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Abstract

Physical exercise can evoke changes in the brain structure. Consequently, these can lead to positive impacts on brain health.
However, physical exercise studies including coordinative exercises are rare. Therefore, in this study, we investigated how
12 weeks of physical exercise breaks (PEBs) with coordinative exercises, focusing mainly on juggling tasks, affected the brain
structure. The participants were randomly allocated to an intervention group (IG, n=16; 42.8 + 10.2 years) and a control
group (CG, n=9; 44.2+12.3 years). The IG performed the PEBs with coordinative exercises twice per week for 15-20 min
per session. Before the intervention, after 6 weeks of the intervention, and after 12 weeks of the intervention, participants
underwent a high-resolution 3T T1-weighted magnetic resonance imagining scan. Juggling performance was assessed by
measuring the time taken to perform a three-ball cascade. A surface-based analysis revealed an increase in vertex-wise corti-
cal depth in a cluster including the inferior parietal lobe after 6 and 12 weeks of training in the IG. After 12 weeks, the IG
showed a decrease in gray matter (GM) volume in a cluster primarily involving the right insula and the right operculum. The
changes in the GM volume were related to improvements in juggling performance. No significant changes were found for
the CG. To conclude, the present study showed that regular engagement in PEBs with coordinative exercises led to changes
in brain structures strongly implicated in visuomotor processes involving hand and arm movements.
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Introduction

Throughout the lifespan, physical exercise, which is a
planned, structured, and repetitive form of physical activity
(= all muscle induced bodily movements, which leads to an
increased energy expenditure) (Herold et al. 2022), is posi-
tively linked with physical health, mental health (Hillman
et al. 2008), and maintenance of brain health (Cabral et al.
2019). Physical exercise can also prevent the development of
neurodegenerative diseases (Kramer and Erickson 2007) and
cognitive decline (Ma et al. 2017). Consequently, physical
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activity has become an important lifestyle factor to prevent
cognitive health.

The volume of the gray matter (GM) of the brain changes
with age (Fjell and Walhovd 2010), but regular physical
activity can prevent those age-related changes. For exam-
ple, Wittfeld et al. (2020) conducted a cross-sectional study
involving adults aged between 21 and 84 years. They found
that cardiorespiratory fitness, developed from a regular
level of physical activity, is strongly positively related to
the gray matter (GM) volume of the frontal lobe, temporal
lobe, the hippocampal gyrus, and the cingulate cortex. In
older adults, cardiorespiratory fitness and a regular level of
physical activity were positively linked to the GM volume
of the prefrontal cortex and the hippocampus (Erickson
et al. 2014). Furthermore, in older adults, regular level of
physical activity correlates positively with the GM volume
of the frontal lobe, temporal lobe of the brain, and the hip-
pocampus (Domingos et al. 2021; Erickson et al. 2014). A
positive relationship between the GM volume of the hip-
pocampus and a regular level of physical activity was also
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found for young to middle-aged adults (Killgore et al. 2013).
In addition, in a recent cohort study by Fox et al. (2022), an
association between a regular level of physical activity with
larger total GM volume was found in adults aged between
30 and 94 years.

However, most studies which have investigated the impact
of aregular level of physical activity or physical exercise on
brain structure and/or function have focused mostly on aero-
bic, anaerobic, and resistance training (Ai et al. 2021; Alka-
dhi 2018; Erickson et al. 2014; Gaertner et al. 2018; Herold
et al. 2019; Hillman et al. 2008; Sexton et al. 2016; Smith
et al. 2010; Voelcker-Rehage and Niemann 2013; Voss et al.
2011; Wilke et al. 2019; Wittfeld et al. 2020). Although the
first study that showed structural brain changes due to exer-
cise in young healthy participants was based on juggling
(Draganski et al. 2004), there are fewer studies investigating
the effects of coordinative training on brain structure (see
Voelcker-Rehage and Niemann 2013). For example, Nie-
mann et al. (2014a) examined how coordinative training,
which included exercises to improve eye—hand and leg—arm
coordination, balance, and spatial orientation and reaction,
affects the brain structure in older adults. They found an
increase in the GM volume of the hippocampus (Niemann
et al. 2014a) and the basal ganglia (Niemann et al. 2014b).
Increases in the GM volume of the hippocampus (Rehfeld
et al. 2017), and the parahippocampal region (Miiller et al.
2017) were found after dancing training in elderly adults.
Furthermore, increases after dancing training were found
in the right subiculum, the left dentate gyrus (Rehfeld et al.
2017), left precentral gyrus (Miiller et al. 2017; Rehfeld
et al. 2018), postcentral gyrus, left supplementary motor
area, left superior temporal gyrus, medial frontal gyrus, left
insula, the anterior, and medial cingulate cortex (Rehfeld
et al. 2018). After balance training, increases in GM volume
were found in the left supplementary motor area (SMA),
superior frontal gyrus, and medial orbitofrontal cortex
(Taubert et al. 2010), but decreases in GM volume were
found in the putamen (Rogge et al., 2018; Taubert et al.,
2010), inferior orbitofrontal cortex, middle temporal gyrus,
left inferior occipital gyrus, cerebellum bilaterally (Taubert
et al. 2010), right superior temporal gyrus, and left parahip-
pocampus (Weber et al. 2019). Juggling interventions led to
increases in the GM volume of the hMT +/V5 (Boyke et al.
2008; Driemeyer et al. 2008), which is an area located at
the occipito-temporo-parietal pit (Sousa et al. 2016), with
relevance for hand movements (Oreja-Guevara et al. 2004)
and processing tactile and visual motion direction informa-
tion (van Kemenade et al. 2014). Further increases were
found in the frontal, temporal (Driemeyer et al. 2008), pari-
etal lobes (Draganski et al. 2004; Driemeyer et al. 2008),
the hippocampus, and the nucleus accumbens (Boyke et al.
2008). Although Sampaio-Baptista et al. (2014) found no
main effect of time after 6 weeks of juggling training on the
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GM volume, increases in GM volume in the occipital lobe
and parietal lobe, and decreases in the superior temporal
gyrus, the insula, and the operculum were found during a
follow-up period 4 weeks after the training.

Besides the assessment of volumetric measures, the
measurement of sulcal measures can be useful. Lamont
et al. (2014) indicated that changes in brain structure due
to regular physical activity can be detected earlier in sulcal
measures compared to volumetric measures. Of the previ-
ous published studies on coordinative exercise, three stud-
ies included measures on cortical thickness (Rogge et al.
2018; Taubert et al. 2016; Weber et al. 2019) but, to our
knowledge, no one included the variables sulcal width or
depth. Especially the intraparietal sulcus has been found as
being strongly implicated in visuomotor and cognitive func-
tions (e.g., Capizzi et al. 2023; Davare et al. 2012; Grefkes
and Fink 2005; Richter et al. 2019). Therefore, it would be
important including these measures to assess the effects of
coordinative exercise, which strongly draws on visuomotor
task demands.

Nevertheless, the current state of research does not pro-
vide a sufficient amount of evidence to assess the influence
of physical exercise including coordinative exercises on
brain outcomes in young and middle-aged adults (Erickson
et al. 2019). Another challenge is to reach this age group
since the largest group of adults typically spend about half of
their waking hours during weekdays at the workplace (Conn
et al. 2009). Therefore, implementing a physical exercise
intervention in their spare time might reduce the adherence,
due to multiple other distractions and time restrictions. In
contrast, the workplace offers a low-threshold opportunity
to reach this age group (WHO 2018). Furthermore, office
workers are confronted with demanding cognitive tasks, and
if they are unable to perform those tasks, it could have a neg-
ative influence on mental well-being (Bridger and Brasher
2011). Therefore, it would be helpful to integrate coordina-
tive exercises, like juggling, at the workplace because higher
level cognitive processing is required for performing coordi-
native exercises (Voelcker-Rehage and Niemann 2013) and,
compared to other exercise types, coordinative exercises are
more beneficial for improving cognitive functions (Ludyga
et al. 2020). In addition, performing coordinative exercises
could lead to improvements in brain areas, e.g., frontal cor-
tical (Driemeyer et al. 2008), parietal cortical (Draganski
et al. 2004; Driemeyer et al. 2008; Sampaio-Baptista et al.
2014), and hippocampal area (Boyke et al. 2008), which
are related to (higher) cognitive functions (Agosta et al.
2017; Behrmann et al. 2004; Borders et al. 2022; Frith and
Dolan 1996; Helfrich and Knight 2019; Lisman et al. 2017;
Opitz 2014; Toichi et al. 2004). Moreover, participating in a
physical exerercise break (PEB) with coordinative exercises
could be useful in preventing age-related structural (Fjell
and Walhovd 2010; Kochunov et al. 2005; Steffener 2021)
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brain changes, and brain changes due to neurodegenerative
diseases (e.g., Parkinson’s and Alzheimer’s disease) (Bagh-
dadi et al. 2022; Chishiki et al. 2020; Pereira et al. 2012;
Pettigrew et al. 2017; Ramirez-Ruiz et al. 2005). Further-
more, almost all studies so far implemented coordinative
exercises with a higher training duration (>75 min per week,
Sampaio-Baptista et al. 2014), and if juggling training was
performed, the training mostly focused on learning the three-
ball cascade (Boyke et al. 2008; Draganski et al. 2004; Drie-
meyer et al. 2008; Sampaio-Baptista et al. 2014). However,
since insufficient time (Justine et al. 2013) to exercise and
exercise-related boredom (Velasco and Jorda 2020; Wolff
et al. 2021) play a role for participating in physical exercise
a high training volume combined with monotonous exercise
tasks might represent a threshold for average office workers
to start physical exercise.

