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Abstract: Learning a skill has been demonstrated to relate to neural plasticity in both animal and
human brains. Performing diabolo consists of different tricks and may cause brain structural changes
associated with psychophysical functions. Therefore, the purpose of this study was to investigate
gray matter (GM) and white matter (WM) changes associated with psychophysical functions induced
by diabolo training in healthy subjects. Fourteen healthy right-handed male subjects were enrolled to
receive the diabolo training. Whole brain T1-weighted images and diffusion tensor imaging (DTI)
data were acquired from all subjects on a 3.0 T magnetic resonance scanner before and after the
training. Voxel-based morphometry (VBM), surface-based morphometry (SBM), and voxel-wise DTI
analysis were carried out to detect the GM volume, cortical thickness, and WM diffusion changes
using T1-weighted image and DTI data, respectively. In addition, two-arm coordination and mirror-
drawing tests were performed to evaluate their psychophysical functions before and after 2, 4, 6 and
8 weeks of training. Analysis of variance was performed to understand whether the psychophysical
functions changed over time after the training. The results showed that the psychophysical functions
were significantly changed over time during the training. The VBM and SBM analyses revealed
that the GM volume and cortical thickness were significantly increased in the brain areas associated
with visual, motor, sensory, and spatial cognition functions. The voxel-wise DTI analysis further
demonstrated that the mean diffusivity was significantly reduced in the genu of corpus callosum.
Moreover, significant correlations were revealed between the increase rate of GM volume and the
improvement rate of psychophysical functions in the left angular gyrus. The results suggest that
the diabolo training may induce increased GM volume associated with improved psychophysical
function in the brain region involved in spatial cognition and attention. Therefore, we conclude that
the diabolo training may improve psychophysical function which might be reflected by the increased
GM volume in the angular gyrus.

Keywords: brain plasticity; gray matter; white matter; diabolo training; psychophysical test

1. Introduction

Neural plasticity has been widely accepted to explain why humans are able to adapt
a changing environment or to learn a novel skill, and it may be associated with brain
structural and functional changes in task-related brain regions. Mouse brain studies have
shown that learning (including traversing rope ladder, high step, wide boards, chain,
weather stripping, and seesaw) could lead to synaptogenesis and glial hypertrophy, but
an increase in motor activity only results in angiogenesis [1,2]. In addition, electrical activity

Tomography 2022, 8, 858–868. https://doi.org/10.3390/tomography8020070 https://www.mdpi.com/journal/tomography

https://doi.org/10.3390/tomography8020070
https://doi.org/10.3390/tomography8020070
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/tomography
https://www.mdpi.com
https://orcid.org/0000-0001-8488-2693
https://orcid.org/0000-0003-4119-3235
https://doi.org/10.3390/tomography8020070
https://www.mdpi.com/journal/tomography
https://www.mdpi.com/article/10.3390/tomography8020070?type=check_update&version=3


Tomography 2022, 8 859

could regulate the myelination of axons in white matter (WM) [3,4]. These evidences
suggest that both gray matter (GM) and WM changes could be induced by learning or by
external stimulus in animal brains.

In human studies, previous studies have performed magnetic resonance high-resolution
T1 voxel-based morphometry (VBM) analysis and demonstrated that young adults, who
were trained to perform three-ball cascade juggling, were found to have increased cortical
GM volume and cortical thickness [5–7]. Some studies demonstrated that GM volume
is associated with a rate of skill learning after long-term training intervention [8], and
that elderly persons had less proficiency to learn three-ball cascade juggling with a less
increased GM volume than 20-year-old adolescents [9]. In addition to GM changes, one
previous study utilized voxel-wise diffusion tensor imaging (DTI) analysis and showed that
learning to juggle could lead to increased fractional anisotropy (FA) values in the WM [10].
Therefore, high-resolution T1-VBM and voxel-wise DTI analyses are helpful to detect GM
and WM changes induced by learning juggling in the human brain, respectively.

In Asian countries, performing diabolo (double-cone bobbin), a traditional sport, is
more popular than doing multi-ball cascade juggling. Performing diabolo is different from
cascade juggling because one needs to use both hands to control a diabolo through two sticks
connected by a rope and it consists of many tricks, including acceleration, elevator (ladybug),
toss, knot (magic knot), trapeze, spidernet, grind, and orbit, which are involved in visual,
spatial cognition, motor, and somatosensory functions of the brain. It was demonstrated that
the diabolo exercise is beneficial to body health and may have a positive effect on emotion
and sleep in adults [11]. In multi-ball cascade juggling, previous studies have shown that the
GM volume was increased in the right inferior occipital, left middle occipital, left precuneus,
right superior orbital frontal, left superior frontal, bilateral middle temporal, and bilateral
anterior cingulate [5,6] as well as WM changes in the intraparietal sulcus [10]. However, it
remains unclear how the brain GM and WM were changed after the diabolo exercise.

