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Using multishell diffusion MRI and both tract-based spatial statistics (TBSS) and probabilistic tracking of specific tracts of interest,
we evaluated the neural underpinnings of the impact of a six-month dance intervention (DI) on physical fitness and cognitive
outcomes in nondemented seniors. The final cohort had 76 nondemented seniors, randomized into DI and control (life as
usual) groups. Significant effects were observed between the DI and control groups in physical fitness measures and in attention.
We detected associations between improved physical fitness and changes in diffusion tensor imagining (DTI) measures in the
whole white matter (WM) skeleton and in the corticospinal tract and the superior longitudinal fascicle despite the fact that no
significant differences in changes to the WM microstructure were found between the two groups.

1. Introduction

Dance intervention (DI), regardless of the type of dance, was
shown to have a positive impact on the overall physical
health of older adults [1]. Dancing is an activity that com-
prises a wide range of skills, including motor learning, action
observation, sensorimotor coordination, and synchroniza-
tion with a group; it engages physical endurance, balance
control, motor learning, and cognitive functions [1, 2].
Keogh et al. [3] in their review concluded that dancing can
significantly improve the aerobic power, lower body muscle
endurance, strength, flexibility, balance, and agility of older
adults. Another more recent review [4] proved the beneficial
effect of dance on physical fitness (mostly reported as balance

and motor skills in general) in patients with different
kinds of pathology.

The influence of the different types of dance activity on
cognition in healthy seniors has been tested behaviorally [5,
6]. Coubard et al. [5] reported that contemporary dance
training (one lesson/week, 5.7 months) leads to improvement
in switching attention in older adults. Kattenstroth et al. [6]
reported positive effects of regular dancing (one lesson/week,
six months) on attention in particular. Neither of these
studies examined any possible neuroimaging correlates of
the positive effect of DI.

Diffusion tensor imaging (DTI) is the most widely used
model of diffusion MRI, which allows the evaluation of
changes in the brain microstructure, especially in the white
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matter (WM) [7]. Voss et al. [8] used conventional single-
shell DTI and examined the effect of aerobic fitness training
(three lessons/week, one year). The authors observed a
relationship between increased aerobic fitness and increased
fractional anisotropy (FA) in prefrontal, parietal, and
temporal areas. On the other hand, they found no difference
in cognitive performance between groups. The only study
evaluating the effect of the DI (three lessons/week, six
months) in healthy seniors with conventional DTI was per-
formed by Burzynska et al. [9]. The authors used tract-
based spatial statistics (TBSS) and selected regions of interest
on the TBSS skeleton using the DTI WM atlas. They found
that FA in the fornix increased in the DI group as compared
to control groups. However, the change in fornix integrity
did not correlate with the change in cognitive outcomes. In
fact, there were no significant cognitive changes during DI
surpassing changes in the control groups.

In our previous paper [10], we demonstrated subtle
effects of an optimized, structured six-month dance interven-
tion on executive functions in aged people without dementia,
particularly in the Five-Point Test (FPT) which evaluates
attention and executive functions [11]. In the current DTI
substudy, we aimed to explore the neural correlates of the
DI-induced changes in physical fitness and cognition using
a multishell diffusion MRI protocol. The use of multiple
shells improves the modeling of crossing fibers within each
voxel [12]. Moreover, by quantifying the non-Gaussian diffu-
sion, the multishell DTI provides more precise information
about the microstructural properties of WM tissue heteroge-
neity [12, 13]. However, the changes in microstructural prop-
erties of the tissue derived from the multishell DTI might be
caused by variety of factors, such as axonal density, axonal
ordering, degree of myelination, accumulation of pathologi-
cal proteins, brain atrophy, or microglial activation, and the
method does not inform about distinct pathological underly-
ing mechanisms of the observed DTI changes [14].

2. Materials and Methods

The cohort consisted of healthy senior volunteers and seniors
with mild cognitive impairment (MCI), all potentially capa-
ble of participating in the intensive dance intervention.
Healthy seniors were recruited using the public media such
as local newspapers and radio and TV news. MCI partici-
pants were recruited from patients longitudinally followed
at the First Department of Neurology, Faculty of Medicine,
Masaryk University, Brno, Czech Republic. In brief, we
included subjects aged over 60 years, nonsmokers with no
alcohol and/or drug abuse, and patients without serious brain
injury, dementia, or major depressive disorder. For detailed
information about the enrolment and randomization pro-
cess, see Kropacova et al. [10]. Briefly, 120 participants were
randomized to a dance intervention (DI) group and a life as
usual (LAU, control) group, 60 participants in each group,
using the opaque envelope method.

All subjects underwent the neuropsychological, physi-
cal fitness, and MRI examination at the baseline and after
6 months. Informed consent, in accordance with the
ethics committee of Masaryk University, was obtained

from each subject. The study was approved by the local
ethics committee.