Therefore, the aim of the present study was to investigate
how 12 weeks of physical exercise breaks (PEBs) with coor-
dinative exercises with a low training volume and a variety
of juggling exercises performed at the workplace affects
the brain structure in young and middle-aged adults. We
hypothesized that the PEBs will lead to increases in the GM
volume, and the surface-based brain metrics, especially in
regions related to visuomotor tasks.

Methods
Study participants

An exact sample size calculation based on brain struc-
ture variables was not possible because the effect of low-
volume coordinative exercises has not been studied in
the past. Therefore, we decided to include a convenience
sample of n =20 in the intervention group based on the
resource constraints of the number of participants willing
to participate in an MRI study. A total of 55 participants
were recruited in spring and fall of 2021 via email and
via advertisement on the employees’ website of the Uni-
versity of Graz (Austria). The inclusion criteria for the
recruitment were 20—65 years, no regular engagement in
intense coordinative and/or motor exercises (e.g., juggling,
playing the piano), no cardiovascular, psychiatric, and/or
neurological diseases, no intake of psychotropic drugs, no
metallic or electrically conductive implants or prostheses
in or on the body, no metal fragments in the body, no
tattoos on the head and/or neck area (including cosmetic
manipulations), and no pregnancy. The inclusion criteria
were assessed with a standardized questionnaire, except
the regular engagement in intense coordinative and/or
motor exercises was assessed via self-reports. Due to los-
ing interest in participating in the study, time management
and not fulfilling at least one or more inclusion criteria, 32

participants started with the study. The participants were
matched in groups of three or pairs by gender and age and
were then randomly allocated to the intervention (IG) or
control group (CG). The group allocation was conducted
by rolling a dice. The allocation to the groups was at the
rate of 2:1 (IG vs CG). The higher allocation to the IG
was used to ensure that enough participants performed the
PEBs. At baseline (week 0), after 6 (week 6) and 12 weeks
(week 12), the participants performed the measurements,
including a MRI scan and the assessment of the juggling
performance. The participants performed the PEB before
the measurement at least at the day before the measure-
ment. The assessors of the MRI measurement and ana-
lyzes were blinded, but not the assessor of the juggling
performance. This was due to the fact that this assessor
was responsible to control if the participants performed
the physical exercise breaks, what was indicated of the
participants on an online platform. Since the participants
logged in with their university account to the online plat-
form, it was not possible to carry out the control of the
participation for the assessor without knowing the partici-
pants names. Only participants who performed all meas-
urements at the three measurement time points, and in case
of the IG, completed at least two-thirds of the intervention
sessions (16 of 24 sessions) were included in the statisti-
cal analysis. This resulted in 25 participants who were
included in the final analysis (Fig. 1). All participants gave
their written informed consent to participate in the study,
which was in accordance with the Declaration of Helsinki
and approved by the local authorized ethics committee of
the University of Graz (GZ. 39/29/63 ex 2020/21). This
study has not been preregistered.

Intervention

The participants in the IG performed the PEBs, which
mainly consisted of juggling tasks, for 15-20 min twice
a week for 12 weeks (24 sessions). The two sessions per
week were conducted on non-consecutive days. After the
training program was introduced to the participants by a
sport scientist, they performed the PEBs on their own via
online training videos. The videos always started with a
short warm-up, which included mobilization exercises
(~1 min). The participants then practiced the juggling
exercises (~ 10-15 min). The difficulty of the juggling
exercises increased from simple throwing and catching
tasks with one or two different objects at the beginning
to juggling exercises with three objects in the last weeks.
The session ended with a relaxation exercise (~2-3 min).
Once a week, the participants performed a balance task
(~ 3 min) before the relaxation part. For further details of
the intervention, see Scharf and Tilp (2023).
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Demographic data and physical activity

At all three measurement sessions—baseline week 0, post-
test week 6, and post-test week 12—demographic and physi-
cal activity data were collected via a self-created question-
naire. The participants were asked how many minutes per
week they performed moderate physical activities, vigorous
physical activities, and strengthening exercises in the last
6 weeks. Furthermore, they were also asked how much they
enjoy physical activity on a scale from 1 to 4 (1 =1 do not
enjoy physical activity; 4 =1 enjoy physical activity very
much).

Magnetic resonance imaging data acquisition

All participants underwent structural imaging on a 3T
MAGNETOM Vida scanner (Siemens Healthineers,
Erlangen, Germany) using a 64-channel head coil. A
T1-weighted MPRAGE sequence was acquired, which took
about 10 min (TR =2530 ms, TI=1200 ms, TE=3.88 ms,
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matrix =320 x 320, FOV =224 mm, 192 slices, thickness
0.7 mm, no gap, no PAT, FA=7°).

Data quality and deidentification

Firstly, facial features were removed from all the
T1-weighted images to ensure complete deidentifica-
tion (pydeface, https://doi.org/10.5281/zenodo.3524401).
Then, to test the stable imaging data quality, we opted to
use MRIQc (v 0.15.0, https://doi.org/10.1371/journal.pone.
0184661). This quality control tool enables the use of a
broad spectrum of quality indices, including the signal-to-
noise ratio and entropy focus criterion. A selection of the
most relevant quality indices was analyzed with a mixed
model and revealed a stable quality in all the relevant param-
eters over the time points (Table S1).

MRI data processing and analysis

Longitudinal analyses were performed using the Compu-
tational Anatomy Toolbox (CAT r1932), implemented in
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MATLAB 9.6 (MathWorks, Inc., Natick, MA, USA) and
Statistical Parametric Mapping (SPM12 v7771). Firstly, all
the images were automatically reoriented (center of mass)
and intra-subject co-registration was computed between all
the images of the three time points. Next, the images were
skull stripped, realigned across all subjects, and then bias
corrected with regard to the mean image. This mean image
was computed from all three time points for each subject
separately. Next, all the images, including the mean images,
were segmented with the Spatial-Adaptive Maximum A
Posterior (AMAP) approach to accurately classify the three
tissue types: GM, white matter, and cerebrospinal fluid. Tis-
sue segments were then spatially normalized into the MNI
(Montreal Neurological Institute) space employing DARTEL
(Diffeomorphic Anatomical Registration Through Exponen-
tiated Lie Algebra) and the geodesic shooting algorithm.
Next, the modulation of the normalized tissue segments was
computed for each participant based on the Jacobian deter-
minant. This is an essential step to account for local warping
and global affine transformation. Finally, the modulated data
were smoothed with a 9 mm full-width at half-maximum
(FWHM) smoothing kernel. In addition, the surface-based
metrics were estimated using the fully automated pipeline
in CAT12. The project-based thickness (PBT) approach was
used for the cortical thickness and central surface estimation.
The PBT approach includes topology correction, spherical
mapping, and spherical registration. Parameters for the cor-
tical thickness and folding (cortical depth) were extracted
for each subject. Finally, we computed the weighted overall
image quality index for all the participants and time points
(mean of 2.02+0.121) to ensure a sufficient data quality.

Juggling performance

The participants performed five trials of the three-ball cas-
cade for as long as possible, to assess their juggling perfor-
mance (Boyke et al. 2008; Draganski et al. 2004; Driemeyer
et al. 2008). The time (seconds) was recorded for each of the
five trials, and the time from the best performance was used
for the analysis.

