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Intensive practise of sensorimotor skills, such as music and dance, is associated with brain structural
plasticity. While the neural correlates of music have been well-investigated, less is known about the neu-
ral correlates of dance. Additionally, the gray matter structural correlates of dance versus music training
have not yet been directly compared. The objectives of the present study were to compare gray matter
structure as measured by surface- and voxel-based morphometry between expert dancers, expert musi-
cians and untrained controls, as well as to correlate gray matter structure with performance on dance-

g‘z:’zsrds" and music-related tasks. Dancers and musicians were found to have increased cortical thickness com-
Music pared to controls in superior temporal regions. Gray matter structure in the superior temporal gyrus
Brain was also correlated with performance on dance imitation, rhythm synchronization and melody discrim-

ination tasks. These results suggest that superior temporal regions are important in both dance- and
music-related skills and may be affected similarly by both types of long-term intensive training. This
work advances knowledge of the neural correlates of dance and music, as well as training-associated
brain plasticity in general.
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1. Introduction

Investigating the neural correlates of specialized training, such
as dance and music, allows us to better understand human brain
plasticity and the interaction between the brain and behaviour.
Many studies have examined the neural correlates of music train-
ing (for a review, see Herholz and Zatorre, 2012 or Schlaug, 2015),
and there is growing interest to study the neural correlates of
dance (for a review, see Karpati et al., 2015). As in music training,
dance training is structured and can be quantified. Although both
music and dance share many skills, such as sensorimotor integra-
tion, the specific skills learned in each form of training differ con-
siderably, which motivates the study of what brain mechanisms
and behaviours might be shared or distinct between these skills.
For example, dance generally has a stronger reliance on whole-
body movements and following sound, while music typically relies
on effector-specific movements and the production of sound. The

* Corresponding author at: International Laboratory for Brain, Music and Sound
Research (BRAMS), Pavillon 1420 Mont Royal, FAS, Département de psychologie, CP
6128, Succ. Centre Ville, Montréal, QC H3C 3]7, Canada.

E-mail addresses: falisha.karpati@mail.mcgill.ca (FJ. Karpati), chiagiarasa@g-
mail.com (C. Giacosa), nicholas.foster@mail.mcgill.ca (N.E.V. Foster), virginia.
penhune@concordia.ca (V.B. Penhune), krista.hyde@umontreal.ca (K.L. Hyde).

http://dx.doi.org/10.1016/j.brainres.2016.11.029
0006-8993/© 2016 Elsevier B.V. All rights reserved.

comparison of the gray matter structural correlates of dance versus
music training has not yet been examined, and can provide insight
into brain characteristics that may be associated with auditory-
motor artistic training in general (i.e., are similarly correlated with
music and dance) or those that may be associated with learning
specific skills (i.e., are differently associated with music and
dance). To these aims, the present study investigated gray matter
(GM) structural differences between expert dancers, expert musi-
cians and untrained controls in correlation with performance on
dance- and music-related tasks.

1.1. Brain structural differences between expert musicians/dancers and
untrained controls

Several studies have found GM structural differences between
expert musicians and non-musicians. Many of these studies have
used voxel-based-morphometry (VBM) to reveal GM concentration
differences between musicians and non-musicians in distributed
cortical regions including primary motor (M1) and somatosensory
areas (i.e., pre- and postcentral gyri), premotor cortex (PMC), supe-
rior (SPL) and inferior parietal lobules, inferior temporal gyrus,
Heschl’s gyrus, superior temporal gyrus (STG), orbitofrontal gyrus
and inferior frontal gyrus (IFG)/Broca’s area (Abdul-Kareem et al.,
2011; Amunts et al., 1997; Fauvel et al., 2014; Gaser and Schlaug,
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2003; Han et al., 2009; James et al., 2014; Schlaug, 2001; Schneider
et al., 2002; Sluming et al., 2002). While VBM allows analysis of the
cerebellum and subcortical structures, surface-based morphome-
try avoids confounds caused by the position and shape of the cor-
tical mantle (Good et al., 2001) since the data are extracted directly
from the GM surface (Kim et al., 2005; Lerch and Evans, 2005;
MacDonald et al., 2000). Applying VBM in combination with
surface-based morphometry provides more information on the
underlying nature of GM differences (Hutton et al., 2009;
Palaniyappan and Liddle, 2012). To this aim, Bermudez et al.
(2009) used VBM and cortical thickness (CT) methods together to
reveal thicker cortex in musicians versus non-musicians in supe-
rior and middle temporal regions, PMC, lingual gyrus and superior
frontal gyrus as well as increased GM concentration in superior
temporal regions.

Relative to studies on music, less is known about the GM struc-
tural correlates of dance training. Using VBM, Hdnggi et al., 2010
found reduced GM volume in the PMC, supplementary motor area
(SMA) and superior frontal gyrus in professional female ballet dan-
cers compared to non-dancers, mainly in the left hemisphere. Also
using VBM, Nigmatullina et al. (2015) found reduced GM in the
posterior cerebellum in expert dancers compared to non-dancer
rowers, and also found group differences in the correlations
between structure in this region and performance on a vestibular
task. However, these above studies have some important limita-
tions. Neither study correlated GM structure with dance perfor-
mance. Moreover, they included limited GM measures (only
VBM) that provided little information about the underlying nature
of GM differences. Finally, the results may not be generalizable to
all dancers since they included very select groups of only female
ballet dancers.

Taken together, this body of work suggests that both music and
dance training are associated with GM structure in various senso-
rimotor brain areas. However, brain-behavioural studies in musi-
cians and dancers are important to further understand the
relationship between the brain and music/dance ability.

1.2. Brain-behaviour correlations in music and dance

Various studies have examined brain-behaviour correlations in
music and dance each separately. In music-related contexts, stud-
ies examining the correlation between brain function and structure
with performance on melody and rhythm tasks are especially rel-
evant to the present work. Foster and Zatorre (2010a) found that
performance on a melodic discrimination task showed increased
activation compared to an auditory control in the precentral gyrus
(PrG), pre-supplementary motor area (preSMA), and STG. Struc-
turally, CT in the right auditory cortex, bilateral intraparietal sulcus
and PrG was positively correlated with performance on this same
melodic task (Foster and Zatorre, 2010b). In addition to melody,
rhythm is an important aspect of music training. Chen et al.
(2008) found that performance on a rhythm synchronization task
was correlated with activity in the preSMA, SMA, PMC, dorsolateral
prefrontal cortex and inferior parietal lobule. Bailey et al. (2014)
found GM structure in the PMC to be correlated with performance
on a similar rhythm task. Finding and tapping to a beat has been
correlated with activation in the STG, PMC and prefrontal cortex
(Kung et al., 2013). Taken together, these findings point to the
importance of auditory and motor brain regions in music, and
namely in melody- and rhythm-related skills.