In addition, learning a sport may enhance one’s motor or psychophysical functions
which could be assessed by two-arm coordination [12] and mirror-drawing test [13–15].
Both tests were able to assess the performance of motor learning and physical activities
because they involved the gaze, motor, and visual systems. As psychophysical functions
and corresponding brain changes may be enhanced by diabolo training, we hypothesized
that the diabolo training may improve psychophysical functions reflected by the changes
of brain structure in specific brain regions. The purpose of this study was to investigate
the relationship between the changes of GM volume, cortical thickness, WM diffusion, and
psychophysical functions after diabolo training, using VBM, surface-based morphometry
(SBM), and voxel-wise DTI analyses, respectively.

2. Materials and Methods

This prospective study was approved by the local institutional review board (protocol
number: 970067R). Fourteen male subjects (age = 22.6 ± 2.6 years) were successfully enrolled in
this study. The inclusion criteria were as follows: (1) age ≥ 20 years old; (2) right handedness;
(3) Asian race; (4) no previous experience of diabolo; and (5) no history of neurological,
psychological, and physical disorders. By providing their written informed consents, all
subjects were arranged to have an initial magnetic resonance imaging (MRI) scan to examine
whether they had pre-existing brain lesions by a senior radiologist (M.T.W.), and if not, the
acquired MR images were used to measure their GM volume, cortical thickness, and WM
diffusion. Subsequently, all subjects as a group began to receive 8-week-long (2 days/week
and 40 min/day) diabolo training with several fundamental tricks, including acceleration,
elevator (ladybug), toss, knot (magic knot), trapeze, spidernet, grind, and orbit. The diabolo
training was supervised by a professional coach, and the progress of the diabolo skills were
recorded during the training period. All subjects consistently attended the training course
without leave. In the meantime, two kinds of psychophysical tests (two-arm coordination
and mirror drawing) were performed on all subjects before and after 2, 4, 6, and 8 weeks
of training to evaluate the longitudinal changes in psychophysical functions. In the present
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study, all subjects were able to correctly perform those fundamental tricks without making
a mistake or dropping the diabolo since the sixth week of training. At the end of diabolo
training, a second MRI scan was performed on all subjects to measure their GM volume,
cortical thickness, and WM diffusion for comparisons.

2.1. Psychophysical Tests

In this study, two kinds of psychophysical tests were performed on all subjects before
and after 2, 4, 6, and 8 weeks of the diabolo training. One is the two-arm coordination test,
and the other is a mirror drawing test. These two tests were performed with two kinds
of instruments containing a six-pointed star pattern (Lafayette Instrument, Lafayette, IN,
USA). In the two-arm coordination test, each subject was asked to hold two handles to
control a stylus by tracing a six-pointed star pattern on the testing board in a clockwise
direction as quickly and as accurately as possible, as shown in Figure 1A. A timer was
operated manually to record the total elapsed time (T) in seconds that subjects complete
the tracing, and a counter automatically records the total number of errors (N) that the
stylus leaves the star pattern during the test. As both the T and N reflect the performance
of the motor coordination, the present study calculated the combined score, defined as
T/2 + N [16], to evaluate the subject’s overall function of motor coordination.
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Figure 1. The instruments used for two-arm coordination (A) and mirror-drawing (B) tests.

In the mirror-drawing test, all subjects were asked to hold a stylus using their right
hands by tracing a mirror-reflected (i.e., reversed) six-pointed star pattern on a testing board
in a clockwise direction as quickly and as accurately as possible, as shown in Figure 1B.
Similarly, a timer was used to manually record the total elapsed time, and a counter was
used to automatically record the total number of errors that the stylus leaves the star pattern
during the test. The score, also defined as T/2 + N [16], was calculated to evaluate the
subject’s overall psychophysical function.

2.2. MRI Acquisition

MRI scans were performed on all subjects using a 3.0 T MR scanner (Magnetom,
Siemens, Erlangen, Germany) with a 12-channel phased-array head coil. After tri-
planar scan for localization, whole-brain high-resolution T1-weighted imaging data
(TR/TE/TI = 2530/3.5/1100 ms, flip angle = 7 degree, field-of-view = 256 × 256 × 176 mm,
matrix size = 256 × 256 × 176, bandwidth = 190 Hz/pixel, scan time = 10 min) and DTI
data (TR/TE = 7500/72 ms, field-of-view = 256 × 256 mm, matrix size = 128 × 128,
slice thickness = 2 mm, b-value = 1000 s/mm2, signal-to-noise ratio of b0 image = 20, num-
ber of direction = 12, number of excitation = 6, acceleration factor = 4, scan time = 11 min)
were acquired using 3D magnetization prepared rapid gradient echo and spin-echo echo-
planar diffusion-weighted pulse sequences, respectively. The acquisition was performed
with identical imaging parameters before and after the diabolo training.
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2.3. Voxel-Based Morphometry

