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Abstract: Evidence suggests that motor, sensory, and cognitive training modulates brain structures involved
in a specific practice. Functional neuroimaging revealed key brain structures involved in dancing such as the
putamen and the premotor cortex. Intensive ballet dance training was expected to modulate the structures
of the sensorimotor network, for example, the putamen, premotor cortex, supplementary motor area (SMA),
and the corticospinal tracts. We investigated gray (GM) and white matter (WM) volumes, fractional anisot-
ropy (FA), and mean diffusivity (MD) using magnetic resonance-based morphometry and diffusion tensor
imaging in 10 professional female ballet dancers compared with 10 nondancers. In dancers compared with
nondancers, decreased GM volumes were observed in the left premotor cortex, SMA, putamen, and superior
frontal gyrus, and decreased WM volumes in both corticospinal tracts, both internal capsules, corpus cal-
losum, and left anterior cingulum. FA was lower in the WM underlying the dancers’ left and right premotor
cortex. There were no significant differences in MD between the groups. Age of dance commencement was
negatively correlated with GM and WM volume in the right premotor cortex and internal capsule, respec-
tively, and positively correlated with WM volume in the left precentral gyrus and corpus callosum. Results
were not influenced by the significantly lower body mass index of the dancers. The present findings comple-
ment the results of functional imaging studies in experts that revealed reduced neural activity in skilled com-
pared with nonskilled subjects. Reductions in brain activity are accompanied by local decreases in GM and
WM volumes and decreased FA. Hum Brain Mapp 31:1196-1206, 2010.  © 2009 Wiley-Liss, Inc.
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INTRODUCTION

Dance is a universal human activity characterized by
complex auditory processing of musical stimuli and on-
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line synchronization of coordinated body movements
according to the perceived auditory patterns. The latter
underscores the importance of spatial cognition in dance:
Dancers need to continuously track the spatial position of
the torso and limbs and do so mainly on the basis of pro-
prioceptive information from the muscles’ sensory organs.
The complex choreographies particularly in ballet dancing
also mean that the spatial perception of the other dancers
of the ensemble is vital, for which however the visual
sense plays the predominating role.

Human dance has received little attention in neuroscien-
tific research, although the training workload particularly
of professional ballet dancers is comparable to that of well
researched professional musicians. Several recent studies
have addressed some of the functional aspects associated
with dancing [Brown et al.,, 2006; Calvo-Merino et al.,
2005, 2006; Cross et al., 2006]. But developing a complete
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picture of the neural circuits underlying human dance
presents a challenging because of the spatial constraints of
the neuroimaging devices and of the sensitivity of these
for movement artifacts. Although some work has been car-
ried out in the domain of functional plasticity, there are no
studies of structural brain alterations resulting from long-
term intensive dance training.

Structural magnetic resonance imaging (MRI) based on
T1-weighted and diffusion-weighted pulse sequences com-
bined with computational neuromorphometric procedures
have proven to be a valuable methodology for the investi-
gation of the diseased as well as the healthy brain [Ash-
burner et al., 2003; Chiang et al., 2009; Mori and Zhang,
2006; Thompson et al., 2004]. There is strong evidence
from cross-sectional structural imaging studies that sen-
sory, motor, and cognitive training modulates brain mor-
phology and that these alterations can be measured using
structural MRI [Jancke, 2009a, 2009b; May and Gaser,
2006]. In addition to the seminal work on neuroplasticity
done by Ramachandran and colleagues on patients with
amputated extremities [Ramachandran, 2005], there are
studies that report the influence of decreased and
increased sensorimotor practice on brain gray matter (GM)
morphology using structural MRI and voxel-based mor-
phometry (VBM) [Bandettini, 2009; Draganski and May,
2008; May and Gaser, 2006; Peper et al., 2007].

Findings of alterations in white matter (WM) architec-
ture are less consistent. Fractional anisotropy (FA) values,
which have been suggested to reflect the extent of fiber in-
tegrity [Assaf and Pasternak, 2008; Gulani and Sundgren,
2006], appear to be altered in professional individuals.
However, there is an ongoing debate about the direction
of the observed effects [Bengtsson et al., 2005; Han et al.,
2008; Imfeld et al., 2009; Jancke et al., 2009; Schmithorst
and Wilke, 2002]; that is, whether these structural altera-
tions are the cause or the effect of the exceptional behav-
iors observed in experts is not entirely answered yet.
However, the significant correlations between the magni-
tude of the specific structural alterations on the one hand
and proficiency, time point of training commencement,
and training intensity on the other hand suggest that these
alterations represent practice-induced effects [Aydin et al.,
2007; Bengtsson et al.,, 2005, Cannonieri et al., 2007;
Maguire et al., 2000].