Much of the work investigating the neural correlates of dance
has focused on functional neuroimaging studies during dance
observation, and has demonstrated the importance of the action
observation and simulation systems (PMC, SMA, M1, superior tem-
poral sulcus (STS) and parietal cortex) in dance (e.g., Cross et al.,
2006; Jola et al., 2013; Pilgramm et al., 2010). A few studies have

employed innovative techniques to study the neural correlates of
actual dance performance. Brown et al. (2006) scanned the brains
of amateur tango dancers using positron emission tomography
(PET) imaging while they performed tango-related leg movements.
They found that the STG, SPL, frontal operculum, cerebellum, puta-
men, thalamus and motor cortical regions including PMC and M1
were activated during this dance task. More recent studies by
Tachibana et al. (2011) and Ono et al. (2014) applied functional
near infrared spectroscopy (fNIRS) in a sample of non-dancers
while they performed a dance video game involving stepping to
match visual stimuli. They found that superior and middle tempo-
ral gyri, SPL and frontopolar cortex were active during this task.
The above studies on dance point to the importance of auditory
and motor brain regions, including frontal and superior temporal
regions, in dance observation and performance.

Taken together, studies investigating brain-behaviour correla-
tions in music- and dance-related contexts have demonstrated
the importance of a variety of regions in these skills, particularly
those implicated in auditory, motor or multimodal integration
functions. There is some overlap in the regions associated with per-
formance of music- and dance-related tasks, including the STG, but
a direct comparison of the neural correlates of music- versus
dance-related tasks has not yet been conducted.

1.3. The role of superior temporal cortex in music and dance

As described above, the STG has been shown to be active during
performance of both music- and dance-related tasks, pointing to its
role in artistic auditory-motor training. Superior temporal cortex is
classically known as an auditory processing region including pri-
mary and secondary auditory cortex (Mendoza, 2011). This has
been supported by studies using musical tasks, which observed
that the STG and STS are active during melodic processing
(Bengtsson and Ullen, 2006; Foster and Zatorre, 2010a; Klein and
Zatorre, 2015; Lappe et al., 2013; Lee et al.,, 2011; Schlaug, 2015).
Superior temporal regions also play a role in functions other than
purely auditory processing. For example, the planum temporale
area of the STG has been proposed to be a computational hub
(Griffiths and Warren, 2002) which processes and sorts sounds
and then sends those with a motor relevance to more anterior
motor regions. This is consistent with the involvement of the STG
in an auditory-motor integration network (Bangert et al., 2006;
Hickok et al., 2003; Romanski, 2012; Zatorre et al., 2007) and the
role of the STG in auditory (e.g., listening to musical stimuli), motor
(e.g., pressing piano keys) (Bangert et al.,, 2006; Baumann et al.,
2007; Hickok et al, 2003) and auditory-feedback tasks
(Pfordresher et al., 2014). The auditory-motor integration network
is especially relevant to dance and music training as they both
involve auditory and motor processing, and rely extensively on
their integration. Specifically, dancers often synchronize their
movements with auditory stimuli and musicians execute move-
ments in order to produce sound on their instrument.

Other functions relevant to both dance and music in which
superior temporal regions have been associated include the tempo-
ral control of movements (Bengtsson et al., 2004), multisensory
integration (Jola et al., 2013; Pantev et al., 2015; Tachibana et al,,
2011) and action imitation (lacoboni et al., 2001; Molenberghs
et al., 2010). The STG has also been implicated in more dance-
relevant functions, such as balance (Karim et al., 2014), posture
prediction (Gardner et al.,, 2015), form and motion processing
(Cross et al., 2010; Giese and Poggio, 2003) and biological motion
observation (Gilaie-Dotan et al., 2013; Han et al., 2013; Peuskens
et al., 2005). Overall, the work described here supports the involve-
ment of superior temporal regions in a variety of music- and
dance-relevant functions.
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1.4. Objectives and hypotheses

The first objective of the present study was to compare the GM
structural correlates of dance versus music training. The second
aim was to relate any training-associated brain modifications to
specific measures of dance and music abilities. To these aims,
expert dancers, expert musicians and untrained controls were
tested on a battery of dance and music-related tasks including
dance imitation, rhythm synchronization and melody discrimina-
tion tasks, and completed a structural MRI brain scan. A novel
multi-metric GM analysis approach was used including the combi-
nation of gray matter concentration (GMC), CT, and cortical surface
area (SA) to provide complementary and detailed analyses of GM
structure in these groups.

Since both dance and music training involve auditory process-
ing, motor planning and execution, as well as auditory-motor inte-
gration, common GM structural differences were expected in
auditory and motor regions (i.e., superior temporal auditory areas,
as well as frontal motor areas) in both dancers and musicians com-
pared to controls. However, larger and more diffuse brain changes
were expected in musicians in auditory regions due to the impor-
tance of detailed sound analysis required in music training, while
in dancers larger changes in motor regions were expected due to
dancers’ intensive practise of whole-body movements. The brain-
behaviour correlations were expected to support the findings of
the group comparison, with regions showing differences in musi-
cians being correlated with performance on music-related tasks
and regions showing differences in dancers being correlated with
dance-related tasks.

2. Results
2.1. Behavioural results (Fig. 1)

On the dance imitation task, dancers outperformed both musi-
cians and controls (p <0.001), and musicians performed better
than controls (p=0.003). On both the rhythm synchronization
and melody discrimination tasks, musicians outperformed both
dancers and controls (p < 0.007) while dancers and controls per-
formed similarly (p > 0.19). No significant group differences were
found in the syllable sequence discrimination task (p > 0.7).