2.1. Dance Intervention. The dance intervention was
organized by specialists from the Faculty of Sports Studies,
Masaryk University, Brno, Czech Republic. The intervention
took six months and included three training units (each 60
minutes) per week. The whole study lasted for three years
with the DI taking place between November and April each
year in small groups of up to 20 subjects. The DI program
was performed at a medium physical load intensity, and sub-
jects were supervised by an experienced tutor. The load
intensity was monitored by the Borg Rating of Perceived
Exertion (RPE) scale during each supervised session. The
RPE is a user-friendly numerical scale that evaluates an indi-
vidual’s self-reported level of effort, physical exertion, and
fatigue during exercise using a 15-point scale ranging from
6 (no exertion) to 20 (maximum exertion) [15]. The physical
load was adjusted to the current health condition and physi-
cal fitness levels of the individual seniors, and it was kept
between 11 and14 points on the RPE. The DI units included
folk, country, African, Greek, and tango dancing. The
choreographies were divided into smaller blocks that were
gradually taught in individual lessons and modified and
developed over time into the final choreography. Only sub-
jects who completed at least 60% of the DI program were
included in the final cohort [10]. The real average completion
of the DI program is 78.1%.

2.2. Physical Fitness Examination. The effect of the DI was
evaluated by two tests from the functional fitness assessment
[16]. The 8-Foot Up-and-Go Test evaluates the agility and
dynamic balance. It measures time (in seconds) required to
get up from a seated position, walk 8-foot distance, return
to the chair, and sit down. The lower values indicate better
performance. The 30-Second Chair Stand Test evaluates
lower body strength and physical endurance by measuring
the number of repetitions of full stands from a chair in 30
seconds. The higher values indicate better performance.

2.3. Neuropsychological Examination. Global cognition, five
cognitive domains, and activities of daily living were evalu-
ated by complex neuropsychological testing [10]. The exam-
ination included the MoCA score [17] and individual tests
from the memory domain (Taylor Figure Test [18], Wechsler
Memory Scale III: Logical Memory [19]), attention domain
(Wechsler Adult Intelligence Scale III: Digit Span, symbol
search [20]), executive domain (Five-Point Test [11], Tower
of Hanoi [21]), visuospatial domain (Taylor Figure Test
[18], Judgement of Line Orientation [22]), language domain
(Mississippi Aphasia Screening Test [23]), and activities of
daily living (Bristol Activities of Daily Living Scale [24]).
The cognitive domain Z-scores were calculated as the average
Z-scores of the tests included in the particular domain [25].

Participants were classified as having MCI if they scored
below -1.5 SD in at least two tests in one or more cognitive
domains [25]. More specifically, we used the following cri-
teria: MoCA ≥ 26 points and the score below 1.5 SD in two
tests in at least one cognitive domain, MoCA < 26 points
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and the score below 1.5 SD in any two tests, and objective
memory deficit on the MoCA and the score below 1.5 SD
in at least one test from the memory domain.

2.4. DTI-MRI Examination. All subjects were scanned using
the 3T Siemens Prisma MR scanner (Siemens Corp.,
Erlangen, Germany) in CEITEC Masaryk University, Brno,
Czech Republic, employing the following sequences:
magnetization-prepared rapid gradient-echo (MPRAGE)
high-resolution T1-weighted images (240 sagittal slices, slice
thickness = 1mm, TR = 2300ms, TE = 2:34ms, FA = 8°,
FOV = 224mm, and matrix size 224 × 224) and diffusion-
weighted images (114 sagittal slices, slice thickness = 2mm,
TR = 9300ms, TE = 97ms, and FOV = 228mm) and thirty
noncollinear diffusion directions with b-values 500, 1000,
and 2000 s/mm2, ten T2-weighted acquisitions with b-value
0 s/mm2, and three acquisitions with b-value 0 s/mm2 with
opposite polarity of phase encoding. FA and mean diffusivity
(MD) were the parameters of interest.

2.5. Processing of the MRI Data. The structural connectivity
of the WM was evaluated using the FSL software [26] and
TBSS method [27]. Each subject’s raw data was first corrected
for susceptibility-induced distortions, eddy current distor-
tions, and movements using the topup [28] and eddy [29]
tools. Nonbrain voxels were excluded using the Brain Extrac-
tion Toolbox (BET) [30], and the brain extracted masks were
checked one by one. Diffusion tensor at each voxel was
modeled by DTIFIT function. Maps of FA and MD were
calculated. The bedpostx tool was used for modeling with
recommended settings [12, 31].

After preprocessing and quality control, the data under-
went TBSS [27]. FA images of all subjects were nonlinearly
registered to FMRIB58_FA_1mm target image and then
affine transformed to the 1 × 1 × 1mm MNI152 standard
space. The mean FA map was calculated, and the skeleton
representing the centres of all tracts was created at the thresh-
old 0.2. All individual FA maps were projected onto the skel-
eton. MD maps were processed using the information from
the FA procedure. Individual maps were nonlinearly regis-
tered to the common space and projected onto the original
mean FA skeleton. Mean values of DTI parameters were
extracted from the final WM skeleton.

