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Abstract

Despite the importance of the developing cerebellum on cognition, the asso-
ciations between physical fitness and cerebellar volume in adolescents remain
unclear. We explored the associations of physical fitness with gray matter (GM)
volume of VI, VIIb and Crus I & II, which are cerebellar lobules related to cogni-
tion, in 40 (22 females; 17.9 + 0.8 year-old) adolescents, and whether the associa-
tions were sex-specific. Peak oxygen uptake (VOZPeak) and power were assessed
by maximal ramp test on a cycle ergometer, muscular strength with standing long
jump (SLJ), speed-agility with the shuttle-run test (SRT), coordination with the
Box and Block Test (BBT) and neuromuscular performance index (NPI) as the
sum of SLJ, BBT and SRT z-scores. Body composition was measured using a dual-
energy X-ray absorptiometry. Cerebellar volumes were assessed by magnetic res-
onance imaging. V02peak relative to lean mass was inversely associated with the
GM volume of the cerebellum (standardized regression coefficient (4)=—0.038,
95% confidence interval (CI) -0.075 to 0.001, p=0.044). Cumulative NPI was posi-
tively associated with the GM volume of Crus I (#=0.362, 95% CI 0.045 to 0.679,
p=0.027). In females, better performance in SRT was associated with a larger GM
volume of Crus I (f=—0.373, 95% CI -0.760 to —0.028, p=0.036). In males, cumu-
lative NPI was inversely associated with the GM volume of Crus II (f=-0.793,
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1 | INTRODUCTION

Physical fitness, defined as a set of attributes that people
have or achieve related to the ability to perform physical
activity, has declined globally during the last decades in
adolescents aged 10—19years.' Therefore, there has been
an interest in the associations between adolescent's phys-
ical fitness and several health outcomes, including obe-
sity, cardiometabolic risk factors, and skeletal and brain
health.*® Physical fitness has been positively associated
with gray matter (GM) volume of the left superior frontal
cortex and left pallidum, and the number of streamlines in
corticospinal tract and anterior corpus callosum in adoles-
cents.”® However, to the best of our knowledge, there are
no previous studies on the association between physical
fitness and GM volume of the cerebellum in adolescents.

The cerebellum is a rapidly developing brain area in
adolescents, relevant in coordination and cognition and
susceptible to health-related factors that influence its
characteristics and behavior.”!! Studies have demon-
strated that cerebellar lobules VI, VIIB, Crus I, and Crus II
have an important role in cognition.u’12 Working memory
tasks have engaged lobules VI and Crus I, language tasks
lobules VI, Crus I, and Crus II verb generation lobules VI
and VIIB and emotional processing paradigms lobules VI
and Crus L.!* Furthermore, the GM volume of the lobules
develops at different rates and the rate of cerebellar devel-
opment might differ between sexes during adolescence,
possibly modulated by neurosteroids via estrogen and pro-
gesterone receptors.'* ¢

While physical fitness has been positively associated
with cognition'” and neocortical volume® and WM struc-
ture’ in adolescents, no previous study has investigated
associations of the measures of physical fitness, specif-
ically CRF relative to body weight and lean mass, with
cerebellar volume in adolescents and, in males and fe-
males separately. Furthermore, no study has investigated
the associations of cumulative exposure to various mea-
sures of physical fitness with cerebellar GM volume. It
is noteworthy as the adolescent cerebellum undergoes
sex-specific changes during growth and maturation and
is sensitive to health-related factors that may influence
brain function.’

95% CI -1.579 to —0.008 p=0.048). Other associations were nonsignificant. In
conclusion, cardiorespiratory fitness, neuromuscular performance and speed-
agility were associated with cerebellar GM volume, and the strength and direc-
tion of associations were sex-specific.

cardiorespiratory fitness, cerebellum, coordination, gray matter, MRI, muscular strength, speed

We studied whether CRF, lower limb muscular
strength, speed-agility, coordination, and overall neuro-
muscular performance are associated with total cerebellar
GM volume or GM volume of cognition-related cerebellar
lobules (VI, VIIb and Crus I and Crus II) in 40 adolescents.
Furthermore, since the development of physical fitness
induced cerebellar volume alterations might require a
relatively long exposure to poor physical fitness, often
beginning in childhood, we also investigated the relation-
ships of 8-year cumulative exposure to various measures
of physical fitness with the cerebellar lobules.'® Finally,
we explored whether these associations are different be-
tween males and females. According to the previous cross
sectional evidence in children and adults,'” ' we hypoth-
esize that the measures of physical fitness are positively
associated with the GM volume of the cerebellum also in
adolescents.

