TBSS
was also run on all the subjects with GLMs consisting of
years of training and the sub-scores in the model.

Results

The PROMS-S scores showed inter-individual gradations in
different music perception skills. The sub-scores of meas-
ures like tuning, pitch, and embedded rhythms, in particular,
captured fine variations and showed high variability. The
participants generally performed well for the tempo discrim-
ination tasks and most poorly for pitch discrimination tasks
(Fig. 1 and Table 2). The main analyses aimed at examin-
ing inter-individual differences in overall music perception
skills (as measured by the total d’ scores) unexplained by
musical training, and reflected in white matter architecture.
The TBSS analysis of all the diffusion measures using a DTI
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model (FA, MD, AD, RD, MO) against PROMS-S scores
and a subsequent follow up TBSS analysis using partial vol-
ume measures from a ball-and-stick model are presented. To
specifically assess for inter-individual differences in music
perception not explained by musical training, all analyses
were controlled for the years of training.

Since different diffusion measures give complementary
and often orthogonal information about white matter micro-
structure (Ennis and Kindlmann. 2006), multiple compari-
sons across measures and across sub-scores were not car-
ried out. However, each individual analysis was corrected
for multiple comparisons using Threshold Free Cluster
Enhancement (TFCE).

Fractional anisotropy and diffusivity indices

There was no relation between fractional anisotropy (FA),
mean, radial or axial diffusivity (MD, AD, and RD) and
music perception ability as measured by the PROMS-S
scores.

Mode of anisotropy

The mode of anisotropy (MO) revealed a significant negative
association with PROMS-S total d’ scores, in the genu, the
body of the CC, and the superior and anterior parts of the
corona radiata as displayed in Fig. 2a and Table 3 (p <0.05,
TFCE-corrected). These indicated a departure from linear
anisotropy in CC in individuals with better music percep-
tion skills, strongly indicating the possibility of more than
one dominant fiber population. This provided the motivation
for a secondary analysis fitting a multi-compartment model
to unravel and capture subtle differences in these areas of
interest.

The multi-compartment model (Jbabdi et al. 2010) mod-
els the isotropic (free-moving) compartment within a voxel
with a ball and anisotropic (restricted) compartments with
sticks, with each of the sticks corresponding to the partial
volume of a fiber within the voxel. The multi-compartment
model accounts for the presence of distinct fiber bundle
populations, each with a different orientation within a sin-
gle voxel. Analyzing each of these distinct fiber bundles
facilitates better interpretations especially in the voxels with
crossing fibers.

Partial volumes of crossing fibers

Since the direction of association suggested the presence
of crossing fibers, further analyses were performed that
were restricted to the significant clusters obtained from ear-
lier analysis, where MO showed a negative linear associa-
tion with the total d” scores. A multi-compartment model
with a single isotropic component and three anisotropic
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Fig.2 a TBSS results showing
a negative linear association