Paired differences within subjects were calculated, and a
two-sample t-test design was set in a general linear model
(GLM), as suggested by the FSL GLM User Guide. A ran-
domization tool [32] with 5000 permutations was used to cal-
culate the differences between the DI and control groups,
controlled for the effect of gender, age, years of education,
and the baseline MoCA score.

In addition to the whole-brain WM skeleton exploratory
analysis, mean FA and MD were also computed for the cor-
ticospinal tract (CST) and the superior longitudinal fascicle
(SLF) which are known to be related to motor planning and
execution as well as spatial attention and speech comprehen-
sion [8, 9, 33, 34]. We used a bidirectional iterative parcella-
tion (BIP) [35] which applies the FSL option of “probabilistic
tracking with classification targets” in a bidirectional and
iterative manner [35]. The method requires specific gray

matter endpoint definition. Initial seed regions and inverse
masks were downloaded from BIP’s creator Bitbucket depos-
itory (https://bitbucket.org/dpat/). Gray matter endpoints for
CST were defined as motor-sensory and brainstem. The
motor-sensory endpoint mask was created using MARINA
[36] by merging masks of the precentral gyrus, postcentral
gyrus, and supplementary motor area. The brainstem end-
point originated in the Harvard-Oxford subcortical struc-
tural atlas and was truncated at z = −20mm. The gray
matter endpoints for SLF were derived from the AAL atlas
[37], with the first endpoint being the angular gyrus and
the second endpoint being the frontal middle gyrus. We
chose specifically the angular gyrus since it is a crossmodal
hub where converging multisensory information is combined
and integrated to comprehend commands, manipulate men-
tal representations, solve problems, and reorient attention to
relevant information [38]. For the probabilistic tractography,
the GPU version of Probtrackx was used [39]. The final tracts
were thresholded at 5% probability, binarized, and masked
with whole-brain WM segmentation. In order to be compa-
rable with the methods and results of a study by Burzynska
et al. [9], we additionally segmented the fornix using T1-
weighted anatomical images and the FreeSurfer 6.0 (http://
surfer.nmr.mgh.harvard.edu) [40] and the mri_cc function.

The longitudinal pipeline was used for preprocessing [41].
All segmentations were visually inspected, and 9 subjects (3 DI
and 6 LAU) were excluded due to segmentation imprecisions.
Binary masks of the fornix were created for each subject and
registered to native space DWI b0 images using SPM
(https://www.fil.ion.ucl.ac.uk/spm/software/spm12/). For seg-
mentation of all tracts, see Figure 1.

2.6. Evaluation of Changes in Cognitive/Physical Fitness
Measures of Interest and Changes in DTI Parameters. Equiv-
alency in between-group baseline data was checked by chi-
square tests and the Mann-Whitney test.

Mixed ANOVA and the following post-hoc tests were
applied to examine DI-induced behavioral, cognitive, and
DTI changes, both in the whole brain and in tracts of interest.

Paired t-tests were additionally used to test the DI-
induced changes in the DI group only.

Partial correlations (Spearman correlation coefficient;
MATLAB 2018) were calculated between changes in clinical
measures of interest (i.e., those that revealed significant
time ∗ group effects) and changes in FA and MD parameters
in the whole-brainWM and above-mentioned tracts of inter-
est in the DI group.

3. Results

Altogether, 99 (49 in the DI group and 50 in the LAU group)
completed successfully the DI/LAU period. The most com-
mon reason to withdraw from the study during the DI period
was an unexpected health problem of the participant or
his/her partner and problems with keeping up with the time
schedule of the intervention. The final research sample with
good-quality clinical, cognitive, and diffusion MRI data both
at the baseline and at the follow-up examination after the
DI/LAU consisted of 76 participants (51 HC and 25 MCI
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subjects). At the baseline, groups in the final cohort were not
significantly different in age, years of education, and relative
proportion of MCI participants. We found between-group
differences at the baseline visit in gender and in the global
cognitive MoCA score. Gender differences were due to the
dropout rate, which was clearly gender-related in the DI
group: fewer men than women completed the DI program.
Therefore, we controlled all results for the effect of gender,
age, years of education, and the baseline MoCA score. All
cognitive, physical fitness, and DTI data at the baseline visit
and at the follow-up visit after six months in the DI and con-
trol groups are depicted in Table 1. All cognitive, physical fit-
ness, and DTI data at the baseline visit and at the follow-up
visit after six months in both groups, divided into HC and
MCI subgroups, are depicted in Supplementary Material
Tables S1 and S2.