2 | MATERIALS AND METHODS

2.1 | Study design and participants

Data for the present analyses were obtained from two
studies, the Physical Activity and Nutrition in Children
(PANIC) study and The FitBrain study, conducted be-
tween 2007 and 2019. The PANIC study is a controlled
lifestyle intervention study to investigate the effects of
a combined physical activity and diet intervention on
cardiometabolic risk factors in a population sample of
children from the city of Kuopio, Finland.?? We invited
736 children 6-9years of age who had been registered
for the first grade in one of the 16 public schools of the
city of Kuopio in the baseline examinations. Altogether
506 children (245 females, 261 males), who accounted
for 70% of those invited, participated in the baseline ex-
aminations between October 2007 and December 2009.
The participants did not differ in age, sex, or body mass
index - standard deviation score (BMI-SDS) from all
children who started the first grade in the city of Kuopio
between 2007 and 2009. In total, 440 children who had
participated in the baseline examinations attended the
2-year follow-up examinations between October 2009
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and December 2011. Finally, 277 adolescents who had
participated in the 2-year follow-up examinations at-
tended the 8-year follow-up examinations between Feb-
ruary 2016 and December 2017. Cumulative measures
of physical fitness and body composition were derived
from the baseline, 2-year follow-up, and 8-year follow-
up examinations of the PANIC study (Figure 1).

FitBrain study was conducted between 2018 and 2019.
We invited the participants of the 8-year follow-up ex-
aminations of the PANIC study to attend the FitBrain
study. Forty-six adolescents (26 females; 20 males) aged
17.9 + 0.8 years participated. Six participants (four females;
two males) were excluded from the analysis because they
had not undergone CRF (n=>5) or lower limb muscular
strength (n=1) tests. Therefore, data from 40 adolescents
(22 females; 18 males) were used in the analyses. Cross
sectional measures of lower limb muscular strength,
speed-agility, coordination, and cerebellar volumes were
derived from the FitBrain study (Figure 1).

Study protocols were approved by the Research Eth-
ics Committee of the Hospital District of Northern Savo,
Kuopio (366/2017). In addition, all procedures were
performed following the ethical standards of the insti-
tutional and national research committee and with the
1964 Declaration of Helsinki and its later amendments
or comparable ethical standards. All participating ad-
olescents and their parents provided written informed
consent. The funding sources had no role in collecting,
analyzing, or interpreting the data or the submission's ap-
proval or disapproval.

2.2 | Measurement of body size, body
composition, and maturity

Measures of body weight (BW), body fat percentage
(BF%), and lean mass (LM) were carried out by the
Lunar Prodigy Advance® DXA device (GE Medical Sys-
tems, Madison, WI, USA) using standardized protocols®
in the PANIC study. Body height was measured three
times with the adolescents standing in the Frankfurt
plane without shoes using a wall-mounted stadiometer
to an accuracy of 0.1cm. The mean of the nearest two
values was used in the analyses. BMI was calculated by
dividing body weight (kg) by height® (m). Waist circum-
ference was measured after expiration at mid-distance
between the bottom of the rib cage and the top of the
iliac crest, and hip circumference was measured at the
level of the great trochanters. Head circumference was
measured manually using the broadest part of the fore-
head, above the ears and at the most prominent part of
the back of the head.** Maturity offset as a measure of
development from peak height velocity was calculated

using a sex-specific formula described previously.? Fi-
nally, two repeated measurements of BF% were carried
out by the InBody® 720 bioelectrical impedance device
(Biospace) in the FitBrain study. The mean of these two
values was used as a covariate in the analyses.