2.2. Group differences in GM structure (Fig. 2, Table 1)

CT: F-tests conducted to determine the presence of group differ-
ences in CT revealed a significant cluster in the right superior tem-
poral gyrus (p=0.02). Post hoc pairwise comparisons showed
greater CT in the dancers compared to controls in a cluster includ-
ing the right STG, STS and middle temporal gyrus (MTG)
(p <0.001). Musicians showed greater CT than controls in a cluster
including the right STG, STS and MTG, as well as two additional
clusters in the right postcentral gyrus and right middle occipital
gyrus (p <0.04). No significant differences in CT were found
between dancers and musicians.

SA: An F-test conducted on SA did not show any significant
group differences.

GMC: An F-test conducted on GMC did not show any significant
group differences.

2.3. GM structure correlations with behavioural tasks (Fig. 3)

2.3.1. Dance imitation (Table 2)
CT: Across all participants, a trend towards a positive correla-
tion between task performance and CT was observed in the left
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Fig. 1. Behavioural results. Performance across the three groups (dancers,
musicians and controls) as measured by z-scores (standardized scores) adjusted
for covariates are shown across tasks on a continuum from more dance-related
(dance imitation), the rhythm synchronization, to more music-related (melody
discrimination) as well as the syllable control task. As shown, dancers perform best
on the dance task, and the musicians perform best on the melody and rhythm tasks.
Adapted from Karpati et al. (2016).

W Dancers > Controls

M Musicians > Controls

[ Dancers & Musicians > Controls

Fig. 2. Group differences in cortical thickness. Regions where dancers have greater
cortical thickness (CT) than controls are shown in red, regions where musicians
have greater CT than controls are shown in blue, and regions where both dancers
and musicians have greater CT than controls are shown in green. Clusters shown are
significant at p < 0.05 after correction for family-wise error using random field
theory. See Table 1 for more detailed information on these results.

STG (p =0.08). No correlations were found in the control group
separately.

SA: No significant correlations were found between SA and
dance task performance.

GMC: Across all participants, performance on the dance imita-
tion task was positively correlated with GMC in bilateral clusters
covering the STG and IFG and extending into more inferior tempo-
ral regions on the right (p < 0.02). In the control group separately,
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Table 1
Group differences in cortical thickness.

Comparison Cluster Peak (MNI coordinates)
P-value Extent Brain region Brodmann X y z t-Value Average group
(2-tailed) area difference
in CT (mm)
Dancers > Controls <0.001 1438 vertices/3367 mm? R STG 22 58 -7 -6 4.07 0.20
R STG 22 65 —40 14 3.58 0.18
R pSTG/supramarginal gyrus 22 56 -35 25 347 0.15
R MTG 21 60 -25 -6 334 0.18
R STG 22/38 45 3 -15 3.10 0.22
R MTG 21 66 -17 -18 2.64 0.15
R Heschl's gyrus 41 48 -11 5 242 0.13
Musicians > Controls <0.001 1353 vertices/3097 mm? R MTG 21 63 -30 -5 3.73 0.23
R STG 22 67 -12 0 3.72 0.24
R STS 22/39 55 -43 17 3.45 0.19
R STG 52 46 -9 -5 3.09 0.25
R Heschl's gyrus 42 53 -16 6 297 0.18
R STG 22 67 -37 10 2.94 0.18
R STG 22/38 61 2 -3 2.84 0.20
R MTG 21 50 -39 3 2.75 0.19
0.003 401 vertices/1092 mm? R PoG 3 60 -12 41 341 0.24
RCS 3/4 57 -7 25 3.27 0.16
R rolandic operculum 43 55 -5 10 2.78 0.16
0.04 349 vertices/981 mm? R MOG 19 46 -74 1 3.88 0.20

Clusters are significant at p < 0.05 after correction for family-wise error using random field theory.
CS = central sulcus; MTG = middle temporal gyrus; MOG = middle occipital gyrus; PoG = postcentral gyrus; STG = superior temporal gyrus; pSTG = posterior superior tem-

poral gyrus; STS = superior temporal sulcus.

task performance was significantly positively correlated with GMC
in clusters including the right IFG and left STG (p < 0.03), with a
trend in the right STG (p = 0.08).

2.3.2. Rhythm synchronization (Table 3)

CT: Across all participants, performance on the rhythm task was
positively correlated with CT in the right pre- and postcentral gyri
and central sulcus (p < 0.001), and a trend was observed in the left
STG extending into the supramarginal gyrus (p = 0.07). In the con-
trol group, CT in the right STG was positively correlated with
rhythm task performance (p < 0.01).

SA: No significant correlations were found between SA and
rhythm task performance.

GMC: Across all participants, GMC in the right postcentral gyrus
was positively correlated with rhythm task scores (p = 0.05). In the
control group, a trend was observed in a cluster including the left
IFG and STG (p = 0.07).

2.3.3. Melody discrimination (Table 4)

CT: Across all participants, performance on the melody task was
positively correlated with CT in a cluster centered on the left MTG
and extending into the STG and ITG, two clusters covering the right
STG, STS and MTG, and a fourth cluster containing the right ventral
pre- and postcentral gyri and central sulcus (p <0.01). No correla-
tions were found in the control group separately.

SA: No significant correlations were found between SA and mel-
ody task performance.

GMC: No significant correlations were found between GMC and
melody task performance.

3. Discussion

This is the first study to examine the GM structural correlates of
dance training using multiple analysis techniques, as well as the
first to compare the GM structural correlates of dance versus music
training. Both dancers and musicians showed increased CT com-
pared to controls in the STG, and increased GM in this region
was correlated with better performance on dance imitation,

rhythm synchronization and melody discrimination tasks. These
findings suggest that the STG is involved in both music- and
dance-related functions and may be affected similarly by both
types of training. In addition, GMC in the IFG was correlated with
performance on the dance task.

3.1. GM structure in superior temporal regions is associated with both
music and dance

Both musicians and dancers had greater CT than controls in
overlapping right temporal regions, including the STG, STS and
MTG. These results are consistent with previous work that found
GM structural differences between musicians and non-musicians
in similar brain areas (Bermudez et al., 2009; Fauvel et al., 2014).
Neither study that has previously investigated GM structure in
dancers versus non-dancers (Hanggi et al.,, 2010; Nigmatullina
et al., 2015) found group differences in temporal regions. This dif-
ference may be due to the fact that both previous studies included
only female ballet dancers, while the present study included a
more generalizable group of both male and female dancers with
varied training backgrounds. Additional factors that may con-
tribute to this difference include the small sample size of 10 partic-
ipants per group in Hanggi et al. (2010)’s study, as well as the use
of a specialized athlete control group in Nigmatullina et al. (2015)’s
study. The non-specialized control group used in the present study
is a better representation of non-dancers in general.

