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Introduction: Dance is an art form that integrates the body and mind through

movement. Dancers develop exceptional physical and mental abilities that involve

various neurocognitive processes linked to embodied cognition. We propose that

dancers’ primary trait representation is movement-actuated and relies on the

extended mirror neuron system (eMNS).

Methods: A total of 29 dancers and 28 non-dancer controls were

recruited. A hierarchical approach of intra-regional and inter-regional functional

connectivity (FC) analysis was adopted to probe trait-like neurodynamics within

and between regions in the eMNS during rest. Correlation analyses were

employed to examine the associations between dance training, creativity, and the

FC within and between different brain regions.

Results: Within the eMNS, dancers exhibited increased intra-regional FC in various

brain regions compared to non-dancers. These regions include the left inferior

frontal gyrus, left ventral premotor cortex, left anterior insula, left posterior

cerebellum (crus II), and bilateral basal ganglia (putamen and globus pallidus).

Dancers also exhibited greater intrinsic inter-regional FC between the cerebellum

and the core/limbic mirror areas within the eMNS. In dancers, there was a negative

correlation observed between practice intensity and the intrinsic FC within the

eMNS involving the cerebellum and basal ganglia. Additionally, FCs from the

basal ganglia to the dorsolateral prefrontal cortex were found to be negatively

correlated with originality in dancers.

Discussion: Our results highlight the proficient communication within the

cortical-subcortical hierarchy of the eMNS in dancers, linked to the automaticity

and cognitive-motor interactions acquired through training. Altered functional
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couplings in the eMNS can be regarded as a unique neural signature specific to

virtuoso dancers, which might predispose them for skilled dancing performance,

perception, and creation.

KEYWORDS

dancer, long-term training effect, embodied cognition, extended mirror neuron system,
neuroplasticity, resting-state functional MRI, functional connectivity

1. Introduction

Dance is a multi-faceted art form that expresses ideas,
emotions, and transformative thought processes through spatially
and temporally coordinated actions (Sevdalis and Keller, 2011;
Lin et al., 2013). These actions often involve dynamic interactions
with other dancers. Based on the principles of embodied cognition
theory, which asserts that cognitive processes are rooted in
physical experiences, the mental reenactment of bodily actions
during self-other interactions plays a vital role in higher-level
cognition (Barsalou, 2008). The concept of embodied cognition
holds significant relevance in the realm of dance training and
offers a foundation for advancing our understanding of the ways
in which perceptual, sensorimotor, and multisensory approaches
support and promote learning (Sevdalis and Keller, 2011; Bläsing
et al., 2012; Macrine and Fugate, 2020). Through training,
accomplished dancers cultivate embodied representations of the
body and movement that are founded on experiential knowledge
(Bläsing and Schack, 2012). Skill learning in dance involves the
enhancement of both motor and cognitive abilities resulting from
continuous physical and mental practice. Dancers develop superior
physical and mental abilities by engaging in embodied cognition,
including motor control, attentional focus, sequence learning and
memory, visuomotor imagery, action and intention understanding,
emotion understanding, aesthetic creation and expression, and
social cohesion (Sevdalis and Keller, 2011; Bläsing et al., 2012;
Christensen et al., 2017). It is notable that skill learning in dance
also elicits visual creativity (Fink et al., 2009; Fink and Woschnjak,
2011). Dancers are skilled in motor simulation and imagery to
mentally rehearse new movements for creative artistic expressions
(Nordin and Cumming, 2005; Bläsing et al., 2012). Embodied-
based skill learning in dance enables the motor system to facilitate
movement creation and engages higher-level cognitive areas for
creative processes (Gonen-Yaacovi et al., 2013; Boccia et al., 2015).
In other words, dance is an art form that integrates the body and
mind through low-level perception-action coupling and high-level
cognitive processes.

Intensive dance practice over several years may promote
neurocognitive functioning on multiple levels, inducing persistent
alterations in the brain and mind, commonly referred to as
trait effects, that endure over an extended period of time (Cahn
and Polich, 2006). This repeated practice leads to functional
and structural changes within the motor system, specifically the
sensorimotor network (which includes the postcentral gyrus,
precentral gyrus, supplementary motor area, premotor cortex,
and putamen) and the cortico-basal ganglia loops (which are
functionally connected to the middle cingulate cortex and

putamen), resulting in their motor expertise (Hanggi et al., 2010;
Karpati et al., 2015; Li et al., 2015; Lu et al., 2018). Furthermore,
dancers possess the capacity to be keen observers to dance moves
due to their heightened perceptual sensitivity resulting from their
visual and motor exposure (Calvo-Merino et al., 2010). Variances
in brain activity between experienced and inexperienced dancers
when observing dance suggest that dance experience influences
perception and internal motor simulation (Calvo-Merino et al.,
2005). The action observation network (AON), which is responsible
for visual analysis of action, visuomotor skills, and sequence
learning, is highly engaged in expert dancers (Calvo-Merino
et al., 2005; Cross et al., 2006, 2009; Burzynska et al., 2017).
The core regions of the AON, including the inferior frontal
gyrus (IFG), ventral premotor cortex (PMv), and inferior parietal
lobule (IPL), exhibit mirror properties similar to those of the
mirror neuron system (MNS) and are active during both action
execution and observation (Caspers et al., 2010; Molenberghs
et al., 2012). The MNS, which couples action and perception
to facilitate an understanding of others’ actions through motor
simulation (Rizzolatti et al., 2001), is distributed throughout the
brain and can be categorized into core MNS (including the PMv,
IFG, and IPL) and limbic MNS (including the insula and anterior
mesial frontal cortex) (Pineda, 2008; Cattaneo and Rizzolatti, 2009;
Ramsey et al., 2021). In addition, an extended cortico-subcortical
MNS involving subcortical processing associated with cortico-
cerebellar and cortico-basal ganglia loops has been proposed by
some researchers (Caligiore et al., 2013; Bonini, 2017). However,
it has been a subject of ongoing debate whether the motor system
has an influence on perception (Hickok et al., 2011).

