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Abstract Many previous studies suggested that both

short-term and long-term motor training can modulate brain

structures. However, little evidence exists for such brain

anatomical changes in top-level gymnasts. Using diffusion-

weighted and structural magnetic resonance images of the

human brain, we applied voxel-based morphometry (VBM)

and tract-based spatial statistics (TBSS) as well as FA-VBA

(voxel-based analysis of fractional anisotropy, a VBM-style

analysis) methods to quantitatively compare the brain

structural differences between the world class gymnasts

(WCG) and the non-athlete groups. In order to reduce the

rate of false positive findings, we first determined that the

clusters defined at a threshold of t [ 2.3 and a cluster

significance of p \ 0.05 (FWE-corrected) across all sub-

jects were the brain regions that showed significant dif-

ferences in a between-group comparison. We then

constructed several between-group comparisons based on

the repeated diffusion or structural MRI data and created

the intersecting regions from multiple between-group

comparisons. Thus, we found significantly decreased frac-

tional anisotropy (FA) not only in the white matter of the

WCG in areas that included the bilateral superior longitu-

dinal fasciculus, inferior longitudinal fasciculus, and infe-

rior occipito-frontal fascicle, but also in the gray matter of

the WCG in areas that included the bilateral middle cin-

gulum, bilateral postcentral gyri, and bilateral motor

regions. We also identified significantly increased gray

matter density in the WCG, especially in the left inferior

frontal gyrus, bilateral inferior and superior parietal lobule,

bilateral superior lateral occipital cortex, left cuneus, left

angular gyrus, and right postcentral gyrus. We speculate

that the brain changes of the WCG may reflect the gym-

nasts’ extraordinary ability to estimate the direction of their

movements, their speed of execution, and their identifica-

tion of their own and surrounding objects’ locations. Our

findings suggest that our method of constructing intersect-

ing regions from multiple between-group comparison can

considerably reduce the false positives, and our results

provide new insights into the brain structure changes

induced by long-term intensive gymnastic training.
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Abbreviations

DTI Diffusion tensor imaging

FA Fractional anisotropy

GM Gray matter

WM White matter

FA-VBA Voxel-based analysis of FA
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WCG World class gymnasts (Gymnastic World

Champions or Olympics Champions)

MRI Magnetic resonance imaging

TBSS Tract-based spatial statistics

VBM Voxel-based morphometry

GLM General linear model

BA Brodmann’s area

Introduction

The outstanding performances of world class gymnasts

(WCG) cause audiences to wonder how gymnasts’ brain

structure and function differ from those of non-athletes.

One approach to answering these questions involves mea-

suring the brain structures of WCG and comparing the

results with those of non-athletes. The development of

magnetic resonance imaging (MRI) techniques has pro-

vided tools that can be used to uncover plastic changes in

human brain structure induced by intensive motor training

(Draganski et al. 2004), learning new skills (Mechelli et al.

2004; Schmithorst and Wilke 2002), or neuropathological

adaptation (Keller and Just 2009; Oh et al. 2009).

Structural plasticity or neuroplasticity is an intrinsic

property of the human brain and enables people to achieve

their best behavioral performance under a variety of con-

ditions (Pascual-Leone et al. 2005). Neuroplasticity refers

to the capacity of the nervous system to adapt or regenerate

to modify the organization of the brain’s structure and

function in response to experience (Pascual-Leone et al.

2005). Previous studies suggested that both short-term

(Scholz et al. 2009; Draganski et al. 2004) and long-term

training (Gaser and Schlaug 2003; Bengtsson et al. 2005;

Hänggi et al. 2010; Jäncke et al. 2009b) can modulate

structural changes in the brain gray matter (GM) and white

matter (WM). Gaser and Schlaug (2003) revealed that

professional pianists had higher GM density in the motor,

auditory, and visual-spatial regions than non-pianists. In

addition, Bengtsson et al. (2005) showed that pianists had a

higher FA than non-pianists in the brain WM of the corti-

cospinal tract; but, more interestingly, they also showed that

the FA in this tract and in other pathways, such as the corpus

callosum and arcuate fasciculus, correlated positively with

the amount of time spent practicing the piano. Their results

also suggested that the WM responds to practice and that

different pathways have different sensitive periods during

development. Hänggi et al. (2010) reported a decreased FA

value in the brain WM of professional ballet dancers.

Jäncke et al. (2009b) showed that skilled golfers exhibited

smaller WM volumes and FA values in the internal and

external capsule and in the parietal operculum, but larger

GM volumes in the fronto-parietal network. Moreover,

Draganski et al. (2004) observed GM density changes in the

bilateral mid-temporal areas and in the left posterior intra-

parietal sulcus after short-term juggling practice. Scholz

et al. (2009) detected an increased FA value in the WM

underlying the right posterior intraparietal sulcus and

increased GM density in the medial occipital and parietal

lobe in a juggling learner group. Given the evidence from

these studies, we attempted to construct intersecting regions

from multiple between-group comparisons to pinpoint sig-

nificantly changed brain regions in the WCG and to test the

hypothesis that long-term intensive gymnastic training can

also induce morphological changes in both brain GM and

WM.

Voxel-based morphometry (VBM) (Ashburner and

Friston 2000), tract-based spatial statistics (TBSS) (Smith

et al. 2006), and voxel-based analysis of fractional

anisotropy (FA-VBA, a VBM-style analysis) (Jones et al.

2005) analyses have increasingly become essential tools

for investigating changes in brain structure (Benedetta

et al. 2009; Good et al. 2001; Zatorre et al. 2012; Scholz

et al. 2009). Usually, changes in brain structure have

been reported from a single between-group comparison.

However, whether the finding of brain structural changes

is repeatable or reproducible has often been ignored,

though the processing steps and methodological options,

such as parameter choices, have been clearly described

(Thomas et al. 2009; Ridgway et al. 2008; Mechelli et al.

2005). Several studies reported brain structural changes in

different groups of healthy people after participating in

2–3 h training per day for several, e.g. 3–7, days (see the

examples listed in a table in a paper written by Thomas

and Baker 2013a). We were curious to learn whether the

results from these studies were reliable or reproducible

(Thomas et al. 2009; Jones et al. 2005). In principle, the

idea that the same experiments always get the same

results, no matter who performs them and how they

perform them, is one of the cornerstones of scientific

studies’, including those on brain structural alteration,

claim to objective truth. In this study, we first show that a

large number of false positives are very likely to be

obtained from brain structural studies if the conclusions

are only based on a single between-group comparison.