The high-resolution T1-weighted imaging and DTI data were transferred to a stan-
dalone workstation and were post-processed using Computational Analysis Tool version
12 (CAT12, University of Jena, Jena, Germany) (http://www.neuro.uni-jena.de/cat/, ac-
cessed on 20 March 2022), FMRIB Software Library (FSL, Oxford University, Oxford,
UK) (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/, accessed on 22 March 2022), and Statisti-
cal Parametric Mapping version 12 (SPM12, University College London, London, UK)
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/, accessed on 19 March 2022). In
VBM analysis, the CAT12 toolbox was utilized because it was previously demonstrated
to provide better results than VBM8 in detecting GM changes in patients with temporal
lobe epilepsy [17]. The CAT12-VBM consists of several pre-processing steps, including
field bias modulation, tissue segmentation, diffeomorphic anatomical registration through
exponentiated lie algebra-based spatial normalization [18], and spatial smoothing. In this
study, the VBM analysis was carried out with default parameters (bias correction = “rough”,
strength of local adaptive segmentation = “medium”, voxel size for normalized images =
1.5 mm, internal resampling = fixed 1.0 mm, smooth kernel full width at half maximum
(FWHM) = 8 mm) and East Asian brain template, and the normalized GM images were
statistically compared on a voxel-by-voxel basis. The schematic diagram for VBM analysis
is shown in Figure 2A.
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2.4. Surface-Based Morphometry

In SBM analysis, this study also utilized the CAT12 toolbox to estimate the cortical thick-
ness and central surface using the projection-based thickness method [19]. In this study, the
SBM analysis was carried out with default parameters (bias correction= “rough”, strength of
local adaptive segmentation = “medium”, voxel size for normalized images = 1.5 mm, inter-
nal resampling = fixed 1.0 mm, resample size = 32k mesh, smooth kernel FWHM = 15 mm)
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and the East Asian brain template, and the central surface and cortical thickness were
statistically compared on a vertex-by-vertex basis. The schematic diagram for SBM analysis
is shown in Figure 2B.

2.5. Voxel-Based DTI Analysis

In voxel-based DTI analysis, motion correction was first performed using rigid-body
registration, from which the rotation matrix was used to compensate for diffusion direc-
tions [20]. Then, affine registration was performed to minimize the eddy-current distortions
in diffusion data using FLIRT (FMRIB’s Linear Image Registration Tool, Oxford Univer-
sity, Oxford, UK), followed by a brain extraction using Brain Extraction Tool (BET) tool
to remove non-brain signals. Subsequently, a DTI model was fitted on a voxel-by-voxel
basis using the DTIFIT tool to obtain axial (AD), radial (RD), mean diffusivity (MD), and
fractional anisotropy (FA). Moreover, the FA maps were spatially normalized to an interna-
tional consortium for a brain mapping-FA template using both linear affine and non-linear
diffeomorphic demon registrations [21], which was demonstrated to outperform several
non-linear registration techniques [22]. The displacement maps were utilized to spatially
normalize the corresponding AD, RD, and MD map. Finally, the normalized maps were
smoothed with a kernel of FWHM = 8 mm for voxel-wise comparisons. The schematic
diagram for voxel-wise DTI analysis is shown in Figure 2C.

2.6. Statistical Analysis

For psychophysical scores, one-way repeated analysis of variance (ANOVA) was
performed to test whether the scores were significantly changed over time during the
diabolo training, and the changes were considered significant if corrected p < 0.05 with
Bonferroni correction. The brain structural changes induced by diabolo training were
detected using a voxel-wise paired t-test of SPM12 toolbox to understand the global changes
in GM volume and DTI indices in the subjects after 8 weeks of diabolo training, and the
changes were considered significant if a cluster-level family-wise error (FWE) corrected
p < 0.05 (uncorrected p < 0.001 and cluster > 100 voxels). For cortical thickness, vertex-based
analysis was performed using the CAT12 toolbox to reveal the changes in cortical thickness
in the subjects with diabolo training, and the changes were considered significant if the
cluster-level FWE corrected p < 0.05 (uncorrected p < 0.01 and cluster > 100 vertices). In
significant regions, a Pearson’s correlation coefficient was calculated to understand the
associations between change rates in GM volume, cortical thickness, DTI indices, and
psychophysical scores after the diabolo training, as well as the associations between those
changes and subjects’ age. The correlation analysis was performed using IBM SPSS Statistics
for Windows (Version 20.0, IBM Corporation, New York, NY, USA), and the results were
considered significant if uncorrected p < 0.05.