3.1. Behavioral Results.Mixed ANOVA revealed a significant
time ∗ group effect (see Figure 2), in the 8-Foot Up-and-Go
Test (p = 0:006) and in the 30-Second Chair Stand Test
(p = 0:021). There was an effect in the attention domain
(p = 0:015), but it did not survive the FDR correction for five
cognitive domains. Complete results can be found in Supple-
mentary Material Table S3.

Paired t-tests in the DI group revealed significant DI-
induced changes (improvement) in the 30-Second Chair
Stand Test (p = 0:002) and in the 8-Foot Up-and-Go Test
(p = 0:014). The DI also led to improved attention
(p = 0:033) and executive domain Z-score (p = 0:007) in the
DI group, but the results did not survive the FDR correction
for five cognitive domains. For complete results, see Supple-
mentary Material Table S4.

3.2. DTI Results in the Whole-Brain WM and in the WM
Tracts of Interest and Relation to Physical Fitness. TBSS
showed no significant differences between the DI and control
groups. As for the DTI measures in the subanalyses of the
tracts of interest, no significant changes in FA and MD were
observed between the two groups (for details, see Supple-
mentary Material Table S3).

Partial correlation analysis showed a significant relation-
ship between the performance in the 30-Second Chair Stand
Test and global WM FA (p = 0:016, R = 0:41) in the DI group
(see Figure 3).

Additional analyses in the tracts of interest in the
DI group showed positive medium strength correlations
between FA in the left SLF and performance in the 30-
Second Chair Stand Test (p = 0:006, R = 0:47) and between
MD and FA in the right CST and time to perform the
8-Foot Up-and-Go Test (p = 0:006, R = 0:46 and p = 0:023,
R = −0:39, respectively). For complete results, see Supple-
mentary Material Table S5.

4. Discussion

Our study focused on WM microstructure correlates of
behavioral and cognitive effects of intensive six-month dance
exercise training in mixed nondemented seniors including
cognitively intact individual as well as a small proportion of
MCI subjects.

We observed DI-induced effects in the physical fitness
measures, namely, the 8-Foot Up-and-Go Test and 30-
Second Chair Stand Test, in the DI group as compared to
the control group. A better performance in these tests means
improvements in the dynamic balance, agility, lower body

Figure 1: Visualisation of tracts of interest: red—corticospinal tract, green—superior longitudinal fasciculus, and yellow—fornix.
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strength, and physical endurance. These parameters are key
factors in preserving mobility and independence in older age
[16]. A positive effect of DI on physical fitness was consistently
reported by others and was summarized in a review by Hwang
and Braun [1]. On the other hand, the effects of DI on cogni-
tion are more heterogeneous and have remained inconsistent.
Some authors reported a positive DI-induced effect on atten-
tion [5, 6, 42, 43] and memory [42, 43] functions, but positive
changes were reported also in groups who underwent conven-
tional fitness training [42, 43]. In this DTI substudy, we
observed a DI-induced effect solely on the attention domain,
but this result did not survive the FDR correction and there-
fore should be interpreted with caution. We did not observe
any DI-induced effects between both groups in the micro-
structure in the WM skeleton or in tracts of interest.

Our major study aim was to identify whetherWMmicro-
structural changes, as assessed by FA and MD measures
derived from a multishell diffusion protocol, may underlie

dance-induced behavioral improvements. FA is a direction-
ally dependent sensitive marker of microstructural changes
(e.g., myelination, fiber orientation, and axonal diameter)
[14]. Increase in FA can be explained by, e.g., higher packing
density or increased directional organization of axons and/or
stabilization or increase in myelin integrity [14, 44]. MD is a
directionally independent measure that describes overall dif-
fusion within the voxel [45]; increased MD is characteristic
for regions where neural microstructures (e.g., axonal cell
membranes, myelin sheaths, and neurofilaments) are dis-
placed by intra- and extracellular water [46]. Studies showed
that the increase in MD and decrease in FA are the common
process in healthy aging [47]. The WM integrity also reflects
age-related variability in cognitive outcomes in healthy aged
individuals [48] such that increased FA/decreased MD
relates to increased cognitive performance [46].

A positive relationship between improved physical fitness
and increased WM integrity in this study was detected in the

Table 1: (a) Descriptive characteristics. (b) Physical fitness, cognitive, and DTI data at the baseline. (c) Physical fitness, cognitive, and DTI
data after 6 months. Mean ± standard deviation. ∗Significant difference.