We reasoned that the neural mechanisms underlying embodied
cognition of skilled dancers are primarily movement-actuated
and involve regions with mirror properties, including the IFG,
PMv, IPL, intraparietal sulcus (IPS), insula, anterior cingulate
cortex (ACC), supplementary motor area (SMA), sensorimotor
cortex, primary motor cortex (M1), superior temporal sulcus
(STS), dorsal premotor cortex (PMd), middle temporal gyrus
(MTG), superior parietal lobule (SPL), cerebellum, and basal
ganglia (Pineda, 2008; Molenberghs et al., 2012; Bonini, 2017;
Bonini et al., 2022). Collectively, these regions constitute the
so-called extended MNS (eMNS) (Pineda, 2008; Cattaneo and
Rizzolatti, 2009; Molenberghs et al., 2012; Bonini, 2017; Ramsey
et al., 2021), which we suggest as the neural network underlying
the embodied cognition of skilled dancers. The eMNS may
encompass neural characteristics associated with the consolidation
of dance experiences. The eMNS, which includes various regions
involved in the core MNS, limbic MNS, AON, cortico-cerebellar
loops, and cortico-basal ganglia loops (Rizzolatti et al., 2001;
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Cattaneo and Rizzolatti, 2009; Caligiore et al., 2013; Turella et al.,
2013; Bonini, 2017; Ramsey et al., 2021), may undergo changes
in intrinsic functional connectivity (FC) as a result of long-term
dance training. These alterations in neural systems related to
motor representations (such as execution, observation, simulation,
and imagery processes) as well as higher-level cognitive and
socioemotional functionality could collectively support dancers in
complex cognitive-motor and social interactions.

Given the extensive and dedicated practice involving various
cognitive and psychological processes, it is reasonable to propose
that prolonged dance training significantly impacts how the
brain functions in perceiving and performing dance. We
accordingly hypothesized that the neural representation of
dance expertise would exhibit a complex and optimized pattern of
connectivity. To explore this, we utilized resting-state functional
magnetic resonance imaging (fMRI) and examined brain-behavior
correlations to understand the organization of the dancer’s brain
and its connection to their dance experience. Our goal was not to
focus on specific cognitive or mental processes during a particular
task, but rather to gain insight into the overall associations between
the dancer’s brain and their dance expertise. In essence, we aimed
to understand the overall impact of long-term dance training
on brain connectivity patterns, rather than establishing a direct
correspondence between specific cognitive processes and brain
activation. Resting-state FC has been shown to be modulated
by long-term experiences such as cognitive training, motor skill
learning, and art learning (Lewis et al., 2009; Dayan and Cohen,
2011; Lin et al., 2013). We sought to identify the important
regions, which are critical for efficient neural information transfer
within and between regions in dancers’ brains during rest (trait
representation). Key regions in dancers’ brains were identified
using regional homogeneity (ReHo) analysis to measure local
synchronization in resting brain activity and characterize local
communication within a functionally segregated region (Zang
et al., 2004; Yan et al., 2013; Deng et al., 2016). Seed-based FC
analysis was then performed on regions identified as significant by
ReHo analysis to examine long-distance communication patterns
across functionally segregated regions in dancers. We hypothesized
that dancers demonstrate distinct neuroplasticity in both intra- and
inter-regional FC within the eMNS, influenced by their immersive
embodied learning experiences. Importantly, this trait effect
persists even during the non-dancing (resting) state, representing
the consolidated neural manifestation of dance expertise, rather
than being limited to the periods during or immediately after
dancing.

2. Materials and methods

2.1. Participants

We recruited 29 dance students (dancer group: DANCE;
23.14 ± 2.95 years; 7 males) from art universities and 28
non-dancer controls (control group: CON; 22.79 ± 2.69 years;
4 males). This study was part of an integrated multimodal
neuroimaging research program focusing on undergraduate and
graduate students majoring in various forms of arts. Both groups
were matched for age and general education. DANCE reported

14.52 ± 4.52 years of dance training with 28.76 ± 12.81 h of weekly
practice. Among the dance students included in the study, seven of
them had undergone music lessons, and one student had additional
training in visual arts. CON had less than 3 years of institutional
dance or music training and were not currently practicing. None
of the participants were skilled athletes or reported a history of
neuropsychiatric disorder, and all were right-handed, as assessed
using the Edinburgh Handedness Inventory (Oldfield, 1971). The
study was approved by the Institutional Review Board of Taipei
Veterans General Hospital and written informed consent was
obtained from each participant. Demographic information and
dance training details are provided in Table 1.

2.2. Psychological measurement

Our integrated multimodal neuroimaging research program
collected psychological data to portray demographic and
psychological characteristics of young Taiwanese artists (20–
30 years). In this study, we used the Abbreviated Torrance Test
for Adults (ATTA) to assess general creativity and verbal/non-
verbal creative thinking (Chen, 2006). The employed ATTA
battery includes one verbal and two figural tests, with four norm-
referenced creativity indicators (fluency, originality, elaboration,
flexibility), a creativity index (CI; the sum of the aforementioned
4 measures), and two criterion-referenced creativity indicators
(verbal and visual creativity) calculated for an overall creativity
profile of each participant (Kharkhurin and Samadpour Motalleebi,
2008; Althuizen et al., 2010; Kharkhurin, 2010; Shen and Lai, 2014;
Sunavsky and Poppenk, 2020). We compared the creativity profile
of DANCE and CON, based on the six indicators of general

TABLE 1 Demographic characteristics and psychological results.

DANCE
(n = 29)

CON
(n = 28)

p-value

Sex (male/female) 7/22 4/24 0.346

Age (years) 23.14 ± 2.90 22.79 ± 1.64 0.574

Education (years) 16.07 ± 1.19 16.11 ± 1.20 0.904

Onset of dance training
(years)

8.62 ± 4.07 – –

Duration of dance training
(years)

14.52 ± 4.52 – –

Weekly practice (hours) 28.76 ± 12.81 – –

Daily practice (hours) 4.88 ± 2.23 – –

ATTA

CI 66.93 ± 6.54 64.46 ± 6.30 0.153

Fluency 14.97 ± 1.97 14.89 ± 1.69 0.882

Originality 17.17 ± 1.77 15.32 ± 2.51 0.002**

Elaboration 16.00 ± 1.44 16.04 ± 2.36 0.946

Flexibility 14.90 ± 1.93 14.36 ± 1.54 0.251

Verbal creativity 0.72 ± 0.75 0.64 ± 0.83 0.699

Visual creativity 3.17 ± 1.73 3.21 ± 2.20 0.937

Data are expressed as mean ± standard deviation.
**p < 0.01. ATTA, Abbreviated Torrance Test for Adults; CI, creativity index.
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creativity. Between-group differences were analyzed using a two-
sample t-test (SPSS Statistics version 22.0, SPSS Inc., USA) with a
significance level of p < 0.05.

2.3. MRI data acquisition

Resting-state fMRI data were obtained using the 3T
MAGNETOM TrioTM system located at the National Yang-
Ming University. Participants were positioned supine in the
scanner with foam cushions holding their heads fixed to reduce
motion artifacts. T2∗-weighted gradient echo planar image (EPI)
sequences were used to obtain resting-state fMRI images for
each participant, with the following parameters: repetition time
(TR) = 2500 ms, echo time (TE) = 30 ms, flip angle = 90◦, field
of view (FOV) = 220 mm × 220 mm, slice thickness = 3.4 mm,
slice number = 40, matrix size = 64 × 64, tilted angle = 30◦, and
voxel size = 3.4 mm × 3.4 mm × 3.4 mm. To mitigate potential
initial fMRI signal instability, the scanner automatically discarded
the first three volumes of the scan, which served as dummy scans.
Each resting-state fMRI time series comprised 200 volumes,
with a duration of 500 s per time series. Additionally, high-
resolution T1-weighted structural images were acquired using the
magnetization prepared rapid gradient echo (MPRAGE) sequence,
with the following parameters: TR = 2530 ms, TE = 3.03 ms, flip
angle = 70◦, FOV = 224 mm × 256 mm, matrix size = 224 × 256,
slice thickness = 1 mm. Participants were instructed to remain
still and awake with their eyes open and not to think about
anything in particular. Fourteen participants dropped out, and 12
were excluded, resulting in a final sample of 29 dancers and 28
non-dancer controls for analysis.