The involvement of the STG in both music and dance is further
supported by the results of the brain-behaviour correlations.
Across all groups, CT in the STG was positively correlated with all
three music- and dance-related tasks. This correlation was also
observed between GMC in the STG and performance on the dance
imitation task. The correlations across groups are likely driven by
differences in behavioural performance. Importantly, however, in
the control group alone we found similar correlations between
GMC in the STG and dance task performance, as well as between
CT in the STG and rhythm task performance. These results suggest
that the STG is implicated in individual differences in task perfor-
mance in the absence of training.
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Fig. 3. Correlations between brain structure and task performance. Brain structure correlations with behavioural tasks across all groups are shown, including significant
clusters at p < 0.05 and trending clusters at p < 0.1 after correction for family-wise error using random field theory. Regions of the left superior temporal gyrus (STG) where
cortical thickness (CT) is correlated with dance (top-red), rhythm (middle-purple) and melody task performance (bottom-blue), as well as their corresponding scatterplots,
are presented in panel (a). Panel (b) shows the correlation between gray matter concentration (GMC) in the right inferior frontal gyrus (IFG)/STG and dance task performance,
as demonstrated by a saggital section, surface rendering showing the significant cluster and the corresponding scatterplot. See Tables 2-4 for more detailed information on

these results.

The present findings of positive correlations between GM struc-
ture in the STG and performance on dance- and music-related tasks
are consistent with previous functional and structural studies
using similar tasks. For example, previous functional studies found
STG activation during dance-related tasks, such as dance observa-
tion and simulation (Cross et al., 2006; Jola et al., 2013), perfor-
mance of tango steps (Brown et al., 2006) and performance of a
dance video game focusing on lower limb movement (Tachibana
et al., 2011). Activation of the STG has also been observed during
rhythm tasks, such as rhythm discrimination (Foster and Zatorre,
2010a), beat finding (Kung et al., 2013) and synchronizing taps to

an auditory stimulus (Krause et al., 2010; Lewis et al., 2004). CT
in the STG has also been positively correlated with rhythm dis-
crimination (Foster and Zatorre, 2010b). Finally, the present corre-
lation of CT in the STG with melodic discrimination is consistent
with previous findings using this same melody task in musicians
and non-musicians, which showed both a positive correlation
between CT and melody task performance in the STG (Foster and
Zatorre, 2010b), as well as melody task-related activation in the
STG (Foster and Zatorre, 2010a).

Further support for the role of the STG in music and dance
comes from studies on auditory-motor integration. The STG is an
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Table 2
Brain structure correlations with the dance imitation task.
Participants Brain structural metric Cluster Peak (MNI coordinates)
P-value (2-tailed)  Extent Brain region Brodmann area  x y z t-value
All ) 0.08 649 vertices/1583 mm? L STG 22 -62  -35 7 3.62
L pSTG 41 47 -39 20 297
L STG 42/22 -58 -20 8 277
GMC <0.001 12046 voxels/mm?> R IFG 44 56 13 19 5.48
R IFG 47 35 22 =22 433
R MFG 46 43 44 10 3.87
R insula 13 42 -5 -10  3.85
R rolandic operculum 6 48 -13 11 3.73
R MTG 21 56 -3 -18  3.72
R IFG 47 45 21 -4 3.62
R STG 22 59 -4 1 3.50
R ITG 21 52 4 -36 342
R MFG 46 51 29 24 330
R ITG 20 64 -16 -25 3.9
R subcallosal gyrus 34 23 6 -14 313
R IFG 47 47 42 -12 3.10
R IFG 45 54 27 9 2.93
R STG/temporal pole 38 52 10 -11 2.87
0.02 5392 voxels/mm?> L STG/temporal pole 38 -41 18 -21 4.13
L rolandic operculum 6 -49 -5 5 4.08
L insula 13 -46 13 -7 3.60
L IFG 47 36 24 -2 2.62
Controls GMC 0.02 5598 voxels/mm? R MFG 9 46 20 43 6.27
R IFG 44 51 17 29 5.98
R IFG 45 46 34 1 5.86
R IFG 44/45 54 22 15 4.30
R putamen N/A 23 15 4 2.99
R IFG 47 44 39 -13 267
0.03 5215 voxels/mm? L PoG 43 -68 -14 28 6.44
L supramarginal gyrus 40 -61 -31 40 5.62
L STG 22 65 -34 10 4.68
L PrG 6 63 4 27 4.54
L STG 22 69 -17 0 4.42
L STG 41 -44 -37 11 3.75
L PoG 4 62 -5 39 2.99
0.08 4728 voxels/mm® R supramarginal gyrus 22 68 -23 20 5.70
R MTG 21 67 -6 -11 5.01
R STS 22 68 20 -1 4.78
R STG 22 53 -10 7 4.61
R supramarginal gyrus 40 67 -19 38 2.93

Results are listed for each brain structural metric (CT or GMC) across all participants and in the control group separately. Significant clusters at p < 0.05 and trending clusters
at p <0.1 after correction for family-wise error using random field theory are reported. Trending clusters are listed in italics.
CT = cortical thickness; GMC = gray matter concentration; IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; MFG = middle frontal gyrus; MTG = middle temporal
gyrus; PoG = postcentral gyrus; PrG = precentral gyrus; STG = superior temporal gyrus; pSTG = posterior superior temporal gyrus; STS = superior temporal sulcus.

Table 3

Brain structure correlations with the rhythm synchronization task.