Then we present a method, in which we constructed

intersecting regions from multiple between-group com-

parisons to identify significant alterations, thus reducing

the number of false positives (Silver et al. 2011; Scarp-

azza et al. 2013). By using the proposed method on the

MRI data acquired from the world-class gymnastic

champions, our goal was to show that, compared with the

intersecting regions derived from multiple between-group

comparisons, the alterations determined from a single

between-group comparison is vulnerable to false posi-

tives. Our final goal was to detect alterations in the brain
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WM and GM in the world-class gymnastic champions.

Because they had undergone long-term intensive training,

we believed that alterations in their brains should be

more easily detected than alterations in normal people

who had only undergone a short period of training.

Previously, we investigated the topological properties

of the human brain anatomical networks in a WCG

group and compared their differences from the control

group (Wang et al. 2013). In this study, one of our goals

was to present a method of using the intersecting regions

derived from multiple between-group comparisons to

reduce false positives in the brain structural studies, and

the other was to detect structural changes in brain GM

and WM induced by long-term intensive gymnastic

training in the WCG. We employed VBM to measure

between-group differences in brain GM density, TBSS to

estimate between-group differences in the FA of the

brain WM, and FA-VBA to evaluate between-group

differences in the FA of the brain GM. A nonparametric

permutation test (Nichols and Holmes 2002) was applied

to detect significant differences in brain structure

between a group of WCG and a group of non-athlete

controls. In order to reduce false-positive findings, we

accepted only those intersecting regions that we were

able to derive from multiple between-group comparisons

to indicate the location and size of brain structural

changes in the WCG (Erickson 2013; Thomas and Baker

2013a, b; Fields 2013).

Materials and methods

Subjects

Thirteen right-handed world class gymnasts (7 F/6 M;

17–24 years; mean ± SD = 20.5 ± 3.3 years) were recrui-

ted for this study. All of them have won gold medals in the

gymnastic world championships or the Olympic Games

since 2007 (Table 1). The gymnasts had started gymnastic

training at an average age of 4.5 years and had had more

than 12.5 years of training with a mean training time of

6 h/day. We also recruited 13 healthy right-handed subjects

as the controls (7 females/6 males; 19–28 years, mean ±

SD = 22.5 ± 2.8 years), who were gender- and age-mat-

ched with the world class gymnasts. All participants had no

history of neurological or psychiatric diseases or brain

injuries. The protocols were approved by the Review Board

of the Institute of Cognitive Neuroscience and Learning

at Beijing Normal University. Informed written consent

was obtained from each participant prior to the MR

scanning.

Data acquisitions

All images were acquired on a 3T Siemens Trio TIM MR

scanner with a 12-channel phased array receive-only head

coil. Foam pads and headphones were used to reduce head

motion during MRI data acquisition. Diffusion tensor

Table 1 Characteristics of the world class gymnasts who participated in this study

Champions Discipline Best medal records

since 2007

Gender Age

(years)

Age of commencement

(years)

Years of training

(years)

1 Pommel horse OC M 24 4.5 19.5

2 Still rings WC M 24 4.5 19.5

3 Parallel bars WC M 23 4.5 18.5

4 Horizontal bar, AA WC M 26 4.5 21.5

5 Vault OC F 21 4.5 16.5

6 Uneven bars, AA WC F 17 4.5 12.5

7 Uneven bars, AA OC F 18 3.5 14.5

8 Floor exercises OC F 17 4.5 12.5

9 Uneven bars, AA OC F 17 4.5 12.5

10 Parallel bars, AA WC M 21 4.5 16.5

11 Uneven bars, AA WC F 19 4.5 14.5

12 Pommel horse WC M 23 4.5 18.5

13 Balance beam, AA OC F 17 4.5 12.5

Mean ± SD 20.5 ± 3.3 4.4 ± 0.3 16.1 ± 3.3

All of them have won individual or team gold medals in the Gymnastic World Championships or the Olympic Games since 2007 (OC Olympic

Champions, WC World Champions or World-Cup Champions). The second column represents the dominant discipline for each of the champion

subjects

AA all around
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imaging (DTI) data were obtained using a twice-refocused

spin-echo diffusion-weighted echo-planar imaging

sequence (Reese et al. 2003). The sequence parameters

were as follows: repetition time (TR) = 10,000 ms, echo

time (TE) = 92 ms, 64 non-linear directions with

b = 1,000 s/mm2 and one volume with b = 0, field of

view (FOV) = 256 9 248 mm, data matrix = 128 9 124,

slice thickness = 2 mm without gap, voxel size = 2 9

2 9 2 mm3, bandwidth = 1,502 Hz/pixel, k-space cover-

age 6/8, 75 transverse slices covering the whole brain.

Meanwhile, high-resolution (1 mm3 isotropic) brain struc-

tural images were acquired using the 3D T1-weighted

magnetization-prepared rapid gradient echo (MP-RAGE)

sequence (TR/TE = 1,900 ms/3.44 ms, inversion time =

900 ms, flip angle = 8�, FOV = 256 9 256 mm, data

matrix = 256 9 256, slice thickness = 1 mm, band-

width = 190 Hz/pixel, and 176 sagittal slices). Both the

DTI data and 3D brain structural images were acquired

with the Generalized Auto-Calibrating Partially Parallel

Acquisitions (GRAPPA) scheme (Griswold et al. 2002)

using a GRAPPA factor of 2 and 24 reference lines.

All subjects were scanned on the same scanner in the

State Key Laboratory of Cognitive Neuroscience and

Learning, Beijing Normal University. For each subject, the

DTI and MP-RAGE sequences were repeated three times in

the same scanning session to acquire three sets of DTI and

three sets of 3D brain structural data in a total scan time of

about 50 min. The goal was to investigate the repeatability

or reproducibility of the effect size of brain structural

changes in world class gymnasts, as derived using VBM,

TBSS, and FA-VBA methods. We visually checked all the

images on site and found that all showed good image

quality.