2.4. Data preprocessing

The Data Processing Assistant for Resting-State fMRI
(DPARSF) V4.5 Advanced Edition, which is based on the Data
Processing and Analysis of Brain Imaging (DPABI) toolbox version
4.1 (Yan et al., 2016), with Statistical Parametric Mapping (SPM12)
implemented in MATLAB R2018b (The Math Works, Inc., Natick,
MA, USA), was used to preprocess the data. The following steps
were performed: (1) slice timing correction, (2) realignment for
head motion correction, with exclusion of participants with head
motion exceeding 2 mm displacement or 2◦ rotation in any of
the cardinal directions (x, y, z), (3) co-registration of T1-weighted
images to the mean functional image using intra-subject spatial
alignment, (4) segmentation of gray matter, white matter, and
cerebrospinal fluid using the unified segmentation model, (5)
nuisance regression using the Friston 24-parameter model (Friston
et al., 1996) and default masks from SPM for regressing out
head motion parameters and signals from white matter and
cerebrospinal fluid, (6) spatial normalization to a study-specific
Diffeomorphic Anatomical Registration Through Exponentiated
Lie Algebra (DARTEL) template (Ashburner, 2007), which was
transformed to the Montreal Neurological Institute (MNI) space,
with image resampling to 3 mm isotropic voxels, and (7) temporal
band-pass filtering (0.01 to 0.1 Hz) to reduce the effects of high-
frequency noise and low-frequency drift. Global signal regression

(GSR) was not performed because it has been shown to exaggerate
negative correlations (Murphy et al., 2009; Weissenbacher et al.,
2009) and distort between-group differences (Saad et al., 2012).

2.5. ReHo analysis

Individual ReHo maps were generated using Kendall’s
coefficient of concordance (KCC) of the time series between
each voxel and its 26 nearest neighbors, in a voxel-wise manner
(Zang et al., 2004). Individual ReHo maps were transformed to
z-score maps, and the resulting standardized ReHo maps were
smoothed using a Gaussian kernel with a full-width at half-
maximum (FWHM) of 6 mm, as suggested by previous studies
(Tian et al., 2012; Zuo et al., 2013). Between-group comparisons
were conducted using a two-sample t-test in SPM, with statistical
significance set at uncorrected voxel levels of p < 0.001 and
p < 0.005, followed by the family wise error (FWE)-corrected
cluster level of p < 0.05.

2.6. ReHo-seeded FC analysis

The same preprocessing procedures as for ReHo analysis were
followed for FC analysis, with the exception of spatial smoothing,
which was performed using a 6-mm FWHM Gaussian kernel prior
to the analysis. Individual FC maps were generated by computing
Pearson’s correlation coefficients (r) between the seed and other
regions of the brain. The seed regions of interest (ROIs) were
derived from brain regions exhibiting significant ReHo differences
between groups (Wu et al., 2016). These seed ROIs were created by
masking the brain regions with significant ReHo differences using
the WFU Pickatlas 3.0.5 (Maldjian et al., 2003) with automatic
anatomical labeling (AAL) atlas (Tzourio-Mazoyer et al., 2002). The
reference time course was obtained by averaging the time courses of
all voxels within the ReHo-seeded region (seed ROI). The FC map
was generated by calculating the correlation coefficient between the
reference time course and the time course of each voxel. The r-value
of each voxel was transformed to a z-value using Fisher’s r-to-
z transformation to normalize the distribution. Between-group
differences were examined using two-sample t-tests on ReHo-
seeded FC maps of each seed, with significance set at uncorrected
voxel levels of p < 0.001 and p < 0.005, followed by the FWE-
corrected cluster level of p < 0.05 in SPM. Bonferroni’s correction
was also performed for multiple comparisons by adjusting the
p-value to 0.00625 (0.05 divided by 8), as eight seed ROIs were
analyzed in this study.

2.7. Correlation analysis

In order to examine the effects of dance training on the brain,
we conducted a correlation analysis between measures of ReHo
and FC seeded by ReHo, with variables related to dance training
and creativity indicators. The variables of dance training considered
were the duration of training and the average daily/weekly practice
time. Additionally, creativity indicators that showed significant
differences between groups were included in the analysis. Regions
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that exhibited significant between-group differences in ReHo and
ReHo-seeded FC were identified, and the extracted z-values from
these regions were correlated with the dance training variables and
creativity indicators. Statistical significance was defined as p < 0.05,
and to account for multiple comparisons, a Bonferroni’s correction
was applied by adjusting the p-value to 0.0125 (0.05 divided by 4),
considering that four measures (training duration, daily practice,
weekly practice, and originality) were analyzed.

3. Results

3.1. Demographic data and psychological
results

There were no significant differences between groups in
terms of demographic characteristics such as sex, age, or level
of education. In terms of psychological characteristics, DANCE
showed significantly higher scores for originality on the ATTA
(DANCE: 17.17 ± 1.77, CON: 15.32 ± 2.51, p = 0.002), with no
differences between groups in fluency, elaboration, flexibility, visual
creativity, verbal creativity, or CI (Table 1).

3.2. Enhanced intra-regional FC within
the eMNS in DANCE

We used ReHo to assess intra-regional functional
integration/segregation across the whole brain to identify key
regions of resting-state brain dynamics in dancers. The ReHo
analysis showed significantly higher values in several regions,
including the left IFG, left anterior insula (AI), left PMv, left
cerebellum (crus II), and subregions of the bilateral basal ganglia
(globus pallidus [GP] and putamen) in DANCE compared to CON
(Figure 1 andTable 2). These regions were the key neural substrates
within the eMNS. The results verified the significance of the eMNS
in DANCE. The observed heightened local synchronization within
these regions suggests enhanced efficiency in the intra-regional
information flow within dancers’ eMNS.

3.3. Enhanced inter-regional FC between
core/limbic mirror areas and the
posterior cerebellum in DANCE

To investigate the role of the eMNS in dancers, we utilized seed-
based FC analysis to examine FC patterns seeded from significant
ReHo results. DANCE showed that the left AI and left PMv were
both strongly connected to the left posterior cerebellum. Intrinsic
FC between the posterior cerebellum and the core/limbic mirror
areas within the eMNS was also consistently higher in DANCE
compared to CON. However, no significant differences were
observed in the FC seeded from the left IFG. These findings suggest
a synergy between core/limbic mirror areas and the posterior
cerebellum within the eMNS in DANCE. Details can be found in
Table 3 and Figures 2A–C.