of mode of anisotropy with

the total d” score in the corpus
callosum (genu and body) and
parts of anterior corona radiata
(p<0.05, TECE corrected). The
significant clusters (orange)
were highlighted using the
tbss_fill command in FSL and
overlaid on the mean FA image.
The correlation plot depicts the
negative relationship between d’
total PROMS-S scores and the
mean mode of anisotropy within
the three significant callosal
clusters (r=—0.53, p=0.003).
b TBSS results showing clusters
with a positive linear associa-
tion between the total PROMS-
S scores and the partial volumes
of secondary fiber populations
F2 and F3. The analyses were
restricted to voxels with a
significant correlation between
MO and d total. The significant
clusters (green—F2, red—F3)
were highlighted using the
tbss_fill command in FSL and
overlaid on the mean FA image.
The correlations between these
measures in the regions of the
CC, from the average values
within the mask obtained from
a also showed a similar trend
and are shown below (F2:
r=0.68, p=0.52x107* F3:
r=0.51, p=0.004). R right.
Mean FA skeleton is also over-
laid on the mean FA image in
green. MNI coordinates (mm)
are also reported
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0.3
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0.1 0.15
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components corresponding to partial volumes of three cross-
ing fibers (F1, F2, and F3) within each voxel was fitted to
the diffusion-weighted images (Behrens et al. 2007). This
voxel-wise regression analysis revealed a significant positive
relation for partial volumes only of the secondary fiber popu-
lations (after TFCE correction for multiple comparisons)
with the PROMS-S total d” scores, suggesting an increase in
crossing fiber population with increase in music perception
skills (F2: r=0.68, p=0.52x 107, F3: r=0.51, p=0.004).
The results are displayed in Fig. 2b.
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To further investigate which aspect of music perception
skills best correlated with white matter of the CC, the d’
scores of each of the PROMS-S subtests were correlated
individually with partial volume estimates of F1, F2, and F3
for all significant areas of interest. Results revealed that the
secondary fiber populations extracted from F2 and F3 were
significantly associated with temporal PROMS-S subtests
like Accent (F2: r=0.48, p=0.008), Embedded Rhythm
(F2: r=0.52, p=0.004, F3: p=0.01), and Tempo (F2:
r=0.50, p=0.006. F3: r=0.45, p=0.043). The F3—Accent
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Table 3 Local maxima (MO) of white matter pathways that signifi-
cantly correlated with the PROMS-S total scores

Cluster # of voxels Max (x, y, z, mm) Structures (based on JHU
ICBM-DTI-81 White-

Matter Labels)

1 476 —11,31,12 Genu of corpus callosum
Body of corpus callosum

2 317 13, 20, 23 Genu of corpus callosum
Body of corpus callosum

3 55 -12,32,-3 Genu of corpus callosum

4 11 —24,34, -3 Anterior corona radiata left

correlation was marginally non-significant, but trended
similarly (F3: r=0.31, p=0.096). PROMS-S subscales con-
cerning tonal and qualitative aspects of music perception
(Melody, Pitch, Timbre, Tuning), however, were unrelated
to F2 and F3 volumes (Fig. 3).

Training-related effects

To dissociate music perception skills from musical training-
related skills, self- reported years of training were corre-
lated with all the PROMS-S scores, and an additional TBSS
analysis was also performed with musical training included
in the GLM model. The total scores were correlated with
the years of training (Spearman’s p=0.60, p=0.005, FDR
corrected across scores). Out of the sub-scores, all except
one of the scores that correlated were non-temporal, with the
Tuning sub-score showing the highest correlations (p =0.57,
p=0.005, FDR corrected across scores). Other sub-scores
that significantly correlated with self-reported years of
training were Embedded Rhythms (p=0.46, p=0.03, FDR
corrected across scores), Timbre (p=0.45, p=0.03, FDR
corrected across scores) and Melody (p =0.43, p=0.03),
FDR corrected across scores). However, there were no sig-
nificant effects for any diffusion metrics related to the years
of training.

In order to obtain some information about which grey
matter regions, the genu, and body of the CC might con-
nect to, probabilistic tractography was performed on a single
subject who was musically trained and scored highest in
the PROMS-S. The significant clusters for F2 and F3 from
the three sub-scores indicated in Fig. 3 were averaged to
form two seed masks for F2 and F3. A three-fiber model
was fitted on the preprocessed diffusion-weighted images as
mentioned in the “Materials and methods” section. Probabil-
istic tractography was performed with each seed as a single
mask to generate individual connectivity distribution maps
for each mask, which were thresholded at their respective
mean values and binarized (Fig. 4). The connectivity dis-
tribution extended mostly to bilateral frontal and subcor-
tical regions, with some parietal and insular cortices also

showing connectivity. The cortical regions included supe-
rior and middle frontal, inferior frontal, insula, cingulate,
precuneus, lingual, and parahippocampal cortices. Several
subcortical regions like the hippocampus, caudate, putamen
and thalamus were also shown to be connected.