Data processing

All images were processed using the FSL package version

4.1 (http://www.fmrib.ox.ac.uk/fsl).

T1-weighted 3D data and VBM analysis of GM density

The VBM analysis was performed according to the stan-

dard protocol using FSL-VBM. For each subject, we first

extracted the brain data from T1-weighted 3D images and

then performed a tissue-type segmentation to obtain GM,

WM, and cerebrospinal fluid (CSF) images. The GM

partial volume estimate (PVE) images were aligned to the

Montreal Neurological Institute (MNI) standard space

using the affine registration tool FLIRT, followed by a

non-linear registration using FNIRT. The resulting images

were averaged to create a study-specific template at a

2 9 2 9 2 mm3 resolution in the MNI standard space, to

which the native GM images were then non-linearly

re-registered. To correct for local expansion or contraction,

the registered PVE images were smoothed by a range of

isotropic Gaussian kernels (r = 3 mm) which is equivalent

to a full-width-at-half-maximum (FWHM) of 7 mm.

Finally, we applied the general linear model (GLM) with a

permutation-based nonparametric testing (5,000 times

permutation) to detect the group differences in GM

density.

DTI data and tract-based cross-subject analysis of FA

in WM

For each DTI dataset, we corrected both the eddy-current

induced distortions and the head motions by registering all

the images to the b0 images (the less-distorted T2-weigh-

ted images acquired without diffusion weighting) using an

affine registration tool FLIRT. An FA map was calculated

by fitting a tensor model to the corrected DTI dataset at

each voxel. Then, we carried out voxel-wise analyses of

the FA maps across the subjects using the TBSS method.

First, the FA maps for all subjects were non-linearly

registered onto FSL’s standard FA template, the FMRIB-

58 FA template, and averaged to generate a study-specific

FA map at a 1 9 1 9 1 mm3 resolution in the MNI

standard space. Next, the nearest maximum FA of each

registered FA image was projected onto a WM skeleton

derived from the FMRIB-58 FA template at a threshold of

FA [ 0.20. The goal of this projection was to remove any

possible residual effect of cross-subject spatial variability

after the non-linear registration and to generate a WM

tract skeleton that represented the center of the tracts

common to all subjects. Then, using a non-linear trans-

form included in FSL, we utilized these FA maps to

project local tract centers onto the skeleton for each

subject individually. Finally, we applied GLM with a

permutation-based nonparametric testing (5,000 times

permutation) to detect between-group differences in the

FA of the WM.

DTI data and voxel-based cross-subject comparison of FA

in GM

In order to estimate the between-group differences in the

FA values for the brain GM, we performed a FA-VBA

calculation based on the FA images of both the WCG and

the controls. Each subject’s FA image was warped into the

MNI standard space and then voxel-based statistics were

carried out to identify clusters where the FA values in the

WCG group were different from those of the control group.

The calculation procedures were similar to those we used

for the VBM.
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Statistical analysis

We constructed nine between-group comparisons between

the WCG and the controls based on the three repetitive

scans of the 3D brain structural images and the three

repetitive DTI datasets (Fig. 1). One of our goals was to

reduce false-positive findings (Thomas and Baker 2013a,

b) in the morphometric estimation by comparing the two

subject groups and to pinpoint the size and location of the

brain structural changes in the gymnasts. For each

between-group comparison, we ran cluster-level statistical

comparisons across all subjects for the VBM, TBSS, and

FA-VBA analyses using a nonparametric permutation test

(Hayasaka et al. 2004). In this procedure, corrections for

multiple comparisons were completed using Gaussian

random field theory and corrected using a family-wise error

rate (FWE) approach (Smith and Nichols 2009). We con-

cluded that the clusters defined at a threshold of t [ 2.3 and

a cluster significance of p \ 0.05 (FWE-corrected) across

all subjects were the brain regions that showed significant

between-group differences.

With the aim of reducing false-positive findings about

the size and location of brain regions (Thomas and Baker

2013a, b), we first constructed nine between-group com-

parisons for performing the VBM, TBSS, and FA-VBA

analyses. We then generated the intersecting regions and

the union regions by overlapping all clusters derived from

these nine between-group comparisons in the MNI standard

space (Kung et al. 2007; Maitra 2010). Unlike the con-

ventional way of inferring significant difference brain

regions based on a single between-group comparison, we

used multiple between-group comparisons to construct the

Fig. 1 Schematic for the construction of spatially overlapping

regions and intersecting regions using all the between-group

comparisons. a Each subject was scanned three times to obtain three

volumes of 3D high-resolution brain anatomical images in a single

session. b We constructed nine between-group comparisons based on

the three scans of the 3D anatomical images for the WCG and the

controls, separately. c Statistical analyses detected the ROIs or cluster

regions (p \ 0.05, corrected) that showed differences in brain gray

matter density for a between-group comparison. d The detected ROIs

from each of nine between-group comparisons were binaried and

overlapped in MNI standard space. We constructed the union region

and the intersecting regions
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overlapping regions and obtained the intersecting regions

across all of the between-group comparisons in this study.

This is a more conservative method for reporting effective

size and can reduce the effect of false positives. In Fig. 1,

we present VBM as an example to illustrate these steps. In

step 1, the three 3D brain structural datasets were labeled

as the 1st, 2nd, and 3rd scans for the WCG and the matched

controls separately (Fig. 1a). We re-grouped these scans

and constructed nine between-group comparisons

(Fig. 1b). In step 2, we obtained the regions of interest

(ROIs) that showed significant structural differences from

the VBM analysis for each of the between-group compar-

isons (Fig. 1c). In step 3, after overlapping all the ROIs

derived from these nine between-group comparisons onto

MNI-152 standard space, we obtained the overlapping

region or the union regions (the voxels that appeared in any

of between-group comparisons) and the intersecting

regions (Fig. 1d, Fig. S1 in the supplementary materials).

In step 4, we determined the size and the center-of-gravity

(CoG) of the intersecting regions and reported these as the

regions that showed significant difference in brain structure

between the WCG and the controls.