3.4. Enhanced extended
cortico-subcortical MNS in DANCE

Our hypothesis that dancers possess neuroplasticity, involving
enhanced engagement of subcortical structures within the eMNS,
was supported by our findings. Specifically, our findings showed
that DANCE exhibited an elevated extended cortico-subcortical
MNS compared to CON. These findings are consistent with
our previous graph-based study that highlighted intra-modular
connections within the cortico-cerebellar loops among the
cerebellum, dorsolateral prefrontal cortex (dlPFC), IPL, and
caudate in dancers (Lin et al., 2013).

In DANCE, enhanced FC was observed between the left
posterior cerebellum (crus II) and the contralateral posterior
cerebellum, bilateral dlPFC, and right IPL within the cortico-
cerebellar loops (Figure 2C and Table 3). Furthermore, there was
an observed FC between the posterior cerebellum (specifically
lobule VI, crus I, and II) and the core/limbic mirror areas, as
well as the basal ganglia, which was found to be stronger in
DANCE compared to CON (Figures 2C–G and Table 4). In
line with this, DANCE also presented elevated FCs seeded from
the basal ganglia (GP and putamen) to the core/limbic mirror
areas (IPL and ACC) within the eMNS (Figures 2D–G and
Table 4). Moreover, DANCE showed enhanced FCs seeded from
the basal ganglia (GP and putamen) in both the sensorimotor
and cognitive/associative circuits of the cortico-basal ganglia loops,
which were intrinsic connections of the basal ganglia to the GP,
putamen, ventrolateral/ventroanterior thalamus, and PMd in the
former circuit and to the dlPFC, mediodorsal thalamus, caudate,
and GP in the latter circuit (Figures 2D–G and Table 4; Haber,
2003; Yin and Knowlton, 2006; Worbe et al., 2012; Macpherson and
Hikida, 2019). These findings suggest that the intricate interplay
among the cerebellum, basal ganglia, thalamus, and cortical areas
can be viewed as a synergistic cortico-subcortical integration of
the eMNS in dancers. This integration has been referred to as the
extended cortico-subcortical MNS (Bonini, 2017).

3.5. Correlations between functional
connectivity and behavioral variables

Our study aimed to examine the associations between
ReHo and ReHo-seeded FC and demographic/psychological
characteristics, including dance training variables and creativity
indicators. The objective was to gain a better understanding of
the overall connections between the dancers’ brains and their
expertise in dance. Pearson’s correlation analysis revealed that
DANCE showed significantly negative correlations between the
average practice time per day/week and FC, but no clear correlation
between the duration of dance training and FC. These findings
suggest that the intensity of training is more strongly associated
with spontaneous brain dynamics than the duration of training.
Our results were supported by the negative correlations between
the average practice time in DANCE and functional couplings
between the posterior cerebellum and the right core MNS (IFG
and IPL) (Figures 3A–C), as well as between the key regions of
the sensorimotor and cognitive/associative cortico-basal ganglia
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FIGURE 1

Between-group differences in ReHo. ReHo analysis confirmed the importance of functionally segregated regions, including the left IFG, left PMv, left
AI, left cerebellum crus II, bilateral GP, and bilateral Put, within the eMNS in DANCE and the enhanced intra-regional integration of these distributed
regions. The red color denotes ReHo regions in DANCE that differ significantly from those in CON. All figures are displayed according to the
neurological convention. Details of the significant ReHo results are listed in Table 2. ReHo, regional homogeneity; IFG, inferior frontal gyrus; PMv,
ventral premotor cortex; AI, anterior insula; GP, globus pallidus; Put, putamen; eMNS, extended mirror neuron system; L, left; R, right; S, superior; P,
posterior.

circuits (the right GP–left mediodorsal thalamus, right putamen–
left mediodorsal thalamus, left putamen–bilateral mediodorsal
thalamus, left GP–right putamen, and left putamen–right GP FCs)
(Figures 4A–F). These findings indicate a link between the intensity
of dance training and FC in the eMNS of dancers.

In DANCE, the originality scores were negatively
correlated with functional couplings between sensorimotor
and cognitive/associative regions in the cortico-cerebellar-basal
ganglia system, such as the left GP–right dlPFC (BA 8), left
putamen–right dlPFC (BA 9/46), and right GP–right posterior
cerebellum (lobule VI) FCs (Figures 5A–C). Additionally, we
found negative correlations between originality scores and intrinsic
FCs within the cortico-basal ganglia loops, such as the left
putamen–left lateroposterior thalamus, left putamen–right GP,

and right GP–right ventroposterolateral thalamus FCs in DANCE
(Figures 5A–F). These findings suggest that originality in dancers
may be related to functional connections between regions involved
in sensorimotor and cognitive/associative processing.

There were no notable differences between groups
concerning the association between demographic/psychological
characteristics and ReHo.

4. Discussion

In our ReHo and ReHo-seeded FC analyses, we found
virtuoso-specific neural signature that manifest embodied
cognition as increased functional connections within the eMNS
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TABLE 2 Between-group differences in ReHo.

Region BA MNI coordinates t-value Cluster
size

x y z

DANCE > CON

L IFG 44 −54 15 9 4.91* 245

L AI 13 −36 3 0 4.17*

L PMv 6 −51 6 3 4.15*

L GP −18 0 −3 3.79

L Putamen −30 −15 −6 2.73

L
Cerebellum
crus II

−33 −84 −42 4.42* 160

R GP 15 3 0 3.91 145

R Putamen 27 0 −3 3.91

DANCE < CON

NS

IFG, inferior frontal gyrus; AI, anterior insula; PMv, ventral premotor cortex; GP, globus
pallidus; BA, Brodmann’s area; MNI, Montreal Neurological Institute; L, left; R, right; NS,
not significant. All results are reported at a family wise error (FWE)-corrected cluster
threshold of p < 0.05 following an uncorrected voxel threshold of p < 0.005.
*Denotes significant ReHo results thresholded at an uncorrected voxel threshold of
p < 0.001.

in DANCE. Our findings suggest that the movement-actuated
synergy between distributed brain areas within the eMNS is critical
for expert dancers.

4.1. Trait representation in the eMNS
underpinning embodied
simulation-driven mirroring in dancers

The current study observed a left-lateralized increase in ReHo
within the eMNS (including IFG, AI, and PMv) among dancers,
suggesting neuroplasticity associated with learning. The dominance
of the left hemisphere in the eMNS of dancers could be attributed
to extensive dance practice, as the left hemisphere is known
for its role in controlling well-established behavior in familiar
situations (Mutha et al., 2012; Sainburg, 2016). The intricate
interplay between the brain, body, and environment shapes the
intrinsic functional architecture of dancers’ eMNS, with context
and experience playing significant roles (Clark, 2016).