Participants  Brain structural metric ~ Cluster Peak (MNI coordinates)

P-value (2-tailed)  Extent Brain region Brodmann area  x y z t-Value

All CT <0.001 548 vertices/1353 mm? R CS 3 44 -14 35 4.04

R CS/PrG 3/4 43 -10 50 3.19

RCS 4 61 -1 19 3.10

0.07 616 vertices/1739 mm? L supramarginal gyrus 40 —-47 33 20 3.10

L STG 22 -62 -28 4 3.00

L supramarginal gyrus 40 -60 -36 32 2.85

L STG 22 -64 -9 1 277

GMC 0.05 3018 voxels/mm? R CS 6 44 -14 48 3.75

R PoG 4 40 -26 58 3.73

Controls CT <0.01 117 vertices/185 mm? R STG 22/42 45 -5 -10 5.23

R STG 22/42 43 -18 0 2.75

GMC 0.07 3166 voxels/mm’® L insula 13 -39 18 -9 5.82

L STG 41 -43 1 -16 494

L IFG 47 -47 37 -15 454

L IFG 47 -50 26 -2 3.81

Results are listed for each brain structural metric (CT or GMC) across all participants and in the control group separately. Significant clusters at p < 0.05 and trending clusters
at p <0.1 after correction for family-wise error using random field theory are reported. Trending clusters are listed in italics.
CS = central sulcus; CT = cortical thickness; GMC = gray matter concentration; IFG = inferior frontal gyrus; PoG = postcentral gyrus; PrG = precentral gyrus; STG = superior

temporal gyrus.
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Table 4

Cortical thickness correlations with the melody discrimination task across all participants.

Cluster Peak (MNI coordinates)

P-value (2-tailed) Extent Brain region Brodmann area X y z t-Value

<0.001 1065 vertices/2746 mm? R ventral PoG 43 65 -14 20 4.06
R rolandic operculum 43 51 -9 15 3.64
R ventral PrG 43 62 5 19 3.41
R PoG 4 57 -15 48 3.21
R CS/PoG 4 55 -8 30 3.09
R IFG/precentral sulcus 6 49 9 13 2.70
RCS 3/4 43 -15 37 2.50

<0.001 1159 vertices/2580 mm? R MTG 21 62 -26 -6 4.03
R STG/STS 22 52 —-45 22 4.01
R STS 21/22 49 -38 9 3.7
R STG 22 63 -13 6 3.01
R STG 22 67 -36 9 2.76

<0.01 197 vertices/314 mm? R STG 52 43 -3 -14 3.70
R STG 52 42 -14 -5 3.07

<0.01 640 vertices/1925 mm? L ITG 37/20 -59 —44 -16 3.68
L MTG 21 -57 -29 -4 3.61
L MTG 21/38 -59 1 —24 2.92
L MTG/STS 21 -55 -12 -13 2.88
L STG 22 -62 -20 9 2.66

Clusters are significant at p < 0.05 after correction for family-wise error using random field theory are reported. No significant clusters in GMC or in the control group

separately were found.

CS = central sulcus; IFG = inferior frontal gyrus; ITG = inferior temporal gyrus; MTG = middle temporal gyrus; PoG = postcentral gyrus; PrG = precentral gyrus; STG = superior

temporal gyrus; STS = superior temporal sulcus.

important component of the auditory-motor integration network
(Bangert et al., 2006; Hickok et al., 2003; Zatorre et al., 2007) and
has been implicated in processing sounds and sending those with
a motor relevance to motor regions (Griffiths and Warren, 2002).
Auditory-motor integration is crucial to both dance and music
training, since dancers are trained to synchronize movements to
auditory stimuli and musicians are trained to execute movements
to produce sound. Functional brain plasticity associated with such
training has been demonstrated by the finding of functional
enhancements of this auditory-motor network in expert musicians
compared to amateur musicians (Lotze et al.,, 2003) and non-
musicians (Bangert et al., 2006; Chen et al., 2008). This has not
yet been investigated in dancers compared to non-dancers, how-
ever the present results of structural enhancements in both dan-
cers and musicians in the STG suggests that both dance and
music training may have effects on this network. The STG has also
been associated with temporal control of movements (Bengtsson
et al., 2004), which is highly relevant to both dancers and musi-
cians as both are trained to execute movement sequences in a pre-
cisely timed manner. Studies using both music- and dance-related
tasks have implicated the STG in multisensory integration (Jola
et al., 2013; Pantev et al., 2015; Tachibana et al., 2011), which is
crucial to both dance and music training as they require the inte-
gration of auditory (e.g., music one is dancing to or producing),
visual (e.g., observing a choreographer or a conductor), and
somatosensory (e.g., contact between body and floor or a musical
instrument) information. In addition, STG activation has been
demonstrated during other dance-related tasks, such as balancing
(Karim et al., 2014) and posture prediction (Gardner et al., 2015).

The present GM structural differences found in dancers and
musicians were both unilateral and bilateral between groups and
in the brain-behavioural correlations. For example, some correla-
tions were left-lateralized (e.g., the dance-CT correlation across
all participants), others were right-lateralized (e.g., the rhythm-
CT correlation in controls) and others were bilateral (e.g., the
dance-GMC correlations across all participants and in controls, as
well as the melody-CT correlations across all participants). More-
over, both the group comparison and brain-behavioural analyses
yielded GM differences located across a wide extent of the STG.

For example, the CT-dance task correlation was in the middle-
posterior area of the STG, however the GMC-dance task correlation
included more anterior regions of the STG. Taken together, the
above results are consistent with previous findings of widespread
and bilateral structural brain differences in the STG in both
music- and dance-related functions. For example, activation over
much of the STG has been found during melodic processing
(Bengtsson and Ullen, 2006), beat finding (Kung et al., 2013) and
dance observation (Jola et al., 2013).

The group differences in CT observed in the present study also
extended beyond the STG into the STS and MTG. The observed area
of the STS has been associated with music- and dance-relevant
functions such as melodic processing (Klein and Zatorre, 2015;
Lee et al., 2011), audiovisual integration (Powers et al., 2012; van
Atteveldt et al., 2004; Werner and Noppeney, 2010), movement-
sound congruency (Schmitz et al., 2013), and human motion per-
ception (Han et al., 2013; Puce and Perrett, 2003). Dance-related
functions have been associated with the MTG as well. The MTG
has been implicated in audiovisual integration and movement tim-
ing during the performance of a dance video game (Ono et al.,
2014), and its plasticity in response to dance training has been sug-
gested by its greater activation to observing trained than untrained
dance movements (Calvo-Merino et al., 2005; Cross et al., 2009). In
combination with the present findings, this work suggests that the
STS and MTG, in addition to the STG, are involved in music and
dance.

