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Abstract
Long-term motor training, such as dance or gymnastics, has been associated with increased diffusivity and reduced fiber 
coherence in regions including the corticospinal tract. Comparisons between different types of motor experts suggest that 
experience might result in specific structural changes related to the trained effectors (e.g., hands or feet). However, previous 
studies have not segregated the descending motor pathways from different body-part representations in motor cortex (M1). 
Further, most previous diffusion tensor imaging studies used whole-brain analyses based on a single tensor, which provide 
poor information about regions where multiple white matter (WM) tracts cross. Here, we used multi-tensor probabilistic 
tractography to investigate the specific components of the descending motor pathways in well-matched groups of dancers, 
musicians and controls. To this aim, we developed a procedure to identify the WM regions below the motor representations 
of the head, hand, trunk and leg that served as seeds for tractography. Dancers showed increased radial diffusivity (RD) 
in comparison with musicians, in descending motor pathways from all the regions, particularly in the right hemisphere, 
whereas musicians had increased fractional anisotropy (FA) in the hand and the trunk/arm motor tracts. Further, dancers 
showed larger volumes compared to both other groups. Finally, we found negative correlations between RD and FA with 
the age of start of dance or music training, respectively, and between RD and performance on a melody task, and positive 
correlations between RD and volume with performance on a whole-body dance task. These findings suggest that different 
types of training might have different effects on brain structure, likely because dancers must coordinate movements of the 
entire body, whereas musicians focus on fewer effectors.

Keywords Neuroplasticity · Motor training · Probabilistic tractography · Descending motor pathways or corticospinal tract 
or pyramidal tracts · White matter · Dance and music

Introduction

Studies with dancers and athletes, using diffusion-weighted 
imaging (DWI), point toward an association between exper-
tise and changes in white matter (WM) architecture. In 

particular, in a recent paper we showed that highly trained 
dancers have increased diffusivity and reduced fiber coher-
ence in the corticospinal tract, superior longitudinal fascicu-
lus and the corpus callosum in comparison with musicians 
(Giacosa et al. 2016). Similar findings have been reported 
in other studies of dancers and athletes (Jäncke et al. 2009; 
Hänggi et al. 2010; Huang et al. 2013; Meier et al. 2016; 
Burzynska et al. 2017). In comparison, studies in trained 
musicians have generally reported focal increases in meas-
ures of fiber coherence (Han et al. 2009; Halwani et al. 2011; 
Rüber et al. 2013; Acer et al. 2018). Reduced measures of 
WM coherence in dancers and athletes have been interpreted 
as an increase in crossing or fanning of fibers and attributed 
to enhanced connectivity between sensorimotor regions rep-
resenting different body parts. In contrast, the focal increases 
observed in musicians may represent increased coherence 
resulting from intensive training of specific effectors (e.g., 
hands). In the current study, we test these hypotheses in a 
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sample of highly trained musicians and dancers using proba-
bilistic tractography to examine the connectivity of different 
body-part representations in the motor cortex (M1). To do 
this, we developed a novel procedure to identify the seed 
regions for the hand, trunk/arm, leg and head in M1. Those 
regions were then used as seeds to track sub-divisions of the 
descending primary motor pathways and compare diffusion 
parameters and volumes between dancers and musicians.

Most of the previous research (Hänggi et al. 2010; Giac-
osa et al. 2016; Burzynska et al. 2017) is based on whole-
brain analyses, which provide global information about the 
location of WM changes, but cannot tell us about the specific 
connections from individual regions. Moreover, the most 
common diffusion tensor imaging (DTI) model assumes that 
all fibers in each voxel follow the same direction (Basser 
et al. 1994), which is less accurate in regions with many 
crossing fibers. In contrast, probabilistic tractography based 
on a multi-tensor model allows the reconstruction of indi-
vidual fiber tracts (Behrens et al. 2007).

There is a large body of evidence showing neural plastic-
ity of gray (GM) and white matter in sensorimotor regions 
of novices who undergo short-term training (Draganski et al. 
2004; Scholz et al. 2009; Taubert et al. 2010, 2016; Bezzola 
et al. 2011; Sampaio-Baptista et al. 2013), as well as of trained 
dancers, musicians and athletes (Schlaug et al. 1995; Gaser and 
Schlaug 2003; Jäncke et al. 2009; Hänggi et al. 2010; Wang 
et al. 2013; Steele et al. 2013; Schlaffke et al. 2014; Bailey 
et al. 2014; Huang et al. 2013; Burzynska et al. 2017; Kar-
pati et al. 2017). Training studies in both animals and humans 
show local reorganization of the specific representations of the 
trained effectors (e.g., Karni et al., 1995; Kleim et al., 2002; 
Kleim et al., 1998; Morgen et al., 2004; Nudo et al., 1996; 
Taubert et al., 2016). Similarly, most studies with trained 
musicians, dancers or other athletes found enlargements in 
the motor representation of the trained effectors (Elbert et al. 
1995; Pantev et al. 2001; Tyč et al. 2005; Vaalto et al. 2013; 
Choi et al. 2015; Meier et al. 2016), and/or changes in WM 
motor pathways (Bengtsson et al. 2005; Han et al. 2009; Imfeld 
et al. 2009; Wang et al. 2013; Rüber et al. 2015; Giacosa et al. 
2016; Acer et al. 2018), linked to the effector used (Meier et al. 
2016). In particular, professional dancers and gymnasts, whose 
training involves comparably complex whole-body move-
ments, had lower fractional anisotropy (FA) in sensorimotor 
and interhemispheric motor pathways which was attributed to 
greater axon diameter, increased crossing or fanning of fib-
ers, or more wide-spread connectivity (Hänggi et al. 2010; 
Huang et al. 2013; Giacosa et al. 2016; Burzynska et al. 2017). 
Conversely, long-term music training has frequently been 
associated with increased FA in the corticospinal tract (CST) 
(Bengtsson et al., 2005; Han et al., 2009; Rüber et al., 2015, 
but see Imfeld et al., 2009; Schmithorst and Wilke, 2002), and 
in the arcuate fasciculus (Halwani et al. 2011). In a previous 
study (Giacosa et al. 2016), using tract-based spatial statistics 

(TBSS), we showed that dancers had higher radial diffusivity 
(RD) values, while musicians had higher FA, in a variety of 
regions, including the CST. Interestingly, controls’ RD and FA 
values fell between the two expert groups, suggesting opposite 
associations between dance or music training and WM micro-
structure. Consistent with these findings, Meier et al. (2016) 
observed lower FA and higher RD values in ballet dancers 
in comparison with handball players, especially in the tract 
seeded in the motor cortex region that included the representa-
tion of the leg/foot. Lower FA and higher RD might indicate 
greater fiber crossing or increased axon diameter within this 
tract. Together with our own results, this points to enhanced 
connectivity among a broader selection of brain regions for 
dancers, in contrast to enhanced connectivity in more focal 
sets of connections for musicians.