The left IFG and adjacent left PMv in the core MNS of
dancers appear to exhibit functional segregation, as suggested
by between-group results of FCs seeded from those two areas.
In the case of the IFG of dancers, enhanced ReHo with no
ReHo-seeded FC was observed in this region, implying local
functional integration with functional specialization (Table 3; Dong
et al., 2014; Wu et al., 2016). It is possible that intra-regional
hyperconnectivity in the left IFG may be a result of the pattern
perception of the sequence of dance steps during dance training,
enhancing dancers’ action understanding of dance choreographies
and reinforcing the notion that dance is a non-verbal language
expressed through gestural movements (Udden and Bahlmann,
2012; Bachrach et al., 2016). The left ventral posterior IFG (BA
44) is associated with language-related lateralization but may also

play a role in non-language related motor behavior in dancers,
particularly in imitative behavior for coding the goal of action
(Iacoboni, 2005; Molnar-Szakacs et al., 2005; Zardi et al., 2021).
On the other hand, we observed increased ReHo in the left
PMv in dancers (Figure 1), indicating a strengthened coupling
between action and perception as a result of dance training. This
enhanced intra-regional connectivity suggests an improved ability
to understand actions performed by others (Sevdalis and Keller,
2011; Novembre and Keller, 2014).

Our findings reveal not only enhanced connectivity within the
core MNS but also heightened connectivity within the limbic MNS,
located between the left dorsal and left ventral AI. The dorsal and
ventral AI regions are involved in higher-level cognitive functions
like switching, inhibition, and error processing, as well as affective
processes related to emotions (Uddin et al., 2014). For dancers,
the AI may act as a critical bridge linking action representation
to both cognitive and emotional aspects (Carr et al., 2003; Luo
et al., 2014; Gujing et al., 2019). Additionally, we observed strong
inter-regional connections originating from the left AI toward the
posterior cerebellum (crus I and lobule VI) and the right IFG.
This suggests that dancers possess an elevated sense of self-other
awareness and an enhanced ability to detect salient information
during the observation and imitation of dance movements (Carr
et al., 2003; Walther et al., 2011; Gujing et al., 2019). Overall, our
findings suggest that the integration within and between mirror
areas contributes to the mechanisms of embodied simulation and
mirroring, which are fundamental for understanding actions and
emotions.

The observed enhanced intra-regional FC patterns within
core/limbic mirror areas can be interpreted as a result of
experience-dependent neuroplasticity that arises from embodied
learning in dancers. These patterns reflect not only a transient
neural state but a persistent neural trait associated with the
consolidation of experience. In traditional terms, “consolidation”
refers to the stabilization of memory traces. Within the framework
of system memory consolidation (Lewis et al., 2009), the
Hebbian rule of synaptic plasticity plays a crucial role and has
been extensively studied in various fields, including physiology,
psychophysics, and computation (Goto, 2022). Building upon the
principles of Hebbian learning, which include Hebbian pruning,
patterns of activity and connectivity during the learning process
can shape the resting-state functional connectivity of experts (Lewis
et al., 2009; Harmelech et al., 2013; Kim and Knosche, 2017).

Our neuroimaging findings of enhanced intra-regional
functional connectivity within core/limbic mirror areas in dancers
are in line with previous research that underscores the significance
of the MNS in artistic training, specifically dance (Lin et al., 2013).
Additionally, studies have highlighted the role of the MNS in
imitative and embodied learning (Macrine and Fugate, 2021;
Butera and Aziz-Zadeh, 2022). The MNS comprises neurons that
not only activate during the execution of an action but also during
the observation of others performing the same action (Rizzolatti
and Craighero, 2004). This system plays a pivotal role in action
understanding and imitation, suggesting that dancers’ cognitive
abilities may be contingent upon the reenactment of sensory and
motor representations following extensive training (Caramazza
et al., 2014). It is commonly observed that dancers exhibit
mirror-like activity when observing intricate dance movements
(Calvo-Merino et al., 2005; Cross et al., 2006), implying that mirror
mechanisms are crucial for experiential motor learning. According
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TABLE 3 Altered FC seeded from the ReHo results thresholded at an uncorrected voxel level of p < 0.001 in DANCE compared to CON.

Seed Region BA MNI coordinates t-value Cluster size

x y z

DANCE > CON

L IFG NS

L PMv L Cerebellum crus I −51 −63 −33 4.23 161

L Cerebellum lobule VI −36 −51 −30 4.06

L AI L Cerebellum crus I −42 −60 −30 4.64* 256†

L Cerebellum lobule VI −36 −51 −30 3.63*

R IFG 45 51 33 21 3.65* 236†

R IFG 44 51 18 21 3.46*

L Cerebellum crus II L Cerebellum crus II −9 −81 −30 4.99* 1686†

R Cerebellum crus I 15 −78 −24 4.94*

L Cerebellum crus I −36 −72 −27 4.7*

R MFG (dlPFC) 9 39 30 39 4.54* 1846†

R Caudate 12 6 15 4.27

R AI 13 39 18 −6 3.94

R MFG (PMd) 6 39 6 57 3.9*

R IFG 44 45 18 12 3.89*

R IPL 40 51 −45 39 4.12* 297†

R ACC 32 9 39 30 4.04 315†

R ITG 37 63 −57 −9 3.99 226

R MTG 21 69 −42 3 2.81

MNS, mirror neuron system; IFG, inferior frontal gyrus; AI, anterior insula; PMv, ventral premotor cortex; MFG, middle frontal gyrus; dlPFC, dorsolateral prefrontal cortex; PMd, dorsal
premotor cortex; IPL, inferior parietal lobule; ACC, anterior cingulate cortex; ITG, inferior temporal gyrus; MTG, middle temporal gyrus; BA, Brodmann’s area; MNI, Montreal Neurological
Institute; L, left; R, right; NS, not significant.
*Denotes significant results thresholded at an uncorrected voxel threshold of p < 0.001.
†Denotes significant cluster results after Bonferroni’s correction (p < 0.05/8).

to the theories of embodied cognition (Caramazza et al., 2014;
Keysers et al., 2018) and embodied learning (Fugate et al., 2018;
Macrine and Fugate, 2021), these mechanisms potentially allow
dancers to seamlessly incorporate observed actions into their own
motor repertoire through the imitation and simulation of dance
movements.