Effects of physical exercise on brain structure have been
reported by a few short-term longitudinal studies in which
untrained subjects learned how to juggle [Boyke et al,
2008; Draganski et al., 2004; Driemeyer et al., 2008]. A gen-
eral finding of all of these studies was an increase in GM
density in the human visual motion processing area (V5)
as a consequence of the 3-months juggling training and a
GM density decrease after termination of training. Another
study of the same group provided evidence that brain
anatomy is also sensitive to short-term learning in the cog-
nitive domain [Draganski et al., 2006]. This study revealed
that learning is associated with increases as well as
decreases of GM density in relevant areas. So far, anatomi-

cal adaptations in specific athlete groups have rarely been
subject to cross-sectional investigation. In a new study of
our group, anatomical alterations were found in the brain
of professional male golfers [Jancke et al.,, 2009]. In this
study, golf-proficiency specific GM increases were
revealed in a fronto-parietal network including premotor
and parietal areas, while WM volume and FA were lower
in the corticospinal tract of golf players as compared with
the control group. In general, we can conclude from the
present body of literature that practice modulates those
features of brain anatomy specifically associated with the
demands of practice and that these alterations can be
measured with structural MRI-based neuromorphometric
methods.

The present study aimed to reveal structural correlates
of intensive ballet dance training. We used 3D structural
T1-weighted MRI to investigate GM and WM volumes in
cortical and subcortical components of the sensorimotor
network, and diffusion tensor imaging (DTI) was per-
formed to investigate coherence and integrity of the fiber
bundles subserving sensorimotor functions. Structural neu-
roplasticity was expected to express itself in GM and WM
alterations as well as in FA and mean diffusivity (MD)
changes in brain regions associated with sensorimotor
functioning. Based on previous work, we expected higher
volumes of GM in the primary motor cortex [Gaser and
Schlaug, 2003], premotor cortex, supplementary motor
area (SMA), and in the putamen [Brown et al., 2006] of the
professional ballet dancers as compared with the control
group. With respect to WM volume, FA, and MD, how-
ever, increased as well as decreased values for these pa-
rameters can be hypothesized from previously published
data, especially in the corticospinal tract, internal capsule,
and corpus callosum [Bengtsson et al., 2005; Jancke et al.,
2009; Schmithorst and Wilke, 2002].

MATERIALS AND METHODS
Participants

We investigated 20 healthy right-handed subjects di-
vided into two groups of 10 females each. The experimen-
tal group, consisting of 10 dancers (mean/standard
deviation: 21.5 + 3.0 years), was compared with a control
group, which comprised 10 females who were matched
with respect to age (24.3 + 5.5 years). All dancers were
professional ballet dancers. The mean age of dance com-
mencement was 7.3 £ 2.5 years. The average duration of
ballet dance training was 14.2 £+ 3.3 years with a mean of
35.8 £ 7.8 training hours per week. Control subjects were
only included in the study if they had no experience in
dance, figure skating, gymnastics, synchronized swim-
ming, equestrian vaulting, playing act, or doing any com-
petitive sport. Body height and weight were assessed to
calculate the body mass index (BMI). The subjects reported
no past or current neurological, psychiatric, or neuropsy-
chological problems, and denied to take drugs or illegal
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medication. Subjects were paid for participation. The local
ethics committee approved the study and written
informed consent was obtained from all participants.

Imaging Data Acquisition

MRI scans were acquired on a 3.0 T Philips Intera whole
body scanner (Philips Medical Systems, Best, The Nether-
lands) equipped with a transmit-receive body coil and a
commercial eight-element sensitivity encoding (SENSE)
head coil array.

TI-weighted MRI scans

A volumetric 3D Tl-weighted gradient echo sequence
(TFE, turbo field echo) scan was obtained with a measured
spatial resolution of 1 x 1 x 1.5 mm (acquisition matrix
224 x 224 pixels, 180 slices) and a reconstructed resolution
of 0.86 x 0.86 x 0.75 mm (reconstructed matrix 256 x 256
pixels, 180 slices). Further imaging parameters were: Field
of view FOV = 220 x 220 mm, echo-time TE = 2.3 ms,
repetition-time TR = 20 ms, flip-angle FA = 20°. Total
acquisition time was about 8 min.

Diffusion tensor MRI scans

Diffusion-weighted spin echo echo-planar (EPI)
sequence scans were obtained with a measured spatial re-
solution of 2.08 x 2.13 x 2.0 mm (acquisition matrix 96 x
96 pixels, 50 slices) and a reconstructed resolution of 1.56
x 1.56 x 2.0 mm (reconstructed matrix 128 x 128 pixels,
50 slices). Further imaging parameters were: Field of view
FOV = 200 x 200 mm, echo-time TE = 50 ms, repetition-
time TR = 10,166 ms, flip-angle FA = 90°, SENSE factor R
= 2.1, b-value = 1,000 s/mm?. Diffusion was measured in
15 noncollinear directions followed by a nondiffusion-
weighted volume (reference volume). Total acquisition
time was about 15 min.