3. Results

In psychophysical tests, ANOVA analysis demonstrated significant changes in both
two-arm coordination and mirror-drawing scores over time during 8 weeks of diabolo
training. The post hoc analysis further revealed that both two-arm coordination and mirror-
drawing scores were significantly changed after 2, 4, 6 and 8 weeks of training. In addition,
significant differences were also noted between 2 and 6 weeks as well as between 2 and
8 weeks of training, as shown in Figure 3.

In VBM analysis, significant increases in GM volume were found in the right inferior
parietal lobule, left superior occipital lobule, left cuneus, left middle occipital gyrus, left
postcentral gyrus, left angular gyrus, and left paracentral lobule after 8 weeks of diabolic
training, as shown in Figure 4. However, no significant decrease in GM volume was noted.
Table 1 lists the Brodmann area (BA) and Montreal Neurological Institute (MNI) coordinate
of significant clusters with increased GM volume with cluster-level FWE-corrected p < 0.05.
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Figure 3. The results of the two-arm coordination (A) and mirror-drawing (B) tests measured in the 
subjects before and after 2, 4, 6, and 8 weeks of the diabolo training. In ANOVA analysis, the F-
scores are 10.81 and 22.72 for the two-arm coordination and mirror drawing tests, respectively. As-
terisks (*) indicate p < 0.05 with Bonferroni correction. 

Figure 3. The results of the two-arm coordination (A) and mirror-drawing (B) tests measured in the
subjects before and after 2, 4, 6, and 8 weeks of the diabolo training. In ANOVA analysis, the F-scores
are 10.81 and 22.72 for the two-arm coordination and mirror drawing tests, respectively. Asterisks (*)
indicate p < 0.05 with Bonferroni correction.
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Figure 4. The voxel-based comparison of the GM volume in subjects before and after diabolo training.
Red-yellow colors indicate increased GM volumes after training. Images are shown in axial (A,D,G),
coronal (B,E,H), and sagittal (C,F,I) views. The color bar in the upper right corner indicates the
T-value. Lt = left; Rt = right; ParaC = paracentral gyrus; PostC = postcentral gyrus; IPL = inferior
parietal lobule; ANG = angular gyrus; Cun = Cuneus; SOL = superior occipital lobule.
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Table 1. The Brodmann area (BA) and Montreal Neurological Institute (MNI) coordinates of signifi-
cant regions with increased GM volume after diabolo training.

Region Brodmann
Area

MNI Coordinate Cluster
Size (mm3)

Z Score of
Peak-Level
DifferenceX Y Z

Rt. Inferior parietal lobule 40 51 −47 50 1110 3.98
Lt. cuneus 18 −14 −78 32 1789 3.78
Lt. Superior occipital lobule 19 −21 −84 44 1789 3.98
Lt. Middle occipital gyrus 19 −32 −84 36 1789 3.72
Lt. postcentral gyrus 43 −54 −5 26 567 3.89
Lt. angular gyrus 7 −40 −66 51 614 3.79
Lt. paracentral lobule 4 −3 −36 66 540 3.74

In surface-based cortical thickness analysis, the cortical thicknesses were significantly
increased in multiple regions, involving bilateral precentral, bilateral postcentral, bilateral
cuneus, bilateral occipital, left superior parietal, left fusiform, right lingual, and right
supramarginal gyrus, as shown in Figure 5. However, no significant decrease in cortical
thickness was detected in those subjects. Table 2 lists cortical regions with significant
increases in cortical thickness with cluster-level FWE-corrected p < 0.05.
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Figure 5. The comparison of cortical thicknesses before and after diabolo training. Red-yellow colors
superimposed on the brain surface indicate significant increase in cortical thickness after the training.
The brains are viewed from (A) top, (B) posterior, (C) left lateral, (D) bottom, (E) anterior, and (F) right
lateral sides, respectively. The color bar in the upper right corner indicates the T-value.

Table 2. The brain regions with a significant increase in cortical thickness in subjects after dia-
bolo training.

Region Brodmann Area
Cortical Thickness (mm) FWE-Corrected

p ValueBefore After

Lt. Cuneus 18 1.92 ± 0.13 1.99 ± 0.10 0.024
Lt. Middle occipital gyrus 19 2.66 ± 0.09 2.71 ± 0.09 0.046
Lt. Superior occipital gyrus 19 2.29 ± 0.14 2.36 ± 0.11 0.012

In voxel-based DTI analysis, significant decreases in MD values were only observed
in the genu of corpus callosum after diabolo training, as shown in Figure 6; however, no
significant change of AD, RD, and FA value was found in the subjects.



Tomography 2022, 8 865Tomography 2022, 8, FOR PEER REVIEW 9 
 

 

 
Figure 6. The voxel-based comparison of MD values in subjects before and after diabolo training. 
Red-yellow colors superimposed on the image indicate significantly decreased MD values after the 
training. (A) Axial MD map with a significant cluster in the corpus callosum. The color bar in the 
upper right corner indicates the T-value. R = right. (B) Paired scatter plot of MD values before (pre) 
and after (post) diabolo training. MD = mean diffusivity. 

