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Background: The human-specified ability to engage with different kinds of music
in sophisticated ways is named “Musical Sophistication.” Herein, we investigated
specific white matter (WM) tracts that are associated with musical sophistication and
musicality in both genders, separately, using Diffusion MRI connectometry approach.
We specifically aimed to explore potential sex differences regarding WM alterations
correlated with musical sophistication.

Methods: 123 healthy participants [70 (56.9%) were male, mean age = 36.80 ± 18.86
year], who were evaluated for musical sophistication using Goldsmiths Musical
Sophistication Index (Gold-MSI) self-assessment instrument from the LEMON database,
were recruited in this study. The WM correlates of two Gold-MSI subscales (active
engagement and music training) were analyzed. Images were prepared and analyzed
with diffusion connectometry to construct the local connectome. Multiple regression
models were then fitted to address the correlation of local connectomes with Gold-MSI
components with the covariates of age and handedness.

Results: a significant positive correlation between WM integrity in the corpus callosum
(CC), right corticospinal tract (CST), cingulum, middle cerebellar peduncle (MCP),
bilateral parieto-pontine tract, bilateral cerebellum, and left arcuate fasciculus (AF)
and both active engagement [false discovery rate (FDR) = 0.008] and music training
(FDR = 0.057) was detected in males. However, WM integrity in the body of CC,
MCP, and cerebellum in females showed an inverse association with active engagement
(FDR = 0.046) and music training (FDR = 0.032).

Conclusion: WM microstructures with functional connection with motor and
somatosensory areas (CST, cortico-pontine tracts, CC, cerebellum, cingulum, and MCP)
and language processing area (AF) have significant correlation with music engagement
and training. Our findings show that these associations are different between males and
females, which could potentially account for distinctive mechanisms related to musical
perception and musical abilities across genders.

Keywords: musicality, musical sophistication, diffusion magnetic resonance imaging, connectometry, white
matter, white matter microstructural changes, music perception and cognition
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INTRODUCTION

The human-specified ability and skills to engage with different
kinds of music in ways with different sophistication degrees is
named “Musical Sophistication” (Merriam and Merriam, 1964;
Müllensiefen et al., 2014). There is a long scientific history
for the assessment of music abilities and behavior and music
perception in humankind (Boyle and Radocy, 1987; Rickard et al.,
2015), and measuring musicality and musical sophistication,
and their correlates had always been a challenge in different
research paradigms.

The history of assessing musical sophistication goes back to a
hundred years ago since the first measurement of musical talent
was developed by Carl Seashore and colleagues in 1919 (Seashore
et al., 1956). However, the majority of assessments employed
for assessing musical ability (i.e., musicality) of individuals have
been carried out in specific populations such as professionals in
the field of music (e.g., musicians) or those who suffer from a
pathological musical condition (e.g., amusia) (Brockmeier et al.,
2011; Law and Zentner, 2012; Sato et al., 2015; Larrouy-Maestri
et al., 2019). This vast omission in musicality testing paradigms
led to the development of the recently developed batteries such
as the Goldsmiths Musical Sophistication Index (Gold-MSI) self-
assessment instrument (Müllensiefen et al., 2014).

The Gold-MSI is a self-report measure consisting of five
subscales and two subjective auditory listening tests (a melodic
memory task and beat perception task), as well as an exercise
regarding a sound similarity judgmental task (Müllensiefen et al.,
2014; Baker et al., 2020). Musical sophistication in the Gold-
MSI paradigm is conceptualized as a psychometric construct
that is involved in developing musical skills, achievements,
and expertise and defines a multi-faceted musical behavior
in individuals (Müllensiefen et al., 2014). As a result of the
aforementioned attributes, the Gold-MSI questionnaire has been
shown to be suitable for assessing musicality in the non-
musician population in a comprehensive way (Baker et al.,
2020). Moreover, this instrument is capable of assessing a broad
range of musical-related abilities, consisting of the individual’s
performance on a musical instrument, their listening expertise,
the ability to engage with music in functional settings or to
communicate about music (Müllensiefen et al., 2014).