4.2. Embodied simulation and the
internal forward models

Our study has shown that the enhanced functional connection
between the cerebellum and mirror areas in dancers can be
attributed to the combination of embodied simulation-driven
mirroring mechanisms and predictive internal forward models.
This connection connotes the integration of observed actions with
an individual’s motor repertoire in the core mirror areas, which
send a command to the cerebellum, which in turn sends a forecast
back to the premotor area for subsequent action planning (Miall,
2003; Yarrow et al., 2009). The heightened FC between the left PMv
and the left posterior cerebellum can be indicative of the essential
role of cerebellar-premotor closed loop circuits in predicting
the immediate consequences of intended dance movements and
refining motor control (Figure 2B; Miall, 2003; Caligiore et al.,
2013).

Our study also found that the left posterior cerebellum works in
tandem with the core/limbic mirror areas, including the right IFG,
right IPL, bilateral AI, and right ACC (Figures 2A, C), to process
information related to the difference between actual and predicted
sensorimotor feedback during or after a dance performance in
an error-minimizing way (Koziol et al., 2012; Siman-Tov et al.,
2019). By detecting bottom-up salience and prediction errors
with these core/limbic mirror areas (Christoff et al., 2016), the
cerebellum helps to update internal models and action plans for
optimal dance performance in dancers (Levy and Wagner, 2011;
Siman-Tov et al., 2019). Our results further support this notion
by demonstrating a negative correlation between average practice
time and left cerebellum-seeded functional connection to the right
core MNS (IFG and IPL) in DANCE (Figure 3). It has previously
been reported that the left cerebellum is associated with visuospatial
and attention processing, and the right hemisphere is involved
in detecting and responding to unexpected stimuli for updating
ongoing actions (Mutha et al., 2012; Sainburg, 2016; Starowicz-Filip
et al., 2021). These results suggest that the cerebellar connection
with the right core MNS contributes to dancers’ ability to detect
and respond to salient cues, update internal models, and optimize
their actions for better dance performance. With increased practice
time, dancers are more efficient in transferring information within
internal models to advance embodied simulation (Miall, 2003;
Caligiore et al., 2013).
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FIGURE 2

Between-group differences in ReHo-seeded FC. (A,B) DANCE presented greater inter-regional FCs between the core (the right IFG) and limbic
mirror areas (the left AI), and between the core/limbic mirror areas (the left PMv/AI) and the left posterior cerebellum within the eMNS. (C) DANCE
presented significantly elevated inter-regional FCs seeded from the left posterior cerebellum (crus II) to the bilateral posterior cerebellum, basal
ganglia, dlPFC, and regions within the eMNS (the IFG, AI, IPL, and mPFC). (D–G) Inter-regional FCs seeded from the bilateral basal ganglia forming
an integrated cerebello-basal ganglia-thalamo-cortical system, wherein resonance with the bilateral TH, posterior cerebellum, dlPFC, MCC, IPL, and
ACC was more pronounced in DANCE than in CON. Details for the significant ReHo-seeded results are listed in Table 3. All figures are displayed
according to the neurological convention. The red color denotes seed regions obtained from ReHo analysis. FC, functional connectivity; dlPFC,
dorsolateral prefrontal cortex; mPFC, medial prefrontal cortex; IPL, inferior parietal lobule; TH, thalamus; MCC, middle cingulate cortex; ACC,
anterior cingulate cortex; PMd, dorsal premotor cortex; also refer to Figure 1 for other abbreviations.
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TABLE 4 Altered FC seeded from the ReHo results thresholded at an uncorrected voxel level of p < 0.005 in DANCE compared to CON.

Seed Region BA MNI coordinates t-value Cluster size

x y z

DANCE > CON

L GP L Cerebellum crus I −48 −57 −39 6.2* 3612†

R Cerebellum lobule VI 12 −69 −24 4.83*

L Cerebellum lobule VI −36 −51 −30 4.77*

R Cerebellum crus II 12 −84 −39 4.38*

R Thalamus (VPL) 15 −18 15 5.42*

L Thalamus (VPL) −15 −21 15 5.14*

R Putamen 27 12 −9 4.19

R MFG (dlPFC) 8 39 27 48 4.82* 2064†

R MCC 23 3 −21 33 4.8*

R SFG (dlPFC) 9/46 24 45 24 4.36*

L MFG (dlPFC) 9 −33 36 45 4.95* 638†

L MFG (PMd) 6 −18 12 66 3.33

R IPL 40 54 −48 51 4.07* 469†

L IPS 39 −48 −66 45 5.12* 445†

L Putamen L MFG (dlPFC) 8 −36 27 51 3.71 233†

R Thalamus (VL) 15 −15 12 4.92* 1393†

L Thalamus (LP) −12 −21 15 4.71*

R Thalamus (MD) 6 −15 9 4.63*

R Putamen 27 3 0 4.6*

L Thalamus (VL) −6 −12 6 4.52*

R GP 12 3 −6 4.41*

L Thalamus (MD) −3 −18 9 4.31*

L Cerebellum crus I −51 −57 −39 4.61 164

L Cerebellum lobule VI −36 −51 −30 3.61

R SFG (dlPFC) 9/46 24 45 24 4.27 185

R ACC 32 3 24 30 3.4 190

R GP R Thalamus (VA) 12 −3 3 5.05* 1723†

L Putamen −27 9 −3 4.42*

L Caudate/NAc −12 12 −9 4.32*

L Thalamus (VL) −6 −12 6 4.09*

R Thalamus (VPL) 12 −18 6 4.05*

L Cerebellum crus I −48 −57 −39 4.79* 1569†

L Cerebellum lobule VI −36 −51 −30 4.52*

R Cerebellum lobule VI 21 −60 −21 4.49*

R Cerebellum crus I 45 −78 −33 4.38*

L MCC 23 −3 −21 33 3.91 224†

L MFG (dlPFC) 8 −36 27 48 3.41 280†

L MFG (PMd) 6 −21 15 60 3.45

L IPS 39 −45 −63 45 4.71* 376†

R Putamen R Thalamus (VA) 9 −6 3 5.01* 2151†

L Thalamus (LP) −12 −21 15 4.93*

(Continued)
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TABLE 4 (Continued)

Seed Region BA MNI coordinates t-value Cluster size

x y z

R Thalamus (VL) 9 −12 6 4.73*

L Thalamus (VL) −6 −12 6 4.63*

L Caudate/NAc −12 12 −9 4.25*

L Cerebellum lobule VI −36 −51 −27 4.57* 606†

L Cerebellum crus I −51 −57 −39 4.52*

R Cerebellum crus I 42 −78 −33 4.21* 503†

L MFG (dlPFC) 8 −39 21 48 3.17 151

L SFG (PMd) 6 −18 21 63 3.09

L IPS 39 −45 −63 45 5.06* 335†

MNS, mirror neuron system; GP, globus pallidus; VPL, ventroposterolateral; MFG, middle frontal gyrus; dlPFC, dorsolateral prefrontal cortex; MCC, middle cingulate cortex; SFG, superior
frontal gyrus; IPS, intraparietal sulcus; PMd, dorsal premotor cortex; IPL, inferior parietal lobule; VL, ventrolateral; LP, lateroposterior; MD, mediodorsal; ACC, anterior cingulate cortex; VA,
ventroanterior; NAc, nucleus accumbens; BA, Brodmann’s area; MNI, Montreal Neurological Institute; L, left; R, right.
*Denotes significant results thresholded at an uncorrected voxel threshold of p < 0.001.
†Denotes significant cluster results after Bonferroni’s correction (p < 0.05/8).