DI group Control group p value

(a) Descriptive characteristics

N 37 39 —

Gender 32 F/5 M 26 F/13 M 0.042∗

Age 69:3 ± 5:3 68:9 ± 6:3 0.607

Years of education 15:0 ± 2:2 15:0 ± 3:0 0.084

HC/MCI 28/9 23/16 0.121

(b) Baseline—physical fitness, cognitive, and DTI data

8-Foot Up-and-Go Test (seconds) 5:1 ± 1:5 5:3 ± 1:4 0.890

30-Second Chair Stand Test (number of repetitions) 14:9 ± 4:0 16:8 ± 4:8 0.191

MoCA 27:4 ± 2:7 25:8 ± 2:7 0.004∗

Memory (Z-score) 1:11 ± 1:01 0:93 ± 0:89 0.374

Attention (Z-score) 0:08 ± 0:58 0:02 ± 0:71 0.559

Executive (Z-score) −0:35 ± 0:63 −0:30 ± 0:74 0.831

Visuospatial (Z-score) 0:29 ± 0:55 0:38 ± 0:56 0.417

Language (Z-score) 0:39 ± 0:46 0:40 ± 0:42 0.872

Global WM FA 0:43 ± 0:02 0:42 ± 0:02 0.979

Global WM MD (mm2s-1) 0:0007 ± 0:00002 0:0007 ± 0:00005 0.230

(c) After 6 months—physical fitness, cognitive, and DTI data

8-Foot Up-and-Go Test (seconds) 4:8 ± 1:2 5:6 ± 2:3 0.537

30-Second Chair Stand Test (number of repetitions) 16:4 ± 4:1 16:2 ± 6:3 1.000

MoCA 27:0 ± 2:7 26:6 ± 2:5 0.367

Memory (Z-score) 1:30 ± 0:77 1:15 ± 0:92 0.318

Attention (Z-score) 0:26 ± 0:71 −0:06 ± 0:75 0.046∗

Executive (Z-score) −0:02 ± 0:82 −0:22 ± 0:65 0.278

Visuospatial (Z-score) 0:30 ± 0:59 0:48 ± 0:55 0.166

Language (Z-score) 0:46 ± 0:43 0:42 ± 0:51 0.826

Global WM FA 0:43 ± 0:02 0:43 ± 0:02 0.751

Global WM MD (mm2s-1) 0:0007 ± 0:00002 0:0007 ± 0:00005 0.238
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whole brain as well as in the WM tracts of interest related to
motor learning and movement execution, as well as to spatial
attention, manipulation of mental representations, and
speech comprehension. The CST projects from the motor
cortices to the spinal cord and plays a key role in the control
of voluntary movement [34]. The SLF is considered to be the
major cortical association fiber pathway. As for the particular
results of correlation with increased physical endurance, the
SLF plays a role in regulating motor learning and higher
aspects of motor behavior [33, 34]. Based on the results of
Burzynska et al. [9], we also focused on the fornix, the major
efferent tract of the hippocampus with a key function of
memory formation and consolidation [49], although engage-
ment in motor functions in normal aging has also been
described [50]. Unlike Burzynska et al. [9], we did not
observe any relationship between changes in DTI measures
within this tract and cognitive functions or physical fitness.

Our results were similar to those of Voss et al. [8] who did
not find significant DTI changes on a group level even after a
whole year of the aerobic intervention (walking performed
three times per week). The authors observed that increased
FA in the WM of prefrontal, parietal, and temporal areas
(no tracts were specified in this work) was related to changes
in cardiorespiratory fitness measures in the walking interven-
tion group. However, significant associations were not sup-
ported by the TBSS analysis. No specific tracts were analysed.

Some novel methodological aspects of the current study
should be highlighted: we used the multishell diffusion MRI
protocol which is thought to surpass conventional single-
shell DTI in terms of its ability to accurately evaluate micro-
structural properties with varied restrictions to diffusion [13].
In addition to TBSS, tracts of interest were delineated includ-
ing the probabilistic tracking method applicable for evaluating
long association/projection pathways [35]. However, despite
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Figure 2: Mixed ANOVA results: significant time ∗ group changes. DI: dance intervention; LAU: life as usual. (a) Number of repetitions,
30-Second Chair Stand Test (increase means improvement); (b) time, 8-Foot Up-and-Go Test (decrease means improvement); and (c)
attention domain Z-score.
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using these methods, we were not able to identify changes in
WM integrity due to the DI.

It would have been interesting to examine the HC and
MCI subjects separately. However, this was not possible due
to a small proportion ofMCI subjects in DI and LAU cohorts.

5. Study Limitations

The distribution of demographic and cognitive characteris-
tics and the number of MCI subjects in both groups were
comparable in the whole cohort of 99 participants [10]. How-
ever, some subjects had to be discarded because of incom-
plete or low-quality diffusion MRI data. This led to rather
disproportional distribution of MCI subjects in the groups
of this DTI substudy although the number of MCI subjects
in the DI and LAU groups was not significantly different.

The number of MCI patients in DI and LAU groups was
too low to perform separate analysis for MCI.

The MoCA score was lower in the LAU group as com-
pared to the DI group. Despite the fact that we controlled
for the effect of the baseline MoCA score in our further anal-
yses, we cannot fully exclude a possible effect of unequally
distributed MCI participants in both groups. Another limita-
tion of the study is a rather low number of applied diffusion
directions for probabilistic tractography analysis.