There are a number of neuroimaging studies that have
investigated the neural basis, functional neural connectivity, and
neuro-anatomical evidences of musical perception and expertise
in grey matter (GM) of the humankind brain (Parsons, 2001;
Schmithorst and Wilke, 2002; Elmer et al., 2013; Wu et al., 2013;
Oechslin et al., 2018; van Vugt et al., 2021). In general, they have
identified significant pieces of evidence on differences in the brain
GM in brain areas such as the cerebellum (Gaser and Schlaug,
2003), Broca’s area (Sluming et al., 2002), and Planum temporal
(Keenan et al., 2001; Burkhard et al., 2020) in musicians and non-
musicians. Several studies also demonstrate that brain structures
with a close connection with the motor system have significant
association with musicality (Schlaffke et al., 2020; Møller et al.,
2021).

However, the mainstream studies in this field are majorly
focused on the structural and functional characteristics of the GM

in professional musicians, and the WM correlates of musicality
is hitherto considered as a relatively understudied phenomenon
in this field. In general, empirical pieces of evidence show
that musicians exhibit changes in the white matter structure of
their brain (Levitin, 2012). For instance, the Corticospinal Tract
(CST) has been shown to have reduced fractional anisotropy (a
measure of the directionality of water diffusion) in professional
musicians, which indicates increased radial diffusivity (Imfeld
et al., 2009). This notion is, however, discrepant among published
studies investigating the diffusivity measures between higher
and lower fractional anisotropy values of known tracts in
response to musical training (Schlaug, 2015). These variations
and inconsistencies in such findings have been reported to
be potentially influenced by factors such as fiber density, cell
membrane density, axon collateral sprouting, axon diameter,
myelination, and fiber coherence. Higher fractional anisotropy
values has been thought to reflect more aligned fibers in a
specific tract, whereas lower fractional anisotropy values indicate
less alignment of fibers in addition to more axonal sprouting
and more branching of axons close to the cortical target region
(Wan et al., 2014; Rüber et al., 2015; Schlaug, 2015). Moreover,
the macro and microstructural organization of the Arcuate
Fasciculus (AF)—a prominent WM tract connecting temporal
and frontal brain regions— has been shown to have a predictive
role in learning rate and learning speed in musical tasks related to
rhythm and melody training (Vaquero et al., 2018). Other studies
suggest that musical training is associated with microstructural
adaptations in the AF, which appear as increased tract volume in
the right AF of musicians compared to non-musicians (Halwani
et al., 2011). A more recent study found that the microstructural
organization of WM tracts that connect auditory and frontal
motor regions in both hemispheres of the brain may serve as
a neural foundation of the musicality or musicians’ advantage
(Li et al., 2021). Nevertheless, the most frequently reported WM
microstructural differences in musicians compared with non-
musicians appears to be in the cross-hemispheric connections
(i.e., Corpus Callosum CC) (for a review, see Moore et al., 2017).

In light of the small number of studies investigating the
WM alterations related to musicality and given the conflicting
results that former studies presented, we aimed to investigate the
brain white matter (WM) integrity to identify the microstructural
patterns associated with musicality in general population.

Diffusion MRI Connectometry approach, the analysis method
that we used in this study, is a novel approach, is reported
to be more sensitive than diffusion tensor imaging (DTI)
metrics (Yeh et al., 2016), and gives additional spatial resolution
to track the WM fibers (Rahmani et al., 2017; Moghaddam
et al., 2020; Mehrabinejad et al., 2021). Therefore, in the
present study, we investigated specific WM tracts associated
with musical sophistication and musicality utilizing diffusion
MRI connectometry as an exploratory approach and looked
for any variations in WM microstructural patterns related
to demographic characteristics such as gender, a predictor
of self-reported musical sophistication (Gold-MSI) subscales
(Greenberg et al., 2015).

We hypothesized that those WM tracts that were formerly
found to be associated with auditory and motor regions, such as
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AF, may be significantly correlated with two Gold-MSI subscales
(active engagement and music training). To the best of our
knowledge, no previous study has specifically examined the
WM correlates of musical sophistication using the diffusion
MRI connectometry approach. In addition, we were interested
in exploring potential sex differences related to the association
between WM trajectories and each Gold-MSI subscale. Given the
empirical evidence showing significant within-hemisphere and
inter-hemisphere differences between males and females’ brain
structural and functional connectomes using DTI (Ingalhalikar
et al., 2014), and the gap in the literature in terms of sex
differences in musical sophistication and its neural correlates, we
sought potential differences by running discrete analyses for male
and female subjects of this study.