2.3 | Measurement of
cardiorespiratory fitness

CREF tests were carried out only in the PANIC study and
with an electromagnetic cycle ergometer (Ergoselect
200K, Ergoline). The adolescents were informed about
the course of the measurements before the test. The
length of the crank arms was 150 mm, and the saddle
height was set to a knee angle of 160° when the leg on
the pedal was extended. To begin the test, participants
performed a 3-min warm-up with 5 Watts (W) workload.
After the warm-up, participants cycled a 1-min steady-
state period with a workload of 20W. Finally, partici-
pants performed an exercise period with an increase in
the workload of 1W per 6s until voluntary exhaustion.
The participants were asked to keep the cadency stable
within 70-80 rounds per minute (RPM) with a minimum
of 65 RPM. Participants were verbally encouraged to
cycle until voluntary exhaustion. The exercise test was
considered maximal if the reason for terminating the test
indicated maximal effort and maximal cardiorespiratory
capacity. Peak power output (W,,,,) was defined as the
maximal workload achieved at the end of the test. W,
data were used to calculate cumulative CRF. VO2,,, was
assessed, and respiratory gases were collected using pedi-
atric masks during the 8-year follow-up of the PANIC
study (Hans—-Rudolph). Respiratory gases were measured
directly by the breath-by-breath technique from the 2.5-
min anticipatory period sitting on the ergometer to the
postexercise rest and were averaged over consecutive
15-s periods. The peak values of VO2 were defined as the
highest 15-s average value recorded during the last min-
ute of the test.

2.4 | Measurement of
neuromuscular fitness
2.4.1 | Standinglong jump test

Lower limb muscular strength was measured by the SLJ
similarly in both studies. Before the jump, the participants
were requested to stand with their feet together. Then, the
adolescents were asked to jump as far as possible and land

on both feet. The test score was the longest jump of three
attempts in centimeters.*®
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*  Nodataon SU n=1

FitBrain-study
N=40 (22 girls, 18 bays)
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FIGURE 1 Study flow diagram. SLJ, Standing long jump; SRT, Shuttle run test, NPI Neuromuscular performance index; VO2,,, Peak
oxygen uptake; VO2 ., /BW, Peak oxygen uptake relative to body weight; VO2 ., /LM, Peak oxygen uptake relative to lean mass; Wmax,
Peak power; Wmax/BW, Peak power relative to body weight; Wmax/LM, Peak power relative to lean mass; BBT, Box and Block Test; GM,
Gray matter; CRF, Cardiorespiratory fitness.
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2.4.2 | Shuttle-run test

Speed-agility was assessed by the 10 x 5m SRT similarly
in both studies.?® The participants were asked to run five
meters from a start line to another line as fast as possi-
ble, turn on the line, run back to the start and continue
until five shuttles were completed. The test score was the
running time in seconds, with a longer time indicating
a weaker performance. Each participant had only one
attempt.

2.4.3 | Box and block test

BBT was similarly used to evaluate coordination sepa-
rately for both hands in both studies. The test score was
the total number of wooden cubes (2x2x2cm) moved
one at a time from one side of a box to the other in 1 min.

TABLE 1 Characteristics of the 40
FitBrain participants.

Age (years)
Weight (kg) F
Height (cm) f

Body mass index (score) f

Lean mass (kg)

Body fat percentage (%) T
‘Waist circumference (cm)
Hip circumference (cm) f

Head circumference (cm)

Wi LEYJ—S

For simplicity, the mean of the test scores achieved with
the right and left hand was used in the analysis.*

2.4.4 | Neuromuscular performance index
NPI was computed as the sum of the three z-scores (test
scores transformed into standardized values) from the
SLJ, SRT and BBT, similarly in both studies. SRT scores
were inverted by multiplying by —1 so that a higher score
indicated better performance.

2.4.5 | Cumulative physical fitness measures
Cumulative physical fitness measures were computed
from the PANIC study baseline, 2-year follow-up, and
8-year follow-up measures of Wy, W/ BW, W, /LM,

VO2peak (ml x min~")
VO2peak/BW (ml/kg/min~")
VO2peak/LM (ml/kg/min~")
Standing long jump (cm)

Box and block test (cubes)
Shuttle-run (s)

NPI (score)

Cerebellar volume (cm3)
Cerebellar GM volume (cm3)
VI GM volume (cm3)

VIIb GM volume (cm3)

Crus I GM volume (cm3)

Crus IT GM volume (cm3)