Results

Structural changes in GM density

For each between-group comparison, we carried out a

VBM analysis on the T1-weighted structural images and

identified the clusters that showed significant between-

group differences in brain GM density. Similar procedures

were performed, and the cluster regions with altered GM

densities were obtained for all nine between-group com-

parisons (Fig. 1). We created a binary mask, that is, the

region-of-interest (ROI) that we used in the study, for each

of these clusters and overlapped all the ROIs derived from

these nine between-group comparisons in MNI-152 stan-

dard space, as shown in Fig. 1 and Fig. S1 in the supple-

mentary materials. Each voxel in the overlapping regions

was assigned a value from 1 to 9 to represent the number of

between-group comparisons that showed a significant

alteration in the GM density in the WCG group for each of

these voxels. This means that, for a given voxel in the

overlapping regions, if this voxel was found to show a

significant alteration in GM density in one of the nine

between-group comparisons, we assigned it a value of 1; if

this voxel was detected in two of the nine between-group

comparisons, we assigned it a value of 2; and so on. We

extracted the voxels identified in all nine between-group

comparisons and refer to the regions that consisted of these

voxels as the intersecting cluster regions (Fig. 1), and

reported them in this study. For each of the significantly

increased or decreased ROIs in each of between-group

comparisons, we performed the above overlapping steps

separately.

We detected three intersecting clusters that had signifi-

cantly greater GM density (p \ 0.05, corrected) in the

WCG group than in the controls based on the intersections

derived from the nine between-group VBM analyses. In

Fig. 2, the three intersecting clusters are color-coded in red

to provide a three-dimensional visualization (the 2D visu-

alization of the three clusters can be found in Fig. S2 in the

supplementary materials). Their sizes and locations are

listed in Table 2. The first cluster region (the MNI coor-

dinate of its CoG: x = -43.9, y = 29, z = -0.28) was

located in the left inferior frontal gyrus (IFG). The second

cluster (x = -22.2, y = -80.3, z = 36.9) was located in

the left superior occipital cortex, left inferior parietal lobule

(IPL), left superior parietal lobule (SPL), left superior lat-

eral occipital cortex (LOC), left cuneus, and left angular

gyrus (AG). The third cluster (x = 43.7, y = -47.3,

z = 53.1) was located in the right IPL, right SPL, right

superior LOC, right postcentral gyrus (PoCG).

FA changes in the WM

FA maps were used to detect statistically significant dif-

ferences in the WM structure between the WCG group and

the controls. After overlapping the ROIs derived from these

nine between-group comparisons, we obtained the WM

intersecting regions and found that the values of the FA in

the intersecting regions were lower in the WCG group than

in the matched controls. Figure 3a–d shows that the loca-

tions of the intersecting regions in the two hemispheres

were nearly symmetrically distributed. In Table 2, we lis-

ted these intersecting regions, which included small parts

of the bilateral inferior occipitofrontal fasciculus (IOF),

superior longitudinal fasciculus (SLF), inferior longitudinal

fasciculus (ILF), posterior thalamic radiation (PTR), ante-

rior thalamic radiation (ATR), and optic radiation (OPR).

The detailed locations of the altered WM regions derived

from TBSS can also be found in Fig. S3 in the supple-

mentary materials.

We de-projected these intersecting regions back onto

each individual FA map to visually verify that the voxels

that showed significant effects were indeed located within

the WM of each subject. Meanwhile, we calculated the

value of the FA for the intersecting regions in each indi-

vidual FA map. Figure 3e shows the histogram of the FA

that corresponds to the WM intersecting regions for each

subject and the histograms of the mean FAs for the WCG

(in red) and the control groups (in green). This figure

indicates that the peak of the FA histogram for the WCG

group was skewed to the left with smaller FA values.

Figure 3f shows a plot of the mean FA values, sorted from

630 Brain Struct Funct (2015) 220:625–644

123



lower to higher, of the WM intersecting regions for all

subjects. Note that the mean FA values in the WM inter-

secting region were in the range of 0.55–0.62 for the WCG

group and 0.60–0.71 for the matched control group. These

findings were well above the typical FA values for GM

(FA \ 0.25) (Beaulieu 2002; Mori and van Zijl 2002).

FA changes in the GM

To investigate training-induced changes in the GM

microstructure, we also tested differences in the FA value

of the GM using the FA-VBA method. From all nine

between-group comparisons, we obtained the intersecting

regions which showed a decreased FA in the GM in the

WCG group (Fig. 4). A 2D visualization of the intersecting

regions can also be found in Fig. S3 in the supplementary

materials. Table 2 lists the intersecting regions, which were

located in the left postcentral gyrus and sulcus (primary

somatosensory cortex, S1, BA 2L and BA 3L), left sup-

plementary motor area (SMA, BA 6L), bilateral primary

motor cortex (M1, BA 4), and bilateral middle cingulate

cortex (BA 23).

We de-projected these intersecting regions from the

MNI standard space back to each individual diffusion

space. The FA values for all the voxels falling in the GM

intersecting regions were calculated for each subject. Fig-

ure 4e plots the histogram of the FA values in these

intersecting regions for each subject, the mean FA values

for the WCG group (in red) and the control group (in

green). From this we can see that the FA histogram of the

WCG group was lower than that of the controls. The bar

plot in Fig. 4f shows the mean FA values of the inter-

secting region for every subject in the two groups, sorted

from low to high FA values. This bar plot indicates that the

mean FA of the intersecting regions in the WCG group (in

red) was less than that of the controls (in green). This figure

also showed that the mean FA values of the intersecting

regions were in the range of 0.169–0.206 for the control

group and 0.157–0.214 for the WCG group. These values

are in the range of the typical FA values for GM

(FA \ 0.25) (Beaulieu 2002; Mori and van Zijl 2002),

indicating that the voxels in the intersecting regions were

located in the brain GM.