MATERIALS AND METHODS

Overview
To recognize the similarity in local connectivity patterns
and identify the pathways of WM tracts, diffusion MRI
connectometry approach measures the density of water diffusion
through different directions of a voxel. Thus, water diffusivity
measurement which is the speed of water diffusion in different
directions, and is the primary concern of conventional DTI
analysis, is replaced by measuring the density of water diffusion in
diffusion MRI connectometry; which leads us to the identification
of the local connectivity of fibers and tracking the subcomponents
of the tract pathways which are significantly associated with our
study variables (i.e., musical sophistication).

Study Data
In the current study, we obtained all the required data from the
“Leipzig Study for Mind-Body-Emotion Interactions” (LEMON)
dataset (Babayan et al., 2019)1. The LEMON study was carried
out in four series from September 2013 to September 2015.
After prescreening via telephone interview, participants who met
the eligibility criteria were invited to Max Planck Institute for
Human Cognitive and Brain Sciences (MPI-CBS) for further
evaluations. Exclusion criteria were present or past history of
any cardiovascular (hypertension, congenital heart disease, or
heart attacks), psychiatric [conditions needing more than 2
weeks therapy within last 10 years, post-traumatic stress disorder
(PTSD), psychosis, or suicidal attempts], neurological [e.g.,
multiple sclerosis (MS), epilepsy, stroke], or malignant diseases,
and also some particular medication usage (e.g., centrally
active drugs, cortisol, alpha- or beta-blocker, extensive alcohol,
benzodiazepine, cocaine, amphetamines, cannabis, or opiates) as
well as any MRI contraindications.

A total of 227 eligible German-speaking participants who were
screened via a telephone interview in day 0, participated in a
5-day survey. All participants were examined at the Day Clinic
for Cognitive Neurology of the University Clinic Leipzig and the
MPI-CBS in Leipzig, Germany. Briefly, all enrolled participants
were asked to complete: (1) four fMRI and one structural scan

1http://doi.org/10.15387/fcp_indi.mpi_lemon

in one session; (2) a battery of personality questionnaire; and
(3) a set of cognitive, attention, and creativity related tasks. The
Gold-MSI questionnaire was given in the first day of the study.

Participants
Of 227 participated individuals in the LEMON study, 123 healthy
participants, who were evaluated for musical sophistication using
Gold-MSI from the LEMON database, were recruited in this
study. The present study was carried out in accordance with the
World Medical Association Declaration of Helsinki revised in
1989 and approved by the Ethics Committee of the University of
Leipzig (reference number 154/13-ff).

Goldsmiths Musical Sophistication Index
(Gold-MSI)
The Gold-MSI evaluates self-reported musical abilities and
behaviors on multiple aspects in the general population
(Müllensiefen et al., 2014). Five subscales of musical
sophistication consist of active musical engagement, self-
reported perceptual abilities, musical training, self-reported
singing abilities, and sophisticated emotional engagement with
music (Müllensiefen et al., 2014). Of five main subscales (active
engagement, musical training, perceptual abilities, singing
abilities, and emotions) only first two subscales were included in
the LEMON study.

Active engagement is defined as the level of music engagement
including reading, writing, and listening to music as well as the
time and income spent on music and music events attendance
(Müllensiefen et al., 2014). Musical training reveals the musical
dedication according to the time (peak hour per day and amount
of training years) spent on training and number of instruments
played (Müllensiefen et al., 2014). A subset of 16 items, scoring
on a seven-point Likert scale (1: “absolutely disagree” to 7:
“absolutely agree”) were measured. Higher scores are attributed
to higher musical sophistication. The German version of this
scale was used in this study (Schaal et al., 2014).