Females Males
All (N=40) (N=22) (N=18) p Value
17.9+0.8 17.8+0.8 18.0+0.8 0.389
62.0+11.8 57.5+8.9 68.0+12.6 0.004**
170.9+7.9 165.5+4.5 177.5+5.8 <0.001***
AWERSY) 21.0+3.3 2,53: 872 0.622
28.2+6.1 24.0+2.8 33.4+5.1 <0.001***
18.2+8.3 23.1+7.0 12.3+5.5 <0.001***
73.0+8.7 70.2+7.7 76.5+8.7 0.019*
92.3+6.7 91.9+6.1 92.8+7.4 0.702
57.0+1.8 56.0+1.1 58.2+1.7 <0.001%**
2871+ 564 2507 402 3317+386 <0.001***
46.5+7.0 43.8+4.6 49.9+8.2 0.005**
102.6 +11.1 104.3+9.3 100.5+12.9 0.283
198.0+35.9 175.9+24.6 225.0+£28.3 <0.001***
75+8 77+7 72+8 0.047*
20.3+1.7 21.1+1.5 19.4+1.5 <0.001***
0.0+2.1 —-0.8+1.8 1.0+£2.0 0.006**
139.0+12.4 132.6+10.7 146.8+9.7 <0.001***
105.6+10.0 100.6+8.4 112.5+7.7 <0.001***
17.7+£2.5 16.6+2.0 19.1+2.4 <0.001%**
ONIE Bl 8.8+1.2 9.5+0.9 0.047*
24.1+3.5 22.9+3.2 25.3+3.5 0.027*
15.8+2.1 15.8+2.5 159+1.7 0.949

Note: The data are mean +SD and the p-values from the ¢-test for independent samples for continuous

variables with normal distribution. *p-value <0.05; **p-value <0.01; ***p-value <0.001; fMeasured in the
8-year follow-up of the PANIC study.

Abbreviations: GM, gray matter; NPI, neuromuscular performance index; VO2,.,, peak oxygen uptake;
V02, /BW peak oxygen uptake relative to body weight; VO2,,.,x/LM, peak oxygen uptake relative to

lean mass.
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FIGURE 2 Scatter plot of Cerebellar
130 . GM volume (cm®) against VO2,,, /LM

(ml/kg/min~"). GM, gray matter; LM, lean
mass. Dashed line, females; Solid line,

= . males.
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SLJ, BBT scores, SRT, and NPI. First, baseline and 2- and
8-year follow-ups were transformed into standardized val-
ues (Z-scores). Then, the sum of the three z-scores was
calculated as a cumulative measure.

2.5 | Brainimaging

Brain imaging data were collected in the FitBrain study
using a 3T magnetic resonance imaging (MRI) scanner
(Philips Achieva). Three-dimensional T1-weighted images
were attained in the sagittal plane containing the whole
brain (voxel size 0.94mm X 0.94 mm X 1 mm; 190 contigu-
ous slices; repetition time 8.24 msec; echo time 3.82 msec;
flip angle 8°). An experienced neuroradiologist screened
all images for possible abnormalities. If an incidental find-
ing was discovered, the participant was directed to further
investigations.

2.6 | Data analyses

The CEREbellum Segmentation (CERES) pipeline was
used to obtain the cerebellar segmentation of MR im-
ages.”” CERES is an automated volumetry pipeline for
cerebellum MRI brain data implemented in volBrain
software.?® It segments the cerebellum into 12 separate
lobules (lobules I-II, lobule III, lobule IV, lobule V, lob-
ule VI, Crus I, Crus II, lobule VIIb, lobule VIIIa, lobule
VIIIb, lobule IX, and lobule X) separately for the left and
right hemisphere.”® We analyzed the total GM volume of

the cerebellum and lobule VI, lobule VIIb, Crus I, and
Crus II for both hemispheres. The lobules were measured
according to their absolute GM volume (in cm?). The vol-
Brain software also calculates the absolute intracranial
volume (cm®).