Voxel-Based Morphometry

To investigate local GM and WM volumes, we applied
VBM [Ashburner and Friston, 2000; Good et al., 2001]. The
preprocessing steps are implemented in the VBM5 toolbox
(http://dbm.neuro.uni-jena.de/vbm/download/) that
uses Statistical Parametric Mapping software (SPM5,
http:/ /www filion.ucl.ac.uk/spm/). For the preprocessing
of the structural scans, we used customized a priori maps
derived from T1-weighted images of 125 healthy control
females scanned on the same scanner with the same pulse
sequence (mean/standard deviation: 25.6/6.6 years) to
account for the female population in our study. The fol-
lowing preprocessing steps were realized: (1) The coordi-
nate origin of each native image was manually set on the
anterior commissure. (2) Intensity inhomogeneity (bias
field) correction, tissue class segmentation, and spatial nor-
malization (affine and warping) were performed using the

unified segmentation approach [Ashburner and Friston,
2005] and the canonical a priori maps (ICBM 452 Ti-
weighted) implemented in SPM5. (3) To enhance tissue
class segmentation, Hidden Markov Random Field
(HMRF) modulation was applied [Cuadra et al., 2005;
Smith et al, 2006, http://dbm.neuro.uni-jena.de/vbm/
markov-random-fields/]. (4) To investigate absolute vol-
umes, we multiplied voxelwise the warped images with
the Jacobian determinants of the deformations. (5) For cus-
tomized a priori map creation unmodulated and seg-
mented GM, WM, and CSF images were averaged
separately to get customized a priori maps (spatial resolu-
tion 1 x 1 x 1 mm, no smoothing). (6) Steps 2-4 were
repeated except that the customized a priori maps were
used in Step 2. (7) The resulting Jacobian and HMRF
modulated and segmented GM and WM images were
smoothed with a Gaussian kernel of FWHM = 9 mm and
the additional smoothing introduced during the modula-
tion process was about FWHM = 3 mm.

The two groups were compared with the general linear
model implemented in SPM5 software. Global GM and
WM volumes were used as nuisance variables in analyses
of covariance of local GM and WM volumes, respectively.
Although strong a priori hypotheses were posited, the sta-
tistical extent threshold was corrected for multiple compari-
sons combined with a nonstationary smoothness correction
[Hayasaka and Nichols, 2004; Hayasaka et al., 2004]. We
used cluster extent familywise error (FWE) correction with
P = 0.01 and a height threshold of P = 0.001 (uncorrected)
for GM and WM volumes. Although our sample size is
somewhat smaller than the minimal size proposed by Hay-
asaka et al. [2004], the amount of smoothness in our data is
about four times larger than the minimum FWHM kernel
size proposed by these authors compensating for some
missing degrees of freedom in our study.

Diffusion-Tensor Imaging

To analyze interconnectivity of sensorimotor areas, meas-
ured by means of FA and MD, we preprocessed the diffu-
sion-weighted images with the tools of Tract-Based Spatial
Statistics (TBSS) [Behrens et al., 2003] using the diffusion
toolbox (FDT). This toolbox is part of the FSL [Smith et al.,
2006] software implemented in the functional magnetic res-
onance imaging of the brain (FMRIB) software library
(http:/ /www.fmrib.ox.ac.uk/fsl/) to create FA and MD
maps. The following steps were realized: (1) Head move-
ment and eddy current correction was applied using FDT.
(2) A brain mask of the reference volume (no diffusion) was
created using the brain extraction tool. (3) Tensors were fit-
ted to the data using DTIFIT to generate FA and MD maps.
(4) From Step 4, all following steps were realized with
TBSS. FA and MD maps were scaled and converted. (5)
Nonlinear registration of all FA and MD maps into stand-
ard space was applied. (6) FA and MD images were
smoothed with a Gaussian kernel of FWHM = 12 mm. (7)
All voxels with FA or MD values smaller than 20% of the
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TABLE |. Demographic characteristics and global brain tissue parameters of the professional ballet dancers and the
control females

Professional ballet dancers Control subjects

Probability
Variable Mean S.D. Min. Max. Mean S.D. Min. Max. two-tailed
Age (years) 219 3.03 18.3 27.8 24.8 5.50 18.5 37.8 P=0.17
Body-mass index (BMI) 18.7 1.53 16.7 219 21.6 2.32 18.6 25.8 P = 0.003
Education (years) 11.1 1.83 9.0 13.0 14.3 2.56 12.0 225 P =0.01
Age of dance commencement 7.3 2.50 4.0 13.0 — — — — —
Intensity of training (h/week)  35.8 7.83 20.0 45.0 — — — — —
Total GM volume (cm?) 717.5 81.21 625.5 844.8 753.9 55.65 661.4 851.7 P =026
Total WM volume (cm?) 405.0 48.89 338.5 488.4 432.7 22.97 390.7 462.8 P =0.13
Total CSF volume (cm®) 434.6 76.58 377.5 568.1 457.0 23.99 413.1 484.3 P =044
Total IC volume (cm®) 1566.3 152.66 1318.1 1741.6 1639.1 77.19 1558.0 1764.2 P=024
Mean fractional anisotropy 0.141 0.0041 0.130 0.145 0.144 0.0050 0.138 0.156 P =0.08
Average mean 0.000917  0.000026  —0.0042 0.0046 0.000916  0.000029  —0.0041 0.0046 P =0.92

diffusivity (mm?/s)