To test this hypothesis, in the current study we used a 
multi-tensor probabilistic tractography approach to com-
pare the primary motor pathways in professional dancers 
and musicians with a similar amount of training. The TBSS 
approach that we previously used is based on the whole-
brain diffusion single-tensor model (Basser et al. 1994), 
which only represents one fiber direction. Conversely, the 
multi-tensor probabilistic tractography (Behrens et al. 2003) 
can model more than one possible fiber direction, allowing 
for a better assessment of tracts in regions with multiple 
crossing fibers, such as certain portions of the CST. We 
therefore used two-fiber probabilistic tractography to iden-
tify the motor pathways descending from the head, hand, 
trunk/arm and leg/foot motor regions. To do this, we first 
identified the motor hand areas in each participant based on 
gross anatomical landmarks (Yousry et al. 1997; Caulo et al. 
2007). The ROIs for the trunk/arm, leg and head areas were 
created relative to this location. Seed masks based on these 
ROIs were placed in the subjacent WM because tracking 
from WM is more reliable than from GM, where the orienta-
tion of fibers is neither coherent nor clearly detectable. We 
then tracked the fiber bundles connecting these regions to 
the cerebral peduncles and extracted diffusivity and volu-
metric measures across the entire tracts, as well as in the 
WM seed masks and the posterior limb of internal capsules 
(plIC). This allowed us to test the hypothesis that dancers 
might have increased connectivity across all the body-part 
representations, whereas musicians might have more focused 
connectivity with the hand region.

Materials and methods

Participants

Three groups of participants (age 18–40) were recruited 
for this study: trained dancers ( N = 20 ), trained musicians 
( N = 19 ) and a control group of non-musician/non-dancers 
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( N = 20 ). This is the same sample used in our previous 
studies examining WM and GM structure in dancers and 
musicians using whole-brain approaches (Giacosa et al. 
2016; Karpati et al. 2016, 2017, 2018). Groups did not 
differ in age, sex distribution, body mass index (BMI) or 
years of education (Table 1). Participants had no past or 
current developmental, neurological or psychiatric disorder, 
nor reported any alcohol or substance abuse. Dancers and 
musicians were either currently practicing as professionals, 
or students involved in professional training. Their train-
ing was assessed via a detailed questionnaire developed 
in our laboratory, the Montreal Dance and Music History 
Questionnaire (MDMHQ) (Karpati et al. 2016)), based on 
(Bailey and Penhune 2010; Coffey et al. 2011). Dancers and 
musicians had, on average, approximately 15 years of train-
ing in their respective disciplines, with a variety of training 
backgrounds. Controls had, on average, less than one year 
in dance, music, figure skating or aerobics experience (see 
Table 1 ). All participants were physically active (biking, 
running or practicing other physical exercises), and none 
had absolute pitch. Since the dance imitation task described 
below (see General procedures section) was based on a 
video game, participants were excluded if they had more 
than 2 years of experience with dance video-games.

One participant in each group was excluded: one dancer 
and one musician presented scan-related artefacts in the 
x-direction of raw data (see Giacosa et al., 2016), and one 
control had to be excluded because tractography failed to 
find any tract. The experimental protocol was approved by 
the Research Ethics Board at the Montreal Neurological 
Institute and Hospital, and a written informed consent was 
obtained from all participants. All participants were com-
pensated for their participation.

General procedures

Participants took part in two testing sessions distributed over 
two non-consecutive days: one for behavioral testing and 
the other for MRI acquisition, including DWI images. The 
behavioral battery included dance- and music-related tasks 
as well as tests of global cognitive and memory function 
(described in more detail in Karpati et al. 2016). The dance 
imitation task was developed in our laboratory based on the 
video game Dance Central one for the console Xbox Kinect 
360 (Harmonix, http://www.harmo nixmu sic.com) to assess 
the ability to observe and imitate in real time whole-body 
dance movements synchronized with music (Karpati et al. 
2016). The melody discrimination task (Foster and Zatorre 
2010) assesses auditory processing and pitch discrimina-
tion. Furthermore, a language task and three standardized 
cognitive tests were given to all participants to examine any 
possible group differences in global cognitive or memory 
function (Karpati et al. 2016).

Brain imaging and analysis

Diffusion and T1 image acquisition

Diffusion-weighted (DWI) and T1 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. The following parameters were applied: 99 diffusion-
weighted gradient directions with a b-value of 1000 s/mm2 , 
10  b0 non-weighted images, TE of 88 ms, TR of 9340 ms, 
EPI factor 128, isotropic voxels of 2 × 2 × 2mm3 , 72 slices, 
FOV of 256 mm. T1-weighted brain images were acquired 
with the following parameters: echo time = 2.98 ms , rep-
etition time = 2300 ms , voxel size 1 mm3 . Ear plugs and 
headphones, as well as foam pads, were used to reduce noise 
perception and head motion, respectively.

Tractography procedure

We developed a procedure, combining FSL and Freesurfer 
tools, to separately track the motor pathways connecting the 
head, hand, trunk or leg regions. These tracts comprise the 
fibers that descend from the primary motor and premotor 
cortices to the brainstem (Fig. 1). In the current study, only 
the fibers originating in the WM subjacent M1 were tracked; 
in addition, the leg tracts included the fibers originating 
in the WM below both pre- and post-central cortices (M1 
and S1, respectively) because the available parcellation of 
the paracentral cortices, provided by the Desikan-Killiany 
Atlas (Desikan et al. 2006), does not allow us to distinguish 
between them. To analyze diffusion and volumetric meas-
ures in the four bilateral distinct components of the primary 
motor pathways, we defined four seed masks per hemisphere, 
located in the WM immediately subjacent the M1 head, hand, 
trunk/arm, leg/foot representations, and the cerebral pedun-
cles (see below and for a detailed description on how these 
masks were identified in “Supplementary Material”).

To do this, we first created a mask for the hand area based 
on anatomical landmarks (Yousry et al. 1997; Caulo et al. 
2007) and then identified the trunk/arm, head and leg ROIs 
relative to that. These anatomically based ROIs likely con-
tain multiple body-part representations: the hand ROI would 
also contain the fingers and wrist, the trunk/arm ROI would 
contain the representations of the trunk, shoulders and arm, 
the head ROI would contain the throat, face and neck rep-
resentations, and the leg ROI would contain the leg, knee 
and foot representations. These WM ROIs were used as seed 
masks to track the portions of the primary motor pathways 
that connect each region to the ipsilateral cerebral peduncles 
(see Fig. 1). A three-voxel-thick slice, centered at x = 0 of 
the MNI space, was used as exclusion mask to avoid the 
confounding fibers of the corpus callosum.

http://www.harmonixmusic.com


3232 Brain Structure and Function (2019) 224:3229–3246

1 3

It is worth noting that separately tracking the descend-
ing tract components from each seed mask is more precise 
than tracking from the entire motor cortex and then dividing 
the whole tract into portions. Indeed, it would be impos-
sible to identify the borders of the tract components along 
their length because they overlap. Moreover, tract shapes 
or sizes might differ between groups and along each tract 
component.

Diffusion preprocessing

The first steps of the DWI image preprocessing were previ-
ously explained (Giacosa et al. 2016). Briefly, individual raw 
data were corrected for eddy current distortions and head 
motion using the FMRIB’s Diffusion Toolbox (FDT); then, 
non-brain voxels were excluded with the Brain Extraction 
Toolbox (BET) (Smith 2002), and the diffusion tensor model 
was applied (FDT) to estimate the diffusivity measures in 
each voxel. From the three eigenvalues, fractional anisotropy 
(FA) and radial (RD) diffusivities were calculated as the 
eccentricity of anisotropy and the average between the two 
lowest eigenvalues (RD), respectively. One subject per group 
was excluded from the analyses due to artefacts in the DTI 
data or outlier values.