Statistical analysis

For the statistical analysis of the demographic, physical
activity, and juggling performance data, SPSS Statistics
(version 27.0; IBM, New York, USA) was used. All the
analyses were performed after checking for normal distribu-
tion of the data via the Shapiro—Wilk test, and the level of
significance was set to 5%. When the data were normally
distributed, mixed analyses of variance (ANOVAs) with fac-
tor interaction (time X group) were used. We applied Green-
house—Geisser correction, if the Mauchly’s sphericity test
had been significant. If a significant interaction effect

(time X group) was observed, post hoc tests were performed
via paired t-tests within groups applying Bonferroni-Holm
corrections (Holm 1979). Baseline values between groups
were tested with Welch T-tests to account for different sam-
ple size (Delacre et al. 2017). Estimates of effect sizes are
given in terms of the partial eta-squared measure (npz). The
effect size was determined by Cohen’s standard
(=0.8=large; < 0.8 to > 0.2 =medium; <0.2 =small) (Zhu
2016). A Friedman test, Wilcoxon test, and Mann—Whitney
U test were applied if the data were not normally distributed.
The effect sizes for the non-parametric data were calculated

with the formula r = W (Fritz et al. 2012). Due to the not

normally distributed juggling performance variable, a partial
Spearman’s correlation, where we accounted for age and sex,
was used to analyze the relationship between the changes
(over 6 and 12 weeks) in the MRI variables and the changes
(over 6 and 12 weeks) in the juggling performance variable
for the IG. The magnitude of the correlation (0-0.19=no
correlation; 0.2—0.39 =low correlation; 0.4—0.59 =moderate
correlation; 0.6-0.79 = moderately high correla-
tion; > 0.8 =high correlation) was rated by the recommenda-
tions of Safrit and Wood (1995 as cited in Zhu 2012).

To determine intervention-related changes in GM vol-
ume, we employed a flexible factorial model with the fac-
tors group (IG, CG) and time (week 0, week 6, and week
12) implemented in SPM12. Since we were interested in
time-dependent changes, only within-group changes over the
different time points of assessment were computed. There-
fore, we did not include age, sex, or total intracranial volume
as covariates. An absolute threshold of 0.1 was applied to
exclude voxels with a probability of having less than 10%
GM. We then compared the changes in all three time points
(week 0 vs. week 6, week 6 vs. week 12, and week 6 vs.
week 12) within each group. Finally, statistical thresholds
were set using a cluster-level p(FWE) of <0.05, with an ini-
tial cluster forming a voxel level of p <0.005. The spatial
cluster size was set to 20 voxels. The same analysis strat-
egy was applied to the surface-based analyses. We looked
at changes in cortical thickness and cortical folding. The
spatial extent was set to 20 vertices.

Results

During the intervention period, four participants of the IG
and three participants of the CG dropped out of the study
(Fig. 1). At least 2/3 of the 24 intervention’s sessions was
completed by 16 participants of the intervention group. Of
those, 12 participants completed all 24 sessions (100.0%),
two completed 22 sessions (91.7%), and one participant
each completed 21 (87,5%), and 16 sessions (67.0%). The
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overall attendance adherence was 96.1% (£8.7%). No
adverse events occurred during the intervention. Accord-
ingly, 25 participants were included in the final analysis
(Fig. 1). Moreover, we excluded one participant from the
CG from the analysis of the juggling performance data who
was already a skilled juggler (but was not performing jug-
gling training before or during the intervention).

Demographic data and physical activity

A total of 25 participants (19 females, 6 males) were
included in this study. Sixteen participants (12 females, 4
males) were in the IG and 9 (7 females, 2 males) served
as the CG. At baseline, there were no significant differ-
ences in the variables of gender (y*=0.024, p=0.876), age
(F(1,14.23)=0.086, p=0.774), BMI (F(1,18.14)=0.103,
p=0.752), and enjoyment of physical activity (X2= 2.350,
p=0.309) (Table 1). Furthermore, no differences between
the amount of moderate and high physical activity or
strengthening training were found for any of the three meas-
urement time points between the groups. In the IG, for the
amount of strengthening training, and in the CG, for physical
activity with high intensity, Friedman test showed a signifi-
cant effect of time. However, following Bonferroni—-Holm
correction, there was no difference between the time points.

Table 1 Demographic data of the participants of the intervention
group (IG) (n=16) and control group (CG) (n=9) at week 0

Intervention group Control group

Gray matter (GM) volume

Analyses of GM volume revealed focal decreases in the IG
after 12 weeks of training in a cluster involving the right
Rolandic operculum, the right insula, and smaller portions
of the right inferior frontal gyrus (X/Y/Z =45/9/4, cluster
size 2470, p=4.6e-0; Fig. 2a). No effects over time were
found for the CG. The Spearman’s correlation revealed
a significant moderate negative relationship between
changes in GM and the change in juggling performance
after 12 weeks of training (r= —0.64, p=0.015). Par-
ticipants with higher increases in juggling performance
showed stronger GM decreases in the right insula.

Surface-based measures

In addition to intervention-related changes in GM volume,
we also analyzed changes in the surface-based metrics.
Applying the same statistical thresholds as for the volume-
based analysis, we found significant changes in cortical
depth (Table 2). More precisely, an increase in cortical
depth after 6 weeks of training was observed in the right
inferior parietal and supramarginal regions (Fig. 2b). In
this very same region but spatially more extensive, we

Table2 Overview of the clusters showing significant changes in cor-
tical depth after 6 and 12 weeks of training

Age (years) [age range] 42.8+10.2 [26-61] 44.2+12.3 [29-61]

Gender (n, % female) 12 (75.0%) 7 (77.8%)
BMI (m?/kg) 232+2.7 229+2.4
Enjoyment of physical ~ 3.8+0.6 3.6+52

activity and sports

The descriptive values are represented as mean =+ standard deviation;
[minimum-maximum]

Fig.2 A Decrease in GM
volume in the right Rolandic
operculum/right insula after

the intervention (week 12). B
Increase in vertex-wise cortical
depth in the right inferior pari-
etal/supramarginal regions from
week 0 to week 6 (left column)
and from week 0 to week 12
(right column)

=
)
=
)
=)
=
]
£
8]

5 10 15
Change in juggling performance [s]
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No. of vertices p-value
Cortical depth/region
Increase from week 0 to week 6
Inferior parietal, supramarginal 118 0.00002
Increase from week 0 to week 12
Inferior parietal, supramarginal 344 0.00002
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also found increases between the first and the third time
point. No increases were found between week 6 and week
12. Mimicking the results of GM volume, no changes were
found for the CG.

Juggling performance

The Mann—Whitney U test for the analysis of the juggling
performance showed a significant difference between the
IG and CG for week 6 (U=0.00, r=-0.83, p<0.001) and
week 12 (U=0.00, r=-0.82, p<0.001), but not for week
0 (U=60.00, p=0.834) (Fig. 3). In addition, Friedman test
(¥*(2)=30.400, p <0.001) showed a significant effect of
time for the IG, and the Wilcoxon test analysis indicated a
significant increase for the IG between week 0 and week 6
(03+1.0vs.1.9+1.65;z=—3.568, r=-10.89, p<0.002),
week 6 and week 12 (1.9+1.6 vs. 4.4+4.4 s; z= —3.061,
r=-0.77, p=0.002), and week 0 and week 12 (0.3 +1.0 vs.
44+439s;z=-3.534, r=-0.88, p<0.001). No significant
change in the juggling performance was detected in the CG.

Discussion

Regular engagement over 12 weeks in low-volume PEBs
with coordinative exercises was associated with an improve-
ment in juggling performance and an increase in vertex-wise
cortical depth in a cluster including the right inferior parietal
lobe. In addition, a reduction of GM volume in a cluster
primarily involving the right insula and the right operculum
following the intervention was also observed. Decreases in
GM volume of the right insula/operculum were correlated
with improvements in juggling performance. This corrobo-
rates nicely with the fact that the volumetric decreases in this
brain structure were related to the juggling training.

The increase in the sulcal depth in the inferior parietal
lobe following juggling training is a novel finding. Sulcal
depth is a measure of cortical shape (van Essen 2005), which
has been associated with neurodevelopmental disorders (van
der Meer et al. 2021), working memory performance (van
der Meer et al. 2021; Yao et al. 2022), and changes of the
structural characteristics of the aging brain (Jin et al. 2018).
In one of the rare studies on sulcal characteristics in the
context of physical activity, Lamont et al. (2014) reported
evidence that higher physical activity was associated with
larger sulcal width, while there was no significant relation-
ship with sulcal depth. The identified sulcal cluster in this
study appears to display some overlap with areas of the
intraparietal sulcus, which have been referred to as “inter-
faces between the perceptive and motor systems for control-
ling arm and eye movements in space” (Grefkes and Fink,
2005, p.3). Grefkes and Fink (2005) summarized evidence
from lesion studies and brain imaging studies revealing

performance [s]

g
w

Jugglin,
(3]

week 0 week 6 week 12

]G CG

Fig.3 Mean and standard deviation of the three-ball cascade abso-
lute time before (week 0), during (week 6), and after (week 12) the
intervention for the IG (n=16) and CG (n=8; one participant was
excluded due to their very high juggling skills at week 0). *Signifi-
cant difference to week O for the IG, #signiﬁcant difference to week 6
for the IG; °significant difference between the IG and CG

that this brain structure is implicated in tactile and visual
object processing, and especially in cross-modal informa-
tion integration between the visual and the sensorimotor
systems. The medial portion of the intraparietal sulcus is
thought to be implicated in tasks requiring visuomotor coor-
dination of hand movements, especially in “transforming
visual coordinates into motor programs, and for the online
control of goal-directed precision movements” (Grefkes and
Fink, 2005, p.9). Hence, the current study provides the first
evidence that structural changes of the intraparietal sulcus
can constitute an important biomarker for changes follow-
ing a juggling training that poses relatively high visuomotor
demands.