2.7 | Statistical analyses

All analyses were carried out using the SPSS statistical
analysis software, version (23.0 IBM Corp.). The normality
of variable distributions was tested with the Kolmogorov-
Smirnov test and visually from histograms. Physical fitness
and cerebellum measures were normally distributed. Thus,
differences in descriptive characteristics, the measures of
physical fitness, and GM volumes of the cerebellum and
lobules between sexes were analyzed with the Student's ¢
test. See Table SS1 for GM volumes of cerebellum normal-
ized to intracranial volume. Linear regression analyses for
the associations between the measures of physical fitness
and absolute GM volumes of cerebellum lobules were ad-
justed for sex, age, maturity offset and total cerebellar vol-
ume, as those have been previously demonstrated to be
directly related to the GM volume of lobules.'* Sex, age,
maturity offset, and total cerebellar volume were entered
into the regression model in the 1st step, and the meas-
ures of physical fitness were entered separately into the
model in step 2. Separate models were completed for each
lobule. The standardized regression coefficients and their
95% confidence intervals with the corresponding P-values
were reported for each factor. See Tables SS2 and SS3 for
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32 FIGURE 3 Scatter plot of GM
* volume of Crus I (cm?) against
. cumulative NPI. GM, gray matter; NPI,
Py neuromuscular performance index.
. &A b Dashed line, females; Solid line, males.
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standardized regression coefficients adjusted for sex, age,
maturity offset and intracranial volume. The data were
corrected for multiple comparisons using the Benjamini-
Hochberg false discovery rate (FDR) with an FDR value
0.2 (FDR,). If the associations between the measures of
physical fitness and absolute GM volumes were statistically
significant after adjustment for sex, age, maturity offset and
total cerebellar volume, the data were further adjusted for
BF%, and the time difference between PANIC and FitBrain
measurements if the data were collected at different stud-
ies. Analyses by sex were conducted similarly, except for
not using sex as a covariate. Associations with p <0.05 were
considered statistically significant. Finally, we investigated
whether sex modified the associations of the measures of
physical fitness with the GM volumes of cerebellar lobules
by entering an interaction term sex*physical fitness in gen-
eral linear models.

3 | RESULTS

3.1 | Characteristics of participants

Males were heavier and taller and had lower BF%, higher
LM, and higher waist and head circumference than females
(Table 1). Males also had higher absolute VO2,,,x and VO-
2,eqx Ielative to BW than females, but no statistically signifi-
cant differences were observed in VO2,, relative to LM
between sexes. In addition, males jumped longer distances
in the SLJ and had shorter duration in the SRT than females
and had higher NPI, whereas females had higher scores in
the BBT. Finally, males had larger total cerebellum volume,

GM volumes of the cerebellum, lobule VI, lobule VIIb, and
Crus I than females. GM volumes of cerebellum normal-
ized to intracranial volume are presented in Table SS1.

3.2 | Cross sectional associations of
physical fitness with cerebellar gray
matter volume

Higher VO2 ., /LM was associated with smaller GM vol-
ume of cerebellum after adjustment for sex, age, maturity
offset, and cerebellar total volume (Figure 2). However,
the association did not remain after the FDRO.2 correction
(corrected p-value 0.264). The association did not remain
statistically significant after further adjustment for BF%
and the time difference between tests (f=-—0.026, 95%
CI -0.058 to 0.007, p=0.118). Other measures of physical
fitness were not significantly associated with cerebellar
volumes (Table 2). Standardized regression coefficients
adjusted for sex, age, maturity offset and intracranial vol-
ume are presented in Table SS2.

3.3 | Cross sectional associations of
cumulative physical fitness with cerebellar
gray matter volume

A greater cumulative NPI was associated with a larger GM
volume of Crus I after adjustment for sex, age, maturity off-
set, and cerebellar total volume (Figure 3). The association
remained after the FDRO.2 correction (corrected p-value
0.189). However, the association did not remain statistically
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FIGURE 5 Scatter plot of GM volume
. of Crus II (cm®) against cumulative
NPI in males. GM, gray matter; NPI,
18- neuromuscular performance index.
)
£
—
»
=
O 454
o 16
o
o
£
=
[=]
>
=
o 14 -

5 0 5
Cumulative NPI

significant after further adjustment for BF% and the time
difference between tests (=0.322, 95% CI -0.004 to 0.648,
p=0.053). Other cumulative measures were not significantly
associated with cerebellar volumes (Table 3). Standardized
regression coefficients adjusted for sex, age, maturity offset
and intracranial volume are presented in Table SS3.

3.4 | Cross sectional associations of
physical fitness with cerebellar gray matter
volume in males and females separately

A shorter duration in the SRT test was associated with
a larger GM volume of Crus I (=-0.373, 95% CI -0.760
to —0.028, p=0.036) in 22 females, but not in 18 males
(#=0.039, 95% CI -0.538 to 0.625, p=0.873; p=0.354 for
interaction) after adjustment for age, maturity offset and
total cerebellar volume (Figure 4). However, the associa-
tion in females did not remain after the FDRO.2 correction
(corrected p-value 0.216). The association remained statis-
tically significant after further adjustment for BF% (f=—
0.477,95% CI-0.953 to —0.054, p=0.031). Other measures
were not significantly associated with cerebellar volumes.