Image Acquisition
Magnetic resonance images were acquired with a 3 Tesla scanner
(MAGNETOM Verio, Siemens Healthcare GmbH, Erlangen,
Germany) and a 32-channel head coil in addition to a multi-
band accelerated sequence combined with an in-plane GRAPPA
(TR = 7,000 ms, TE = 80 ms, GRAPPA acceleration factor = 2,
bandwidth = 1,502 Hz/Px, field of view = 220 × 220 mm2, and
voxel size = 1.7 × 1.7 × 1.7 mm3) aiming for diffusion MRI
data collection. Consequently, seven b0 and sixty diffusion MRI
images were recorded.

Imaging Data and Statistical Analysis
Preprocessing steps, i.e., head motion, eddy current distortions,
and susceptibility artifacts because of the magnetic field
inhomogeneity correction, were carried out using the
ExploreDTI toolbox2 (Leemans et al., 2009). Diffusion data
were reconstructed within Montreal Neuroimaging Initiative

2http://www.exploredti.com
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(MNI) space, using q-space diffeomorphic reconstruction
(Yeh et al., 2011) to obtain the Spin Diffusion Function (SDF;
main component of diffusion connectometry). Subsequently, a
diffusion sampling length ratio of 1.25 was used.

Diffusion metrics association with two subscales of
Gold-MSI (active engagement and musical training) were
analyzed through dMRI connectometry (Yeh et al., 2016).
A multiple regression model was performed to consider
these subscales in female and male participants, separately.
Age and handedness were taken into account in all the
analyses to adjust for possible confounding effects. T-score
threshold of 2.5 was defined to delineate local connectomes.
Deterministic fiber tracking algorithm was used to estimate
WM tracts (Yeh et al., 2013). After normalization, topology-
informed pruning was undertaken to prevent false positive
tracking. Tracks were generated from bootstrap resampling
and a length threshold of 20 voxel distance was utilized to
highlight tracks. The seeding number for each permutation
testing was set to 100,000. A total of 2,000 randomized
permutations were employed to the group label to obtain the
null distribution of track lengths in order to estimate the false
discovery rate (FDR).

RESULTS

dMRI of 123 healthy participants underwent analysis to
investigate the association between musical sophistication
subscales with WM connectivity in different genders.
Of those, 70 (56.9%) were male, 120 (97.6%) were
right-handed, and were on average middle-aged adults
(mean age ± standard deviation (SD): 36.80 ± 18.86
year) (Table 1).

The mean score of active engagement and musical training
were 23.95 ± 8.36 (range: 7–44) and 19.65 ± 10.09 (range: 7–40),
respectively. Males and females did not differ significantly in their
active engagement and musical training scores (p = 0.45 and 0.80,
respectively) (Table 2).

dMRI connectometry analysis revealed significant correlations
(either positive or negative) between quantitative anisotropy
(QA) of some specific WM trajectories with each Gold-MSI
subscales in different genders (Table 3).

Active engagement was significantly and positively correlated
with WM integrity in genu, body, and splenium of CC,
bilateral parieto-pontine tract, right cortico-spinal tract (CST),
middle cerebellar peduncle (MCP), bilateral cortico-thalamic
pathway, right fronto-pontine tract, right cingulum, bilateral
cerebellum, and left arcuate fasciculus (AF) in male participants
(FDR = 0.008, Figure 1). Besides, it was significantly, but
negatively, correlated with QA values in body and splenium of
the CC in females, as well (FDR = 0.046) (Table 3 and Figure 2).

We also observed direct yet marginally significant association
between musical training and QA values of genu, body and
splenium of CC, bilateral cingulum, right CST, bilateral parieto-
pontine tract, and left AF in males (FDR = 0.057, Figure 3).
Besides, inverse association was detected in genu, body and
splenium of CC in females (FDR = 0.032) (Table 3 and Figure 4).