The decrease of GM volume in response to our 12-week
long juggling training was restricted to a cluster involving
the right insula, the right operculum, and the right inferior
frontal gyrus. The right inferior frontal gyrus is a part of
the Broca’s region and represents motor functions, includ-
ing complex hand movements, associative sensorimotor
learning, and sensorimotor integration (Binkofski and
Buccino 2004). In a quite similar vein, the insula is known
to be implicated in hand-eye movements (Fink et al.
1997), proprioceptive functions (Chilvers et al. 2021),
and in sensorimotor and vestibular functions (Uddin et al.
2017). The frontal operculum has been found to be spe-
cifically involved in monitoring performance during goal-
directed hand movements (Quirmbach and Limanowski
2022). Interestingly, when using transcranial magnetic
stimulation, Tunik et al. (2008) even demonstrated a pos-
sible causal role of the inferior frontal gyrus opercularis in
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planning hand—object interactions. The observed training-
related GM changes in this brain structure provide empiri-
cal support for the idea that this structure is of importance
for visuomotor processes being involved in the coordina-
tion of hand and eyes. The observed association between
brain changes in this structure and juggling performance
nicely supports this finding. However, a somewhat surpris-
ing finding is that, compared to previous juggling studies,
we only found decreases of GM volume after the juggling
training. In previous research, mostly, though not exclu-
sively, increases of GM volume in different areas were
found (Boyke et al. 2008; Draganski et al. 2004; Drie-
meyer et al. 2008; Sampaio-Baptista et al. 2014). Further-
more, when comparing the brain structure of skilled and
non-skilled jugglers, Gerber et al. (2014) found a higher
GM density in the hMT +/V5 area, the intraparietal sul-
cus, and the secondary visual cortex. In particular, the GM
density of the hMT +/V5 area was positively related to the
performance of the skilled jugglers. However, compared
to the juggling skills of the participants in the previous
juggling studies, the participants of the IG of the present
study were not very skilled jugglers after completing the
intervention. The participants were only able to juggle for
4.4 s (SD=4.4) after 12 weeks of training. In the other
studies, participants reached or had to reach juggling
times between 20 and 180 s (Boyke et al. 2008; Draganski
et al. 2004; Driemeyer et al. 2008; Sampaio-Baptista et al.
2014). Nevertheless, Sampaio-Baptista et al. (2014) also
found some decreases of GM volume following juggling,
especially in the left superior temporal gyrus, the insula,
and operculum. Moreover, in other studies where training
with high coordinative demands was included, decreases
of the GM volume were also found in different areas of
the brain (Rogge et al. 2018; Taubert et al. 2010; Weber
et al. 2019). For example, Weber et al. (2019) found that
learning to ride a unicycle over a time period of 3 weeks
was associated with significant reductions of GM vol-
ume in regions supporting visuospatial processes. Simi-
larly, in professional or skilled athletes who are regularly
engaged in tasks requiring a high level of coordinative
skills, both greater and smaller GM volumes have been
reported. Skilled golf players have a higher GM volume
for the premotor cortex and parietal areas, compared to
less-skilled golf players (Jancke et al. 2009). Professional
ballet dancers have a lower GM volume in the left pre-
motor cortex, SMA, putamen, and superior frontal gyrus,
compared to non-skilled dancers (Hinggi et al. 2010). The
results of a cross-over study of skilled dancers (ballet and
figure skating) and slackliners showed a lower GM vol-
ume in the anterior hippocampal formation and parieto-
insular vestibular cortex, but a higher GM volume in the
posterior hippocampal formation, lingual, and fusiform
gyri, compared to a non-trained CG (Hiifner et al. 2011).
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Taken together, these findings clearly indicate that these
decreases in GM volume do not indicate that a brain struc-
ture is “deactivated” following the training, but they may
rather reflect the reorganization of brain tissue facilitating
more automated and efficient task performance (in this
case, visuomotor coordination; see Weber et al. 2019).

It is evident that brain changes following physical exer-
cise vary as a function of the practice level. For example,
Sampaio-Baptista et al. (2014, 2015) found that a juggling
training with a lower duration of the exercise sessions
(75 min per week) showed a negative correlation between
the brain changes of GM volume of the left motor cortex
and dorsolateral prefrontal cortex (DLPFC) with the changes
in juggling performance. In contrast, a juggling training
with higher duration of the exercise sessions (150 min per
week), the same relationship was positive. For the white
matter (WM) volume, the relationship was the opposite,
i.e., a juggling training with a lower duration of the exer-
cise sessions had increased functional connectivity and a
juggling training with higher duration of the exercise ses-
sions had decreased functional connectivity, as indicated
by increased and decreased motor resting state structure
strength, respectively. It is important to mention that the
juggling performance was not significantly different between
both these groups after finishing the juggling intervention.
Weber et al. (2019) found similar effects after 3 weeks of
unicycle training. They reported a decrease in the GM vol-
ume and an increase of the WM fractional anisotropy after
the training. Both research groups, i.e., Sampaio-Baptista
et al. (2014, 2015) and Weber et al. (2019), suggested that
the changes rely on the different reorganization processes
of brain tissue and are moderated by the participant’s skill
or amount of practice. Weber et al. (2019) showed that the
GM decreases in task-relevant structures following unicy-
cle training subsequently increased again after a follow-up
period during which no unicycle training was performed.
This strongly supports the view that brain changes following
physical activity are highly dynamic and strongly related to
the amount of physical exercise.

This study also has some limitations. Firstly, we did not
assess changes in diffusion-weighted MRI and functional
characteristics of the brain following the intervention.
Recent research has indicated that the combined consid-
eration of these different imaging modalities provides a
comprehensive and more holistic view of the manifold
brain changes associated with coordinative exercises (e.g.,
Weber et al. 2019). A further limitation is the higher num-
ber of women (n=19) compared to men (n = 6) participat-
ing in the current study. According to the literature, it is
more likely that women participate in worksite programs
(Beck et al. 2016). Moreover, these results are in line with
other studies implementing physical exercise programs
at the workplace, where a higher percentage of women
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(between 64.2 and 90.0%) participated in the programs
(Dalager et al. 2017; Gram et al. 2014; Grande et al. 2015;
Hartfiel et al. 2011; Hunter et al. 2018; Puig-Ribera et al.
2008). Finally, no a priori sample size calculation was
done and the sample size of this study is small, which
certainly limits the statistical power. This limitation of the
statistical power could lead to a reduction of the likelihood
that significant results reflect a true effect (Button et al.
2013). Nevertheless, the fact that we found brain changes
in regions strongly implicated in visuomotor processes
indicated that the findings are meaningful. This study was
hypothesis generating and should serve as basis for future
studies in this field where we await replication of these
findings in larger samples of participants.

Conclusions

The present study provides the first evidence that 12 weeks
of PEBs with coordinative exercises and with a low train-
ing volume and a variety of juggling exercises performed
at the workplace result in changes in GM volume and
sulcal depth. These changes were found in brain struc-
tures strongly implicated in visuo-coordinative processes
involving hand and arm movements. Future research in
this field would benefit by the use of different brain imag-
ing modalities. In particular, the assessment of magnetic
resonance spectroscopy in the context of physical exercise
could also provide important new insights into the bio-
chemical and cellular mechanisms underlying the observed
changes in brain volume.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s00429-023-02732-w.

Author contributions All authors contributed to the study conception,
design and material preparation. Data collection and analysis were
performed by C.S., K.K., and T.Z.. The first draft of the manuscript
was written by C.S, and A.F. and C.S., and K.K. prepared figures. All
authors commented on previous versions of the manuscript. All authors
read and approved the final manuscript.

Funding Open access funding provided by University of Graz. This
project was also funded by a grant from the BVAEB (Insurance Com-
pany for Public Employees, Railways and Mining) providing the train-
ing materials for the participants.

Data availability The data presented in this study are available on

request from the corresponding author. The data are not publicly avail-
able, for privacy reasons.

Declarations
Conflict of interest The authors declare no conflict of interest.

Ethics approval All procedures performed were in accordance with
the ethical standards of the local ethics committee of the University of

Graz (GZ. 39/29/63 ex 2020/21; 21.01.2021) and with the Declaration
of Helsinki.