Individual raw data were carefully checked. Due to scan-
ning artefacts in the x-direction, some gradient directed 
frames (3D images) had to be excluded from the 4D indi-
vidual images of 3/19 dancers, 5/18 musicians and 6/18 con-
trols. This is a standard procedure in which the 4D image is 
split into multiple volumes, bad frames are removed, and the 
volumes are then recombined by merging the good frames. 
After correction, all subjects had between 79 and 99 gradient 
directed frames of good quality, except for one dancer who 
had 60 good frames. In all cases, the number of frames was 
good enough to allow full and reliable analyses for the entire 
sample. An average of all subjects’ FA images was created 
in the 1 × 1 × 1mm3 MNI152 space, after linear (FLIRT) 

(Jenkinson and Smith 2001; Jenkinson et al. 2002) and non-
linear (FNIRT) transformations (Andersson et al. 2007) were 
applied to the individual FA images.

Probabilistic tractography

After modeling crossing fibers within each voxel of the brain 
with BedpostX (Behrens et al. 2007), a probabilistic two-
fiber tractography approach was run with FSL ProbtrackX 
Tool (Behrens et al. 2003, 2007) to create connectivity 
distribution maps of the primary motor pathways in each 
subject. A connectivity distribution map indicates, at each 
voxel, how many streamline samples, originating from the 
seed mask, pass through that particular voxel and reach the 
target mask, avoiding the exclusion masks. Two fiber track-
ing procedures were executed for each tract: one to estimate 
the connectivity map (i.e., probability tractogram) originat-
ing in the seed mask and directed to the target and the other 
reconstructed in the opposite direction, from the target to 
the seed. The probability tractograms were normalized by 
dividing the number of streamline samples at each voxel by 
the total number of samples that reached the target (way-
total) and then combined to obtain a defined tract, i.e., the 
probability of the union of the tractograms ( Pun ) (Andoh 
et al. 2015; Oechslin et al. 2017). Thus, a union tract ( Pun ) 
indicates the probability of tracking in both directions and 
was calculated according to the probability rules:

where 

Individual Pun maps were then thresholded at 5% of the 
robust range of nonzero voxels ( thrp = 0.05 , multiplied 
by 100) and projected onto the standard FMRIB58_FA 

Pun =PA ���→B
∪ P

B ���→A

=P
A ���→B

+ P
B ���→A

− (P
A ���→B

∩ P
B ���→A

),

PA�→B ∩ PB�→A = PA�→B × PB�→A.

Fig. 1  Reconstruction of the 
primary motor tracts for one 
hemisphere (left). The four seed 
masks are indicated in darker 
color in the WM below the 
motor cortex. The approximate 
location of the cerebral pedun-
cles and of the posterior limb of 
the internal capsule (IC) is also 
shown with red boxes. Axial 
view of the WM seed masks 
in one subject’s structural T1 
image (right)
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template. The volume ( Vun ) of the thresholded Pun map was 
calculated as the number of the voxels in the FMRIB58_FA 
space (which corresponds to the MNI_1mm space).

In order to extract quantitative data from the tracts, the 
individual thresholded Pun were multiplied by each DTI 
measure (FA and RD) in the individual FA space and then 
projected on the common FMRIB58_FA template to allow 
for group comparisons. The DTI measures were then aver-
aged across the entire tract, or across the extraction masks. 
To further investigate the volumetric properties of the tracts, 
two parts of each tract were identified: the core tract ( Tcore ) 
and the dispersion tract ( Tdisp ) (Oechslin2017). Tcore is the 
part of the tract with the most consistent fiber bundle of the 
pathway and corresponds to the combined probability of both 
tracking directions; it was therefore calculated as the bina-
rized intersection of the tractograms created in the opposite 
direction, which, in practical, means: Tcore = PA→B × PB→A . 

In contrast, Tdisp points to the more peripheral part of the 
fiber bundle, which is less consistent between the two track-
ing directions; to calculate it, the binarized Tcore images 
were subtracted from the binarized unthresholded Pun : 
Tdisp,bin = Pun,bin − Tcore,bin . As before, Tcore and Tdisp were 
then transformed into the FMRIB58_FA space.

Definition of the seed and extraction masks

To create the seed masks for the four body-part regions in 
each hemisphere, we developed a procedure that included 
five main steps (see the diagram in “Supplementary Mate-
rial”): (1) the localization of the hand regions, based on 
individual anatomical landmarks; (2) averaging of the indi-
vidual hand maps to create a sphere based on the center of 
gravity for each hemisphere; (3) localization and creation 
of the spheres for the other body parts, relative to the hand 

Fig. 2  General steps followed 
to create the seed masks in one 
hemisphere. a User-drawn hand 
region (red) in one subject, axial 
view. b Average of user-drawn 
hand regions with center of 
gravity (COG) indicated as a 
black dot. c Spheres created 
from the COG of each body 
part, coronal view: hand sphere 
(yellow), trunk sphere (blue), 
leg sphere (green), head sphere 
(pink). The black dot is only 
an approximation of a COG 
with the red arrow showing the 
correspondence between the 
axial and coronal views. d The 
spheres (transparent colors) 
are overlapped with (opaque) 
masking of the WM regions 
subjacent the precentral cortex 
(PCC). e Final seed masks in 
one subject, diffusion FA space

a

b

c

d

e

Table 1  Participant characteristics

Education levels for each group are calculated on a scale 1–5, where 1 is the lowest (completed high school) and 5 is the highest (completed 
PhD)
F females, M males, SD standard deviation, BMI body mass index.
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regions, on a template M1; (4) projection of the spheres on 
each individual space; (5) masking of the spheres with the 
individual parcellation of the WM subjacent M1 (Salat et al. 
2009). This procedure is intended to be a good compromise 
between specificity and standardization across subjects.