FIGURE 3

Correlations between daily/weekly dance practice and functional connectivity linking the posterior cerebellum and right core MNS in dancers.
DANCE revealed significant associations between the frequency of daily or weekly dance practice and FC between the posterior cerebellum and the
right core MNS. Specifically, the FC between the left posterior cerebellum (crus II) and the right IPL exhibited a negative correlation with the average
weekly practice time in DANCE (A). Additionally, the FC between the left posterior cerebellum (crus II) and the right IFG showed negative
correlations with both the average daily and weekly practice time in DANCE (B,C). In the figures, the seed regions obtained from ReHo analysis and
the FC target regions are represented by red and green colors, respectively. Please refer to Figures 1, 2 for abbreviation details. †Denotes significant
results after Bonferroni’s correction (p < 0.0125).

The left posterior cerebellum (crus II) may play a role in
learning action sequences linked to social traits from a social
perspective (Pu et al., 2020). Given the strong link between the
core/limbic mirror areas and the posterior cerebellum in DANCE,
it is possible that the transfer of information within internal models
can also be applied to social interactions based on embodied
simulation, allowing dancers to easily comprehend the intentions
behind the actions of others (Cattaneo and Rizzolatti, 2009;
Zardi et al., 2021). Our results suggest that dance training aims
to improve movement accuracy and optimize action planning,
as well as to enhance the ability to mentally simulate actions
and infer the intentions underlying choreographed movements

(Miall, 2003; Wolpert et al., 2003; Karlinsky et al., 2017). We
propose that dance learning progresses from observational motor
learning to higher-level sociocognitive learning, facilitated by
the continuous refinement and expansion of embodied action
simulation, prediction, and planning.

4.3. Cortical-subcortical hierarchical
organization in dancers

Our study found that dancers have stronger functional
integration in cortico-basal ganglia and cortico-cerebellar loops
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FIGURE 4

Correlations between daily/weekly dance practice and functional connectivity within the cortico-basal ganglia loops in dancers. DANCE revealed
significant correlations between daily/weekly dance practice and FC within the cortico-basal ganglia loops. Specifically, FC between the right GP
and left thalamus (MD) (A), as well as bilateral Put and left thalamus (MD) (B,C), showed negative correlations with the average daily and weekly
practice time in DANCE. Furthermore, FC between the left GP and right Put (D), left Put and right GP (E), and left Put and right thalamus (MD) (F)
exhibited negative correlations with the average weekly practice time in DANCE. The seed regions obtained from ReHo analysis and FC target
regions are represented by red and green colors, respectively. MD, mediodorsal; A, anterior; also refer to Figures 1, 2 for other abbreviations.
†Denotes significant results after Bonferroni’s correction (p < 0.0125).

compared to non-dancers, as evidenced by increased ReHo-seeded
FCs. The cerebellum and basal ganglia, essential neural substrates
involved in subcortical loops responsible for processing motor,
cognitive, and emotional information, are believed to contribute
to the development of action understanding abilities (Caligiore
et al., 2013). The posterior cerebellum (crus II) in DANCE is
connected to regions linked to the executive control networks,

implying that it may facilitate higher-level cognitive processes
and contribute to parallel cortico-cerebellar loops (Habas et al.,
2009). Meanwhile, the basal ganglia are involved in sensorimotor,
cognitive/associative, and limbic circuits in parallel within the
cortico-basal ganglia loops that mediate motor, cognitive, and
emotional functions (Haber, 2003; Lehericy et al., 2005; Yin and
Knowlton, 2006).
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FIGURE 5

Correlations between originality and functional connectivity within the integrated cerebello-basal ganglia-thalamo-cortical system in dancers.
DANCE revealed significant correlations between originality and FC within the integrated cerebello-basal ganglia-thalamo-cortical system. Negative
correlations were observed between originality scores in DANCE and FCs within the system, including left GP-right dlPFC (A), left Put-right dlPFC
(B), right GP-right posterior cerebellum (lobule VI) (C), left Put-left thalamus (LP) (D), left Put-right GP (E), and right GP-right thalamus (VPL) (F)
(depicted in red). It is worth noting that, except for a significantly positive correlation between originality scores and FC between the right GP and
right posterior cerebellum (lobule VI), no significant relationship was observed between originality scores and FCs within the integrated
cerebello-basal ganglia-thalamo-cortical system in CON (depicted in blue). The seed regions obtained from ReHo analysis and FC target regions are
represented by red and green colors, respectively, in the three-dimensional brain. LP, lateroposterior; VPL, ventroposterolateral; MFG, middle frontal
gyrus; SFG, superior frontal gyrus; ATTA, Abbreviated Torrance Test for Adults; A, anterior; also refer to Figures 1, 2 for other abbreviations. †Denotes
significant results after Bonferroni’s correction (p < 0.0125).

It has been suggested that both the cortico-cerebellar and
cortico-basal ganglia loops are involved in motor skill development
(Hikosaka et al., 2002; Doyon et al., 2003). The GP is engaged
in all functional circuits within the cortico-basal ganglia loop,
while the putamen is mainly involved in the sensorimotor circuit.
Both the execution and observation of manipulative actions
activate the basal ganglia, thalamus, and cerebellum (Errante and
Fogassi, 2020). Our findings related to the subcortical functional
connections of the GP, putamen, and cerebellum support the
assertion that the basal ganglia and cerebellum are important
neural substrates for motor information transfer in dancers. These
findings are consistent with those of previous studies on motor

learning and dance (Doyon et al., 2009; Hardwick et al., 2013;
Li et al., 2015). However, our findings on intra-regional FC
of the basal ganglia and cerebellum at rest differ slightly from
previous findings related to the putamen and anterior cerebellum
during a simple dance task (Figure 1; Brown et al., 2006).
Nevertheless, our findings indicate that the basal ganglia and
cerebellum are engaged during dancing as well as in a resting
state.