In those significant regions detected by VBM, SBM, and DTI analyses, the following 
correlation analysis revealed a significantly positive correlation between the increase rate 
(%) of the GM volume and the improvement rate (%) of the two-arm coordination function 
(r = 0.6206, p = 0.018) in the left angular gyrus, as shown in Figure 7. However, no signifi-
cant correlation was noted between the changes in MD values, cortical thickness, psycho-
physical scores, and age. 
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WM changes associated with psychophysical functions induced by diabolo training. Our 
results demonstrated that, after 8 weeks of diabolo training, the subjects exhibited signif-
icant increases in psychophysical functions (both two-arm coordination and mirror draw-
ing), GM volume, and cortical thickness in multiple brain regions. The significantly in-
creased GM volume and cortical thickness were located in regions related to functions of 
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In those significant regions detected by VBM, SBM, and DTI analyses, the following
correlation analysis revealed a significantly positive correlation between the increase rate
(%) of the GM volume and the improvement rate (%) of the two-arm coordination function
(r = 0.6206, p = 0.018) in the left angular gyrus, as shown in Figure 7. However, no significant
correlation was noted between the changes in MD values, cortical thickness, psychophysical
scores, and age.
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Figure 7. The significant correlation between the increase rate of the GM volume and the improvement
rate of the two-arm coordination in the left angular gyrus after diabolo training. cc = correlation coefficient.

4. Discussion

To the best of our knowledge, this is the first MRI study to investigate both GM
and WM changes associated with psychophysical functions induced by diabolo training.
Our results demonstrated that, after 8 weeks of diabolo training, the subjects exhibited
significant increases in psychophysical functions (both two-arm coordination and mirror
drawing), GM volume, and cortical thickness in multiple brain regions. The significantly
increased GM volume and cortical thickness were located in regions related to functions of
motor (precentral and paracentral gyrus), sensory (postcentral, paracentral, inferior parietal,
superior parietal, and supramarginal), visual (superior occipital, middle occipital, superior
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parietal, cuneus, angular, and lingual gyrus), spatial cognition and attention (superior
parietal, angular, fusiform). These findings suggest that learning diabolo might enhance
visual, somatosensory, motor, and spatial cognition functions in human brain.

The increase in GM volume in the brain may likely be due to the enlargement of
cell size, the genesis of neural or glial cells, or changes in the blood flow or extra-cellular
fluid [23]. Previous animal studies suggest that learning may lead to synaptogenesis
and glial hypertrophy, but an increase in motor activity only results in angiogenesis [1,2].
Previous human studies also demonstrated that healthy adults who were trained to do
three-ball cascade juggling had increased cortical GM volume and thickness [5–7]. In
the present study, performing diabolo was found to lead to significant increases in both
GM volume and cortical thickness, which could among other causes, reflect changes in
synaptogenesis and/or glial hypertrophy [1,2].

We found a significant positive correlation between increase rate of GM volume
and the improvement rate of two-arm coordination scores in the left angular gyrus. The
angular gyrus has been known to be involved in spatial cognition and attention in many
tasks [24], suggesting that the increased GM volumes were associated with improved motor
coordination in the subjects receiving 8 weeks of diabolo training.

In addition to GM changes, previous animal studies have suggested that electrical
activity could regulate the myelination of axons [3,4] which may be reflected by the al-
teration of diffusion properties, either MD or FA, in the tissue. A previous human study
demonstrated that learning to juggle could lead to increased FA values in the WM region
(intraparietal sulcus) [10]. In contrast we observed a significant decrease in MD values
solely in the genu of corpus callosum, suggesting that learning to diabolo could lead to the
modulation of myelination. The reduced diffusivity may indicate decreased extra-cellular
space in the WM tissues, likely due to increased axonal density or glial hypertrophy after
diabolo training. As the genu of corpus callosum consists of frontal inter-hemispheric
fiber connections, the MD changes in the genu of corpus callosum may indicate that learn-
ing to diabolo may also alter cognitive functions [25]. Further investigation is worthy to
understand the brain changes induced by diabolo training beyond the psychophysical tests.

Diabolo training induced the expansions of GM volume and cortical thickness in
areas that were partially consistent with 3-ball cascade juggling. In the juggling training,
previous studies showed that the training induced the increases in GM volume in the
right inferior occipital (BA18), left middle occipital (BA18), inferior parietal lobule (BA40),
right superior orbital frontal (BA10), left superior frontal (BA10), bilateral middle temporal
(BA21), bilateral anterior cingulate (BA24), and bilateral intra-parietal sulcus (BA7) [5,6].
Consistently, the present study demonstrated that diabolo training induced the increases in
GM volume in the right inferior parietal lobule (BA40) and left cuneus (BA18), as well as
induced the increases in cortical thickness in the left cuneus (BA18), right supramarginal
gyrus (BA40), and left angular gyrus (BA7). These consistent findings suggest that both
diabolo and juggling training are helpful for stimulating structural plasticity in the visual
areas, which were likely associated with the common learning process of the juggling and
diabolo trainings.