Discussion

This study seems to support the claim that neuroplasticity

can be induced by the acquisition and execution of the

complex motor skills involved in long-term intensive

Fig. 2 Changes in the GM density obtained by the VBM method and

viewed in different orientations. For each between-group comparison,

we binaried the ROIs that showed significant differences in brain GM

in the WCG group compared with the controls. After overlapping the

binaried ROIs that resulted from all nine between-group comparisons

in MNI standard space, we scaled the voxels that appeared in the

overlapping regions from 1 to 9 to indicate whether the voxels were

detected in 1; 2; . . .; or up to all nine of the between-group

comparisons. The color-bar indicates the values for each voxel, and

the intersecting regions, including the left IFG, bilateral SPL, bilateral

IPL, bilateral superior occipital cortex, left cuneus, left angular gyrus,

and right PoCG, are color-coded in red to represent an increase in GM

density in the WCG
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gymnastic training and that this functional neuroplasticity

is accompanied by structural changes in both the GM and

WM (Pascual-Leone et al. 2005; Buonomano and Merze-

nich 1998). We found a local reduction in the FA of the

WM along with a local increase in GM density in the WCG

group compared with the control group. Our findings were

confirmed by using the intersecting regions, which were

exactly the same in all nine between-group comparisons.

Structural changes in the GM of the WCG group

Adaptive brain structural changes are essential for effective

participation in high-performance sports. Using the VBM

analysis, we detected a local increase in GM density in

three clusters in the brains of the world class gymnasts

(Fig. 2; Table 2, and Figs. S1–S2 in the supplementary

materials). The first cluster was located in the left IFG,

Table 2 The intersecting regions detected using VBM, TBSS, and FA-VBA showing statistically significant differences in brain gray matter and

white matter between the world class gymnasts and the controls

Method Cluster

# of voxels

(volume in mm3)

Center of gravity (x, y, z) mm Location Anatomical regions

VBM 644 (5,152) (-43.9, 29, -0.28) Frontal_Inf_Orb_L

Frontal_Inf_Tri_L

Insula_L

BA 38L, 45L, 47L

1,277 (10,216) (-22.2, -80.3, 36.9) Lateral occipital cortex (superior division) L

Superior parietal lobule L

Inferior parietal lobule PGp L

Parietal_Inf_L

Occipital_Sup_L

Occipital_Mid_L

Cuneus_L

Angular_L

BA 7L, 17L, 18L, 19L, 39L

1,089 (8,712) (43.7, -47.3, 53.1) Lateral occipital cortex (superior division) R

Inferior parietal lobule PGp R

Inferior parietal lobule PGa R

Parietal Lobe

Angular_R

Parietal_Inf_R

Parietal_Sup_R

Occ_Mid_R

Postcentral_R

BA 1R, 2R, 3R, 4R, 6R, 7R,

39R, 40R

TBSS In the left hemisphere

251 mm3

(60.2, -41.1, 15.1) SLF, ILF, IOF, ACR, PTR, ATR, OPR

In the right hemisphere

266 mm3

(35.5, -35.2, 5.4) SLF, ILF, IOF, ACR, PTR, ATR, OPR

FA-

VBA

914 (7,312) (-5.53, -29.1, 46.6) Cingulum_Mid_L

Cingulum_Mid_R

Parietal_Sup_L

Postcentral gyrus L

Postcentral sulcus L

Superior parietal lobule L

Postcentral lobule L/R

Supplementary motor area L/R

BA 2L, 3L, 4L, 4R, 6L,

23L, 23R

27 (216) (-12.7, -14.4, 53.7) Supplementary motor area L BA 6L

JHU-ICBM-DTI-81 White Matter Labels and JHU-White Matter Tractography Atlas were used to label the white matter structure (Oishi et al.

2008)

CoG center-of-gravity in MNI space, L (R) the left (right) hemisphere, SLF superior longitudinal fasciculus, ILF inferior longitudinal fasciculus,

IOF inferior occipitofrontal fascicle, ACR acoustic radiation, PTR posterior thalamic radiation, ATR posterior thalamic radiation, CT cortico-

spinal tract, rIC retrolenticular part of the internal capsule, SS sagittal stratum (include ILF and IOF)
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which is associated with the inhibitory control of motor

responses (Swick et al. 2008) and with contextual control

in which external contextual signals are used to select

between various premotor representations (Koechlin et al.

2003). The second cluster included the left IPL and left

SPL, left superior LOC, left cuneus, and left AG (Table 2).

The left parietal lobule (PL) is a highly heterogeneous

region. Previous studies indicated that the left PL is

involved in visuospatial attention, memory, mathematical

cognition (Uddin et al. 2010), intention to perform specific

motor acts (Colby and Goldberg 1999), and planning

movements (Andersen et al. 1997). The left IPL, which

showed signficant changes in GM density in the champi-

ons, is also believed to be involved in mental arithmetic

accompanied by memory and attentional resources (Rivera

et al. 2005), integrating time and space during collision

judgments (Assmus et al. 2003), integrating internal

information about the body, and processing external

information about an object (Naito and Ehrsson 2006). The

SPL is similarly believed to be involved in motion per-

ception (Vaina et al. 2001), mental rotation tasks (Jordan

et al. 2002), and bimanual movements (Wenderoth et al.

2004). The LOC plays an important role in human object

recognition and selection (Grill-Spector et al. 2001). Pre-

vious studies indicated that the LOC is a specialized region

for distinguishing items within a category (Welberg 2012),

processing multiple within-scene objects (Peelen and

Kastner 2011; MacEvoy and Epstein 2011), and repre-

senting both simple image features and higher level shape

information (Kourtzi and Kanwisher 2001; Vinberg and

Grill-Spector 2008). The changes that we found in GM

density in the left superior LOC may indicate that the

champions have a fast and accurate recognition of both the

identities and positions of objects in visual space (MacEvoy

2013). The left cuneus is known for its involvement in

basic visual processing. Previous studies indicated that the

cuneus is involved in the bottom–up control of visuospatial

selective attention called stimulus-driven attention (Hahn

Fig. 3 TBSS detected the intersecting regions in the WM, including

the bilateral SLF, ILF, and IOF, that showed a decrease in the

fractional anisotropy (FA) value in the WCG. The intersecting regions

are color-coded in red. The centers-of-gravity were (60.2, -41.1,

15.1) mm and (35.5, -35.2, 5.4) mm in MNI standard space, and their

corresponding sizes were 251 and 266 mm3, respectively, for the

altered FAs in the WM tracts in the left hemisphere and the right

hemispheres. The brain is visualized in the (a) superior, (b) backward,

(c) right lateral, and (d) frontal orientations. (e) The dotted lines show

the histogram of the FAs for each subject and the dashed thick lines

show the average histogram of the FA across each group in the

intersecting region. (f) The bar plots show the mean FAs of all the

voxels for each subject (S1; S2; . . .;S13). The mean FA was sorted

from lower to higher values for all subjects. Error bars represent

standard deviations. Bars and lines are color-coded in red and green

to represent the WCG and the controls, respectively. The mean FAs

were in the range of 0.55–0.62 for the WCG group, and 0.60–0.71 for

the matched control group. Both sets of values were well above the

typical FA values for brain gray matter (FA \ 0.25)
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et al. 2006), and is also interconnected with the default