Overall, the present findings support previous work showing
the importance of superior temporal regions in dance- and
music-relevant functions separately, and expand on the literature
by demonstrating that GM structure related to dance and music
overlaps in superior temporal areas.

3.2. GM structure in the inferior frontal cortex is correlated with dance
task performance

In addition to the STG, GMC in the IFG was positively correlated
with performance on the dance imitation task across all groups as
well as in the control group separately. The correlation in the con-
trol group suggests that GMC in the IFG is positively correlated
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with dance imitation ability in the absence of dance (or music)
training. These correlations were observed throughout the IFG,
including the opercular, triangular and orbital areas (Brodmann
areas 44, 45, and 47).

This finding extends previous work suggesting the involvement
of the IFG in a variety of dance-relevant functions. It has been sug-
gested that the IFG works with the STG in the above-described
auditory-motor network (Bangert et al, 2006; Hickok et al.,
2003; Romanski, 2012; Zatorre et al., 2007), which is furthered
by findings of anatomical connections between these areas (for a
review, see Romanski, 2012). Its role in this network may be asso-
ciated with its involvement in action selection. It has been pro-
posed that Brodmann area 44 (Broca’s area and its right
homolog) is the hub of a motor repertoire-dependent hearing-
doing network (Lahav et al., 2007) and selects premotor represen-
tations based on context (Koechlin et al., 2003). This is supported
by findings that the IFG is activated when listening to sounds with
associated motor actions (Chen et al., 2009; Lahav et al., 2007). It
has also been implicated in sequence prediction (Fiebach and
Schubotz, 2006; Schubotz and von Cramon, 2003) as well as func-
tions of the mirror neuron system (Molnar-Szakacs et al., 2005;
Rizzolatti et al., 2001) including action observation and execution
(Grezes and Decety, 2001). These functions are crucial to dance
training, since it requires the observation, imitation and execution
of movement sequences as well as the synchronization of move-
ments to auditory stimuli.

The involvement of the IFG in dance contexts is supported by
the finding of its greater activation to observing and simulating
trained compared to untrained dance movements (Calvo-Merino
et al.,, 2005; Cross et al., 2009; Gardner et al.,, 2015), suggesting
its role in action embodiment, as well as its activation during per-
formance of tango steps (Brown et al., 2006). Additional functional
studies have demonstrated activity in the IFG during beat-finding
(Kung et al.,, 2013), encoding a body’s postural configuration
(Cross et al., 2010) and balancing (Karim et al., 2014), all of which
are highly relevant to dance performance.

More anterior regions of the IFG (Brodmann areas 45-47) have
been associated with cognitive functions relevant to dance, includ-
ing active memory retrieval (Cadoret et al.,, 2001) of spatial and
nonspatial visual information (Kostopoulos and Petrides, 2003),
monitoring information in working memory (Champod and
Petrides, 2007; Petrides, 2000a,b) particularly during visuomotor
integration; and processing the order of visual stimuli (Amiez
and Petrides, 2007). These functions are relevant to dance’s reli-
ance on retrieval of previously learned ordered movements using
auditory and visual cues. The present results expand on this func-
tional literature by demonstrating that GM structure in the IFG is
associated with dance imitation ability.

3.3. A multi-metric approach to study brain structural correlates of
dance versus music

In the present study, three GM structural measures (i.e., GMC,
CT and SA) were used to examine brain structural differences
between dancers, musicians and controls. Using such a novel
multi-metric GM approach provides complementary and more
detailed analyses of GM structure in these groups. In the group
comparison, significant differences between dancers, musicians
and controls were found only in CT and not in GMC or SA. This is
consistent with the study by Bermudez et al., 2009 who found less
and smaller significant differences between musicians and nonmu-
sicians using GMC compared to CT. Differences in findings between
these measures may be related to differences in the aspects of GM
structure that they measure. GMC provides a more global measure
of gray matter structure and takes into account a variety of factors
including CT, SA and gyrification (Palaniyappan and Liddle, 2012;

Kong et al., 2015). Using surface-based measures in addition to
GMC can help distinguish the nature of the GM differences by mea-
suring such factors individually. Therefore, each measure may have
different sensitivities depending on the nature of the GM structural
differences in the examined sample. GMC would likely be more
sensitive to general shape and position differences, while CT and
SA would likely be more sensitive to differences in their respective
measure. This is supported by the demonstration that this CT anal-
ysis can detect group differences of less than 1 mm (Lerch and
Evans, 2005). The present findings of group differences in CT but
not GMC or SA suggest that the brain plasticity associated with
auditory-motor training may be related to the GM structure under-
lying CT (i.e., number of cells within a cortical column, cell size and
packing density), rather than GM structure underlying other char-
acteristics such as SA (i.e., number and spacing of cortical columns)
(Gittins and Harrison, 2004; Rakic, 1988, 1995; Rakic et al., 2009).

The complementarity of these GM measures is furthered sup-
ported by the brain-behaviour correlations. Both GMC and CT in
the left STG were found to be positively correlated with dance task
performance, and the GMC results expanded on this with addi-
tional clusters in the right STG and bilateral IFG. Overlap between
these measures was also found in correlations between GM struc-
ture in the right central sulcus and rhythm task performance, how-
ever some differences in correlations between this task and GM
structure in superior temporal and inferior frontal regions were
found between measures. Correlations with the melody task were
only found in CT. Additional confidence in the results is provided
when both methods converge, and differences in results may be
attributed to the different sensitivities of each measure as
described above. Overall, the present results support previous
multi-method studies (e.g., Bermudez et al., 2009; Foster and
Zatorre, 2010b; Hutton et al., 2009; Palaniyappan and Liddle,
2012) in demonstrating that these measures provide different
but complementary information regarding GM structure.

Overall, our findings of differences in CT between musicians and
controls in sensorimotor regions support the previous literature
demonstrating brain structural effects of musical expertise. Vari-
ous methodological differences across studies might account for
why we did not find significant differences in GMC here between
musicians and non-musicians. For example, the present study
included musicians who played a variety of instruments, and we
conducted a whole-brain analysis, and corrected our results for
multiple comparisons. In contrast, some previous work that has
reported GMC differences in musicians versus non-musicians has
included only pianists/keyboard players in the musician group
(Gaser and Schlaug, 2003; Han et al., 2009), only included region
of interest analyses (Abdul-Kareem et al., 2011; Amunts et al.,
1997; Schneider et al., 2002; Sluming et al., 2002), or not corrected
results for multiple comparisons (Fauvel et al., 2014).