DISCUSSION

Alterations in WM architecture in individuals with high musical
abilities is a common report across studies probing into the
association between WM characteristics and musical abilities.
However, the connection of musical sophistication, which is
a broad concept of musical-related abilities in the population
of non-professional musicals, with the WM microstructures
has been overlooked. Thus, in the current study, we explored
the association of musical sophistication and abilities related
to musicality and the WM microstructures in the brain of a
population with a diverse musical training and engagement
background. In order to do this, we assessed the WM correlates
of active engagement and musical training as the two Gold-MSI
subscales. In general, we showed that the WM microstructure
connectivity pattern correlates with the Gold-MSI subscales of
musical sophistication and gender. To elaborate on, our findings
support our hypothesis regarding the sex differences in terms
of WM microstructural alterations related to musical active
engagement and musical training. Within the male participants,
results exhibited higher WM coherence in CC, CST, MCP, AF,
cingulum, and parietopontine tract with a higher score in both
investigated subscales of Gold-MSI (i.e., active engagement and
musical training) and higher integrity in the cortico-thalamic
tract, fronto-pontine tract, and cerebellum with higher active
engagement, whereas findings related to the female participants
showed a negative correlation between WM connectivity in CC
and both investigated Gold-MSI subscales.

Multiple efforts have been taken to underpin the neural
basis of musical perception in both WM and GM (Parsons,
2001; Schmithorst and Wilke, 2002; Elmer et al., 2013; Wu
et al., 2013; Oechslin et al., 2018). For instance, Heschl’s gyrus
in the primary auditory cortex has indicated to be a possible
marker of musicality due to a MEG study comparing professional
and amateur musicians with non-musicians which showed a
significant difference in MEG activity between the groups in the
primary auditory cortex, moreover, a brain volumetric difference
has also been found between groups (Schneider et al., 2002).
Results have shown that there are significant pieces of evidence on
differences in the brain GM in brain areas such as the cerebellum
(Gaser and Schlaug, 2003), Broca’s area (Sluming et al., 2002),
and Planum temporal (Keenan et al., 2001; Burkhard et al.,
2020) in musicians and non-musicians. Nevertheless, the direct
findings related to WM are limited, and the interpretation of
our results requires discussing our findings based on previously
known functions of the structures, as follows:

Active engagement and musical training are defined as the
engagement and dedication level with musical activities and
musical events (Müllensiefen et al., 2014). Both these two
subscales have a close association with motor and somatosensory
activities. For instance, active musical engagement has been
defined as the amount of time and effort spent on music,
whereas the musical training refers to the formal amount of
musical training received. Both these functions are involved
with motor activities regardless of the specific musical activity
or instrument that one may employ. As described further, our
findings are in accordance with the previously known functions
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TABLE 1 | Demographic characteristics of study participants (n = 123).

Age 36.80 ± 18.86 (years)

Gender Male: 70 (56.9%)

Female: 53 (43.1%)

Handedness Right-handed: 120 (97.6%)

Left-handed: 0 (0%)

Ambidextrous: 3 (2.4%)

TABLE 2 | Gold-MSI results for active engagement and musical training subscales in all participants and each gender separately.

Variables Total (Mean (SD)) Male (Mean (SD)) Female (Mean (SD)) p-value

Active engagement 23.95 (8.36) 24.44 (8.41) 23.30 (8.33) 0.45

Musical training 19.65 (10.09) 19.46 (10.28) 19.91 (9.92) 0.80

TABLE 3 | WM tracts with significant association with Gold-MSI subscales in each gender.

Variables WM tracts

Positive Negative

Active engagement

Male Genu, body, and splenium of CC, bilateral parieto-pontine
tract, right CST, MCP, bilateral cortico-thalamic pathway,
right fronto-pontine tract, right cingulum, bilateral
cerebellum, and left AF

None

Female None Body and splenium
of CC

Musical training

Male Genu, body and splenium of CC, bilateral cingulum, right
CST, bilateral parieto-pontine tract, and left AF

None

Female None Genu, body, and
splenium of CC

of the motor cortex, which regulates the execution and control
of movements. The motor cortex is mainly divided into five
cortical regions in two main brain lobes, including the frontal
lobe (primary motor cortex, premotor cortex, and supplementary
motor area) and parietal lobe (posterior parietal cortex and
primary somatosensory cortex) (Campbell, 1905). The CST,
which was associated with a higher Gold-MSI score in our
study, is one of the main pyramidal tracts and projects from the
motor cortex to lower motor neurons in the spinal cord, which
regulates the movements of limbs and trunk (Figure 5). Cortico-
pontine tracts are bundles that arise from each lobe cortex [e.g.,
fronto-pontine (associated with higher active engagement in
our study), parieto-pontine, and etc.] and terminate in pontine
nuclei (Figure 5; Rea, 2015). The cortico-pontine tracts allow
the coordination of motor functions by communicating with
the opposite cerebellum which was associated with the higher
active engagement scores of the Gold-MSI in our study. This
communication takes places through the MCP which appeared
to be associated with higher Gold-MSI scores in our study
(Rea, 2015). This result is consistent with previous studies
depicting higher cerebellar volume in musicians relative to non-
musicias (Hutchinson et al., 2003). The same study also reported
a positive correlation between relative cerebellar volume and
lifelong intensity of musical practice which represents structural