Differently, the diabolo training did not induce brain changes in the superior frontal
gyrus (BA10) and middle temporal gyrus (BA21) which were detected in previous juggling
studies [5,6]. As both areas are responsible for cognition and distance contemplation, the
inconsistency suggests that the juggling training may involve more brain functions in
cognition and distance contemplation than the diabolo training. In addition, the present
study demonstrated that the diabolo training additionally induced expansions of GM
volume in the visual, motor, spatial cognition and attention areas (left superior occipital
lobule (BA19), left middle occipital gyrus (BA19), left postcentral gyrus (BA43), and left
paracentral lobule (BA4)), as well as the thickening of cortical thickness in the visual and
motor areas (left middle occipital gyrus (BA19) and superior occipital gyrus (BA19)). These
additional areas may suggest that the diabolo training might be a more demanding task
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that involved more cortical areas with motor, sensory, spatial cognition, and attention
functions than the juggling training.

Moreover, the inconsistent results may also be attributable to the difference of demo-
graphic characteristics, such as sex distribution and handedness, in subjects between our
(14 right-handed male subjects) and previous (11 male and 9 female subjects [5]; 21 female
and 3 male subjects [6]) studies. It has been shown that sex and handedness are associ-
ated with hemispheric asymmetry or brain lateralization [26]. Although the present study
showed that the brain structures were changed in both hemispheres, there was a strong
left lateralization of brain changes after the diabolo training. In general, playing diabolo
requires both arms to do the tricks, but the motion of diabolo is mainly controlled by the
dominant arm in most tricks. For example, in the acceleration trick, one needs to use the
dominant arm to accelerate the diabolo by tossing it back and forth. Therefore, in the
present study the brain changes in both hemispheres were likely due to the fact that diabolo
requires both arms to do the tricks. However, the strong left lateralization of brain changes
in the right-handed subjects may speculate that the lateralization towards the dominant
hemisphere was likely attributable to the nature of performing diabolo, where the diabolo
is mainly controlled by the dominant arm.

There are some limitations that warrant discussion. First, a small sample size may
not provide strong enough statistical power, and the correlation is very likely to be a false
positive. Second, this study did not enroll control subjects, so the longitudinal changes in
brain structure and psychophysical function without diabolo training cannot be assessed.
The practice effect of multiple psychophysical tests has not been sufficiently confirmed.
Third, this study only enrolled male subjects, so the findings were unable to reflect the brain
changes in female subjects. Finally, we did not investigate the sustainability of the brain
changes. A previous study demonstrated that the structural changes would decrease after
ceasing to learn to juggle for a period longer than 2 weeks [5,6], so additional follow-up
MRI scans with a “wash-out” period after the 8-week training may be helpful for this issue.

5. Conclusions

This study performed VBM, SBM, and voxel-wise DTI analysis to understand the
changes in GM volume, cortical thickness, and WM diffusion in association with psy-
chophysical functions in healthy subjects after diabolo training. It was noted that the
increase rate of the GM volume was correlated with the improvement rate of two-arm
coordination scores in the angular gyrus. We concluded that learning to diabolo may
improve the psychophysical functions that might be reflected by the expansions of GM
volume in the region involved in spatial cognition and attention functions.

Author Contributions: Conceptualization, M.-C.C., J.-H.L. and M.-T.W.; methodology, M.-C.C. and
J.-H.L.; formal analysis, M.-C.C.; investigation, M.-C.C., J.-H.L. and M.-T.W.; resources, M.-T.W.; data
curation, M.-C.C.; writing—original draft preparation, M.-C.C.; writing—review and editing, M.-T.W.;
project administration, M.-T.W.; funding acquisition, M.-T.W. All authors have read and agreed to the
published version of the manuscript.

Funding: This study was supported by research grants of VGHUST98-G3-03, VGHUST99-G3-02, and
partly by MOST110-2314-B-037-077-MY3.

Institutional Review Board Statement: This prospective study was approved by the local institu-
tional review board of National Yang-Ming University (970067R).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: The data are not publicly available due to the nature of this research,
participants of this study did not agree for their data to be shared publicly.

Conflicts of Interest: The authors declare no conflict of interest.