There were significant differences in body-mass index and years of education as well as a trend toward significance (0.05 < P < 0.1) in
mean fractional anisotropy between the groups revealed by t-tests for independent samples. Note that the minima of average mean dif-
fusivity are negative because the tool used to compute these values does not impose that the tensors are positive.

CSF, cerebrospinal fluid; GM, gray matter; IC, intracranial; Max., maximum; Min., minimum; S.D., standard deviation; WM, white

matter.

mean FA or average MD, respectively, were excluded from
the statistical analyses because we were only interested in
the diffusion characteristics of WM tissue.

The statistical group comparison of FA and MD data was
performed applying the general linear model implemented
in SPM5 software. Mean FA and average MD was modeled
as a nuisance variable in the analysis of covariance of local
FA and local MD, respectively. Although strong a priori
hypotheses were posited, the statistical extent threshold
was corrected for multiple comparisons combined with a
nonstationary smoothness correction [Hayasaka and Nich-
ols, 2004; Hayasaka et al., 2004]. We used cluster extent
FWE correction with P = 0.01 and a height threshold of P =
0.001 (uncorrected) for FA and MD maps.

We used two different spatial registration methods, one
for the T1-weighted images and another one for the DTI
data because of the fact that DTI images are slightly geo-
metrically distorted compared with Tl-weighted images.
Registering the images of these two MR modalities sepa-
rately might be more accurate than the more common pro-
cedure where the transformations are estimated normally
from the T1-weighted images and then applied to the DTI
data. Hence, our results reported here are projected into
two different reference spaces, one space for GM and WM
volumes, and another one for FA and MD.

RESULTS

Demographic Characteristics and Global Brain
Measures

The demographic characteristics, whole brain tissue vol-
umes, and global diffusion properties of the professional
female ballet dancers and the control subjects are summar-

ized in Table I. There were no significant differences
between ballet dancers and control females with respect to
age (P = 0.17), total GM volume (P = 0.26), total WM vol-
ume (P = 0.13), cerebrospinal fluid volume (P = 0.44),
total intracranial volume (P = 0.24), and average MD (P =
0.92). Mean FA showed a statistical trend (P = 0.08) to-
ward lower FA values in dancers. Compared with control
females, the ballet dancers had a significantly lower BMI
(mean/sd: 18.7 + 1.53 in dancers; 21.6 + 2.32 in controls;
p 0.003) and significantly less years of education
(mean/sd: 11.1 £ 1.83 years in dancers; 14.3 £+ 2.56 years
in controls; P = 0.01).

Voxelwise Group Comparisons

Given the lower BMI values in the ballet dancer
group—a finding that is in line with previous studies
[Stokic et al., 2005]—and that nutrition/malnutrition itself
has been shown to have an impact on brain structure
[Isaacs et al., 2008; Pannacciulli et al., 2006; Taki et al.,
2008], we controlled for the BMI in two additional analy-
ses. We regressed voxelwise the BMI against GM and WM
volumes as well as against FA and MD, and added the
BMI as a further nuisance variable to our ANCOVA mod-
els. However, the BMI neither affected the GM and WM
volumes nor the FA and MD as revealed by both regres-
sions and ANCOVA models. Hence, we did not include
the BMI as a covariate in our statistical models with the
effect of preserving statistical power.

The resulting voxelwise statistical group comparisons
revealed clusters with decreased GM and WM volumes,
and decreased FA in areas associated with sensorimotor
functions in the brains of professional ballet dancers as
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Grey matter volume

White matter volume

Fractional anisotropy

Figure I.