As first step, the Freesurfer Recon-all Tool was applied 
to each subject’s structural T1 image to calculate the indi-
vidual parcellation of GM and WM, given in the individual 
Freesurfer conformed space. The obtained label of the pre-
central cortex (M1) served as visual guidance to manually 
draw each subject’s hand region (Fig. 2a), according to the 
well-established landmarks of the hand knob (Yousry et al. 
1997; Caulo et al. 2007). Individual T1 images were coreg-
istered to the standard MNI152 (2mm) space via linear 
(FLIRT) and nonlinear (FNIRT) transformations and aver-
aged across the entire sample to create a customized tem-
plate. The Freesurfer Recon-all Tool was then applied to the 
template to calculate its GM-WM parcellation that served 
as a further guidance in the determination of the manually 
drawn initial hand masks. These initial masks of the hand 
regions were nonlinearly projected onto the template, aver-
aged and thresholded at 30% (Fig. 2b, c), to calculate their 
center of gravity (COG) in each hemisphere. Two spheres 
of 15 voxels ( voxel size = 1mm3 ) were centered around 
these COGs ( x = 37mm, y = −19 mm, z = 60 mm in the 
right hemisphere; x = −35 mm, y = −21 mm, z = 61mm 
in the left) to completely include the hand regions of the 
precentral cortex. These were then projected back to the 
individual structural T1 space from the template conformed 
space. Our sample-specific COGs were consistent with the 
centers of the spheres previously used for defining the hand 
and leg regions (Meier et al. 2016; Sehm et al. 2016). The 
hand spheres were appropriately shifted along M1 to cre-
ate the head, trunk/arm and leg spheres. Since the regions 
containing the representations of the head and leg are more 
extended in the dorso-ventral direction, the radii of their 
spheres were adjusted accordingly (head radius: 24 mm; 
leg radius: 21 mm). The COG coordinates for the spheres 
were: x = 14 mm, y = −25 mm, z = 66 mm in the right 
hemisphere, and at x = −13 mm, y = −25 mm, z = 66 mm 
i n  t h e  l e f t ,  f o r  t h e  t r u n k  s p h e r e s ; 
x = 49 mm, y = 3 mm, z = 25 mm in the right hemisphere, 
x = −46 mm, y = 3 mm, z = 25 mm in the left, for the 
head spheres; x = 13 mm, y = −25 mm, z = 54 mm in the 
right hemisphere, x = −13 mm, y = −25 mm, z = 54 mm 
in the left, for the leg spheres. All spheres were then 
masked, in the individual T1 space, with the individual 
WM regions underlying M1, also transformed in the same 
space (Fig. 2d). To avoid overlapping, the trunk WM masks 
were subtracted from the hand WM masks. Finally, all WM 
masks were transformed into the individual diffusion space 
(FA) and used as seeds for tractography (Fig. 2e). The com-
bined use of nonlinear transformations, employed to project 

the spheres onto the individual space, and of the automa-
tized subcortical WM parcellation, used for masking the 
spheres, ensured that the selection of regions was subject-
specific and consistent across subjects. More details on the 
procedure are reported in “Supplementary Material”.

Based on previous work (Giorgio et al. 2010), the cerebral 
peduncle seed masks were created by taking two symmetri-
cal three-voxel-thick slices centered around z = −22 mm in 
the MNI152 1 mm space and limited to the area around the 
peduncles (x range: 0, −15; y range: −14, −46, z range: −21, 
−23). This binarized mask was then projected onto each sub-
ject’s individual FA space and thresholded at the individual 
FA maps where FA > 0.2.

The masks described above were used to identify the pri-
mary motor tracts connecting specific body parts. Since the 
fiber bundle architecture might change along the tract, we 
aimed at analyzing these tracts at different levels: not only in 
its entirety (whole tract), but also in the WM seeds underlying 
the motor cortex and in the plIC. The latter is a key region along 
the descending motor tracts, being the bottleneck where all fib-
ers gather parallel and packed; thus, the plIC is often examined 
as indicative of the entire CST. The plIC ROIs were designed in 
the FMRIB_FA space as WM 3D boxes (xright range: [20 mm, 
28 mm], xleft range: [ −19  mm, −27 mm], y range: [ −13 mm, 
−26 mm], z range: [9 mm, 17 mm]) around the area labeled as 
‘posterior limb of internal capsule’ by the JHU ICBM-DTI-81 
White-Matter Labels atlas (Mori and Crain 2005).

Group comparisons

Once tractography was completed, all the quantitative meas-
ures were extracted from the whole probabilistic tracts and 
from the seed and plIC ROIs described above. Although we 
analyzed several DTI metrics, (FA, RD, AD and MD), we will 
focus on RD and FA. Results from the analysis of AD and MD 
were largely consistent, and these values are correlated with 
those of RD and FA. For the DTI measures, the values of each 
voxel were averaged across the voxels of the ROIs used as 
extraction masks for each subject; for the volumetric measures 
(volume of the Pun tract = Vun , volume of Tcore = Vcore and 
volume of Tdisp = Vdisp ), the number of voxels of the relevant 
extraction masks constituted the individual values to use for 
the inferential statistical analyses. The quantitative measures 
were compared between groups with ANCOVA analyses, in 
R; age and sex were included as nuisance variables. Because 
no interaction effects were observed in the analyses where 
the main effects of group were significant, we calculated type 
II sums of squares for the ANCOVAs. To calculate pairwise 
group comparisons, adjusted for multiple comparisons, post 
hoc Tukey HSD tests were also performed.
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Correlations with demographic and behavioral data

In order to estimate the associations between the brain 
data extracted from the hand, trunk and leg whole tracts 
and dance or music training, partial correlations were per-
formed, within the groups of dancers or musicians sepa-
rately, between the above-mentioned extracted values and: 
(1) dance or music training duration (calculated in number of 
years of training) or (2) age of start of dance or music train-
ing. Partial correlations were executed using the ppcor R 
package, following the Pearson correlation method and cor-
recting for age and sex. The same partial correlation analyses 
were also performed between the brain data extracted from 
the whole tracts and performance on the dance and melody 
tasks.

Results

Group characteristics

As reported in previous papers, the groups did not differ in 
age, sex distribution, body mass index (BMI) or years of 
education, and dancers and musicians had a similar amount 
of training in their respective disciplines (see Table 1 and 
Giacosa et al., 2016; Karpati et al., 2016). These studies also 
showed that dancers outperformed musicians and controls 
on the dance task and that musicians performed better than 
dancers and controls on a melody discrimination task. Thus, 
the groups were well matched and demonstrated domain-
specific expertise.

Fig. 3  Group comparison 
results. The opaque colors 
illustrate the portions of the 
tracts that differ between 
groups. The right hemisphere is 
shown on the right. R = right ; 
L = left ; D = dancers ; 
M = musicians ; C = controls ; 
RD = radial diffusivity ; 
FA = fractional anisotropy ; 
V
u
= volume of the union tract ; 

Vdisp = volume of the tract

dispersion ; plIC = posterior

limb of internal capsule
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Tractography analyses

General information

Statistical analyses were conducted on the mean values 
extracted from the entire pyramidal tracts, the plICs, as well 
as from the seed ROIs. For each analysis, DTI measures 
(fractional anisotropy (FA) and radial diffusivity (RD)) and 
volumetric measures (volume of the probability of the union 
of bidirectional streamlines ( Vun ), tract core volume ( Vcore ), 
tract dispersion volume ( Vdisp ) were analyzed. All reported 
results are significant at p-values < 0.05 , except where oth-
erwise specified. Sex and age were included as covariates 
in all analyses.

Group differences

To assess effector-specific differences in the descending 
motor tracts, the DTI (FA and RD) and the volumetric meas-
ures ( Vun , Vcore , Vdisp ) were compared between groups for the 
whole tracts, the plIC ROIs, often used as indicator for the 
entire CST, and the seed masks, where most group differ-
ences in crossing fibers might be expected. The tracts that 
significantly differed between groups are shown in Fig. 3; 
the statistical values are reported in Table 2. In general, RD 
values were higher in dancers and FA values were higher in 

musicians and the majority of significant effects were found 
in the right hemisphere.