adaptation to long-term motor and cognitive functional demands
in the cerebellum. A circuitry model that explains the motor
system interconnections mentions that the cortico-basal ganglia-
thalamo-cortical loop is a neural circuit system with both
inhibitory and excitatory fibers (Figure 5; Silkis, 2001): Cortical
inputs into the basal ganglia and thalamic inputs into the cortex
are excitatory, whereas the basal ganglia outputs to the thalamus
are inhibitory. Additionally, the basal ganglia and cerebellum,
which their microstructural alterations were associated with
higher scores of active engagement subscale in our study,
modulate the output of the CST. CST which was also shown
to be associated with higher Gold-MSI score. Along with other
descending motor neurons and they receive inputs from the
motor and somatosensory cortex, brain stem, and spinal cord,
and consecutively project back to the motor cortex through
thalamus (Figure 5).

Our findings show a significant association between the CC
with higher Gold-MSI scores in our male participants, and
conversely, lower scores in female participants. The CC is the
main commissural bundle in brain which interconnects the two
contralateral lobes. The AF that was shown to be associated
with higher Gold-MSI score in our study, is traditionally known
for its critical role in language processing functions music
development, interconnects the two main language processing
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FIGURE 1 | White matter pathways with significantly positive association with Active engagement in male participants (FDR = 0.008).

FIGURE 2 | White matter pathways with significantly negative association with
Active engagement in female participants (FDR = 0.046).

areas Broca’s area in the inferior frontal gyrus and Wernicke’s
area in the posterior-superior temporal gyrus (Eichert et al.,
2019). The AF is confirmed to be responsible for some clinical

disorders, including conduction aphasia (Acharya and Maani,
2020), tone-deafness (Loui et al., 2009), and stuttering (Cieslak
et al., 2015). The cingulum, that was shown to be associated with
a higher Gold-MSI score in our study, is the main component
of the limbic system. The cingulum is a fiber bundle beneath
the cingulate cortex interconnecting the frontal lobe with the
temporal and parietal lobes closely above the CC (Bruni and
Montemurro, 2009). Ultimately, it seems that fiber bundles with
close functional connection with the motor system might play a
significant role in both active engagement and musical training
subscales of the Gold-MSI. Previous studies have also followed
our findings and reported the increased GM volume in the
primary motor cortex, premotor cortex, somatosensory areas,
parietal cortex, prefrontal cortex, and cerebellum in musicians
(Gaser and Schlaug, 2003; Han et al., 2009; Lai et al., 2012; Acer
et al., 2018; Oechslin et al., 2018). Apart from similar studies that
investigated GM alterations, previous efforts have been taken to
address the WM differences mainly between musicians and non-
musicians using DTI. For instance, through the investigation of
DTI human studies on musical perception, the AF was recognized
as a bundle of WM that is responsible for language and music
functions (Loui and Schlaug, 2009), and a lower WM integrity in
AF was observed in musically tone-deaf individuals (Loui et al.,
2009). Besides, autistic children were reported to have a lower FA

FIGURE 3 | White matter pathways with marginally significantly positive association with musical training in male participants (FDR = 0.057).
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FIGURE 4 | White matter pathways with significantly negative association with
musical training in female participants (FDR = 0.032).

value in left AF compared to controls (Lai et al., 2012). In a study
done in a Mandarin population with amusia, DTI-derived results
showed the higher WM integrity in the right posterior AF as well
as lower WM integrity in the right anterior AF in amusics (Chen
et al., 2018). Moreover, increased FA value in the right AF was
observed as the effect of musical training on the WM changes in a
short time (20 min, three times per week, for 4 weeks), compared
to controls (Moore et al., 2017). Above all, the higher integrity
and volume of right AF are reported to have an association with
music learning speed and rate (Vaquero et al., 2018). Therefore,
on top of the aforementioned findings, our study also suggests
the higher WM coherence in AF to have a significant connection
with musical sophistication.