Tomography 2022, 8 868

References
1. Anderson, B.J.; Li, X.C.; Alcantara, A.A.; Isaacs, K.R.; Black, J.E.; Greenough, W.T. Glial Hypertrophy Is Associated with Synapto-

genesis Following Motor-Skill Learning, but Not with Angiogenesis Following Exercise. Glia 1994, 11, 73–80. [CrossRef] [PubMed]
2. Black, J.E.; Isaacs, K.R.; Anderson, B.J.; Alcantara, A.A.; Greenough, W.T. Learning Causes Synaptogenesis, Whereas

Motor-Activity Causes Angiogenesis, in Cerebellar Cortex of Adult-Rats. Proc. Natl. Acad. Sci. USA 1990, 87, 5568–5572.
[CrossRef] [PubMed]

3. Ishibashi, T.; Dakin, K.A.; Stevens, B.; Lee, P.R.; Kozlov, S.V.; Stewart, C.L.; Fields, R.D. Astrocytes promote myelination in
response to electrical impulses. Neuron 2006, 49, 823–832. [CrossRef] [PubMed]

4. Demerens, C.; Stankoff, B.; Logak, M.; Anglade, P.; Allinquant, B.; Couraud, F.; Zalc, B.; Lubetzki, C. Induction of myelination in
the central nervous system by electrical activity. Proc. Natl. Acad. Sci. USA 1996, 93, 9887–9892. [CrossRef] [PubMed]

5. Driemeyer, J.; Boyke, J.; Gaser, C.; Buchel, C.; May, A. Changes in Gray Matter Induced by Learning-Revisited. PLoS ONE 2008,
3, e2669. [CrossRef]

6. Draganski, B.; Gaser, C.; Busch, V.; Schuierer, G.; Bogdahn, U.; May, A. Neuroplasticity: Changes in grey matter induced by
training—Newly honed juggling skills show up as a transient feature on a brain-imaging scan. Nature 2004, 427, 311–312.
[CrossRef] [PubMed]

7. Scholz, J.; Klein, M.; Johansen-Berg, H. Training-Related Cortical Thickness Changes. In Proceedings of the International Society for
Magnetic Resonance in Medicine; Wiley: Montreal, QC, Canada, 2011; p. 539.

8. Sampaio-Baptista, C.; Scholz, J.; Jenkinson, M.; Thomas, A.G.; Filippini, N.; Smit, G.; Douaud, G.; Johansen-Berg, H. Gray
matter volume is associated with rate of subsequent skill learning after a long term training intervention. Neuroimage 2014,
96, 158–166. [CrossRef]

9. Boyke, J.; Driemeyer, J.; Gaser, C.; Buechel, C.; May, A. Training-induced brain structure changes in the elderly. J. Neurosci. 2008,
28, 7031–7035. [CrossRef]

10. Scholz, J.; Klein, M.C.; Behrens, T.E.J.; Johansen-Berg, H. Training induces changes in white-matter architecture. Nat. Neurosci.
2009, 12, 1370–1371. [CrossRef]

11. Guo, Y.C.; Shi, H.Y.; Yu, D.H.; Qiu, P.X. Health benefits of traditional Chinese sports and physical activity for older adults:
A systematic review of evidence. J. Sport Health Sci. 2016, 5, 270–280. [CrossRef] [PubMed]

12. Riquelme, I.; Arnould, C.; Hatem, S.M.; Bleyenheuft, Y. The Two-Arm Coordination Test: Maturation of Bimanual Coordination
in Typically Developing Children and Deficits in Children with Unilateral Cerebral Palsy. Dev. Neurorehabilit. 2019, 22, 312–320.
[CrossRef] [PubMed]

13. Julius, M.S.; Adi-Japha, E. A Developmental Perspective in Learning the Mirror-Drawing Task. Front. Hum. Neurosci. 2016, 10, 83.
[CrossRef] [PubMed]

14. Bressel, E.; Vakula, M.N.; Kim, Y.; Bolton, D.A.E.; Dakin, C.J. Comparison of motor skill learning, grip strength and memory
recall on land and in chest-deep water. PLoS ONE 2018, 13, e0202284. [CrossRef] [PubMed]

15. Kala, N.; Pal, S.; Sharma, S.K.; Telles, S.; Balkrishna, A. Mirror tracing task in yoga practitioners and non-yoga practitioners:
A cross-sectional comparative study. Indian J. Physiol. Pharmacol. 2021, 65, 127–131. [CrossRef]

16. Lin, C.-H. Coaching Psychology; The Liberal Arts Press: Taipei City, Taiwan, 2001; ISBN 957-549-368-0. (In Chinese)
17. Farokhian, F.; Beheshti, I.; Sone, D.; Matsuda, H. Comparing CAT12 and VBM8 for Detecting Brain Morphological Abnormalities

in Temporal Lobe Epilepsy. Front. Neurol. 2017, 8, 428. [CrossRef]
18. Ashburner, J. A fast diffeomorphic image registration algorithm. Neuroimage 2007, 38, 95–113. [CrossRef] [PubMed]
19. Dahnke, R.; Yotter, R.A.; Gaser, C. Cortical thickness and central surface estimation. Neuroimage 2013, 65, 336–348. [CrossRef] [PubMed]
20. Leemans, A.; Jones, D.K. The B-Matrix Must Be Rotated When Correcting for Subject Motion in DTI Data. Magn. Reson. Med.