6. Conclusion

In conclusion, we showed that 6 months of intensive DI can
increase physical fitness measures evaluating lower body
muscle endurance, agility, and balance in aged nondemented
individuals and is associated with the enhancement in struc-
tural integrity, particularly in specific tracts that are engaged
in motor behavior, regulation of motor learning, and coordi-
nation and control of voluntary movement. Future studies
should focus on possible differences in the behavioral effects
of DI and related DTI changes separately in the groups of
heathy seniors and MCI patients.
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MD unit (10-3 mm2 s-1). Table S5: partial correlations (Spear-
man correlation coefficient; MATLAB 2018) between changes
in clinical measures of interest (i.e., those that revealed signif-
icant time ∗ group effects) and changes in FA andMD param-
eters in the WM in the DI group; p value/correlation
coefficient. ∗Significant.WM: white matter; CST: corticospinal
tract; SLF: superior longitudinal fasciculus; FA: fractional
anisotropy; MD: mean diffusivity. (Supplementary Materials)

References

[1] P. W.-N. Hwang and K. L. Braun, “The effectiveness of dance
interventions to improve older adults’ health: a systematic lit-
erature review,” Alternative Therapies in Health and Medicine,
vol. 21, no. 5, pp. 64–70, 2015.

[2] F. J. Karpati, C. Giacosa, N. E. V. Foster, V. B. Penhune, and
K. L. Hyde, “Dance and the brain: a review,” Annals of the

0.02

0.01

0

–0.01

–0.02

–0.03
–9 –6 –3 0 3 6 9

Change in number of repetitions

Ch
an

ge
 in

 g
lo

ba
l F

A

Figure 3: Relationship between change in FA and change in
performance in the 30-Second Chair Stand Test.

7Neural Plasticity

http://downloads.hindawi.com/journals/np/2020/8836925.f1.zip


New York Academy of Sciences, vol. 1337, no. 1, pp. 140–146,
2015.

[3] J. W. L. Keogh, A. Kilding, P. Pidgeon, L. Ashley, and D. Gillis,
“Physical benefits of dancing for healthy older adults: a
review,” Journal of Aging and Physical Activity, vol. 17, no. 4,
pp. 479–500, 2009.

[4] A.-V. Bruyneel, “Effects of dance activities on patients with
chronic pathologies: scoping review,” Heliyon, vol. 5, no. 7,
p. e02104, 2019.

[5] O. Coubard, “Practice of contemporary dance improves cogni-
tive flexibility in aging,” Frontiers in Aging Neuroscience, vol. 3,
2011.

[6] J.-C. Kattenstroth, T. Kalisch, S. Holt, M. Tegenthoff, and H. R.
Dinse, “Six months of dance intervention enhances postural,
sensorimotor, and cognitive performance in elderly without
affecting cardio-respiratory functions,” Frontiers in Aging
Neuroscience, vol. 5, 2013.

[7] A. L. Alexander, J. E. Lee, M. Lazar, and A. S. Field, “Diffusion
tensor imaging of the brain,” Neurotherapeutics, vol. 4, no. 3,
pp. 316–329, 2007.

[8] M. W. Voss, S. Heo, R. S. Prakash et al., “The influence of aero-
bic fitness on cerebral white matter integrity and cognitive
function in older adults: results of a one-year exercise inter-
vention,” Human Brain Mapping, vol. 34, no. 11, pp. 2972–
2985, 2013.

[9] A. Z. Burzynska, Y. Jiao, A. M. Knecht et al., “White matter
integrity declined over 6-months, but dance intervention
improved integrity of the fornix of older adults,” Frontiers in
Aging Neuroscience, vol. 9, 2017.

[10] S. Kropacova, K. Mitterova, P. Klobusiakova et al., “Cognitive
effects of dance-movement intervention in a mixed group of
seniors are not dependent on hippocampal atrophy,” Journal
of Neural Transmission, vol. 126, no. 11, pp. 1455–1463, 2019.

[11] L. Tucha, S. Aschenbrenner, J. Koerts, and K. W. Lange, “The
Five-Point Test: reliability, validity and normative data for chil-
dren and adults,” PLoS One, vol. 7, no. 9, article e46080, 2012.

[12] S. Jbabdi, S. N. Sotiropoulos, A. M. Savio, M. Graña, and T. E.
J. Behrens, “Model-based analysis of multishell diffusion MR
data for tractography: how to get over fitting problems,”Mag-
netic Resonance in Medicine, vol. 68, no. 6, pp. 1846–1855,
2012.

[13] A. Khairnar, J. Ruda-Kucerova, N. Szabó et al., “Early and pro-
gressive microstructural brain changes in mice overexpressing
human α-synuclein detected by diffusion kurtosis imaging,”
Brain, Behavior, and Immunity, vol. 61, pp. 197–208, 2017.