3.5 | Cross sectional associations of
cumulative physical fitness with cerebellar
gray matter volume in males and

females separately

In 13 males, greater cumulative NPI was associated
with a smaller GM volume of Crus II (f=-0.793, 95%

10

CI -1.579 to —0.008, p =0.048) after adjustment for age,
maturity offset and total cerebellar volume, but not in
18 females (#=0.042, 95% CI -0.358 to 0.422, p=0.823;
p=0.260 for interaction) (Figure 5). However, the asso-
ciation in males did not remain after the FDRO.2 correc-
tion (corrected p-value 0.384). The association in males
did not remain statistically significant after further ad-
justment for BF% and the time difference between tests
(f=-0.885, 95% CI -1.883 to 0.112, p=0.073). Other
cumulative measures were not significantly associated
with cerebellar volumes.

3.6 | Sex differences in the associations
between the measures of physical
fitness and cerebellar volumes

There was a difference in the association between cumu-
lative NPI and Crus I GM (p=0.020 for interaction), and
Vozpeak/LM and GM volume of cerebellum (p=0.026 for
interaction). However, these associations by sex were not
significant.

4 | DISCUSSION

We investigated the associations of the measures of physi-
cal fitness with the GM volume of the cognitive cerebel-
lum in adolescents and males and females separately.
We found that a greater VO2 peak relative to lean mass
was associated with a smaller GM volume of the cerebel-
lum, opposing our hypothesis of the positive association
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FIGURE 4 Scatter plot of GM A
volume of Crus II (cm®) against SRT (s) in I
females. GM, gray matter; SRT, shuttle-
run test.
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between the measures of physical fitness and GM volume
of the cerebellum. However, the magnitude of this associ-
ation was very small. Moreover, a greater cumulative NPI
was associated with a larger GM volume of Crus I support-
ing our hypothesis. In females, better performance in the
SRT was associated with a larger GM volume of Crus I,
and in males, greater cumulative NPI was associated with
a smaller GM volume of Crus II.

Herein we provide novel results on the negative associ-
ations between CRF and GM volume of the cerebellum in
adolescents. There are two possible explanations for this
result. On the one hand, those with larger GM volume
of cerebellum might not have gone through an adequate
neural pruning process during development, which might
have unfavorable consequences for physical fitness in ado-
lescents.'* On the other hand, better physical fitness might
be associated with the partial recovery of specific brain
pathologies, such as shifts in cerebral fluids,® thereby re-
ducing the GM volume of the cerebellum. However, these
hypotheses of mechanisms require further investigation,
particularly in adolescents, as we did not explore shifts in
cerebral fluids. Furthermore, the negative association be-
tween CRF and GM volume of the cerebellum needs to be
interpreted cautiously, as the results did not survive FDR
correction.

The positive association between cumulative NPI
and GM volume of Crus I align with the results of
previous studies in children.'”*® Our results suggest
that better performance in tasks requiring neuromus-
cular performance is related to a larger GM volume
of Crus I in children and adolescents. There are a few

SRT

possible explanations for this result. Previous studies
have demonstrated a connection between the premotor
cortex and the primary motor area with the Crus 1.
Moreover, a previous study32 showed that aerobic tread-
mill exercise increased the amount of structural and
synaptic proteins in the rat cerebellar cortex indicating
that physical activity induces plastic changes in the ro-
dent cerebellum. However, these hypotheses of mecha-
nisms are merely speculative, as we did not investigate
the tracts between the cerebral and the cerebellar areas
or brain plasticity.