mode network and limbic regions for vigilance, attention,

motivation, and arousal (Breckel et al. 2011). The AG

plays a major role in retrieving information held in the

memory system of the brain. Grabner et al. (2009, 2013)

and Ansari (2008) indicated that the left AG can mediate

the automatic mapping of arithmetic problems onto solu-

tions stored in memory. Seghier et al. (2010) segregated the

left AG into three different sub-regions and suggested

different sub-region responds to goal-directed tasks in

different ways. The left middle AG is involved in semantic

associations regardless of the presence or absence of a

stimulus, the left dorsomesial AG involved in searching for

semantics in all visual stimuli, and the left ventrolateral AG

involved in the conceptual identification of visual inputs.

The third cluster was located in the right SPL, the right

IPL, right SPL, right superior LOC, and right PoCG (S1 or

primary somatosensory cortex). The right PoCG receives

information primarily from the skin and muscles, allowing

the experiences of touching, reaching, and grasping

(Iwamura and Tanaka 1996). Previous studies suggested

that the PoCG is involved in the processing and mediating

of tactile information (Song and Francis 2013) and skilled

motor learning (Vidoni et al. 2010). The functions of the

right SPL, the right IPL, right SPL, and right superior LOC

are similar to those of the corresponding left regions.

Taking all these findings into consideration, we speculate

that, as a result of their routine gymnastic practice, the

gymnastic champions possess an extraordinary ability to

estimate the direction of movements, the speed of execu-

tion, and the identification of their own and surrounding

objects’ locations.

In this study, using the FA-VBA method, we detected

FA changes in the left SMA (BA 6L), bilateral primary

motor cortex or M1 (BA 4), left postcentral gyrus and

sulcus (primary somatosensory cortex or S1, BA 2L and

3L), and bilateral middle cingulate cortex (BA23) in the

champions compared with the controls (Fig. 4 and Fig. S3

in the supplementary materials). The FA values in these

regions were uniformly lower in the champions than in the

controls (Fig. 4). The SMA is considered to play an

important role in the temporal organization of movements

and contains a somatotropic representation of the body

(Goldberg 1985; Nachev et al. 2008), just like the primary

Fig. 4 FA-VBA detected intersecting regions that showed a

decreased fractional anisotropy (FA) value in the brain GM of the

WCG. Voxels included in the intersecting regions are color-coded in

red. The brain was viewed in (a) superior, (b) backward, (c) right

lateral, and (d) frontal orientation. (e) Dotted lines relate to the

histogram of FAs for each subject and the dashed thick lines to the

average histogram of the FA across each group in the intersecting

region. (f) Bar plots show the mean FAs of all voxels for each subject

(S1; S2; . . .; S13). The mean FA was sorted from lower to higher

values for all subjects. Error bars represent standard deviations. Bars

and lines are color-coded in red and green to represent the WCG and

the controls, respectively. The averaged FA values across all voxels in

the intersecting regions for each control subject were in the range of

0.17–0.21 and of 0.16–0.21 for each champion, values which are in

the range of typical FA values of brain GM (FA \ 0.25)
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motor cortex (Tanji 1996, 2001). Previous studies have

suggested that the SMA controls postural stability during

standing or walking (Penfield and Welch 1951), coordi-

nation of temporal sequences of actions (Tanji 1994; Shima

and Tanji 1998; Roland et al. 1980; Lee and Quessy 2003),

and bimanual coordination (Brinkman 1981). The primary

motor cortex, or M1, is one of the principal brain areas

involved in motor function and is considered the main

generator of the neural impulses that pass down to the

spinal cord to control the execution of movement. Evarts

(1968) suggested that each neuron in the motor cortex

contributes to the force of a muscle. The greater the

number of neurons that are activated in the motor cortex,

the greater the muscle force. Georgopoulos et al. (1986,

2007) trained monkeys to reach in various directions while

he monitored the activity of neurons in the motor cortex

and found that each neuron in the motor cortex was max-

imally active during a specific direction of reach and

responded less well to neighboring directions of reach.

Other studies revealed that the M1 is essential to the early

stage of motor consolidation (Muellbacher et al. 2002) and

to the precise execution of learned motor responses (Hasan

et al. 2013). Several studies also suggested that both the

SMA and M1 play an important role in the execution of

complex sequential finger movements (Shibasaki et al.

1993), motor control and motor skills (Ward et al. 2006),

and multisensory representation (Lloyd et al. 2003). The

roles of the primary somatosensory cortex or S1 (BA 2 and

3) include the processing and mediating of tactile infor-

mation (Song and Francis 2013) and skilled motor learning

(Vidoni et al. 2010). The cingulate cortex (BA 23) is also

involved in mental (Tanaka et al. 2005), attentional and

executive processing (van Veen et al. 2001), and in deci-

sion making (Bush et al. 2002; Kennerley et al. 2006). Thus

our results may reflect the effects of the long-term intensive

professional training on the brain plasticity of gymnasts.

Our findings may indicate that professional gymnasts,

especially gymnastic world champions, not only possess

good motor or motion abilities, including physical strength,

power, coordination, and agility, but also very good judg-

ment and decision making ability. We also noticed that the

regions (BA 2L, 3L, and 6L) that showed significant FA

changes were lateralized to the left hemisphere, which may

reflect the effect of right handedness in the gymnasts that

participated in this study on brain plasticity (Amunts et al.

2000).