[14] D. K. Jones, T. R. Knösche, and R. Turner, “White matter
integrity, fiber count, and other fallacies: the do’s and don’ts
of diffusion MRI,” NeuroImage, vol. 73, pp. 239–254, 2013.

[15] B. Gunnar, Borg’s Perceived Exertion And Pain Scales, Human
Kinetics, Champaign, IL, US, 1998.

[16] R. E. Rikli and C. J. Jones, “Development and validation of
criterion-referenced clinically relevant fitness standards for
maintaining physical independence in later years,” The Gero-
lontogist, vol. 53, no. 2, pp. 255–267, 2013.

[17] Z. S. Nasreddine, N. A. Phillips, V. Bédirian et al., “The Mon-
treal Cognitive Assessment, MoCA: a brief screening tool for
mild cognitive impairment,” Journal of the American Geriat-
rics Society, vol. 53, no. 4, pp. 695–699, 2005.

[18] L. B. Taylor, “Localisation of cerebral lesions by psychological
testing,” Clinical Neurosurgery, vol. 16, CN_suppl_1, pp. 269–
287, 1969.

[19] D. Wechsler, Wechsler Memory Scale, Psychol Corp., Third
edition, 1997.

[20] D. Wechsler, WAIS-III Administration and Scoring Manual,
Psychological Corporation, San Antonio, Texas, 1997.

[21] G. E. Humes, M. C. Welsh, P. Retzlaff, and N. Cookson,
“Towers of Hanoi and London: reliability and validity of two
executive function tasks,” Assessment, vol. 4, no. 3, pp. 249–
257, 1997.

[22] A. Benton, A. Sivan, K. Hamsher, N. Varney, and O. Spreen,
Contributions to Neuropsychological Assessment: A Clinical
Manual, Oxford University Press, USA, 1983.

[23] R. Nakase-Thompson, E. Manning, M. Sherer, S. A. Yablon,
S. L. T. Gontkovsky, and C. Vickery, “Brief assessment of
severe language impairments: initial validation of the Missis-
sippi Aphasia Screening Test,” Brain Injury, vol. 19, no. 9,
pp. 685–691, 2009.

[24] R. S. Bucks, D. L. Ashworth, G. K. Wilcock, and K. Siegfried,
“Assessment of activities of daily living in dementia: develop-
ment of the Bristol Activities of Daily Living Scale,” Age and
Ageing, vol. 25, no. 2, pp. 113–120, 1996.

[25] L. Anderkova, M. Barton, and I. Rektorova, “Striato-cortical
connections in Parkinson’s and Alzheimer’s diseases: relation
to cognition,” Movement Disorders, vol. 32, no. 6, pp. 917–
922, 2017.

[26] S. M. Smith, M. Jenkinson, M. W. Woolrich et al., “Advances
in functional and structural MR image analysis and implemen-
tation as FSL,” NeuroImage, vol. 23, pp. S208–S219, 2004.

[27] S. M. Smith, M. Jenkinson, H. Johansen-Berg et al., “Tract-
based spatial statistics: voxelwise analysis of multi-subject
diffusion data,” NeuroImage, vol. 31, no. 4, pp. 1487–1505,
2006.

[28] J. L. R. Andersson, S. Skare, and J. Ashburner, “How to correct
susceptibility distortions in spin-echo echo-planar images:
application to diffusion tensor imaging,” NeuroImage, vol. 20,
no. 2, pp. 870–888, 2003.

[29] J. L. R. Andersson and S. N. Sotiropoulos, “An integrated
approach to correction for off-resonance effects and subject
movement in diffusion MR imaging,” NeuroImage, vol. 125,
pp. 1063–1078, 2016.

[30] S. M. Smith, “Fast robust automated brain extraction,”Human
Brain Mapping, vol. 17, no. 3, pp. 143–155, 2002.

[31] T. E. J. Behrens, H. J. Berg, S. Jbabdi, M. F. S. Rushworth, and
M. W. Woolrich, “Probabilistic diffusion tractography with
multiple fibre orientations: what can we gain?,” NeuroImage,
vol. 34, no. 1, pp. 144–155, 2007.

[32] A. M. Winkler, G. R. Ridgway, M. A. Webster, S. M. Smith,
and T. E. Nichols, “Permutation inference for the general
linear model,” NeuroImage, vol. 92, pp. 381–397, 2014.

[33] N. Makris, D. N. Kennedy, S. McInerney et al., “Segmentation
of subcomponents within the superior longitudinal fascicle in
humans: a quantitative, in Vivo, DT-MRI Study,” Cerebral
Cortex, vol. 15, no. 6, pp. 854–869, 2005.

[34] C. Giacosa, F. J. Karpati, N. E. V. Foster, V. B. Penhune, and
K. L. Hyde, “Dance and music training have different effects
on white matter diffusivity in sensorimotor pathways,” Neuro-
Image, vol. 135, pp. 273–286, 2016.