In the primary motor pathways seeded in the right hand 
region, across the entire tract, FA was higher in musicians 
in comparison with dancers, while Vun was bigger in danc-
ers, with controls’ values falling in between. In the plIC, 
RD and Vun were both higher in dancers in comparison with 
musicians, and, in the hand ROI, RD and Vdisp were higher. 
Control values fell between the two groups. For the primary 
motor pathways seeded in the right trunk/arm ROI, FA was 
higher in musicians compared to the other groups, whereas 
RD was higher in dancers versus musicians, and Vun was big-
ger in dancers compared to both other groups. For the plIC, 
RD and Vun were lower in musicians in comparison with both 
controls and dancers. Finally, in the seed ROI, only Vdisp was 
significantly larger in dancers in comparison with musicians. 
For the tract seeded in the leg region of the right hemisphere, 
RD was higher in dancers compared to musicians across the 
whole tract and in particular in the plIC. No volumetric dif-
ferences were found between groups. For the tracts seeded in 
the right head region, RD was higher in dancers. Consistent 
with this, in the plIC of this tract, RD was higher and Vun 
was bigger in dancers compared to musicians. Similarly, in 
the head seed ROI, RD was higher in dancers compared to 
the other groups. No difference was found for Vcore in any 
tract. Taken together, these results show that, for the tracts 

Table 2  Statistical results of the group contrasts with age and sex included

RD FA Vun Vdisp

Seed Mask F2,50 P Part
η2 Tukey F2,50 P Part 

η2 Tukey F2,50 p Part 
η2 Tukey F2,50 P Part 

η2 Tukey

R
ig

ht

Trunk

Whole 3.817 0.029 0.132 D>M: 0.048 4.278 0.019 0.146 M>D: 0.002
M>C: 0.02 5.869 0.005 0.19 D>M: 0.006

D>C: 0.039

Seed 3.416 0.041 0.12 D>M: 0.018

plIC 9.858 0.0002 0.283 D>M : 0.001
C>M: 0.028 6.072 0.004 0.195 D>M: 0.005

C>M: 0.005

Hand

Whole 3.116 0.053 0.111 M>D: 0.014 3.314 0.045 0.117 D>M: 0.033

Seed 4.259 0.02 0.146 D>C: 0.024
D>M: 0.075 3.76 0.03 0.131 D>M: 0.008

plIC 4.189 0.021 0.144 D>M: 0.006 3.685 0.032 0.128 D>M: 0.006

Head

Whole 5.447 0.007 0.179 D>M: 0.006
D>C: 0.081

Seed 5.441 0.007 0.179 D>M: 0.024
D>C: 0.017

plIC 4.384 0.018 0.149 D>M: 0.009

Leg
Whole 4.692 0.014 0.158 D>M: 0.045

plIC 3.813 0.029 0.132 D>M: 0.032

L
ef

t

Trunk Whole 3.796 0.029 0.132 D>M: 0.022

Hand Seed 4.246 0.02 0.145 D>M: 0.008 3.101 0.054 0.11 M>D: 0.052 3.65 0.033 0.127 D>M: 0.059 3.76 0.03 0.131 D>M: 0.006

Leg Seed 3.311 0.045 0.117 C>D: 0.041

F-values, p-values and partial eta squared ( Part�2 ) and the Tukey adjusted p-values are reported in the appropriate column. P-values slightly 
above the significant threshold of 0.05 are reported in italics. The columns F, p and Part�2 indicate the values of the type II ANCOVAs with 
dancers (D), musicians (M) and controls (C) as levels for the factor GROUP, and age and sex included as covariates; the columns Tukey indi-
cate the p-values of the post hoc Tukey tests in addition to the directionality of group difference (e.g., D > M meaning dancers greater than 
musicians). ROI = region of interest ; Whole = whole tract (seeded in the corresponding Seed column) ; Seed = white matter seed ROI ; 
plIC = posterior limb of internal capsule . FA = fractional anisotropy ; RD = radial diffusivity ; Vun = volume of the union tract ; 
Vdisp = volume of the tract dispersion
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seeded in the right hand and trunk/arm regions, musicians 
have increased coherence and packing of fibers, across the 
entire bundles and particularly at the level of the plIC of the 
trunk/arm tract. In contrast, dancers have increased disper-
sion of fiber orientation across the entire bundles. For the 
leg and head right motor pathways, dancers show greater 
diffusivity in every direction, likely suggesting an increase in 
the fiber orientation dispersion, especially below the cortex, 
and/or in the size of the axon diameter.

Left-hemisphere findings were more limited and largely 
consistent with those in the right hemisphere. In the left 
hand seed ROI, RD was higher and Vdisp was bigger in danc-
ers, whereas only a trend for smaller Vun was found in musi-
cians in comparison with dancers. In the whole tract seeded 
in the left trunk, RD and Vun values were both higher in 
dancers in comparison with musicians. In the seed region 
of the same tract, no significant difference between groups 
was found neither in the Vcore nor in the Vdisp . No significant 
differences were found for either the head or leg regions. 
Together, these results are consistent with those of the right 
hemisphere, showing increased RD in the hand and trunk 
tracts of dancers, likely suggesting their reduced coherence 
and increased fiber orientation dispersion and/or augmented 
axon diameter. 

Correlations with dance or music training

For the whole tracts of the hand, trunk and leg regions, 
where the groups differed, we examined the correlations of 
training variables with DTI and volume measures. Younger 
age of start for dancers was correlated with increased RD 
in the whole right trunk/arm tract, while younger age of 
start for musicians was associated with higher FA. No 
volumetric measures correlated with age of start of dance 
or music training. Of note, DTI measures were related 
to age of training start but not with years of training, 
although age of start and years of training were correlated 
for both dancers ( r = −0.59, p = 0.013 ) and musicians 
( r = −0.863, p < 0.0001 ). In summary, consistent with the 
group differences, these results suggest that early start of 

dance training is associated with increased RD, whereas 
early start of music training is associated with increased FA.

Correlations with dance or musical task performance

In order to confirm that the most relevant WM differences 
were related to dance and musical abilities, we calculated 
the partial correlations between quantitative measures, 
extracted from the entire hand, trunk and leg tracts in the 
right hemisphere, and performance on the dance and melody 
tasks (Karpati et al. 2016). Age and sex were included in the 
model as variables of no interest. As shown in Table 3 and 
Fig. 4, RD and the volume were positively correlated with 
performance on the dance task and negatively correlated 
with performance on the melody task, whereas FA did not 
correlate with any measure of task performance. In particu-
lar, in the entire right trunk tract, Vun was positively cor-
related with dance performance, while RD was negatively 
correlated with melody performance. Moreover, in the right 
leg tract, dance performance was positively correlated with 
RD across the whole tract.

Discussion

Using probabilistic two-fiber tractography, we showed 
that dancers had greater diffusivity (especially RD) in the 
primary motor pathways for all body regions in compari-
son with musicians, particularly in the right hemisphere. 
In contrast, musicians had greater anisotropy (FA) in the 
right hand and the trunk/arm tracts. Further, dancers had 
greater tract and dispersion volumes in these regions com-
pared to both the other groups. The greater diffusivity and 
larger volumes observed in dancers might reflect increased 
fiber orientation dispersion, especially in proximity to the 
cortex, or increased axon diameter. In contrast, the higher 
FA values in musicians suggest increased coherence and 
packing of the fibers connecting the hand and arm motor 
representations. This confirms our hypothesis that dancers 
have broader connectivity in a larger number of regions, 
while musicians have more focused connections (Giacosa 
et al. 2016). Importantly, the observed differences in RD 

Table 3  Significant brain-behavioral correlations for the tracts seeded in the right trunk and leg

Right 
Tract

Age of dance 
training start

Age of music 
training start

Dance performance
(% correct)

Melody performance
(% correct)

RD FA RD Vun RD

r p r P r p r P R P

Trunk -0.51 0.034 -0.52 0.037 0.33 0.015 -0.27 0.048

Leg 0.32 0.019

RD radial diffusivity, FA fractional anisotropy, Vun volume of the tract union, r Pearson’s correlation coefficient, p p-value, % correct percent cor-
rect
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and FA were negatively correlated with the age of start of 
dance or music training, respectively. Finally, better dance 
performance was associated with increased diffusivity and 
volumetric measures, while better melody performance was 
associated with reduced RD.