While the present study focused on detailed analyses of GM
structure in dance versus music, previous work from our labora-
tory revealed additional findings of white matter (WM) differences
in dance versus music using Diffusion Tensor Imaging in an over-
lapping sample of participants (Giacosa et al., 2016). More specifi-
cally, dancers had increased diffusivity and reduced coherence in
sensorimotor pathways compared to musicians and these differ-
ences were related to performance on dance and music tasks.
Whole-body dance training and effector-specific music training
have opposite effects on sensorimotor pathways. Increased diffu-
sivity in dancers may result from larger axonal diameter, increased
fanning or enhanced crossing of fibres. Taken together, the findings
from our GM and WM studies suggest that the characteristics that
dance and music share (e.g., sensorimotor integration) may have a
greater association with GM structure, while their differences (e.g.,
whole-body versus effector-specific movements) may have a
greater association with WM.
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4. Conclusions and future directions

This is the first study to compare the effects of long-term dance
versus music training on GM structure in relation to behaviour.
Specifically, GM structure was compared between expert dancers,
expert musicians and untrained controls, and correlated with per-
formance on dance- and music-related tasks. Both dancers and
musicians showed increased GM relative to controls in superior
temporal regions, and correlations between GM and performance
on dance- and music-related tasks were found in these regions.
Taken together, the results indicate that both dance and music
training may shape GM structure in a similar way, particularly in
the STG.

This work increases our understanding of brain plasticity asso-
ciated with auditory-motor artistic training, and brain-behaviour
correlations in the contexts of music and dance. Moreover, the pre-
sent findings motivate several important areas of future study. For
example, we are currently conducting structural covariance (He
et al., 2007; Lerch et al., 2006) and functional resting state connec-
tivity (Barkhof et al., 2014) analyses to investigate potential brain
connectivity differences in dancers and musicians. Future longitu-
dinal studies will be important to investigate the contribution of
genetic versus environmental factors to dance and music training.
Finally, this study may serve as a foundation for future clinical
work to develop music- or dance-based therapies for special
populations.

5. Experimental procedure
5.1. Participants

Three groups of participants (aged 18-40years old) were
recruited for this study: expert dancers (N = 20), expert musicians
(N=19) and a control group of non-musicians/ non-dancers
(N =20) (Table 5). Dancers and musicians were either currently
practicing as professionals or students involved in professional
training programs. Their training was assessed via a detailed ques-
tionnaire developed in our laboratories (Bailey and Penhune, 2010;
Coffey et al., 2011). Dancers and musicians had on average approx-
imately 15 years of experience in their respective disciplines, and
controls had on average less than one year of experience in dance,
music, figure skating and aerobics. All participants were physically
active (e.g., biking, running, or other fitness activities). Dancers
were currently practicing contemporary dance as their principal
style, but had a variety of training backgrounds including ballet,
tap, jazz, swing and ballroom. Dancers whose main style was too
similar to the dance task used here (i.e., urban, street or hip hop)
were excluded. Musicians had various instrumental backgrounds,
including keyboard instruments, strings, woodwinds, brass and

Table 5
Participant characteristics.

percussion. None of the musicians had absolute pitch. Since the
dance task was based on a video game, participants were screened
for experience with dance video games; 56 out of 59 participants
reported that they never or rarely (up to three times per year)
played dance video games. The remaining three participants (one
dancer and two musicians) reported a maximum 4 months of
experience with dance video games. The groups did not differ in
age, sex distribution, body mass index (BMI) or level of education
(Table 5). Participants had no past or current learning or develop-
mental disorder, neurological or psychiatric condition, or alcohol
or substance abuse. This study was conducted in accordance with
the Declaration of Helsinki and approved by the Research Ethics
Board at the Montreal Neurological Institute and Hospital. Written
informed consent was obtained from all participants.

5.2. Behavioural testing and analyses

The behavioural battery included three dance- and music-
related tasks. The most dance-related task was a dance imitation
task, in which participants viewed an avatar performing dance
movements to music on a large television screen directly in front
of them, and were asked to mirror the avatar’'s movements in real
time. Participants imitated seven dance routines of varying diffi-
culty selected from the video game Dance Central for Xbox Kinect
version 1 (Harmonix, http://www.harmonixmusic.com). Move-
ments were recorded by the Kinect sensor, which provided a mea-
sure of percent moves correct. This task assesses the ability to
observe and imitate whole body dance movements in real time
with music.

A rhythm synchronization task was chosen as a task related to
both dance and music. Participants heard rhythmic stimuli twice,
and were asked to listen to the first presentation and tap a finger
on a computer mouse button in synchrony with the second. They
completed 2 blocks of 36 trials each. The task was scored using
the absolute value inter-tap interval (ITI) deviation, which is the
ratio of the time between two of the participant’s taps to the time
between the two corresponding sounds in the stimulus. This task
assesses auditory-motor integration and fine motor response, and
has been previously applied in musician and non-musician sam-
ples (Bailey and Penhune, 2010; Bailey et al., 2014; Chen et al.,
2008).

The most music-related task was a melody discrimination task
(Foster and Zatorre, 2010a,b) in which participants were asked to
determine if pairs of melodies were the same or different based
on changes in pitch. Participants completed 4 blocks of 30 trials
each. This task measures auditory processing and pitch discrimina-
tion and was scored using percent of trials correct. As a control for
the melody task and a test of auditory working memory, partici-
pants were also tested on a syllable sequence discrimination task
(Foster and Zatorre, 2010a,b), in which they heard two syllable

Group N Age Sex Body Mass Index (BMI) Years of dance training Years of music training Level of education
(years £ SD) (£SD) (+SD) (£SD) (£SD)
Dancers (D) 20 25.1%39 14F, 21.7+22 15.3+5.2 1.8+1.9 2.35+0.6
6M
Musicians (M) 19 229+34 12F, 22.5+3.2 1.0+1.8 154+34 232+1.0
7M
Controls (C) 20 254+51 13F, 21.8+3.2 04+0.8 05%1.0 26+1.1
7™M
Comparison between D=M=C D=M=C D>M (p <0.0001) M>D (p <0.0001) D=M=C
groups F(2,56) = 2.1 F(2,55)=0.38 D> C (p<0.0001) M > C (p < 0.0001) F(2,56) = 56
p=0.13 p=0.68 M=C(p=1) D=C(p=0.27) p=0.57

F = females; M = males; SD = standard deviation.