Our results showed that dancers’ subcortical areas, including
the cerebellum, basal ganglia, and thalamus, as well as cortical areas,
including the dlPFC, IPL, and PMd, interconnect functionally to
form the integrated network/system of the cortico-cerebellar-basal
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ganglia system (Figures 2C–G), that is the extended cortico-
subcortical MNS (Caligiore et al., 2017, 2019). This system plays
a role in domain-general prediction across various functions such
as somatic and visceral motor control, attention, timing, and social
cognition (Siman-Tov et al., 2019). Specifically, enhanced cerebellar
connectivity with the premotor and non-motor associative cortices
in dancers facilitates cognitive-motor interactions, while the basal
ganglia (caudate and nucleus accumbens) contribute to cognitive
associative learning to assist in selecting a motor plan for goal-
directed action (Grossberg, 2016). Our findings suggest that
long-term dance training shapes the extended cortico-subcortical
MNS and primes dancers for their goal-directed action, with the
enhanced functional couplings in this system being the virtuoso-
specific neural signature of intense physical and mental practice
(Grossberg, 2016; Caligiore et al., 2017, 2019; Siman-Tov et al.,
2019).

4.4. Identifying the contributions of
cortical-subcortical hierarchical
organization to cognitive-motor
interaction and automaticity following
intensive dance practice

The current study contributes to the growing body of evidence
indicating that intensive dance practice leads to the integration of
cortical-subcortical hierarchical organization, which is involved in
cognitive-motor interactions. Compelling evidence has indicated
that there are inverted U-shaped relationships between brain
factors (such as brain activity and functional connectivity) and
behavioral measures across different skill levels (i.e., expert,
intermediate, and novice) (Brefczynski-Lewis et al., 2007; Chen
et al., 2020, 2022). It is plausible that the functional connections
within the subcortical regions associated with skill development
undergo an initial increase followed by a subsequent decline
as practice intensifies. This decrease in subcortical functional
connections observed with prolonged practice may indicate
neuroadaptation in cognitive-motor interactions. In dancers, these
neural changes may follow a downward trajectory resembling an
inverted U-shaped pattern. Our research findings support this idea,
as we discovered negative correlations between practice time and
functional connections (GP-putamen, putamen-GP, GP-thalamus,
and putamen-thalamus FCs) in the cortico-basal ganglia loops (see
Figure 4). As practice time increases, the FC of the basal ganglia
tends to decrease, which may be attributed to the development of
automaticity in complex motor skills during the later stages of skill
acquisition (Doyon et al., 2009; Ashby et al., 2010; Dahms et al.,
2020), particularly in the chunking of well-practiced movement
sequences (Penhune and Steele, 2012).

Our study did not find a significant correlation between the
number of years of dance training and the FC. The absence of
association could be explained by the fact that longer training
duration does not necessarily imply consistently greater length,
quantity, or intensity of practice, nor does it guarantee a higher
level of specialization (see Supplementary Figure 1 for the
dissociation between training duration and practice intensity).
Training duration primarily reflects the cumulative impact of
long-term training, rather than the level of performance attained.

On the other hand, the amount of practice time per day or
week may indicate the current stage of skilled learning for a
dancer. Our findings support the notion that the intensity of
dance training plays a more significant role than the duration
of training in determining trait effects. Moreover, subcortical
functional connections may serve as an inverse predictor of the
intensity of dance training.

The negative correlations observed between basal ganglia
connections and originality in DANCE provide further support
to the notion that embodied-based skill learning facilitates the
extended cortico-subcortical MNS, which enables the generation
of creative thinking with less motor and cognitive gating demands
(Figure 5; Badre and Nee, 2018). The basal ganglia, dlPFC, and
cerebellum are known to be neural substrates of novelty-based
creative thinking (Khalil and Moustafa, 2022). The basal ganglia,
in particular, are crucial in action selection for novelty detection,
storage of motor information, and habit learning through repeated
practice (Foerde and Shohamy, 2011; Penhune and Steele, 2012;
Khalil and Moustafa, 2022).

In the integrated network/system, the basal ganglia, cerebellum,
and thalamus are recognized as sensorimotor areas, while the
dlPFC is considered a domain-general executive control area
(Brown and Kim, 2021). The dlPFC critically subserves top-down
executive control, regulating the flow of information (sensory,
motor, and cognitive) through gating-like mechanisms and
regulating the propagation of information across circuits (Badre
and Nee, 2018; Tsuda et al., 2020). The negative correlation between
originality and basal ganglia (GP and putamen) connections to the
dlPFC in DANCE implies that dancers are not burdened by effortful
sensory-motor and contextual control, allowing them to generate
innovative movement ideas (Figures 5A, B; Shamay-Tsoory et al.,
2011; Badre and Nee, 2018). The weakened connection with the
right dlPFC in dancers may reflect weaker inhibition control of
dance movements performed under unexpected environmental
conditions to free their minds from well-established motor
behavior (Shamay-Tsoory et al., 2011; Sainburg, 2016).

The present study provides additional evidence that the
extended cortico-subcortical MNS is crucial to creativity,
particularly originality, among dancers. Although the ATTA
used mainly probes visual creativity, not motor creativity, the
correlation with the integrated cortico-cerebellar-basal ganglia
system implies the importance of embodied sensorimotor
experiences in dancers. The embodied cognitive processes (e.g.,
creative thinking) in dancers may be grounded in sensorimotor
experiences. Dance training involves a significant amount of multi-
modal and cross-modal learning and sensorimotor processing.
Intensive dance training may thus translate into enhanced novelty-
based creative thinking in both the motor and visual domains (Fink
et al., 2009; Palmiero et al., 2019). The efficiency with which these
processes are executed can be attributed to attenuated cognitive-
motor interactions, as evidenced by the high functionality of
cortical-subcortical hierarchical organization (Caligiore et al.,
2017).

4.5. Points of further consideration

A few points need consideration. Firstly, while the ReHo
analysis is a useful tool for identifying important regions in the
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brain, its use alone may be limited for discussing long-range
functional connectivity. To address this, besides our hierarchical
approach, a network-based approach could be used in future
research. Secondly, since the local and global functional integration
of resting-state networks may be linked to specific cognitive abilities
(Alavash et al., 2015), multiple cognitive tasks and psychological
measures may be required to better understand the associations
between mental abilities and brain neurodynamics at different
spatial scales (local or global). Finally, it is quite common within
the artistic education system in Taiwan for students to be exposed
to multiple artistic disciplines from an early age. It is important to
mention that none of the participants in both DANCE and CON
reported having received any special training in sports. Taking into
consideration the aforementioned information, we recognize that
the potential influence of other art specialties, apart from dance,
may be minimal, and the impact of sports training may be even
smaller. Nevertheless, it remains challenging to entirely discount
the potential effects of other art and sports, besides dance, on
perception-action coupling.

5. Conclusion

Long-term dance training sculpts the brain of a dancer in a
domain-specific way, as revealed by our hierarchical combination
of ReHo and seed-based FC analysis. This analysis uncovered a
neural "fingerprint" specific to highly trained dancers, indicating
trait effects of dance training on neurodynamics. The strengthened
connections observed in the resting state of dancers’ eMNS may
contribute to their preparation for skilled performance. This is
supported by the well-functioning cortical-subcortical hierarchical
organization of the eMNS.
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