Discussion

This study examined, for the first time, the association
between music perception abilities and white matter micro-
structure in a diverse population of individuals with vary-
ing musical ability. The specific objective was to identify
individual differences in music listening abilities that were
not a result of musical training alone. A cohort of 29 indi-
viduals with varying degrees of musical training was tested
for music perception skills in temporal (Rhythm, Embed-
ded Rhythm, Accent, Tempo), tonal (Melody, Pitch) and
qualitative (Tuning, Timbre) domains. The PROMS-S scores
showed inter-individual differences in different music per-
ception skills. The overall performance was better in tem-
poral discrimination tasks like tempo, but poor for pitch dis-
crimination tasks (Table 2). After controlling for effects of
years of training, white matter microstructure analyses with
the total d’ PROMS score, using TBSS (Fig. 2a) revealed
several interesting features. Firstly, we found a departure
from linear anisotropy in anterior parts of the corpus cal-
losum (CC) specifically in the genu and body related to
music perception abilities, regardless of musical training.
This deviation in anisotropy was captured by the mode of
anisotropy (MO) in individuals with better music perception
skills. As discussed earlier, the MO gives complementary
information to FA and changes from — 1 to 1 as the nature of
anisotropy changes from planar (for example, in cases where
more than one prominent white matter fiber orientation is
present, leading to a “pancake”-shaped diffusion profile) to
linear (for example, in cases where there is only a single
white matter fiber orientation present, leading to a “cigar”
shaped diffusion profile) and thereby provided the possibility
of more than one dominant fiber population. In order to test
the role of secondary fiber populations, subsequent analysis
was carried out which involved fitting a multi-compartment
model to three distinct anisotropic compartments with dis-
tinct orientations for each fiber component. The results of
this model confirmed an increase in partial volumes of sec-
ondary fiber (F2 and F3) populations in individuals with
increased musical perception ability (Figs. 2b, 3) suggest-
ing thereby that a certain type of neural architecture, in this
case, the presence of crossing fibers in the CC might pro-
vide an advantage for the perception of musical features.
Of special mention here, is the absence of correlations of
any of the behavioral scores with F1 fibers, thereby indicat-
ing no differences in primary fiber structure. On the other
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Fig.3 a TBSS results show-
ing sub-clusters with a positive
linear association between the
PROMS-S Tempo sub-score
and the partial volumes of
secondary fiber populations F1
and F2 (red—yellow—F2, light
blue—pink—F3). The analyses
were restricted to voxels with a
significant correlation between
MO and d’ total. Similar trends
were also observed in the corre-
lations between the measures in
the regions of the CC, from the
average values within the mask
obtained from significant CC
clusters in Fig. 2a (F2: r=0.50,
p=0.006, corrected, F3:
r=0.45, p=0.043). R=right.
Mean FA skeleton is also over-
laid on the mean FA image in
green. MNI coordinates (mm)
are also reported. Similar results
from TBSS and correlation
analyses for b. Accent sub-
scores (F2: r=0.48, p=0.008,
F3: r=0.31, p=0.096, n.s.=not
significant) and c. Embed-

ded Rhythm sub-scores (F2:
r=0.52, p=0.004, F3: r=0.45,
p=0.01)
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Fig.4 Probabilistic tractogra-
phy from significant clusters in
F2 (a) and F3 (b) along with
their connectivity distribution
maps for a single subject. The
clusters in MNI space corre-
sponding to all the sub-scores
from Fig. 3 were averaged for
each partial volume meas-

ure. These were non-linearly
registered to FA map of the
individual using ANTs” SyN
registration (Avants et al. 2008).
Probabilistic tractography

was performed in the subject
space using FSL’s probtrackx.
The probabilistic connectiv-
ity distribution images were
thresholded at their respective
mean values and binarized.
The cortical regions from a
FreeSurfer (Fischl 2012) based
parcellation using the Desikan
Killiany atlas (Desikan et al.
2006) which were connected
to the thresholded connectivity
distribution maps are shown,
with their FreeSurfer labels
indicated below

M superiorfrontal

M posterior cingulate

isthmus cingulate
M pars opercularis
I Caudate

Pallidum

hand, significant correlations were found between F2 and
F3 fibers with musical sub-scores specifically with temporal
sub-scores (Tempo, Accent, and Embedded rhythm). These
findings indicate that differences in secondary fiber struc-
ture might be responsible for differences in music perception
scores in the temporal domain. We, therefore, suggest that
the complexity of white matter architecture in the form of
crossing fiber tracts is directly related to temporal music
perception abilities (Fig. 3). In the sections below we discuss
the implications of these results for individual differences in
music perception abilities.