Local structural brain differences between professional female
ballet dancers and control females. Decreased gray matter (GM)
volume in ballet dancers are shown in red, decreased white mat-
ter (WM) volume in blue, and decreased fractional anisotropy
(FA) in green. Statistical parametric maps were height-thresh-
olded with P = 0.001 (uncorrected) and cluster extent familywise
error (FWE) corrected with P = 0.01. Additionally, clusters were
corrected for nonstationarity of smoothness. Note that the size

compared with the control group (Fig. 1 and Table II). In
dancers compared with nondancers, decreased GM vol-
umes were found exclusively in the left hemisphere in the

of the spots in Figure | deviates from the cluster size reported in
Table Il. This difference results from the nonstationary smooth-
ness correction that is only implemented for the number (list) of
clusters yet. The correction of the statistical image, that is, the
maximum intensity projection itself, is not still possible due to
technical problems in its implementation; hence the uncorrected
cluster sizes are shown in the figure. L, left; R, right; x,y, x- and y-
coordinate in Montreal Neurological Institute (MNI) space.

premotor cortex, the SMA, the putamen, and in the supe-
rior frontal gyrus, the latter cluster is located anterior to
the premotor cortex. Decreased WM volumes were
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TABLE Il. Local structural brain differences between professional female ballet dancers and control females

Hem. i
MNI coordinates Number of t-value (df = 16)
Measure (contrast) Anatomical location X v z voxels (k) FWE = 0.01
Gray matter volume Premotor cortex (PMC) left -7 18 62 3,063 7.26
(dancers < controls) left -5 12 55 5.28
left —4 24 57 4.81
Putamen (Put) left -22 8 -5 5177 7.15
left —34 4 0 5.51
left —37 11 -8 4.84
Supplementary motor area (SMA) left —6 -2 46 2,161 6.49
right 1 9 38 413
right 5 2 52 411
Superior frontal gyrus (SFG) left -13 28 45 3,224 6.02
left —24 30 43 491
left —28 38 40 4.44
White matter volume Corticospinal tracts (CST) extending left —27 —-10 14 39,268 9.90
(dancers < controls) into both internal capsules (IC) and right 25 -5 10 8.89
corpus callosum (CC) left —44 -5 29 7.92
Anterior cingulum (Cing) left -15 35 30 2,726 8.11
left —-16 25 35 5.10
Fractional anisotropy Premotor cortex* (WM of PMC) left —28 7 42 4,771 8.34
(dancers < controls) Premotor cortex* (WM of PMC) right 20 16 50 8,417 6.27
right 18 32 30 5.99
right 23 16 40 4.84
Middle frontal gyrus (MFG) left -31 29 29 3,119 5.61
left —-18 29 28 4.26
Frontal operculum (FO) right 36 24 13 3,140 4.80
right 33 38 10 4.55
right 36 16 12 4.52

Statistical parametric maps were height-thresholded with P = 0.001 (uncorrected) and cluster extent familywise error (FWE) corrected
with P = 0.01. Additionally, clusters were corrected for nonstationarity of smoothness. Note that the size of the spots in Figure 1 devi-
ates from the cluster size reported in Table II. This difference results from the nonstationary smoothness correction that is only imple-
mented for the number (list) of clusters yet. The correction of the statistical image, i.e., the maximum intensity projection itself, is not
still possible due to technical problems in its implementation; hence the uncorrected cluster sizes are shown in the figure.

df, degrees of freedom; FWE, familywise error cluster extent correction; Hem., hemisphere; MNI; Montreal Neurological Institute; P,

error probability.
*White matter underlying premotor cortex.

observed in both corticospinal tracts, both internal capsu-
les, the corpus callosum, and in the left anterior cingulum
of the dancers compared with nondancers. FA was lower
in the WM underlying the dancers’ left and right premotor
cortex, left middle frontal gyrus, and right frontal opercu-
lum. There were no significant MD differences between
the two groups.

There were no clusters neither with significantly
increased GM or WM volumes nor with increased FA and
decreased MD in professional ballet dancers compared
with control females. Additionally, age of dance com-
mencement was negatively correlated with GM and WM
volume in the right premotor cortex and internal capsule,
respectively, and positively correlated with WM volume in
the left precentral gyrus and corpus callosum. No signifi-
cant correlations were found neither between age of com-
mencement and FA/MD values nor between years of
dance training and any of the morphological measures.

Note that the size of the spots in Figure 1 deviates from
the cluster size reported in Table II. This difference results
from the nonstationary smoothness correction that is only
implemented for the list of clusters. At the moment, a cor-
rection for the statistical parametric maps (i.e., the maxi-
mum intensity projection) is not yet possible due to
technical problems in its implementation.

DISCUSSION

As hypothesized, we found differences in structural char-
acteristics within the sensorimotor neural network between
professional female ballet dancers and a control group. Con-
cerning the direction of these structural alterations, our find-
ing is surprising in so far as that compared with the control
group; the professional ballet dancers revealed locally re-
stricted decreases in GM and WM volume as well as
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decreases in FA in areas associated with motor brain func-
tions. In dancers compared with nondancers, decreased GM
volumes were found exclusively in the left hemisphere in
the premotor cortex, the SMA, the putamen, and in the
superior frontal gyrus anterior to the premotor cortex.
Decreased WM volumes were observed in both corticospi-
nal tracts, both internal capsules, the corpus callosum, and
in the left anterior cingulum of dancers compared with non-
dancers,. FA was lower in the WM underlying the dancers’
left and right premotor cortex. Age of dance commencement
was negatively correlated with GM and WM volume in the
right premotor cortex and internal capsule, respectively,
and positively correlated with WM volume in the left pre-
central gyrus and corpus callosum. In contrast to the group
comparisons that are based on 20 subjects, the correlations
are based only on the 10 dancers. With respect to the topol-
ogy of the clusters found in the group comparison and the
clusters revealed by the correlations, there is a minimal
overlap between the results of both analyses. This overlap is
restricted to several WM voxels located in the internal cap-
sule and the corpus callosum.