To the best of our knowledge, no previous study has
investigated the associations between the measures of
physical fitness and GM volume of the cerebellum by sex.
Nevertheless, the association between better performance
in SRT and a larger GM volume of Crus I in females sup-
ports the results of a previous study in children with over-
weight or obesity.'* However, we provide novel results on
the negative associations of cumulative NPI with GM vol-
ume of Crus II in males. Our results in males contradict
the results of previous studies, which have presented a
positive association between physical fitness and GM vol-
ume of the cerebellum in children and young adults.'**"*°
These discrepancies could be explained by the different
ages of the study populations and varying methods of
measuring neuromuscular performance. Moreover, the
negative association between NPI and GM volume of the
Crus II in males needs to be interpreted cautiously, as the
results did not survive FDR correction. To sum up, our re-
sults suggest that greater physical fitness is not uniformly
associated with larger GM volumes of the cerebellum.
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Finally, we investigated sex differences in the associa-
tions of the measures of physical fitness with GM volumes
of the cerebellum. We found no differences, which might
be partly due to participants’ age, as most participants
were near the end of puberty. Rapidly changing levels of
sex steroids during puberty affect subcortical brain devel-
opment and physical fitness and might consequently con-
found the association between the measures of physical
fitness and cerebellar GM volume, particularly in younger
adolescents.*

There are some limitations in the present study. The
sample size was small, especially in sex-stratified analy-
ses, which negatively impacts statistical power and may
have led to accepting the null hypothesis incorrectly.
However, other studies®** have had approximately the
same sample size (N=49 and n=60) as the present study.
Moreover, VO2,, data from the 8-year follow-up of the
PANIC study were collected 2years earlier than the data
of SLJ, SRT BBT, and cerebellar volume from the FitBrain
study. However, a previous study35 reported that in males,
peak VO2 relative to body weight remains relatively con-
sistent throughout growth and development, whereas, in
females, relative peak VO2 might decline with growth.
Finally, physical fitness and GM volumes of the cerebel-
lum were assessed in a cross sectional design. Therefore,
reverse causation (individuals with greater cerebellar GM
volumes have greater physical fitness) cannot be excluded.

There are two key strengths of this study. First, vali-
dated and reliable research methods have been utilized.
In particular, the VO2,, laboratory test is the gold-stan-
dard method to estimate CRF and SLJ, SRT and BBT
are validated methods to measure lower limb muscular
strength, speed-agility and coordination, respectively.***’
Second, to the best of our knowledge, we present novel
results on the association between physical fitness and
the GM volume of the cerebellum in adolescents, a vastly
understudied population in the literature.’

To conclude, this study found that greater CRF rel-
ative to lean mass was associated with a smaller GM
volume of cerebellum and better cumulative neuromus-
cular performance was associated with a larger GM vol-
ume of Crus I in adolescents. In females, speed-agility
was favorably associated with the GM volume of Crus
I. In males, greater cumulative neuromuscular perfor-
mance was associated with a smaller GM volume of Crus
II. To the best of the authors’ knowledge, the present
study is the first comprehensive investigation of asso-
ciations between different measures of physical fitness
with the GM volume of the cerebellum in adolescents.
Future cross sectional and randomized controlled trials
utilizing direct CRF measurements and novel brain im-
aging to assess a larger population and separately both
sexes are needed to understand better the associations

and causality between physical fitness and cerebellar
volumes in adolescents.

5 | PERSPECTIVE

Our study demonstrates that CRF and cumulative neu-
romuscular performance are associated with a GM vol-
ume of the cerebellum, suggesting that physical fitness
might be a relevant consideration in the rapidly devel-
oping cerebellar GM volume. Furthermore, the results
suggest that the associations between physical fitness
and cerebellar GM volume are sex-specific, as the direc-
tion of the association might differ between the sexes,
emphasizing the need for further studies investigating
males and females separately. Finally, our study high-
lights the importance of physical activity through child-
hood and adolescence, leading to better physical fitness,
as it might be relevant in cerebellar volumes related to
cognition.

AUTHOR CONTRIBUTIONS

PJ,LS.,EK., MK, T.A.L., S.M., and E.A.H. contributed
to the conception or design of the study and analysis or
interpretation of the present study's data. P.J., L.S., and
E.A.H. drafted the manuscript, and E.K., M.K., T.A.L.,
and S.M. critically revised the manuscript. All authors
gave final approval and agreed to be accountable for all
aspects of the work, ensuring integrity and accuracy. The
paper is original, and it or parts of it have not been pub-
lished elsewhere.

ACKNOWLEDGEMENTS

We are grateful to the members of the PANIC and Fit-
Brain research team for their contribution to the acqui-
sition of data. We are also indebted to all children and
adolescents participating in the PANIC and FitBrain
studies.