The corpus callosum has been reported as an important
tract involved in music processing. It is the largest inter-hem-
ispheric commissural tract, divided into different regions
based on connectivity profiles. The genu is the majority of
the anterior third (rostrum, genu, body, isthmus splenium
and tapetum) of the human CC, containing fibers intercon-
necting frontal association areas. As the primary white mat-
ter tract connecting regions of the hemispheres, the CC is

rostral middlefrontal

caudal middlefrontal

rostralanterior cingulate [ precuneus

medialorbitofrontal CC Anterior

pars triangularis Il Accumbens area

M lingual Putamen

I parahippocampal M insula

I Hippocampus
I F2 cluster

W F3 cluster
[l Connectivity Distribution

Thalamus Proper

Ventral DC

thought to be involved in aspects like bimanual coordina-
tion (Johansen-Berg et al. 2007). Comparison of profes-
sional keyboard and string musicians to non-musician con-
trols found larger anterior CC regions in the former group
(Schlaug et al. 1995). A longitudinal training study which
involved children in an instrumental training experimental
group also reported increased CC size after 29 months of
training (Schlaug et al. 2009). Similarly, fiber integrity (FA)
in the CC was also found to be positively correlated with the
number of hours of instrumental practice from childhood to
early adulthood in professional musicians (Bengtsson et al.
2005). More recent studies have reported more specific
regions of the CC with musicianship. For instance, early-
trained musicians show greater FA in the mid-genu, body,
and isthmus of the CC, suggesting a critical developmental
period of neuroplasticity during which musical training can
maximize structural influence (Steele et al. 2013). Similar
evidence in the CC was recently reported in a longitudinal
study that followed school going children who had taken up
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after school musical training for 2 years. The children were
compared with two groups of matched controls—one group
that had taken up sports training and the other which was
not involved in any systematic after school training (Habibi
et al. 2017). Changes in microstructural connectivity were
found in pathways connecting superior frontal, sensory, and
motor segments of the CC, which were attributed to musi-
cal training.

The CC has thus been well established to play a role in
music perception and production due to its involvement in a
variety of tasks that require inter-hemispheric transfer and
are also crucial for musical skills—Ilike bimanual coordi-
nation and inter-hemispheric transfer of visual information
(Patston et al. 2007) for example. Our results not only cor-
roborate earlier findings, in that individual differences in
the microstructure of the CC could explain differences in
music perception abilities, they also provide novel insights
into how differences in specific acoustic features of music
perception may be reflected in white matter architecture. The
use of an objective music perception scale (in this case the
PROMS-S) revealed that overall musical perception ability
as quantified by the PROMS-S score showed associations
with anterior regions of the CC that have connections with
frontal and motor areas (Aboitiz et al. 1992). Our results
thus confirm that music perception abilities as measured by
a global music perception aptitude score might be reflected
in white matter architecture seen in the CC (after controlling
for years of training). This could probably be an indication
of an efficient microstructural organization which is more
dispersed (more crossings or fanning out, for example) espe-
cially in the inter-hemispheric regions connecting the frontal
and motor areas that are also necessary for music percep-
tion (Chen et al. 2008). It is noteworthy that the sub-scores
of temporal measures like Tempo, Accent and Embedded
Rhythm positively correlated with the partial volumes of
secondary fibers in these regions (Fig. 3), while no such cor-
relations were found for tonal (e.g., Melody, Tuning, Pitch)
and textural (e.g., Timbre) subtests. This is in line with a
recent cross-cultural study which showed that the tempo-
ral properties of music like rhythm are much more deeply
embedded and basic to human cognition (Ravignani et al.
2017). In this study, musically untrained individuals per-
formed an imitation task of randomly generated drumming
sequences, whose imitation attempts served as training basis
for the successive participants. By perceiving and imitat-
ing from each other, these initially random sequences were
converted into more structured and distinctive rhythms upon
a series of such repeated imitations. In line with our results
and emerging research, we speculate that the cortical archi-
tecture reported in our study might minimize callosal con-
straints (Aboitiz et al. 2003) of inter-hemispheric informa-
tion flow, which would, in turn, enhance the frontal-motor
interactions necessary for enhanced temporal-related music
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perception. It is also interesting to note that these results
with the partial volumes were right lateralized, which is in
line with what most music perception literature had shown.