Education levels for each participant were calculated on a scale of 1-5, where 1 is the lowest (completed high school) and 5 is the highest (completed doctorate degree).
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sequences and were asked to determine if they were the same or
different. Participants completed 2 blocks of the syllable task, each
consisting of 30 trials, and this task was scored using percent of tri-
als correct.

Age, BM], level of education and years of dance and music train-
ing were compared between groups (dancer, musician or control)
using one factor ANOVAs with group as the between-subjects fac-
tor. To allow for between-task comparisons, overall scores for the
dance, rhythm and melody tasks were converted to z-scores (i.e.,
standardized scores) across all participants. A linear fixed-effects
model was conducted on these data, with group as a between-
subjects fixed factor and task as a within-subjects repeated mea-
sure using an unstructured covariance matrix. Group differences
in the syllable sequence discrimination task were tested using a
univariate ANCOVA. To control for effects of age and sex on task
performance, these variables were included as covariates of no
interest in all task analyses.

Additional details about these above tasks as well as beha-
vioural analyses on this sample have been reported elsewhere
(Karpati et al., 2016), and thus only brief descriptions of the beha-
vioural measures and results are reported here.

5.3. MRI data acquisition and analyses

T1-weighted brain images were acquired for all participants at
the Montreal Neurological Institute (MNI) on a 3T Siemens Trio
MR scanner with a 32-channel head coil. MRI scanning parameters
were as follows: echo time = 2.98 ms, repetition time = 2300 ms,
voxel size 1mm x 1 mm x 1 mm. Earplugs and headphones, as
well as foam pads were used to reduce noise perception and head
motion, respectively.

Images were processed using the CIVET pipeline (version 1.1.11,
Ad-Dab’bagh et al, 2006; http://www.bic.mni.mcgill.ca/Ser-
vicesSoftware/CIVET1112). They were registered to the ICBM152
nonlinear model (Collins et al., 1994; Grabner et al., 2006) with
12 degrees of freedom for registration, and corrected for signal
intensity nonuniformity (Sled et al., 1998). Images were segmented
into gray and white matter, cerebrospinal fluid and background
(Tohka et al., 2004; Zijdenbos et al., 1998).

Multiple GM measures (gray matter concentration [GMC], CT,
and cortical surface area [SA]) were used together to compare GM
structure between groups and correlate GM structure to task perfor-
mance. CT and SA allow for the analysis of cortical structures with-
out confounds of the shape and position of the cortical mantle (Good
et al., 2001), while GMC allows for the investigation of the cerebel-
lum and subcortical structures. Furthermore, each of these methods
provides complementary information regarding GM structure. GMC
provides a more global measure of GM structure which may be
affected by several factors including CT, SA, and cortical folding
(Hutton et al., 2009; Palaniyappan and Liddle, 2012). GMC alone
cannot distinguish which of these factors may be associated with
significant findings, however it allows for the sensitive detection
of findings that may be associated with general shape or position
differences or the combination of sub-threshold differences in mul-
tiple factors. CT and SA provide more specific measures of GM struc-
ture, with each measuring only one of these factors. Therefore, the
biological interpretation of CT and SA findings are more concretely
interpretable than GMC results. For example, CT may be related to
the number of cells within a cortical column while SA may be
related to the number and spacing of columns (Rakic, 1988, 1995;
Rakic et al., 2009). It has also been suggested that CT is affected by
cell size and packing density (Gittins and Harrison, 2004).

5.3.1. Surface-based morphometry
For the surface-based analyses, deformable models were fitted
to the images in order to extract the boundaries between GM

and each of white matter and cerebrospinal fluid (Kim et al.,
2005; MacDonald et al., 2000), resulting in two surfaces with
81920 polygons each. Following the surface extraction, partici-
pants’ cortical mid-surfaces (calculated using the mid-points of
the linked inner and outer surfaces) were nonlinearly aligned using
the SURFTRACC algorithm and a depth-potential function to a
hemisphere-unbiased iterative surface template in order to estab-
lish intersubject vertex correspondence (Boucher et al., 2009;
Lyttelton et al., 2007; Robbins et al., 2004). Then, a CT map was cal-
culated for each participant, where CT (the distance between the
pia mater and gray/white matter boundary) was measured at each
vertex (Ad-Dab’bagh et al., 2005; Lerch and Evans, 2005) and then
blurred with a 20 mm surface-based blurring kernel (Chung and
Taylor, 2004). Surface area (SA) of each vertex was calculated as
one third of the area of all adjoining vertex triangles (Lyttelton
et al,, 2009) and blurred with a 40 mm surface-based blurring
kernel.

5.3.2. Voxel-based morphometry

For the voxel-based morphometry analyses, images containing
voxels classified as GM for each participant were smoothed using
a 3-dimensional Gaussian blurring kernel with an 8 mm full-
width half-maximum. Lastly, a mask to include only GM in the
analyses was created by including all voxels that were classified
as GM in at least 25% of participants.

5.3.3. Statistical analyses

General linear models were performed using SurfStat software
(http://www.math.mcgill.ca/keith/surfstat/) across the whole
brain to determine group differences in CT, SA, and GMC (Eq.
(1)), as well as regions where each measure was correlated with
performance on the dance, rhythm and melody tasks (Eq. (2)).
These correlations were examined across all participants, as well
as in the control group separately (to examine brain-behaviour
correlations in the absence of training). Both F-tests and post hoc
pairwise comparisons (where appropriate) were conducted in the
group difference analysis. Age, sex and a proxy measure of brain
volume (pBV; Karama et al., 2011) were included as covariates of
no interest in all analyses. Clusters were defined using a forming
threshold of p<0.01, and correction for family-wise error using
random field theory (Friston et al., 1994) was then applied at the
cluster level.

Tissue measure” = 1 + Group + Age + Sex + pBV (1)

Tissue measure” = 1 + Task™ + Age + Sex + pBV (2)

"CT, SA or GMC.
“Dance imitation,
discrimination.

rhythm synchronization or melody
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