Consistent with our previous study (Giacosa et al. 2016), 
we show that mean RD for dancers was higher in most of the 
primary motor pathways, particularly on the right. Increased 
RD in dancers might indicate enlarged axon diameter or 
enhanced fanning of the fiber bundles and is compatible with 

a previous study comparing ballet dancers with handball 
players (Meier et al. 2016). Greater RD might result from 
use-dependent enlargement of axon diameter (Chéreau et al. 
2017), and fibers with larger axon diameters are less packed, 
which would also contribute to increased RD. Higher RD 
is also compatible with greater fiber bundle branching or 
dispersion of fiber orientation. Greater branching in dancers 
might result from broader connectivity among representa-
tions of different body parts. Co-occurring movements are 
represented together in the primary motor cortex (Nudo et al. 

Fig. 4  Correlations between 
WM and behavioral measures 
for the tracts seeded in the right 
trunk and leg. The dance-related 
measures are shown on the 
left column; the music-related 
measures are on the right. Shad-
ows show the standard errors. 
RD radial diffusivity, FA frac-
tional anisotropy, Vun volume of 
the union tract, r Pearson’s cor-
relation coefficient, p p-value, % 
percent correct
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1996); moreover, in the corticospinal tract, neurons originat-
ing in distinct, even non-contiguous, portions of M1 can con-
verge, projecting to the same motor-neuron in the spinal cord 
(Hammond 2002). Therefore, the extraordinary variety of 
movement combinations learnt by dancers might lead to the 
encoding of a larger number of co-occurring movements and 
greater complexity of motor connections that would contrib-
ute to increasing the fanning of fibers. We observed higher 
RD in most tracts of dancers, in particular in the right leg. 
The leg tract is of peculiar relevance, given its fundamental 
involvement in dance training. This is consistent with Mei-
er’s and colleagues work (Meier et al. 2016), showing higher 
RD in the leg/foot component of ballet dancers’ CST in com-
parison with handball players. Similar results were observed 
in the right head tract, where dancers showed increased RD, 
compared to both other groups. However, given the inherent 
non-specificity of diffusion measures (O’Donnell and Pas-
ternak 2015), we cannot exclude other possible explanations 
for higher RD, such as decreased myelin thickness, changes 
in the axonal membrane permeability and internode distance 
(Sampaio-Baptista and Johansen-Berg 2017).

In comparison with dancers, musicians had higher FA 
values in the right hand and trunk/arm tracts. The result of 
concurrent higher FA in musicians and higher RD in danc-
ers is consistent with previous findings in the CST when 
comparing dancers to musicians and other athletes (Giacosa 
et al. 2016; Meier et al. 2016). Importantly, musicians’ FA 
values were also higher than controls in the trunk/arm tract, 
indicating that these changes were specific to musicians, and 
not just relative to the RD increases in dancers. Higher FA in 
the right CST (or plIC) has been previously shown in musi-
cians in comparison with controls (Acer et al., 2018; Han 
et al., 2009; Rüber et al., 2015, but see: Imfeld et al., 2009; 
Schmithorst and Wilke, 2002 for opposite findings), and it 
was associated with music training in childhood (Bengtsson 
et al. 2005). Here, the combination of higher FA and similar 
tract volume in musicians might be explained with increased 
coherence and packing of fibers (Wan and Schlaug 2010; 
Zatorre et al. 2012; Sampaio-Baptista and Johansen-Berg 
2017). Indeed, musicians’ specific training might increase 
the variety of movement representations within a single 
effector representation (e.g., hand), thus strengthening only 
those specific connections. The same findings can also be 
considered from the prospective that dancers, in both these 
tracts, showed lower FA and larger volume in comparison 
with musicians. Lower FA was previously observed in danc-
ers and gymnasts (Hänggi et al. 2010; Huang et al. 2013; 
Giacosa et al. 2016; Meier et al. 2016; Burzynska et al. 
2017) in comparison with non-dancers. The combination of 
bigger volume and lower FA in dancers supports the hypoth-
esis of axon diameter augmentation with reduced packing 
of fibers, perhaps in combination with broader bundle fan-
ning (see the concept of M1 fiber convergence in Hammond 

2002). Taken together, our results demonstrate different 
types of plastic changes in the white matter of musicians 
and dancers: music training is associated with higher FA, 
which can be interpreted as stronger connectivity related to 
the specific effector trained, whereas dance training is asso-
ciated with higher RD, which can be interpreted as enhanced 
connectivity across many effectors. To note that DTI met-
rics calculation derives from multiple preprocessing steps 
that reduce the test-retest reliability of DTI-based analyses 
(Madhyastha et al. 2014). Therefore, all DTI-based analyses 
should be interpreted with caution.

The finding that WM differences between dancers and 
musicians are predominantly right sided is consistent with 
the whole-brain findings of our previous study (Giacosa et al. 
2016). While structural changes have also been observed in 
the left hemisphere both in our study and others, (Hänggi 
et al. 2010; Meier et al. 2016; Burzynska et al. 2017), we 
hypothesize that greater changes on the right are the result 
of greater training of the non-dominant left hand (Rüber 
et al. 2013), and the complexity and bilateral coordination of 
movements learned. For example, increased movement coor-
dination and complexity likely require broader functional 
bilateral activity (Horenstein et al. 2009; Noble et al. 2014), 
and increasing complexity of finger tapping sequences was 
correlated with increased ipsilateral activation of motor 
regions (Harrington and Alan Fine 2000; Verstynen et al. 
2005).

Importantly, correlations with age of training start give 
support to our findings. Younger age of start of dance train-
ing was negatively correlated with RD values in the entire 
right trunk tract, indicating that the earlier dance training 
started, the greater was the fiber orientation dispersion. In 
the same tract, age of start of music training was negatively 
correlated with FA, indicating that the earlier music training 
started, the more coherent were the fibers. Further, larger 
tract volumes were associated with better performance in the 
dance task. These correlations validate a stronger association 
between dance training and fiber orientation dispersion and 
axonal enlargement, in contrast to an association between 
music training and changes in fiber coherence and packing.