These findings suggest a small but definite role for corti-
cal connectivity in music perception. Since the (CC) is a
structure that has over the years shown consistent and con-
vergent evidence in the white matter literature for musicians
(Moore et al. 2014), future studies could further investigate
the microstructural properties of this very structure in musi-
cians using more advanced measures than regular DTI met-
rics. Better microstructural compartment modeling of the
CC (Thapaliya et al. 2017) could be made and measures
like axon diameter (Assaf et al. 2008), g-ratio (Stikov et al.
2011) or apparent fiber density (Raffelt et al. 2012) could be
analyzed using high-resolution diffusion imaging techniques
to characterize better how musical abilities are related to the
white matter microstructure.

Taken together, our results reveal a fundamental relation
of the crossing fiber architecture with music perception.
Subjects, irrespective of musical training, with higher musi-
cal perception are structured to facilitate interhemispheric
information flow and frontal-motor area integration. We
demonstrated that musical perception is highly related to
secondary fiber populations in the genu of CC and motor
regions conferring an efficient system for processing musi-
cal information. Interestingly, studies investigating the func-
tional anatomy of music perception have primarily used
spectral measures like perfect pitch (Ohnishi et al. 2001)
or have used reported years of formal training (Schmithorst
2005) to establish musical proficiency. Despite the fact that
rhythm and melody are two of the most important universal
features of music, their individual roles on overall musical
aptitude remain unclear. Our results indicate that the origins
of both timing- and melody-based measures may be different
and that temporal measures like rhythm may be linked to the
presence of such secondary fiber structures in the corpus
callosum. Our study thus presents unique insights into the
neural substrates of rhythm perception.

While a detailed connectivity analysis to ascertain the
specific cortical regions that these callosal fibers connect to,
is beyond the scope of this study, a preliminary tractography
analysis was attempted on a single subject. The connectivity
profile revealed that the fibers connected to several frontal
and subcortical regions bilaterally (Fig. 4). While this only
provides a preliminary qualitative picture about the nature of
connections and the regions that are connected, and conclu-
sive evidence is still lacking, further detailed functional and
structural connectivity based studies exploring the role of
the corpus callosum and the grey matter regions it connects
could reveal detailed insights.

Although the current study used a cross-sectional
approach and coarse self-reported measures like years of
training which could have only partially controlled for
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music practice, it does provide a starting point for future
longitudinal studies that might focus on the development of
CC and its interaction with musical skills in the temporal
domain and training in a larger population. A limitation of
this study was the inability to replicate earlier results on
music practice and FA which we attribute to the use of a
coarse measure like self-reported years of training and a
large variation in the extent of music training. However, our
approach provided a dissociation of music perception skills
that might have minimal contributions from musical training
in a heterogeneous group of individuals with different levels
of training in a possibly unconfounded manner. Similarly,
future studies could also look at the behavioral scores in
each task collectively as to how well they align along tem-
poral and tonal domains in such a heterogeneous population
using dimensionality reduction approaches. This could better
interpret the roots of modularity in music perception skills.

Our findings also provide an interesting twist to the
Nature/Nurture question posed by the title of this study. If
the neuroarchitecture underlying high rhythmic aptitude is
independent of musical training, then Nature may outweigh
Nurture where temporal aspects of musical aptitude are
concerned. Thus, we might ask: are we wired for rhythm?
We hope further studies which include genetics with larger
populations in larger cohorts might shed light on the effects
of musical aptitude (Turker et al. 2017) and musical training.
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