In line with our findings, CC changes have been shown
to be different among individuals with different musical
abilities. Importantly, our results found a marginally significant
correlation between musical training and QA values of CC in
males. Even so, our findings notably demonstrated that WM
integrity changes in CC were significantly different between
genders, being positive in males and negative in females. This
difference could potentially arise from the impact of “age of
onset” of musical training, which may have been different across
our groups of participants. Nonetheless, finding from several DTI
studies support our results related to CC changes associated with
musical training. For instance, seminal study which investigated
the differences in musicians and non-musicians’ brain structure,
found the anterior part of the CC to be larger in musicians
(Schlaug et al., 1995). Another study also deduced that intensive
and professional musical training since childhood leads to
significant changes in WM architecture (Schmithorst and Wilke,
2002). A more recent study examined the association between
musical perceptional abilities, assessed by the Profile of Music
Perception Skills (PROMS) and WM microstructure using DTI,
and reported specific parts of the CC to be significantly involved
with musicianship (Rajan et al., 2019). WM plasticity in early
trained musicians was also detected as the higher WM integrity

in posterior mid-body and isthmus of CC in them (Steele
et al., 2013). Another longitudinal study compared the children
with more than 2 years of musical training with non-trained
controls and reported the highest WM integrity (FA value)
in the CC in trained children, particularly in the crossing
bundles interconnecting superior frontal, sensory, and motor
areas (Habibi et al., 2018). Moreover, professional drummers
showed to have higher microstructural diffusion properties in
the CC than non-musical controls (Schlaffke et al., 2020). These
microstructural changes in the CC among the musicians are
probably owing to the bimanual coordination –the ability to
simultaneously control multiple movements– that playing a
musical instrument demands (Swinnen, 2002; Palomar-García
et al., 2017).

Our results also show a positive association between the CST
microstructural alterations with higher scores in both GOLD-
MSI scores in males, but not in females. The maturation of
CST fibers has been shown to correspond to the improvement
of fine finger movements (Paus et al., 1999). The differences of
diffusion parameters in the CST of professional musicians and
non-musicians investigations suggested a lower WM integrity in
the CST and plastic changes in WM in professional musicians
compared to non-musicians (Imfeld et al., 2009). Besides, a
higher WM integrity in the CST, superior longitudinal fasciculus
and the CC was reported in dancers comparing to musicians
in a previous DTI survey which investigated the WM alteration
between dancers and musicians based on their different required
motor functions (Giacosa et al., 2016). Moreover, the tract
volume and number of streamlines of superior and middle
cerebellar peduncles, which were associated with higher Gold-
MSI score in our study, were previously reported to be higher
in musicians compared to non-musicians (Abdul-Kareem et al.,
2011). Another recent study evaluated the GM and WM
alterations between professional musicians and non-musicians
and found the lower WM coherence in CC, superior longitudinal
fasciculus, forceps major and minor, and right AF but higher FA
value in right CST as well as increased GM volume in bilateral
cerebellar hemispheres, supramarginal and angular gyrus, left
parietal lobule, and left temporal lobe in the professional
musicians compared to non-musicians control group (Acer et al.,
2018). Thus, given the significant role of CST in the motor
system, and sufficient pieces of evidence suggesting the significant
CST WM differences in musicians, we can conclude that our
results showing WM changes in CST and its correlation with
both musical sophistication subscales is consistent with formerly
existing evidence.

Although this study followed an exploratory approach
for investigating WM microstructural alterations links with
musicality, we hypothesized that there could be potential
sex differences in terms of these alterations and associations
with active musical engagement and training. In light of the
ample evidence of the gender differences in brain structures
using traditional or voxel-based morphometry (Amunts et al.,
2000; Nopoulos et al., 2000; Good et al., 2001), and with
specific attention to various cognitive domains (Hyde, 2016),
we aimed to investigate the potential gender differences in
musical sophistication. In line with our hypothesis, we found
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FIGURE 5 | Motor and somatosensory system: the maturation of cortico-spinal tract (CST) is responsible for smooth and fine movements of limbs. The basal ganglia
and cerebellum modulate the CST functions through the afferent (cortex, brain stem, and spinal cord) and efferent (through the thalamus) fibers. The cortico-basal
ganglia-thalamo-cortical circuit is a modulator motor system with inhibitory and excitatory inputs.