Consent to participate and for publication Written consent was
obtained from each participant prior to inclusion in this study.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Agosta S, Magnago D, Tyler S, Grossman E, Galante E, Ferraro
F, Mazzini N, Miceli G, Battelli L (2017) The pivotal role of
the right parietal lobe in temporal attention. J] Cogn Neurosci
29(5):805-815. https://doi.org/10.1162/jocn_a_01086

AiJ-Y, Chen F-T, Hsieh S-S, Kao S-C, Chen A-G, Hung T-M, Chang
Y-K (2021) The effect of acute high-intensity interval training
on executive function: a systematic review. Int J Environ Res
Public Health 18(7):10. https://doi.org/10.3390/ijerph 18073593

Alkadhi KA (2018) Exercise as a Positive Modulator of Brain Func-
tion. Mol Neurobiol 55(4):3112-3130. https://doi.org/10.1007/
$12035-017-0516-4

Baghdadi M, Badwey ME, Khalil M, Dawoud RM (2022) Brain
magnetic resonance imaging surface-based analysis and cortical
thickness measurement in relapsing remission multiple sclero-
sis. Egypt J Radiol Nucl Med 53(1):8. https://doi.org/10.1186/
$43055-021-00686-9

Beck AJ, Hirth RA, Jenkins KR, Sleeman KK, Zhang W (2016)
Factors associated with participation in a university worksite
wellness program. Am J Prev Med 51(1):el—ell. https://doi.
org/10.1016/j.amepre.2016.01.028

Behrmann M, Geng JJ, Shomstein S (2004) Parietal cortex and atten-
tion. Curr Opin Neurobiol 14(2):212-217. https://doi.org/10.
1016/j.conb.2004.03.012

Binkofski F, Buccino G (2004) Motor functions of the Broca’s
region. Brain Lang 89(2):362-369. https://doi.org/10.1016/
S0093-934X(03)00358-4

Borders AA, Ranganath C, Yonelinas AP (2022) The hippocampus
supports high-precision binding in visual working memory. Hip-
pocampus 32(3):217-230. https://doi.org/10.1002/hipo.23401

Boyke J, Driemeyer J, Gaser C, Biichel C, May A (2008) Train-
ing-induced brain structure changes in the elderly. J] Neurosci
28(28):7031-7035. https://doi.org/10.1523/INEUROSCI.0742-
08.2008

Bridger RS, Brasher K (2011) Cognitive task demands, self-control
demands and the mental well-being of office workers. Ergo-
nomics 54(9):830-839. https://doi.org/10.1080/00140139.2011.
596948

Button KS, Ioannidis JPA, Mokrysz C, Nosek BA, Flint J, Robinson
ESJ, Munafdo MR (2013) Power failure: Why small sample size
undermines the reliability of neuroscience. England. https://doi.
org/10.1038/nrn3475

@ Springer


https://doi.org/10.1007/s00429-023-02732-w
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1162/jocn_a_01086
https://doi.org/10.3390/ijerph18073593
https://doi.org/10.1007/s12035-017-0516-4
https://doi.org/10.1007/s12035-017-0516-4
https://doi.org/10.1186/s43055-021-00686-9
https://doi.org/10.1186/s43055-021-00686-9
https://doi.org/10.1016/j.amepre.2016.01.028
https://doi.org/10.1016/j.amepre.2016.01.028
https://doi.org/10.1016/j.conb.2004.03.012
https://doi.org/10.1016/j.conb.2004.03.012
https://doi.org/10.1016/S0093-934X(03)00358-4
https://doi.org/10.1016/S0093-934X(03)00358-4
https://doi.org/10.1002/hipo.23401
https://doi.org/10.1523/JNEUROSCI.0742-08.2008
https://doi.org/10.1523/JNEUROSCI.0742-08.2008
https://doi.org/10.1080/00140139.2011.596948
https://doi.org/10.1080/00140139.2011.596948
https://doi.org/10.1038/nrn3475
https://doi.org/10.1038/nrn3475

72

Brain Structure and Function (2024) 229:63-74

Cabral DF, Rice J, Morris TP, Rundek T, Pascual-Leone A, Gomes-
Osman J (2019) Exercise for brain health: an investigation into
the underlying mechanisms guided by dose. Neurotherap ] Am
Soc Exp NeuroTherap 16(3):580-599. https://doi.org/10.1007/
s13311-019-00749-w

Capizzi M, Martin-Signes M, Coull JT, Chica AB, Charras P (2023)
A transcranial magnetic stimulation study on the role of the
left intraparietal sulcus in temporal orienting of attention. Neu-
ropsychologia 184:108561. https://doi.org/10.1016/j.neuropsych
ologia.2023.108561

Chilvers MJ, Hawe RL, Scott SH, Dukelow SP (2021) Investigating the
neuroanatomy underlying proprioception using a stroke model. J
Neurol Sci 430:120029. https://doi.org/10.1016/.jns.2021.120029

Chishiki Y, Hirano S, Li H, Kojima K, Nakano Y, Sakurai T, Mukai
H, Sugiyama A, Kuwabara S (2020) Different patterns of gray
matter volume reduction in early-onset and late-onset Alzheimer
disease. Cognit Behav Neurol 33(4):253-258. https://doi.org/10.
1097/WNN.0000000000000245

Conn VS, Hafdahl AR, Cooper PS, Brown LM, Lusk SL (2009)
Meta-analysis of workplace physical activity interventions. Am
J Prev Med 37(4):330-339. https://doi.org/10.1016/j.amepre.
2009.06.008

Dalager T, Justesen JB, Sjggaard G, Steele J (2017) Intelligent physi-
cal exercise training in a workplace setting improves muscle
strength and musculoskeletal pain: a randomized controlled
trial. Biomed Res Int 2017:7914134. https://doi.org/10.1155/
2017/7914134

Davare M, Zénon A, Pourtois G, Desmurget M, Olivier E (2012)
Role of the medial part of the intraparietal sulcus in imple-
menting movement direction. Cereb Cortex (new York, N.y.)
22(6):1382-1394. https://doi.org/10.1093/cercor/bhr210

Delacre M, Lakens D, Leys C (2017) Why Psychologists Should by
Default Use Welch’s t-test Instead of Student’s t-test. Int Rev
Soc Psychol 30:92-101. https://doi.org/10.5334/irsp.82

Domingos C, Pégo JM, Santos NC (2021) Effects of physical activ-
ity on brain function and structure in older adults: a systematic
review. Behav Brain Res 402:113061. https://doi.org/10.1016/j.
bbr.2020.113061

Draganski B, Gaser C, Busch V, Schuierer G, Bogdahn U, May A
(2004) Neuroplasticity: changes in grey matter induced by train-
ing. Nature 427(6972):311-312. https://doi.org/10.1038/42731
la

Driemeyer J, Boyke J, Gaser C, Biichel C, May A (2008) Changes in
gray matter induced by learning-revisited. PLoS ONE 3(7):¢2669.
https://doi.org/10.1371/journal.pone.0002669

Erickson KI, Leckie RL, Weinstein AM (2014) Physical activity, fit-
ness, and gray matter volume. Neurobiol Aging 35(Suppl 2):20—
28. https://doi.org/10.1016/j.neurobiolaging.2014.03.034

Erickson KI, Hillman C, Stillman CM, Ballard RM, Bloodgood B,
Conroy DE, Macko R, Marquez DX, Petruzzello SJ, Powell KE
(2019) Physical activity, cognition, and brain outcomes: a review
of the 2018 physical activity guidelines. Med Sci Sports Exerc
51(6):1242-1251. https://doi.org/10.1249/MSS.0000000000
001936

Fink GR, Frackowiak RS, Pietrzyk U, Passingham RE (1997) Multi-
ple nonprimary motor areas in the human cortex. ] Neurophysiol
77(4):2164-2174. https://doi.org/10.1152/jn.1997.77.4.2164

Fjell AM, Walhovd KB (2010) Structural brain changes in aging:
courses, causes and cognitive consequences. Rev Neurosci
21(3):187-221. https://doi.org/10.1515/revneuro.2010.21.3.187

Fox FAU, Diers K, Lee H, Mayr A, Reuter M, Breteler MMB, Aziz NA
(2022) Association between accelerometer-derived physical activ-
ity measurements and brain structure: a population-based cohort
study. Neurology 99(11):e1202—e1215. https://doi.org/10.1212/
WNL.0000000000200884

@ Springer

Frith C, Dolan R (1996) The role of the prefrontal cortex in higher
cognitive functions. Brain Res Cogn Brain Res 5(1-2):175-181.
https://doi.org/10.1016/50926-6410(96)00054-7

Fritz CO, Morris PE, Richler JJ (2012) Effect size estimates: current
use, calculations, and interpretation. J Exp Psychol Gen 141(1):2—
18. https://doi.org/10.1037/a0024338