That reduced FA values in the GM observed in the

gymnasts may indirectly reflect the microstructure changes

as a result of the long-term gymnastic training. FA is an

index to characterize tissue microstructure, and its values

are vastly different in different GM and WM regions

(Basser and Pierpaoli 1996; Pierpaoli and Basser 1996). As

a major component of the central nervous system, GM also

has complex microstructures, consisting of neuronal cell

bodies, dendrites, unmyelinated axons, glial cells, syn-

apses, and capillaries. Cellular changes in any of these may

influence the MRI signal or the FA value. Because the DTI

technique only detects signals from water molecules, it is

not usually possible to infer correspondence between

changes in the MRI signal (or FA value) and a specific

under-lying biological event. Therefore, mapping the FA in

the brain GM may only indicate the degree of complexity

of the cortical anatomy, and such FA alterations should

only be considered to be an indirect parameter that may

reflect critical changes of brain tissue microstructures.

Whether structural MRI and DTI can measure cellular

events even though they give rise to a global quantity still

remains poorly understood (Zatorre et al. 2012), and a

direct link between micro-structures and macrostructures

has not been established for the human brain.

Taken together, finding that those specific regions in the

WCG had a local increase in GM density and a local

decrease in FA in the GM may indicate that the gymnasts’

long-term intensive training induced significant brain

structural changes as a result of motor skill acquisition and

development. These changes may be associated with

reductions in reaction time and increments in accuracy that

result from the repeated performance of serial motor tasks

in gymnastic training.

Structural changes in the WM of the WCG group

A gymnast requires complex visuo-motor integration of

reaching, jumping, and grasping movements. The present

study detected local reductions in the FA in parts of the

bilateral SLFs, ILFs, and IOFs of the WCG group com-

pared with the controls (Fig. 3; Table 2, and Fig. S3 in the

supplementary materials). The fronto-parietal network

plays a key role in the coordination and planning of com-

plex motor skills (Coull et al. 1996; Rizzolatti and Luppino

2001). The SLF is associated with the dorsal visual stream

and connects the frontal, occipital, parietal, and temporal

lobes, connections which are crucial for the visual locali-

zation of objects. The ILF, however, is associated with the

ventral visual stream and connects the occipital and tem-

poral lobes, connections which are crucial for object

identification (Hoeft et al. 2007). The motor responses are

mediated by both pathways in gymnastic training. More-

over, the IOF originates from dorsal parieto-occipital and

medial parietal areas and projects into lateral prefrontal

areas (Rizzolatti et al. 1983), a location which may influ-

ence visual-spatial processing within the occipital and

parietal areas through the IOF. A previous study

(Schmahmann et al. 2007) suggested that the IOF may be

related to higher-order aspects of motor behavior and to

spatial aspects of attention. Another study (Oechslin et al.
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2009) showed that these regions (the SLF, ILF, and IOF)

are related to visual-motor processing and attention control.

Furthermore, we found decreased FA values in certain

bilateral projection fibers, including the PTR, ATR, ACR,

OPR, and callosal body in the GWC (Table 2). Thalamic

radiations, including the PTR and ATR, are the fibers

which reciprocally connect the thalamus and cerebral

cortex by way of the internal capsule. The ATR passes

through the anterior limb of the internal capsule and carries

fibers from the hypothalamus and limbic structures to the

frontal lobe. The PTR includes the optic radiation from the

lateral geniculate body to the primary visual cortex in the

occipital lobe. The ACR and OPR are the fibers arising

from the thalamus to the primary auditory and occipital

cortices. Those projection fibers may be involved in

changes in visual and auditory information processing

resulting from long-term gymnastic training. In addition,

we detected FA changes in the WM in the left rIC, SS, and

CT. Finding these changes in only the left side may indi-

cate that these right-handed gymnasts are left-hemisphere

dominant and that the storage of the visuo-motor skills

involved in long-term intensive gymnastic training is

handedness responsive.

Gymnastics, like many sports, requires physical training

that builds the overall fitness of the athlete and includes

elements of strength, power, speed, endurance, balance,

and flexibility. Changes in the WM in these regions could

help enable world class gymnasts to be more accurate,

efficient, consistent, and automatic in their performances.

Our findings were consistent with those of Hänggi et al.

(2010) and Jäncke et al. (2009b), in which they revealed a

decreased FA in the brain WM of professional ballet

dancers and skilled golfers. However, we also found

studies of musicians and jugglers that showed an increase

in the FA of the WM and that explained those findings as

resulting from an increase in the myelination of the WM

after training (Gaser and Schlaug 2003; Yarrow et al. 2009;

Scholz et al. 2009; Zalc and Douglas Fields 2000). Pro-

fessional gymnastic training may be different from music

practice. Gymnastic practice could be associated either

with general WM maturation or with specific, localized

WM changes due to the acquisition of a particular skill. In

fact, increased FA in WM could be caused by decreased

radial diffusion, increased axial diffusion, or a mix of both

(Zatorre et al. 2012). Both fiber diameter and WM density

are important factors for determining diffusion properties

such as FA (Fieremans et al. 2008, 2009). Previous phan-

tom experiments found that fiber bundles with a larger

diameter have a lower FA (Fieremans et al. 2008, 2009),

and vice versa. Takahashi et al. (2002) measured the FA of

lamprey spinal cord WM and discovered that the degree of

anisotropy, or the ratio of axial to radial diffusion,

decreased from 7.0 (equivalent to FA = 0.82) to 4.2T
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(FA = 0.69) to 1.9 (FA = 0.34) for the dorsal, dorsolat-

eral, and ventral portions, respectively, with an increase in

the mean axon diameter. Therefore, we think it is reason-

able to conclude that the gymnasts’ long-term intensive

training and the acquisition of their motor skills caused an

increase in the fiber diameter, which resulted in a decreased

FA in the world class gymnasts.

Comparisons with previous studies

We also compared our findings with previous studies of

trained groups. Tables 3 and 4 list the size and location of

the cluster regions detected in these other studies that used

VBM, TBSS, and FA-VBM methods (Hänggi et al. 2010;

Maguire et al. 2000; Sluming et al. 2002; Gaser and

Schlaug 2003; Draganski et al. 2004; Mechelli et al. 2004;

Scholz et al. 2009; Jäncke et al. 2009b; Aydin et al. 2007).