It is worth noting that the structural brain differences
found in the present study are in line with the results of
the first functional imaging study in dancers. Brown et al.
used positron emission tomography (PET) to investigate
the neural correlates of human dance such as the entrain-
ment of dance steps to music, motions to metric rhythm,
and spatial cognitions related to dance. This study
revealed strong bilateral activations in amateur tango
dancers in the putamen when motions to metric rhythm
were contrasted with a rest condition as well as when they
were contrasted with a motions to nonmetric rhythm con-
dition. This suggests the involvement of the putamen in
the voluntary control of metric movements [Brown et al.,
2006], which become highly automated in professional
dancers. Therefore, the structural alterations in the puta-
men found bilaterally in our study may be related to
greater expertise of the professional ballet dancers in met-
ric motions compared with females without any dancing
experience. Furthermore, contrasting the metric dance con-
dition with rest revealed, in addition to the activation in
the putamina, activations in the primary motor cortex, the
premotor cortex, and the SMA and CMA [Brown et al,,
2006]. Taken together, this PET finding proves that these
brain structures are really involved in human dance.
Hence, the structurally altered sensorimotor brain struc-
tures in ballet dancers, which were found in the present
study, might represent the neural correlates of increased
performance in organizing body movements into spatial
patterns, controlling the body posture precisely, synchro-
nizing their movements with regular and irregular
rhythms, integrating proprioceptive information from sev-
eral muscles and joints in order to generate a representa-
tion of the body in space, and in coordinating the body
nearly perfectly, ranging from gross to very precise fine
motor movements. These skills are central in ballet danc-
ing and are therefore intensively trained.

Training-Induced Modulation of Gray and White
Matter Volume

Decreased GM volumes in sensorimotor areas of dancers
are unexpected findings. The majority of studies in the
research field of structural neuroplasticity provided strong
evidence for a positive correlation between motor or cogni-
tive performance and GM density/volume [Aydin et al.,
2007; Boyke et al., 2008; Cannonieri et al., 2007, Draganski
et al., 2004, 2006; Gaser and Schlaug, 2003], whereas only
very few studies reported the inverse relationship, that is,
better performance associated with smaller GM volumes
[Draganski et al., 2006; Maguire et al., 2000]. The reasons
for our discrepant findings are difficult to explain given
current knowledge about structural neuroplasticity. Sev-
eral suggestions are made here.

Based on what has been learned from functional studies,
skillfulness in a particular domain is associated with
reduced neural activity (compared to nonskilled subjects) in
brain areas involved in the control of the expertise task [Del
Percio et al., 2008; Haslinger et al., 2004; Jancke et al., 2000;
Krings et al., 2000; Meister et al., 2005]. One could hypothe-
size that this expertise-related reduction of neurophysiologi-
cal activation is accompanied by a local reduction of GM
and WM densities after years of practice. Although not dem-
onstrated yet, it is nevertheless possible that the establish-
ment of optimal neurophysiological activation patterns is
paralleled by an optimization of the underlying hardware,
for example, by pruning back the hardware to the essential
synapses, dendrites and axonal connections. But recent find-
ings are not entirely reconcilable with this idea. The study
by Gaser and Schlaug [2003] reported a positive correlation
between musicianship (which is related to practice hours)
and GM densities in particular brain areas, and several fur-
ther studies have demonstrated that the amount of time
spent for practicing the expert task is positively correlated
with GM density [Aydin et al., 2007; Cannonieri et al., 2007;
Maguire et al., 2000; Mechelli et al., 2004].

A further possibility is that practice-induced anatomical
alterations depend on the stage of practicing. It may be,
for instance, that anatomical changes are present during
early practice stages while no further alterations take place
at later practice stages. There may even be a retroregres-
sion at later stages for the reasons mentioned above. There
are indeed a few studies that at least partly support this
notion. For example, a recent study by Driemeyer et al.
[2008] demonstrated GM increases during early stages of
juggling practice with no further GM increase after a par-
ticular time point. In addition, professional golfers and
nonprofessional golfers did not differ in terms of anatomi-
cal measures, although the professional golfers practiced
about eight times more [Jancke et al., 2009]. On the other
hand, strong differences were revealed between nonprofes-
sional golfers and novice golfers—supporting the idea that
strong alterations are induced at early training stages.
Even though a stagnation of structural adaptations may be
evident in later training stages, so far there is no support
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from previous literature for a decrease in GM volume that
falls even below baseline.