Gaertner B, Buttery AK, Finger JD, Wolfsgruber S, Wagner M, Busch
MA (2018) Physical exercise and cognitive function across the life
span: results of a nationwide population-based study. J Sci Med
Sport 21(5):489-494. https://doi.org/10.1016/j.jsams.2017.08.022

Gerber P, Schlaffke L, Heba S, Greenlee MW, Schultz T, Schmidt-
Wilcke T (2014) Juggling revisited—a voxel-based morphometry
study with expert jugglers. Neuroimage 95:320-325. https://doi.
org/10.1016/j.neuroimage.2014.04.023

Gram B, Andersen C, Zebis MK, Bredahl T, Pedersen MT, Mortensen
OS, Jensen RH, Andersen LL, Sjggaard G (2014) Effect of train-
ing supervision on effectiveness of strength training for reducing
neck/shoulder pain and headache in office workers: cluster rand-
omized controlled trial. Biomed Res Int 2014:693013. https://doi.
org/10.1155/2014/693013

Grande AJ, Cieslak F, Silva V (2015) Workplace exercise for changing
health behavior related to physical activity. Work (reading, Mass.)
53(3):479-484. https://doi.org/10.3233/WOR-152175

Grefkes C, Fink GR (2005) The functional organization of the intra-
parietal sulcus in humans and monkeys. J Anat 207(1):3-17.
https://doi.org/10.1111/j.1469-7580.2005.00426.x

Hiénggi J, Koeneke S, Bezzola L, Jancke L (2010) Structural neu-
roplasticity in the sensorimotor network of professional female
ballet dancers. Hum Brain Mapp 31(8):1196—1206. https://doi.
org/10.1002/hbm.20928

Hartfiel N, Havenhand J, Khalsa SB, Clarke G, Krayer A (2011)
The effectiveness of yoga for the improvement of well-being
and resilience to stress in the workplace. Scand J] Work Environ
Health 37(1):70-76. https://doi.org/10.5271/sjweh.2916

Helfrich RF, Knight RT (2019) Cognitive neurophysiology of the
prefrontal cortex. Handb Clin Neurol 163:35-59. https://doi.
org/10.1016/B978-0-12-804281-6.00003-3

Herold F, Torpel A, Schega L, Miiller NG (2019) Functional and/or
structural brain changes in response to resistance exercises and
resistance training lead to cognitive improvements—a system-
atic review. Eur Rev Aging Phys Act 16:10. https://doi.org/10.
1186/s11556-019-0217-2

Herold F, Theobald P, Gronwald T, Rapp MA, Miiller NG (2022)
Going digital—a commentary on the terminology used at
the intersection of physical activity and digital health. Eur
Rev Aging Phys Act 19(1):17. https://doi.org/10.1186/
s11556-022-00296-y

Hillman CH, Erickson KI, Kramer AF (2008) Be smart, exercise your
heart: Exercise effects on brain and cognition. Nat Rev Neurosci
9(1):58-65. https://doi.org/10.1038/nrn2298

Holm S (1979) A simple sequential rejective multiple test procedure.
Scand J Stat 6(2):65-70

Hiifner K, Binetti C, Hamilton DA, Stephan T, Flanagin VL, Linn
J, Labudda K, Markowitsch H, Glasauer S, Jahn K, Strupp M,
Brandt T (2011) Structural and functional plasticity of the hip-
pocampal formation in professional dancers and slackliners. Hip-
pocampus 21(8):855-865. https://doi.org/10.1002/hipo.20801

Hunter JR, Gordon BA, Lythgo N, Bird SR, Benson AC (2018) Exer-
cise at an onsite facility with or without direct exercise supervi-
sion improves health-related physical fitness and exercise par-
ticipation: an 8-week randomised controlled trial with 15-month
follow-up. Health Promot J Aust 29(1):84-92. https://doi.org/10.
1002/hpja.2


https://doi.org/10.1007/s13311-019-00749-w
https://doi.org/10.1007/s13311-019-00749-w
https://doi.org/10.1016/j.neuropsychologia.2023.108561
https://doi.org/10.1016/j.neuropsychologia.2023.108561
https://doi.org/10.1016/j.jns.2021.120029
https://doi.org/10.1097/WNN.0000000000000245
https://doi.org/10.1097/WNN.0000000000000245
https://doi.org/10.1016/j.amepre.2009.06.008
https://doi.org/10.1016/j.amepre.2009.06.008
https://doi.org/10.1155/2017/7914134
https://doi.org/10.1155/2017/7914134
https://doi.org/10.1093/cercor/bhr210
https://doi.org/10.5334/irsp.82
https://doi.org/10.1016/j.bbr.2020.113061
https://doi.org/10.1016/j.bbr.2020.113061
https://doi.org/10.1038/427311a
https://doi.org/10.1038/427311a
https://doi.org/10.1371/journal.pone.0002669
https://doi.org/10.1016/j.neurobiolaging.2014.03.034
https://doi.org/10.1249/MSS.0000000000001936
https://doi.org/10.1249/MSS.0000000000001936
https://doi.org/10.1152/jn.1997.77.4.2164
https://doi.org/10.1515/revneuro.2010.21.3.187
https://doi.org/10.1212/WNL.0000000000200884
https://doi.org/10.1212/WNL.0000000000200884
https://doi.org/10.1016/s0926-6410(96)00054-7
https://doi.org/10.1037/a0024338
https://doi.org/10.1016/j.jsams.2017.08.022
https://doi.org/10.1016/j.neuroimage.2014.04.023
https://doi.org/10.1016/j.neuroimage.2014.04.023
https://doi.org/10.1155/2014/693013
https://doi.org/10.1155/2014/693013
https://doi.org/10.3233/WOR-152175
https://doi.org/10.1111/j.1469-7580.2005.00426.x
https://doi.org/10.1002/hbm.20928
https://doi.org/10.1002/hbm.20928
https://doi.org/10.5271/sjweh.2916
https://doi.org/10.1016/B978-0-12-804281-6.00003-3
https://doi.org/10.1016/B978-0-12-804281-6.00003-3
https://doi.org/10.1186/s11556-019-0217-2
https://doi.org/10.1186/s11556-019-0217-2
https://doi.org/10.1186/s11556-022-00296-y
https://doi.org/10.1186/s11556-022-00296-y
https://doi.org/10.1038/nrn2298
https://doi.org/10.1002/hipo.20801
https://doi.org/10.1002/hpja.2
https://doi.org/10.1002/hpja.2

Brain Structure and Function (2024) 229:63-74

73

Jiancke L, Koeneke S, Hoppe A, Rominger C, Hinggi J (2009) The
architecture of the golfer’s brain. PLoS ONE 4(3):e4785. https://
doi.org/10.1371/journal.pone.0004785

Jin K, Zhang T, Shaw M, Sachdev P, Cherbuin N (2018) Relationship
between sulcal characteristics and brain aging. Front Aging Neu-
rosci 10:339. https://doi.org/10.3389/fnagi.2018.00339

Justine M, Azizan A, Hassan V, Salleh Z, Manaf H (2013) Barriers to
participation in physical activity and exercise among middle-aged
and elderly individuals. Singap Med J 54(10):581-586. https://doi.
org/10.11622/smedj.2013203

Killgore WDS, Olson EA, Weber M (2013) Physical exercise habits
correlate with gray matter volume of the hippocampus in healthy
adult humans. Sci Rep 3:3457. https://doi.org/10.1038/srep03457

Kochunov P, Mangin J-F, Coyle T, Lancaster J, Thompson P, Riviere
D, Cointepas Y, Régis J, Schlosser A, Royall DR, Zilles K, Mazzi-
ottaJ, Toga A, Fox PT (2005) Age-related morphology trends of
cortical sulci. Hum Brain Mapp 26(3):210-220. https://doi.org/
10.1002/hbm.20198

Kramer AF, Erickson KI (2007) Capitalizing on cortical plasticity:
influence of physical activity on cognition and brain function.
Trends Cogn Sci 11(8):342-348. https://doi.org/10.1016/j.tics.
2007.06.009

Lamont AJ, Mortby ME, Anstey KJ, Sachdev PS, Cherbuin N (2014)
Using sulcal and gyral measures of brain structure to investigate
benefits of an active lifestyle. Neuroimage 91:353-359. https://
doi.org/10.1016/j.neuroimage.2014.01.008

Lisman J, Buzsaki G, Eichenbaum H, Nadel L, Ranganath C, Redish
AD (2017) Viewpoints: How the hippocampus contributes to
memory, navigation and cognition. Nat Neurosci 20(11):1434—
1447. https://doi.org/10.1038/nn.4661

Ludyga S, Gerber M, Piihse U, Looser VN, Kamijo K (2020) Sys-
tematic review and meta-analysis investigating moderators of
long-term effects of exercise on cognition in healthy individu-
als. Nat Hum Behav 4(6):603-612. https://doi.org/10.1038/
s41562-020-0851-8