[35] D. K. Patterson, C. Van Petten, P. M. Beeson, S. Z. Rapcsak,
and E. Plante, “Bidirectional iterative parcellation of diffusion
weighted imaging data: separating cortical regions connected
by the arcuate fasciculus and extreme capsule,” NeuroImage,
vol. 102, pp. 704–716, 2014.

8 Neural Plasticity



[36] B.Walter, C. Blecker, P. Kirsch et al., “MARINA: an easy to use
tool for the creation of MAsks for Region of INterest Analy-
ses,” CD-Rom in NeuroImage, vol. 19, 2003.

[37] N. Tzourio-Mazoyer, B. Landeau, D. Papathanassiou et al.,
“Automated anatomical labeling of activations in SPM using
a macroscopic anatomical parcellation of the MNI MRI
single-subject brain,” NeuroImage, vol. 15, no. 1, pp. 273–
289, 2002.

[38] M. L. Seghier, “The Angular Gyrus,” The Neuroscientist,
vol. 19, no. 1, pp. 43–61, 2012.

[39] M. Hernandez-Fernandez, I. Reguly, S. Jbabdi, M. Giles,
S. Smith, and S. N. Sotiropoulos, “Using GPUs to accelerate
computational diffusion MRI: from microstructure estimation
to tractography and connectomes,” NeuroImage, vol. 188,
pp. 598–615, 2019.

[40] B. Fischl, D. H. Salat, E. Busa et al., “Whole brain segmenta-
tion: automated labeling of neuroanatomical structures in the
human brain,” Neuron, vol. 33, no. 3, pp. 341–355, 2002.

[41] M. Reuter, N. J. Schmansky, H. D. Rosas, and B. Fischl,
“Within-subject template estimation for unbiased longitudinal
image analysis,” NeuroImage, vol. 61, no. 4, pp. 1402–1418,
2012.

[42] K. Rehfeld, A. Lu, A. Ho, J. Kaufmann, T. Brigadski, and
P. Mu, “Dance training is superior to repetitive physical exer-
cise in inducing brain plasticity in the elderly,” pp. 1–15, 2018.

[43] P. Müller, K. Rehfeld, M. Schmicker et al., “Evolution of neu-
roplasticity in response to physical activity in old age: the case
for dancing,” Frontiers in Aging Neuroscience, vol. 9, 2017.

[44] A. Z. Burzynska, C. Preuschhof, L. Bäckman et al., “Age-
related differences in white matter microstructure: region-
specific patterns of diffusivity,” NeuroImage, vol. 49, no. 3,
pp. 2104–2112, 2010.

[45] H. Johansen-Berg and T. E. J. Behrens, Diffusion MRI: From
Quantitative Measurement to In Vivo Neuroanatomy, Elsevier,
Oxford, 2009.

[46] I. J. Bennett and D. J. Madden, “Disconnected aging: cerebral
white matter integrity and age-related differences in cogni-
tion,” Neuroscience, vol. 276, pp. 187–205, 2014.

[47] G. Beaudet, A. Tsuchida, L. Petit et al., “Age-related changes of
peak width skeletonized mean diffusivity (PSMD) across the
adult Lifespan: a multi-cohort study,” Frontiers in Psychiatry,
vol. 11, 2020.

[48] D. J. Madden, I. J. Bennett, A. Burzynska, G. G. Potter,
N. Chen, and A. W. Song, “Diffusion tensor imaging of cere-
bral white matter integrity in cognitive aging,” Biochimica et
Biophysica Acta, vol. 1822, no. 3, pp. 386–400, 2012.

[49] A. G. Thomas, P. Koumellis, and R. A. Dineen, “The fornix in
health and disease: an imaging review,” Radiographics, vol. 31,
no. 4, pp. 1107–1121, 2011.

[50] N. M. Zahr, T. Rohlfing, A. Pfefferbaum, and E. V. Sullivan,
“Problem solving, working memory, and motor correlates of
association and commissural fiber bundles in normal aging: a
quantitative fiber tracking study,” NeuroImage, vol. 44, no. 3,
pp. 1050–1062, 2009.

9Neural Plasticity


	Multishell Diffusion MRI Reflects Improved Physical Fitness Induced by Dance Intervention
	1. Introduction
	2. Materials and Methods
	2.1. Dance Intervention
	2.2. Physical Fitness Examination
	2.3. Neuropsychological Examination
	2.4. DTI-MRI Examination
	2.5. Processing of the MRI Data
	2.6. Evaluation of Changes in Cognitive/Physical Fitness Measures of Interest and Changes in DTI Parameters

	3. Results
	3.1. Behavioral Results
	3.2. DTI Results in the Whole-Brain WM and in the WM Tracts of Interest and Relation to Physical Fitness

	4. Discussion
	5. Study Limitations
	6. Conclusion
	Data Availability
	Conflicts of Interest
	Authors’ Contributions
	Acknowledgments
	Supplementary Materials