WM microstructural differences in males compared to females in
both investigated GOLD-MSI subscales. Notably, limited studies
have addressed the gender differences in the field of music.
For instance, auditory processing was reported to be different
in males comparing to females in animal studies (Yoder et al.,
2015). Besides, the anterior CC was observed to be significantly
larger in male musicians in comparison to non-musicians;
however, this structural change was not observed in females
equivalent groups (Lee et al., 2003). Furthermore, relatively
similar to our findings in both genders, music processing was
reported to be conducted bilaterally, with right dominance in
females’ and males’ hemispheres (Koelsch et al., 2003). These
pieces of evidence derived from neural data are also consistent
with findings from a study that shows female advantages at
recognizing familiar melodies stemming from their superiority in
declarative memory and behavioral sex differences in higher-level
aspects of musical cognition (Miles et al., 2016).

Our findings should be interpreted in light of some
limitations. These findings only specify a number of WM tracts
with significant association with the variable of interest, yet the
causal association remains unclear. Thus, it remains unanswered
whether the musical engagement or training leads to differences
in WM tracts or vice versa; and if some genetic or non-genetic
etiologic factors result in these WM microstructural alterations
and make them predisposing factors for musical sophistication.
With respect to our findings about sex differences in WM
alterations related to musical sophistication, our study could
have benefitted from more measurements of musical training for
detecting potential confounding factors such as age of onset of
musical training or musical training intensity. Additionally, it is
noteworthy to mention that dMRI connectometry is a novel WM

structural analytic technique to address the WM connectivity
of specific bundle fibers, but the functional features of those
trajectories are failed to address. Hence, further multimodal
imaging modalities are expected to rectify this crucial knowledge
gap (Burunat et al., 2015).

This study not only provides a basis for the investigation
of differences regarding musical skills and talent, but also
serves as a potential for further studies in the etiology,
prevention, and management of clinical conditions associated
with problems in comprehension and processing of information
in the aforementioned brain structures. Future studies could take
into account the factors such as age of onset of musical training,
musical training intensity, and different aspects of auditory
processing and their association with WM microstructural
alterations. In addition, our sample was precisely controlled
for potential neurological, psychological, and neurocognitive
confounding factors; however, future studies may explore
ethnical and/or cultural aspects of musical sophistication
and their associated neural alterations, which may exhibit
contradictory results relative to our findings that took place on a
population from a WEIRD society (Hoffman et al., 2011). Finally,
it is worth mentioning that we employed two specific subscales
of the GOLD-MSI, including active musical engagement and
musical training, to explore their correlations with WM
microstructural alterations and potential sex differences in this
regard; but the above mentioned association with three other
subscales of GOLD-MSI (i.e., self-reported perceptual abilities,
self-reported singing abilities, and sophisticated emotional
engagement with music) could be further investigated to unravel
which WM tracts and their connectivity are associated with those
aspects of musical sophistication and potential sex differences.
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CONCLUSION

In conclusion, our study is the first dMRI study investigation
that explored the brain microstructural alterations related to
musical sophistication in a healthy population. Our findings
pointed to the notion that WM microstructures with functional
connection with motor and somatosensory areas (such as
the corpus callosum, corticospinal tract, cingulum, cerebellar
peduncle, parieto-pontine tract, and cerebellum), and language
processing areas (such as the arcuate fasciculus) have a significant
correlation with active musical engagement and training.
Although some caution is warranted since this is the first
study that investigated sex differences in brain’s white matter
microstructural alterations related to musical sophistication
using a novel approach, significant sex differences were observed
indicating the corpus callosum to be the only WM tract
associated with musical sophistication in females, while a wide
range of WM microstructures were shown to be linked with
this ability in males. Our results are consistent with the idea
that the coordination between auditory and motor systems is
necessary for music performance, particularly musical active
engagement and training.
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