Ma C-L, Ma X-T, Wang J-J, Liu H, Chen Y-F, Yang Y (2017) Physical
exercise induces hippocampal neurogenesis and prevents cognitive
decline. Behav Brain Res 317:332-339. https://doi.org/10.1016/j.
bbr.2016.09.067

Miiller P, Rehfeld K, Schmicker M, Hokelmann A, Dordevic M, Less-
mann V, Brigadski T, Kaufmann J, Miiller NG (2017) Evolution
of neuroplasticity in response to physical activity in old age: the
case for dancing. Front Aging Neurosci 9:56. https://doi.org/10.
3389/fnagi.2017.00056

Niemann C, Godde B, Staudinger UM, Voelcker-Rehage C (2014a)
Exercise-induced changes in basal ganglia volume and cognition
in older adults. Neuroscience 281:147-163. https://doi.org/10.
1016/j.neuroscience.2014.09.033

Niemann C, Godde B, Voelcker-Rehage C (2014b) Not only cardio-
vascular, but also coordinative exercise increases hippocampal
volume in older adults. Front Aging Neurosci 6:170. https://doi.
org/10.3389/fnagi.2014.00170

Opitz B (2014) Memory function and the hippocampus. Front Neurol
Neurosci 34:51-59. https://doi.org/10.1159/000356422

Oreja-Guevara C, Kleiser R, Paulus W, Kruse W, Seitz RJ, Hoffmann
KP (2004) The role of V5 (hMT+) in visually guided hand move-
ments: an fMRI study. Eur J Neurosci 19(11):3113-3120. https://
doi.org/10.1111/7.0953-816X.2004.03393.x

Pereira JB, Ibarretxe-Bilbao N, Marti M-J, Compta Y, Junqué C, Bar-
gallo N, Tolosa E (2012) Assessment of cortical degeneration
in patients with Parkinson’s disease by voxel-based morphom-
etry, cortical folding, and cortical thickness. Hum Brain Mapp
33(11):2521-2534. https://doi.org/10.1002/hbm.21378

Pettigrew C, Soldan A, Zhu Y, Wang M-C, Brown T, Miller M, Albert
M (2017) Cognitive reserve and cortical thickness in preclinical

Alzheimer’s disease. Brain Imaging Behav 11(2):357-367. https://
doi.org/10.1007/s11682-016-9581-y

Puig-Ribera A, McKenna J, Gilson N, Brown WJ (2008) Change in
work day step counts, wellbeing and job performance in Catalan
university employees: a randomised controlled trial. Promot Educ
15(4):11-16. https://doi.org/10.1177/1025382308097693

Quirmbach F, Limanowski J (2022) A Crucial role of the frontal oper-
culum in task-set dependent visuomotor performance monitoring.
Eneuro. https://doi.org/10.1523/ENEURO.0524-21.2021

Ramirez-Ruiz B, Marti MJ, Tolosa E, Bartrés-Faz D, Summerfield C,
Salgado-Pineda P, Gémez-Ansén B, Junqué C (2005) Longitudi-
nal evaluation of cerebral morphological changes in Parkinson’s
disease with and without dementia. J Neurol 252(11):1345-1352.
https://doi.org/10.1007/s00415-005-0864-2

Rehfeld K, Miiller P, Aye N, Schmicker M, Dordevic M, Kaufmann
J, Hokelmann A, Miiller NG (2017) Dancing or fitness sport?
The effects of two training programs on hippocampal plasticity
and balance abilities in healthy seniors. Front Human Neurosci
11:305. https://doi.org/10.3389/fnhum.2017.00305

Rehfeld K, Liiders A, Hokelmann A, Lessmann V, Kaufmann J, Brigad-
ski T, Miiller P, Miiller NG (2018) Dance training is superior
to repetitive physical exercise in inducing brain plasticity in the
elderly. PLoS ONE 13(7):e0196636. https://doi.org/10.1371/journ
al.pone.0196636

Richter M, Amunts K, Mohlberg H, Bludau S, Eickhoff SB, Zilles
K, Caspers S (2019) Cytoarchitectonic segregation of human
posterior intraparietal and adjacent parieto-occipital sulcus and
its relation to visuomotor and cognitive functions. Cereb Cortex
(new York, N.y.: 1991) 29(3):1305-1327. https://doi.org/10.1093/
cercor/bhy245

Rogge A-K, Roder B, Zech A, Hotting K (2018) Exercise-induced
neuroplasticity: balance training increases cortical thickness in
visual and vestibular cortical regions. Neuroimage 179:471-479.
https://doi.org/10.1016/j.neuroimage.2018.06.065

Safrit MJ, Wood TM (1995) Introduction to measurement in physical
education and exercise science. 3rd ed. St. Louis: Times Mirrow/
Mosby

Sampaio-Baptista C, Scholz J, Jenkinson M, Thomas AG, Filippini N,
Smit G, Douaud G, Johansen-Berg H (2014) Gray matter volume
is associated with rate of subsequent skill learning after a long
term training intervention. Neuroimage 96:158-166. https://doi.
org/10.1016/j.neuroimage.2014.03.056

Sampaio-Baptista C, Filippini N, Stagg C-J, Near J, Scholz J,
Johansen-Berg H (2015) Changes in functional connectivity
and GABA levels with long-term motor learning. Neurolmage
106:15-20. https://doi.org/10.1016/j.neuroimage.2014.11.032

Scharf C, Tilp M (2023) Twelve weeks of web-based low to mod-
erate physical activity breaks with coordinative exercises at the
workplace increase motor skills but not motor abilities in office
workers—a randomised controlled pilot study. Int J Environ Res
Public Health 20(3):2193. https://doi.org/10.3390/ijerph20032193

Sexton CE, Betts JF, Demnitz N, Dawes H, Ebmeier KP, Johansen-
Berg H (2016) A systematic review of MRI studies examining the
relationship between physical fitness and activity and the white
matter of the ageing brain. Neuroimage 131:81-90. https://doi.
org/10.1016/j.neuroimage.2015.09.071

Smith PJ, Blumenthal JA, Hoffman BM, Cooper H, Strauman TA,
Welsh-Bohmer K, Browndyke JN, Sherwood A (2010) Aerobic
exercise and neurocognitive performance: a meta-analytic review
of randomized controlled trials. Psychosom Med 72(3):239-252.
https://doi.org/10.1097/PSY.0b013e3181d14633

Sousa T, Direito B, Lima J, Ferreira C, Nunes U, Castelo-Branco M
(2016) Control of brain activity in hMT+/V5 at three response

@ Springer


https://doi.org/10.1371/journal.pone.0004785
https://doi.org/10.1371/journal.pone.0004785
https://doi.org/10.3389/fnagi.2018.00339
https://doi.org/10.11622/smedj.2013203
https://doi.org/10.11622/smedj.2013203
https://doi.org/10.1038/srep03457
https://doi.org/10.1002/hbm.20198
https://doi.org/10.1002/hbm.20198
https://doi.org/10.1016/j.tics.2007.06.009
https://doi.org/10.1016/j.tics.2007.06.009
https://doi.org/10.1016/j.neuroimage.2014.01.008
https://doi.org/10.1016/j.neuroimage.2014.01.008
https://doi.org/10.1038/nn.4661
https://doi.org/10.1038/s41562-020-0851-8
https://doi.org/10.1038/s41562-020-0851-8
https://doi.org/10.1016/j.bbr.2016.09.067
https://doi.org/10.1016/j.bbr.2016.09.067
https://doi.org/10.3389/fnagi.2017.00056
https://doi.org/10.3389/fnagi.2017.00056
https://doi.org/10.1016/j.neuroscience.2014.09.033
https://doi.org/10.1016/j.neuroscience.2014.09.033
https://doi.org/10.3389/fnagi.2014.00170
https://doi.org/10.3389/fnagi.2014.00170
https://doi.org/10.1159/000356422
https://doi.org/10.1111/j.0953-816X.2004.03393.x
https://doi.org/10.1111/j.0953-816X.2004.03393.x
https://doi.org/10.1002/hbm.21378
https://doi.org/10.1007/s11682-016-9581-y
https://doi.org/10.1007/s11682-016-9581-y
https://doi.org/10.1177/1025382308097693
https://doi.org/10.1523/ENEURO.0524-21.2021
https://doi.org/10.1007/s00415-005-0864-2
https://doi.org/10.3389/fnhum.2017.00305
https://doi.org/10.1371/journal.pone.0196636
https://doi.org/10.1371/journal.pone.0196636
https://doi.org/10.1093/cercor/bhy245
https://doi.org/10.1093/cercor/bhy245
https://doi.org/10.1016/j.neuroimage.2018.06.065
https://doi.org/10.1016/j.neuroimage.2014.03.056
https://doi.org/10.1016/j.neuroimage.2014.03.056
https://doi.org/10.1016/j.neuroimage.2014.11.032
https://doi.org/10.3390/ijerph20032193
https://doi.org/10.1016/j.neuroimage.2015.09.071
https://doi.org/10.1016/j.neuroimage.2015.09.071
https://doi.org/10.1097/PSY.0b013e3181d14633