Considering that the same tract may present different 
fiber bundle configurations at different levels, one of the 
goals of the present study was to examine the primary motor 
pathways both where the tracts enter the cortex (seed ROIs) 
and at the level of the plIC. Thinking of the fiber bundle as 
tree-shaped, in the plIC, all fibers converge and run paral-
lel to each other, like in the tree trunk; in contrast, in the 
seed regions, the multiplicity of neurons leaving the cortex 
constitutes the broad branching foliage of the fiber bundles. 
In the present study, in the right plIC of the head and hand 
tracts, dancers had higher RD and Vun in comparison with 
musicians. Dancers’ larger motor axons, although more 
packed in the lower tract portions of the plIC compared to 
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the seed regions, might be less organized than the highly 
packed fibers of musicians, resulting in increased RD and 
larger volume. In addition, their more extensive combination 
of co-executed movements might require several M1 fibers 
to connect to the same motor-neurons, possibly explaining 
the ‘thicker tree trunk’, or bigger plIC volume. In contrast, 
musicians’ trunk/arm plIC had lower RD values and smaller 
volume compared to both dancers and controls. This could 
reflect particularly myelinated, coherent and packed fib-
ers, supporting the hypothesis of a more sharply defined 
tract morphology in the CST of musicians, as suggested by 
Oechslin (2017).

Another interesting finding is that dancers showed higher 
RD and Vdisp in the hand and trunk seed ROIs bilaterally. It 
is worth reminding that each fiber tract was tracked bidirec-
tionally, from the seed to the target and vice versa. Thus, 
the Vdisp included only the voxels that contained the non-
overlapping streamlines obtained from tracking in only one 
of the two directions, i.e., from seed to target or the opposite 
(dispersion tract, Tdisp ). The increased dispersion of fiber 
orientation is likely the consequence of microstructural 
properties, such as greater incoherence of fibers in dancers. 
This might be particularly true in the seed regions, not only 
because these are larger ROIs than the cerebral peduncles, 
but also because they lie right below the cortex, where is 
the maximal incoherence of fibers. Furthermore, the greater 
Vdisp observed in dancers might reflect their increased fiber 
orientation dispersion, or the fact that the tracts might be 
more easily identified in one direction or the other (from the 
cortex to the cerebral peduncles or the opposite).

Training effects or preexisting differences?

Differences in brain structure between dancers and musi-
cians have generally been attributed to long and intensive 
training. However, it is more likely that they result from an 
interaction between training-induced plasticity and preexist-
ing differences in physical characteristics, brain structure or 
personality traits that predispose certain people to engage 
in one or the other discipline (see Penhune 2019). However, 
while comparisons between trained and non-trained groups 
might be confounded by differences in environmental fac-
tors such as motivation, familiarity, or personality traits like 
perseverance, given the similar intensity of training required 
by both disciplines, it is highly plausible that such factors 
are similar in dancers and musicians. Therefore, the brain 
differences observed between these groups are more likely 
attributable to the specific training. Future longitudinal or 
targeted cross-sectional studies may more directly address 
the issue of distinguishing between the training-induced 
changes versus predispositions.

Advantages of our methodological procedure

The procedure we developed to identify the sub-regions of 
M1 has several advantages. First, the identification of ROIs 
was both individual specific and consistent across groups. 
Another advantage is that placing these ROIs in the WM 
ensures more reliable tracking because the principal diffu-
sion directions are more certain in WM than in the cortex. 
Most importantly, these ROIs allowed us to separately track 
each pathway from the specific region of M1. Finally, ana-
lyzing diffusion measures at the level of both the plIC and 
the WM immediately subjacent the cortex provided us with 
additional information about the tract structure. Of course, 
our sub-division of M1 is a simplified model because the 
descending motor pathways actually originate in overlap-
ping body-part representations, located not only in M1, but 
also in the premotor, supplementary motor and somatosen-
sory (post-central) regions (Murray and Coulter 1981; Nudo 
and Masterton 1990; Dum and Strick 1991, 2005; Porter 
and Lemon 1995). Nonetheless, this approach could still be 
useful for other experimental or clinical studies that aim to 
identify specific components of the descending motor path-
ways, for example, to examine effector-specific outcomes of 
rehabilitation. In the future, our approach could be combined 
with a functional task to identify the location and extent 
of each body-part representation more precisely. Given the 
inherent limitations of DTI metrics, future studies could also 
use more advanced techniques, such as neurite orientation 
dispersion and density imaging (NODDI) or AxCaliber to 
separately measure myelin thickness (g-ratio) or the axonal 
diameter, respectively (Ellerbrock and Mohammadi 2018; 
Zhang et al. 2012; Assaf et al. 2008).

Conclusions

In this paper, we developed a novel approach to compare 
descending motor pathways in dancers and musicians. 
We found that dancers have higher diffusivity values and 
larger tract volume across most regions, with evidence for 
increased fiber bundle fanning at the level of the cortex, 
and larger axon diameter at the level of the internal capsule. 
Conversely, musicians showed increased FA in the hand and 
trunk/arm tracts, indicating that they have increased coher-
ence and packing of the fibers that specifically connect the 
effectors they trained over time. Correlations with age of 
start of training and performance on dance and music tasks 
indicate that these structural changes are directly linked 
to specialized training of dancers and musicians. Taken 
together, our findings support the hypothesis that different 
types of training have different effects on brain structure.



3241Brain Structure and Function (2019) 224:3229–3246 

1 3

Acknowledgements We would like to thank our participants for their 
time, Jennifer Bailey, Emily Coffey and Jamila Andoh for their assis-
tance in the recruiting and testing process. This work was funded by a 
grant from the Natural Sciences and Engineering Council of Canada 
(NSERC) to Dr. Krista Hyde (238670).

Funding This work was funded by a grant from the Natural Sciences 
and Engineering Council of Canada (NSERC) to Dr. Krista Hyde 
(238670).

Compliance with ethical standards 

Conflict of interest The authors declare that they have no conflicts of 
interest.

 Ethical approval All procedures performed in studies involving human 
participants were in accordance with the ethical standards of the insti-
tutional and research committee and were approved by the Research 
Ethics Board at the Montreal Neurological Institute and Hospital.

 Informed consent Written informed consent was obtained from all 
participants included in the study. Participants were compensated for 
their participation.

Supplementary Material

Sample‑specific template

A sample-specific template with its parcellation of GM 
and WM regions was created from the raw images in order 
to define the center of gravity (COG) of the hand motor 
regions and standardize some operations across the sam-
ple. For instance, a sample-specific parcellation of GM and 
WM, implemented with the Freesurfer’s Desikan-Killiany 
Atlas, was automatically calculated on the sample-specific 
template to localize the precentral motor cortices to guide 
the regions of interests (ROIs) localization. To make the 
template, all individual raw brain images were first projected 
to Freesurfer’s operational space, named conformed space, 
applying the Freesurfer’s tool recon_all. With this command, 
the individual labels of the GM and WM parcellated regions, 
necessary at different steps of the seed mask creation, were 
also produced. With a combination of Freesurfer’s and FSL’s 
tools, the structural brain images were transformed into the 
MNI152 standard space and averaged to constitute the sam-
ple-specific template in the MNI space.

More specifically, the brain structural images were trans-
formed from the structural space (5a) to the MNI space 
(5b) with linear and nonlinear transformations, using FSL’s 
FLIRT and FNIRT tools. They were then averaged, with 
FSL’s Fslmaths tool, in the MNI space (5c) and transformed 
into the conformed space (5d) with recon-all, which also cre-
ated the GM and WM parcellations of the template.