A third possibility not yet subject to discussion is that of
interactions between task characteristics and the induced
anatomical changes. Anatomical changes may be induced
by practice of one particular task, whereas another task
may not induce any changes at all. It is also conceivable
that practice in one task leads to GM increases, while prac-
tice in another tasks results in GM decreases. These interac-
tions may be further complicated by variables such as
duration of practice, stage of practice, kind of training strat-
egy (massed vs. distributed), or other biological circumstan-
ces influencing the training of a particular task. Currently,
there are no data available that would help to disentangle
these potential influences on structural brain alterations in
the context of practice. But from a neurophysiological and
neuroanatomical point of view, inter-regional differences in
practice-induced plasticity merit further considerations.
Different brain regions show substantial differences in
terms of the macro- and micro-structure (e.g., relative size
of the different layers in cortical columns; different parts
included in the columns, etc.) [Geyer, 2004], and can thus
be regarded as functionally different modules.

For the expertise group studied here (ballet dancers), we
suggest that the kind of training and the particular biologi-
cal circumstances associated with practice are the most
plausible variables in explaining the unexpected changes
of GM volume. All dancers started early in life with ballet
training. From this early age on, dancers are known to
actively control their body weight and shape by means on
specific diets. This results in lower BMI values as com-
pared with controls [Stokic et al., 2005; van Marken Lich-
tenbelt et al., 1995], a finding that we also observed in our
study. The BMI values calculated for the dancers in this
study are distributed around the lower margin of BMI val-
ues regarded as being normal and close to BMI values
reported for females with anorexia nervosa [Connan et al.,
2006; Suchan et al., 2009], although a lower mean BMI was
reported in other anorexia nervosa studies [e.g., Olmos
et al.,, 2009; Yamashita et al., 2009]. It is important to note
that our ballet dancers are considered as a group of ath-
letes with exceptional and unique motor and sensory abil-
ities and not as a subclinical population. With respect to
the body height, there were no significant differences
between the dancers and nondancers, that is, the differ-
ence in BMI is driven solely by the weight. Therefore, we
also analyzed the influence of the weight individually (in
addition to the BMI) and found no weight-effects on GM,
WM, FA, and MD, neither when weight was used as an
additional covariate in the ANCOVA models (group com-
parisons) nor in regression analyses.

There are some studies reporting small, but partly sig-
nificant cerebral atrophies in underweighted subjects
[Dolan et al., 1988; Krieg et al., 1988, 1989; Swayze et al.,
1996, 2003]. However, these studies did not report local
anatomical changes related to being underweight except
for one recently published study that found reduced bilat-

eral hippocampal volume in females with anorexia nervosa
[Connan et al., 2006]. Thus, it is unlikely that the almost
underweight dancers show reduced anatomical measures
simply due to their specific diet history. But, it is possible
that the diet-specific influences on brain maturation and
plasticity have interacted with the particular training influ-
ences in specifically those brain areas involved in the con-
trol of ballet dancing. Given the complexity of such
interaction effects between malnutrition and training on
brain anatomy, including the BMI as a linear covariate in
our statistical models may have been not sensitive enough
to detect such influences if they really exist.

A further possible explanation is related to the charac-
teristics of our control group. The intense dancing practice
ballet dancers start off with very early in life most likely
affects classical schooling. As a matter of fact, our control
subjects were enrolled slightly (but significantly) longer in
educational programs. Some of the brain areas for which
we found significant between-group differences are not
only related to sensorimotor control processes, but also to
the neural control of higher cognitive functions. The thick-
ness of the dorsal frontal cortex, for instance, has been
shown to correlate strongly with measured intelligence in
children and adolescents [Lerch et al.,, 2006; Shaw et al.,
2006]. The anterior prefrontal cortex, on the other hand, is
involved in prospective memory and generating plans for
upcoming behavior [Reynolds et al., 2008]. The cingulum
and the SMA have also been associated with various cog-
nitive control processes such as attention switching and
supervisory control [Alexander et al., 2007; Zastrow et al.,
2009]. Finally, the hippocampus is known to be the main
bottleneck structure for explicit memory processes [Eichen-
baum, 2001]. Since we know from recent research that
even a 3-month long preparation for medical exams causes
structural alterations in the cortical architecture (including
the hippocampus) [Draganski et al., 2006], it is possible
that the shorter duration of school education accounts for
the reduced GM volumes in this brain area.

Based on the negative correlations between age of dance
commencement and GM and WM volumes found in the
right premotor cortex and internal capsule, respectively, our
data suggest that the detected anatomical GM and WM vol-
ume differences are a consequence of the relatively long and
intensive experience of being a professional dancer and of
the concomitant circumstances, and do not support the idea
of genetically driven anatomical predispositions for particu-
lar traits.