74

Brain Structure and Function (2024) 229:63-74

levels using fMRI-based neurofeedback/BCI. PLoS ONE
11(5):e0155961. https://doi.org/10.1371/journal.pone.0155961

Steffener J (2021) Education and age-related differences in corti-
cal thickness and volume across the lifespan. Neurobiol Aging
102:102-110. https://doi.org/10.1016/j.neurobiolaging.2020.10.
034

Taubert M, Draganski B, Anwander A, Miiller K, Horstmann A,
Villringer A, Ragert P (2010) Dynamic properties of human brain
structure: learning-related changes in cortical areas and associated
fiber connections. J Neurosci 30(35):11670-11677. https://doi.
org/10.1523/JNEUROSCI.2567-10.2010

Taubert M, Mehnert J, Pleger B, Villringer A (2016) Rapid and specific
gray matter changes in M1 induced by balance training. Neuro-
image 133:399-407. https://doi.org/10.1016/j.neuroimage.2016.
03.017

Toichi M, Findling RL, Kubota Y, Calabrese JR, Wiznitzer M, McNa-
mara NK, Yamamoto K (2004) Hemodynamic differences in the
activation of the prefrontal cortex: attention vs. higher cognitive
processing. Neuropsychologia 42(5):698-706. https://doi.org/10.
1016/j.neuropsychologia.2003.08.012

Tunik E, Lo O-Y, Adamovich SV (2008) Transcranial magnetic stimu-
lation to the frontal operculum and supramarginal gyrus disrupts
planning of outcome-based hand-object interactions. J Neurosci
28(53):14422-14427. https://doi.org/10.1523/JNEUROSCIL.4734-
08.2008

Uddin LQ, Nomi JS, Hébert-Seropian B, Ghaziri J, Boucher O (2017)
Structure and function of the human insula. J Clin Neurophysiol
34(4):300-306. https://doi.org/10.1097/WNP.0000000000000377

van der Meer D, Kaufmann T, Shadrin AA, Makowski C, Frei O, Roe-
Ifs D, Monereo-Sanchez J, Linden DEJ, Rokicki J, Alnes D, de
Leeuw C, Thompson WK, Loughnan R, Fan CC, Westlye LT,
Andreassen OA, Dale AM (2021) The genetic architecture of
human cortical folding. Sci Adv 7(51):eabj9446. https://doi.org/
10.1126/sciadv.abj9446

van Essen DC (2005) A Population-Average, Landmark- and Sur-
face-based (PALS) atlas of human cerebral cortex. Neuroimage
28(3):635-662. https://doi.org/10.1016/j.neuroimage.2005.06.058

van Kemenade BM, Seymour K, Wacker E, Spitzer B, Blankenburg F,
Sterzer P (2014) Tactile and visual motion direction processing
in hMT+/V5. Neuroimage 84:420—427. https://doi.org/10.1016/].
neuroimage.2013.09.004

Velasco F, Jorda R (2020) Portrait of boredom among athletes and
its implications in sports management: a multi-method approach.
Front Psychol 11:831. https://doi.org/10.3389/fpsyg.2020.00831

@ Springer

Voelcker-Rehage C, Niemann C (2013) Structural and functional brain
changes related to different types of physical activity across the
life span. Neurosci Biobehav Rev 37(9 part B):2268-2295. https://
doi.org/10.1016/j.neubiorev.2013.01.028

Voss MW, Nagamatsu LS, Liu-Ambrose T, Kramer AF (2011) Exer-
cise, brain, and cognition across the life span. J Appl Physiol
(bethesda, Md.: 1985) 111(5):1505-1513. https://doi.org/10.1152/
japplphysiol.00210.2011

Weber B, Koschutnig K, Schwerdtfeger A, Rominger C, Papousek I,
Weiss EM, Tilp M, Fink A (2019) Learning unicycling evokes
manifold changes in gray and white matter networks related to
motor and cognitive functions. Sci Rep 9(1):4324. https://doi.org/
10.1038/541598-019-40533-6

WHO (2018) Global action plan on physical activity 2018-2030: more
active people for a healthier world. World Health Organization,
Geneva

Wilke J, Giesche F, Klier K, Vogt L, Herrmann E, Banzer W (2019)
Acute effects of resistance exercise on cognitive function in
healthy adults: a systematic review with multilevel meta-analysis.
Sports Med (auckland N.z.) 49(6):905-916. https://doi.org/10.
1007/s40279-019-01085-x

Wittfeld K, Jochem C, Dorr M, Schminke U, Gliser S, Bahls M,
Markus MRP, Felix SB, Leitzmann MF, Ewert R, Biilow R,
Volzke H, Janowitz D, Baumeister SE, Grabe HJ (2020) Cardi-
orespiratory fitness and gray matter volume in the temporal, fron-
tal, and cerebellar regions in the general population. Mayo Clin
Proc 95(1):44-56. https://doi.org/10.1016/j.mayocp.2019.05.030

Wolft W, Bieleke M, Stéhler J, Schiiler J (2021) Too bored for sports?
Adaptive and less-adaptive latent personality profiles for exercise
behavior. Psychol Sport Exerc. https://doi.org/10.31236/0sf.i0/
tjw89

Yao JK, Voorhies WI, Miller JA, Bunge SA, Weiner KS (2022) Sulcal
depth in prefrontal cortex: A novel predictor of working memory
performance. Cereb Cortex (new York, N.y: 1991). https://doi.
org/10.1093/cercor/bhac173

Zhu W (2012) Sadly, the earth is still round (p < 0.05). J Sport Health
Sci 1(1):9-11. https://doi.org/10.1016/j.jshs.2012.02.002

Zhu W (2016) P< 0.05, < 0.01, < 0.001, < 0.0001, < 0.00001, <
0.000001, or < 0.0000001. J Sport Health Scie 5(1):77-79. https://
doi.org/10.1016/j.jshs.2016.01.019

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1371/journal.pone.0155961
https://doi.org/10.1016/j.neurobiolaging.2020.10.034
https://doi.org/10.1016/j.neurobiolaging.2020.10.034
https://doi.org/10.1523/JNEUROSCI.2567-10.2010
https://doi.org/10.1523/JNEUROSCI.2567-10.2010
https://doi.org/10.1016/j.neuroimage.2016.03.017
https://doi.org/10.1016/j.neuroimage.2016.03.017
https://doi.org/10.1016/j.neuropsychologia.2003.08.012
https://doi.org/10.1016/j.neuropsychologia.2003.08.012
https://doi.org/10.1523/JNEUROSCI.4734-08.2008
https://doi.org/10.1523/JNEUROSCI.4734-08.2008
https://doi.org/10.1097/WNP.0000000000000377
https://doi.org/10.1126/sciadv.abj9446
https://doi.org/10.1126/sciadv.abj9446
https://doi.org/10.1016/j.neuroimage.2005.06.058
https://doi.org/10.1016/j.neuroimage.2013.09.004
https://doi.org/10.1016/j.neuroimage.2013.09.004
https://doi.org/10.3389/fpsyg.2020.00831
https://doi.org/10.1016/j.neubiorev.2013.01.028
https://doi.org/10.1016/j.neubiorev.2013.01.028
https://doi.org/10.1152/japplphysiol.00210.2011
https://doi.org/10.1152/japplphysiol.00210.2011
https://doi.org/10.1038/s41598-019-40533-6
https://doi.org/10.1038/s41598-019-40533-6
https://doi.org/10.1007/s40279-019-01085-x
https://doi.org/10.1007/s40279-019-01085-x
https://doi.org/10.1016/j.mayocp.2019.05.030
https://doi.org/10.31236/osf.io/tjw89
https://doi.org/10.31236/osf.io/tjw89
https://doi.org/10.1093/cercor/bhac173
https://doi.org/10.1093/cercor/bhac173
https://doi.org/10.1016/j.jshs.2012.02.002
https://doi.org/10.1016/j.jshs.2016.01.019
https://doi.org/10.1016/j.jshs.2016.01.019

	Twelve weeks of physical exercise breaks with coordinative exercises at the workplace increase the sulcal depth and decrease gray matter volume in brain structures related to visuomotor processes
	Abstract
	Introduction
	Methods
	Study participants
	Intervention
	Demographic data and physical activity
	Magnetic resonance imaging data acquisition
	Data quality and deidentification
	MRI data processing and analysis
	Juggling performance
	Statistical analysis

	Results
	Demographic data and physical activity
	Gray matter (GM) volume
	Surface-based measures
	Juggling performance

	Discussion
	Conclusions
	Anchor 20
	References