2009, 61, 1336–1349. [CrossRef]
21. Vercauteren, T.; Pennec, X.; Perchant, A.; Ayache, N. Diffeomorphic demons: Efficient non-parametric image registration.

Neuroimage 2009, 45 (Suppl. 1), S61–S72. [CrossRef] [PubMed]
22. Ou, Y.M.; Akbari, H.; Bilello, M.; Da, X.; Davatzikos, C. Comparative Evaluation of Registration Algorithms in Different Brain

Databases With Varying Difficulty: Results and Insights. IEEE Trans. Med. Imaging 2014, 33, 2039–2065. [CrossRef] [PubMed]
23. May, A.; Hajak, G.; Ganssbauer, S.; Steffens, T.; Langguth, B.; Kleinjung, T.; Eichhammer, P. Structural brain alterations following

5 days of intervention: Dynamic aspects of neuroplasticity. Cerebral. Cortex 2007, 17, 205–210. [CrossRef] [PubMed]
24. Seghier, M.L. The Angular Gyrus: Multiple Functions and Multiple Subdivisions. Neuroscientist 2013, 19, 43–61. [CrossRef] [PubMed]
25. Edwards, T.J.; Sherr, E.H.; Barkovich, A.J.; Richards, L.J. Clinical, genetic and imaging findings identify new causes for corpus

callosum development syndromes. Brain 2014, 137, 1579–1613. [CrossRef] [PubMed]
26. Hirnstein, M.; Hugdahl, K.; Hausmann, M. Cognitive sex differences and hemispheric asymmetry: A critical review of 40 years of

research. Laterality 2019, 24, 204–252. [CrossRef] [PubMed]

http://doi.org/10.1002/glia.440110110
http://www.ncbi.nlm.nih.gov/pubmed/7520887
http://doi.org/10.1073/pnas.87.14.5568
http://www.ncbi.nlm.nih.gov/pubmed/1695380
http://doi.org/10.1016/j.neuron.2006.02.006
http://www.ncbi.nlm.nih.gov/pubmed/16543131
http://doi.org/10.1073/pnas.93.18.9887
http://www.ncbi.nlm.nih.gov/pubmed/8790426
http://doi.org/10.1371/journal.pone.0002669
http://doi.org/10.1038/427311a
http://www.ncbi.nlm.nih.gov/pubmed/14737157
http://doi.org/10.1016/j.neuroimage.2014.03.056
http://doi.org/10.1523/JNEUROSCI.0742-08.2008
http://doi.org/10.1038/nn.2412
http://doi.org/10.1016/j.jshs.2016.07.002
http://www.ncbi.nlm.nih.gov/pubmed/30356513
http://doi.org/10.1080/17518423.2018.1498552
http://www.ncbi.nlm.nih.gov/pubmed/30024779
http://doi.org/10.3389/fnhum.2016.00083
http://www.ncbi.nlm.nih.gov/pubmed/26973498
http://doi.org/10.1371/journal.pone.0202284
http://www.ncbi.nlm.nih.gov/pubmed/30106990
http://doi.org/10.25259/IJPP_293_2020
http://doi.org/10.3389/fneur.2017.00428
http://doi.org/10.1016/j.neuroimage.2007.07.007
http://www.ncbi.nlm.nih.gov/pubmed/17761438
http://doi.org/10.1016/j.neuroimage.2012.09.050
http://www.ncbi.nlm.nih.gov/pubmed/23041529
http://doi.org/10.1002/mrm.21890
http://doi.org/10.1016/j.neuroimage.2008.10.040
http://www.ncbi.nlm.nih.gov/pubmed/19041946
http://doi.org/10.1109/TMI.2014.2330355
http://www.ncbi.nlm.nih.gov/pubmed/24951685
http://doi.org/10.1093/cercor/bhj138
http://www.ncbi.nlm.nih.gov/pubmed/16481564
http://doi.org/10.1177/1073858412440596
http://www.ncbi.nlm.nih.gov/pubmed/22547530
http://doi.org/10.1093/brain/awt358
http://www.ncbi.nlm.nih.gov/pubmed/24477430
http://doi.org/10.1080/1357650X.2018.1497044
http://www.ncbi.nlm.nih.gov/pubmed/29985109

	Introduction 
	Materials and Methods 
	Psychophysical Tests 
	MRI Acquisition 
	Voxel-Based Morphometry 
	Surface-Based Morphometry 
	Voxel-Based DTI Analysis 
	Statistical Analysis 

	Results 
	Discussion 
	Conclusions 
	References