Table 3 shows the widely distributed locations and sizes of

the detected regions across the brain GM in various train-

ing groups. Our study detected a local increase in GM

density in the WCG, a finding which was consistent with

these previous studies.

We found a local decrease in the FA of both the GM and

the WM in the WCG group compared with the control

group. These changes may relate to the fact that, after

gymnasts practice several hours a day for a number of

years, they seem to be able to coordinate and execute their

routines effortlessly. These focal GM and WM changes in

the WCG group are likely to be the result of intensive and

specific training. In Table 4 we noticed mixed findings

about the direction of FA changes in the different training

groups (Scholz et al. 2009; Bengtsson et al. 2005; Hänggi

et al. 2010; Schmithorst and Wilke 2002; Han et al. 2009;

Jäncke et al. 2009a; Schlaug et al. 2009). The findings in

Table 4 may indicate differential responses to specific

behavioral training (Draganski et al. 2004; Scholz et al.

2009; Gaser and Schlaug 2003; Hänggi et al. 2010; Jäncke

et al. 2009b; Maguire et al. 2000; Sluming et al. 2002;

Mechelli et al. 2004; Aydin et al. 2007; Cannonieri et al.

2007). Possible explanations for these inconsistent results,

in which the FA sometimes increased and sometimes

decreased in the different training groups, are manifold and

need to be further investigated.

Intersecting regions reduce the false-positive discovery

rate

Repeatability and reproducibility are crucial for neuroim-

aging studies (Bennett and Miller 2010). Because no

absolute standards are available to validate the output of

VBM, TBSS, and FA-VBA calculations, we cannot be sure

of the repeatability or reproducibility of the results of the

test and retest scans after we complete the voxel-based

statistical comparisons. The ideal situation occurs when the

size and location of the cluster regions remain constant

regardless of the number of measurements (Thomas and

Baker 2013a, b; Bartlett and Frost 2008). However, most

studies that have used VBM, TBSS, and FA-VBA methods

have not investigated repeatability or reproducibility

(Scarpazza et al. 2013). For the first time, to the best of our

knowledge, we constructed overlapping regions and inter-

secting regions using multiple between-group comparisons

for reporting the size and location of brain structural

changes. This increases the validity of our findings by

greatly reducing the false-positive discovery rates (Erick-

son 2013; Thomas and Baker 2013a, b; Fields 2013; Dra-

ganski and Kherif 2013; May and Gaser 2012).

To reduce false-positive findings, researchers can per-

form several repetitive scans of the brain structural images

and construct the intersecting regions from multiple

between-group comparisons. In this study, although

acquiring three repetitive datasets at one scanning session

had the disadvantage of making the participants experience

a longer scanning time, it enabled us to pinpoint specific

neuroanatomical features in the WCG and to show that

common brain regions appeared when using multiple

between-group comparisons. This could partially answer

the question raised by Thomas and Barker (Thomas and

Baker 2013a, b) as to whether the same brain regions

would be detected using different measurement methods.

Limitations

The present study has some limitations. First, the biological

interpretation in this study is not straightforward and

unequivocal. DTI provides a means for investigating

changes in the integrity of brain WM but does not make it

possible to differentiate the contributions of myelination,

fiber diameter and density, and tissue organization to the

FA value in brain GM and WM. All these factors influence

the distribution of the DTI signal (Beaulieu 2002). No one-

to-one relationship can be identified between a particular

measure (e.g. FA) and a given brain microstructure. Thus, a

variation in any one of these factors might, if large enough,

produce an observable effect in the diffusion measures

(Fieremans et al. 2008, 2009; Takahashi et al. 2002). As

yet, no direct link between micro-structures and macro-

structures has been established for the human brain. Sec-

ond, we only selected a non-linear registration method

provided in the FSL to perform the brain normalization.

We did not compare the influence of different registration

methods on the calculation result. The non-linear regis-

tration could potentially affect the spatial normalization of

the brain and then confound the between-group compari-

sons (Klein et al. 2009, Zalesky 2011, de Groot et al. 2013,

Radua et al. 2013). Third, we labeled the brain regions
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using macroscopic brain templates. This is a rather coarse

anatomical labeling method compared with cytoarchitec-

tonic probabilistic maps (Amunts 2013, Eickhoff et al.

2005, Zilles and Amunts 2010, Amunts et al. 2007, 2013).

However, because one of our goals was to use the gym-

nastic champions sample to clarify the advantage of using

multiple between-group comparisons in brain structure

studies, we were roughly able to label the changed brain

regions using the macroscopic brain templates and use

these to explain our findings to a certain, but somewhat

limited, extent. Fourth, the geometric distortion and dif-

fusion gradients (bvecs or B-matrix) caused by B0 inho-

mogeneity and eddy currents, which are problems for

diffusion-weighted images (Rohde et al. 2004; Leemans

and Jones 2009), were not estimated when processing the

DTI data in this study. One reason was that we did not

acquire field mapping images for correcting the geometric

distortion of the DTI dataset. The other reason was that we

thought that the B-matrix effect induced by the head

motion would be small in comparison with the signal

dropout effects (caused by the field inhomogeneity) that we

could not correct for, and we observed that the subjects in

this study did not have a significant amount of head motion

during the DTI acquisition. Last, but not least, we recruited

13 world champion gymnasts, but we did not perform a

longitudinal study to detect the brain structural changes in

these gymnasts. Therefore, we cannot completely rule out

the possibility that maturation and/or innate predisposition

could have caused or contributed to the differences

between the WCG and the controls.

Conclusions

Our findings provide new insights into the brain structure

changes induced by long-term intensive gymnastic training.

To infer the regions with significant differences between the

two groups, we introduced, for the first time, intersecting

regions derived from multiple between-group comparisons.

The results seem to indicate that world class gymnasts

possess good motor or motion abilities and good judgment

and decision making ability as well as good visuomotor and

visuospatial abilities as a result of routine gymnastic prac-

tice, and that long-term intensive training may cause an

increase in fiber diameter as revealed by the decrease in the

FA in WM in the WCG group, as a result of the acquisition

of specific motor skills. A better understanding of the

changes in GM and WM structure in world class gymnasts

will help us to further understand the neural basis of motor

skill acquisition and development in elite athletes.
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