Seed mask creation

In order to separately track the primary motor pathways 
connecting the head, hand, trunk or leg representations, we 
defined, in each hemisphere, the four WM regions subja-
cent the motor cortex that topographically correspond to the 
head, hand, trunk/arm or leg/foot representations. To do this, 
we developed a procedure that permits to define the seed 
masks for tractography, using an approach that is at the same 
time sample-specific and reproducible across subjects. See 
the diagram in Fig. 6 for the procedure followed.

Creation of sample‑specific hand centers of gravity 
(COGs)

The hand is the only body part whose topographical location 
within the motor cortex that can be identified using well-
established gross anatomical landmarks (Yousry et al. 1997; 
Caulo et al. 2007). Therefore, the first step was to identify 
the hand motor region individually, created a sphere based 
on its center of gravity (COG) and then to locate the other 
body parts along M1 relative to its position. Hand motor 
regions for each individual were manually labeled in three 
dimensions for both hemispheres in Freesurfer’s conformed 
space (7a). To do this, we overlaid the GM label of the pre-
central cortex provided by the Desikan-Killiany Atlas on 
each individual structural brain. To create the hand masks, 
we identified the hand regions defined by the hand land-
marks, previously described as an omega or epsilon shaped 
portion of the cortex, with their variants (Yousry et al. 1997; 
Caulo et al. 2007). The user-drawn hand regions were then 
nonlinearly projected onto the MNI152 standard space with 
the FSL’s tool applywarp (7b). The hand masks were then 
averaged (7c), with the FSL’s tool Fslmaths, and projected 

Fig. 5  Template creation. a 
Individual structural brain 
image. b Individual brain image 
in MNI space. c Averaged brain 
image in MNI space. d Aver-
aged brain image in conformed 
space, i.e., template
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again onto the sample-specific template space (7d), using the 
Freesurfer’s tool mri_vol2vol. Finally, the COGs of the aver-
age hand masks were calculated, in the template conformed 
space, using the FSL’s tool Fslstats.

Creation of seed masks from COGs across subjects

Once the hand COGs were calculated, the appropriate radii 
were estimated to draw the hand spheres around them. These 
parcellations were critical as visual checks for the deter-
mination of the radii of the spheres, allowing us to ensure 
that the spheres included all the relevant portions of the 
precentral cortex parcellation (Desikan-Killiany Atlas). 

The trunk, leg and hand spheres were created relative to the 
hand sphere positions by shifting the hand COGs along the 
precentral cortex (Table 4). In particular, the trunk sphere 
was entirely shifted along the x-direction medially, so that 
the sphere included a similar portion of the cortex with mini-
mal overlapping. For the leg and head, the spheres were 
first shifted along the x-direction—medially and laterally, 
respectively—and then along the z-direction (both spheres) 
and the y-direction (head sphere only), in order to include 
all the cortex.

The radii were also adjusted to include all the relevant 
portion of the precentral motor cortex. In the end, the hand 
and trunk spheres had the same radii, whereas the leg and 

Fig. 7  Calculation of the hand center of gravity (COG) for the right 
hemisphere, from manually drawn hand ROIs. a Individual manually 
drawn hand ROI in the subject Freesurfer’s conformed space. b Indi-
vidual manually drawn hand ROI in the MNI structural space. c Aver-

age of all subjects manually drawn hand ROIs in MNI 2 mm space. d 
Average of manually drawn hand ROIs in template conformed space 
(thresholded at 30%)

Fig. 6  Diagram of the steps fol-
lowed to create the seed masks. 
The yellow windows indicate 
the user-defined steps; the light 
orange windows indicate the 
steps that were standardized 
across subjects

Sample Specific Hand COGs

Manually draw individual hand 
ROI over M1 label

Project to sample-specific template

Average the hand ROIs across 
groups

Calculate the center of gravity 
(COG) of the mean hand ROI

Create hand sphere around the 
COG including the relevant M1

Seed Masks across Subjects

Shift and adjust the spheres along 
M1 (if not hand)

Project to individual structural 
space

Mask with individual WM 
parcellation subjacent M1

Project to FA space for tracking
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the head regions, being more elongated, had bigger radii. 
Because there was some overlap between the hand and the 
trunk spheres, the trunk spheres were subtracted from the 
hand spheres; this was not necessary for the other spheres. 
While the hand, head and trunk spheres were masked with 
the precentral WM parcellation (see below), the leg spheres 
were masked with the paracentral WM parcellation; there-
fore there was no problematic overlapping with the trunk 
regions. It is worth noting that the paracentral WM underlies 
both the pre- and post-central cortices, and therefore, the leg 
tracts were not restricted to the descending primary motor 
fibers, but included also the ascending sensorimotor fibers.

Once obtained the bilateral COGs and spheres, we pro-
jected the spheres onto the structural subject space and 
masked them with the individual precentral WM masks. 
The choice of masking the spheres with the individual WM 
masks was done to take advantage of the more precise indi-
vidual parcellations compared to the template parcellation. 

In detail, the spheres were projected from the template 
conformed space (Fig. 7a) into the standard MNI152 space 
(Fig. 7b) applying the mri_vol2vol tool by Freesurfer. In 
this passage, the transformation matrix came from the previ-
ously calculated projection of the MNI space to the template 
conformed space, performed with tkregister, and was here 
inverted with the -inv option. A nonlinear warping proce-
dure was then applied to project the spheres from the MNI 
space (Fig. 3b) to the individual structural space (Fig. 7c), 
using applywarp fed with linear and nonlinear warping, pre-
viously calculated with FLIRT and FNIRT. Then, by means 
of Fslmaths (‘–mas’ option), the spheres were masked with 
the WM individual parcellation in the structural space, pre-
viously transformed from the individual conformed space 
with FLIRT. Finally, the selected WM ROIs were projected 
onto the diffusion FA space with a linear transformation 
(FLIRT). The WM ROIs in FA space were now ready to be 
used as seed masks for tractography (Fig. 8).

Table 4  Coordinates of the centers of gravity (COGs) in the MNI space (mm) for the four motor regions
Right Left

COG x (mm) COG y (mm) COG z (mm) COG x (mm) COG y (mm) COG z (mm) Radius (mm)
Head 49 3 25 -46 3 25 24
Hand 37 -19 60 -35 -21 61 15
Trunk 14 -25 66 -13 -25 66 15

Leg 13 -25 54 -13 -25 54 21

Fig. 8  Seed mask creation from spheres to final masks in the right 
hemisphere. a Spheres and COGs are shown in the template con-
formed space for the hand (yellow sphere, COG indicated by red 
arrow in a1), trunk (light blue sphere, COG in a2), leg (green sphere, 
COG in a2) and head (fuchsia sphere, COG in a3). b Spheres in 
MNI152 space. c Spheres in one subject individual structural space 
overlapping with the precentral/paracentral cortex; bottom raw shows 
the head transformation not visible in the same slice as the other 
body-part regions. d Individual final seed masks in one subject FA 

diffusion space. The light blue arrows between images indicate the 
transformations between images, the commands used, above the 
arrow, and the software, below the arrows (FSL and Freesurfer, FS). 
Above the main images transformations, the transformation matrix 
estimations are shown to indicate where the transformation matrices 
come from. For instance, to project the spheres from the template 
space to the MNI space, the inverted matrix created with the com-
mand tkregister from the MNI space to the template conformed space 
was applied (see Fig. 5b in Supplementary Material→d)
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