Training-Induced Modulation of Fractional
Anisotropy

There is considerable discrepancy with respect to FA
values in the context of specific behavioral expertise
[Bengtsson et al., 2005; Han et al., 2008; Imfeld et al., 2009;
Jancke et al., 2009; Schmithorst and Wilke, 2002]. The stud-
ies by Schmithorst and Wilke [2002] and Bengtsson et al.
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[2005] have reported both decreased and increased FA val-
ues to be associated with more skilled behavior. Also, in the
study of Bengtsson et al. it is puzzling that a positive corre-
lation between the amount of piano practice and FA is
reported along with generally lower mean FA values in
skilled pianist as compared with controls. The reasons for
these inconsistent results are manifold and this issue has
attracted little further discussion. FA reflects the proportion
of axial and radial diffusion of water molecules in neural
WM. High FA values are measured in case of strong axial
water diffusion (diffusion along the WM fibers). Therefore,
reduced FA values in the group of dancers as compared
with the control group suggest (1) increased radial diffu-
sion, or (2) decreased axial diffusion, or (3) a mix of both.
Increased radial diffusion would indicate between-group
differences with respect to myelin and axonal membrane
structure [Beaulieu, 2002], for example, increases in mem-
brane permeability for water molecules. Also, the axonal di-
ameter has been shown to influence radial diffusion values
(larger axonal diameter is associated with stronger radial
diffusion) [Beaulieu, 2002]. Decreased axial diffusion is
attributed to the growth of axonal neurofibrils, such as
microtubules and neurofilaments [Kinoshita et al., 1999],
which normally occurs during development [Haynes et al.,
2005] but may also play a role in the context of practice.
Reduced FA, that is less axial and/or more radial diffu-
sion, can be observed in cases where several fibers cross,
bend, or twist within an individual imaging voxel. DTI can
only resolve a single fiber orientation within each voxel due
to the constraints of the tensor model. Diffusion spectrum
imaging (DSI, also called g-space or g-ball imaging) is able
to resolve several fiber directions within an individual voxel
[Tuch, 2004]. Therefore, DSI will help to shed light on the
question of whether reduced FA in sensorimotor-related
brain regions of sensorimotor experts, as observed in the
present study, reflect increased fiber crossing, bending,
and/or twisting. Whether (increased) crossing, bending,
and/or twisting of fibers can be considered as features of
(increased) connectivity are still unknown and needs to be
investigated in the future, preferentially in an animal model.
But given that the detailed mechanisms underlying the
modulation of directional diffusion coefficients are only
insufficiently understood, our considerations are specula-
tive. To resolve this controversial issue, further research is
needed to clarify the influence of practice on the individ-
ual WM components and the influence of these compo-
nents on FA and on diffusion characteristics in general.

Different Imaging Modalities, Cellular Events,
and Physiological Consequences

When we compared the regions that showed FA altera-
tions with the regions that showed WM volume changes,
the following topological features are recognized. There is
a minimal overlap in the regions that showed WM and FA
differences. Generally, the regions with FA changes are

predominantly located below the cortical sheet, that is, im-
mediately below the transition zone between GM and
WM, whereas the WM volume changes are located pre-
dominantly in regions where compact WM tissue occurs,
that is, in the semioval center. However, this pattern of
WM alterations we observed in the present study should
be interpreted cautiously and need further investigations.

The macroscopic changes may be attributed to an
increase in cell size, synaptogenesis, genesis of glial or
even neural cells, or changes in spine density, blood flow,
or interstitial fluid. Our interpretations regarding molecu-
lar and cellular events underlying the observed effects are
in part speculative. However, given that current knowl-
edge regarding cellular and physiological mechanisms is
indeed marginal, it is simply impossible to provide con-
vincing micro-scale explanations on the basis of our MR
signal. This knowledge is necessary in order to make infer-
ences about the possible physiological consequences of
these molecular and cellular alterations. Still, the alterna-
tive explanations we offer in the discussion section are
derived from previous research and even if we cannot
prove that these explanations are true, they may at least
be viewed as hypotheses to be tested in future studies.

CONCLUSION

Here, we demonstrate that professional ballet dancers
show anatomical differences compared with nondancers in
brain regions involved in motor control processes. However,
although these anatomical differences are clearly evident on
a macrostructural level, the microstructural underpinnings
as well as the physiological consequences of these altera-
tions are still unknown and cannot be investigated by struc-
tural neuroimaging. Further experiments are needed to
compare imaging results with histological data for identifi-
cation of the structural basis of these (possibly) training-
dependent structural changes, both at the microscopic and
macroscopic levels. This would provide the basis for more
substantial interpretation of findings obtained with “coarse”
methods such as MRI. One example of a paradigm would be
to study mice or rats before and after acquiring specific
skills and to examine whether any histological changes in
their brains correlate with anatomical features in their brains
as measured with high-resolution structural MRL
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