FUNDING INFORMATION

The author(s) disclosed receipt of the following financial
support for the research, authorship, and/or publication
of this article: The PANIC Study has financially been
supported by the Juho Vainio Foundation, Ministry of
Education and Culture of Finland, Ministry of Social Af-
fairs and Health of Finland, Research Committee of the
Kuopio University Hospital Catchment Area (State Re-
search Funding), Finnish Innovation Fund Sitra, Social
Insurance Institution of Finland, Finnish Cultural Foun-
dation, Foundation for Pediatric Research, Diabetes Re-
search Foundation in Finland, Finnish Foundation for
Cardiovascular Research, Paavo Nurmi Foundation, Yrjo
Jahnsson Foundation, and the city of Kuopio. FitBrain

85U80]7 SUOWILIOD A0 3|ded!dde aup Aq peusenob ae ssjolie YO ‘8sn JO Sa|nu oy Ariqi]auljuO 8|1 UO (SUORIPUOD-pUe-SLLIRY/LI0O" A3 | 1M ARl 1[eU1|UO//:SANY) SUORIPUOD pue SWie | 8u1 885 *[€202/0T/2T] Uo ARiqiTauliuo (1M ‘AriqiTelAseni JO AiseAIuN AQ ETSHT SWS/TTTT OT/I0PAU0D A8 im AIq Bl uo//Sdny WOy papeojumod ‘0 ‘8E80009T



JALANKO ET AL.

Wi LEYJ—13

was financially supported by the Juho Vainio Founda-
tion. Finnish Foundation for Cardiovascular Research,
Urheiluopisto Foundation, Paivikki and Sakari Sohlberg
Foundation, Yrjo Jahnsson foundation, Aarne Koskelo
foundation and Juho Vainio foundation financially sup-
ported Petri Jalanko.

CONFLICT OF INTEREST STATEMENT

The author(s) declared no potential conflicts of interest
with respect to the research, authorship, and/or publica-
tion of this article.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are avail-
able from the corresponding author upon reasonable
request.

CONSENT
Written informed consent was obtained from the partici-
pants and their parents.

ORCID
Petri Jalanko © https://orcid.org/0000-0002-8758-7275
Laura Sdisdnen © https://orcid.org/0000-0002-8877-1170
Elisa Kallioniemi ® https://orcid.
org/0000-0001-6706-2837

Mervi Kénonen ©© https://orcid.org/0000-0002-9622-2796
Timo A. Lakka © https://orcid.org/0000-0002-9199-2871
Sara Mddttd @ https://orcid.org/0000-0001-5402-3417
Eero A. Haapala © https://orcid.
org/0000-0001-5096-851X

REFERENCES

1. Huotari PRT, Nupponen H, Laakso L, Kujala UM. Secular
trends in aerobic fitness performance in 13-18-year-old adoles-
cents from 1976 to 2001. Br J Sports Med. 2010;44:968-972.

2. Santtila M, Pihlainen K, Koski H, Vasankari T, Kyroldinen
H. Physical fitness in young men between 1975 and 2015
with a focus on the years 2005-2015. Med Sci Sports Exerc.
2018;50:292-298.

3. Tomkinson GR, Léger LA, Olds TS, Cazorla G. Secular trends
in the performance of children and adolescents (1980-2000): an
analysis of 55 studies of the 20m shuttle run test in 11 coun-
tries. Sports Med. 2003;33:285-300.

4. Garcia-Hermoso A, Ramirez-Campillo R, Izquierdo M. Is mus-
cular fitness associated with future health benefits in children
and adolescents? A systematic review and meta-analysis of lon-
gitudinal studies. Sports Med. 2019;49:1079-1094.

5. Mintjens S, Menting MD, Daams JG, van Poppel MNM,
Roseboom TJ, Gemke RJBJ. Cardiorespiratory fitness in child-
hood and adolescence affects future cardiovascular risk fac-
tors: a systematic review of longitudinal studies. Sports Med.
2018;48:2577-2605.

10.
11.

12.

13.

14.

15.

16.

17.

18.

20.

21.

22.

23.

Ortega F, Ruiz JR, Castillo MJ, Sjostrdm M. Physical fitness in
childhood and adolescence: a powerful marker of health. IntJ
Obes (Lond). 2008;32:1-11.

Herting MM, Colby JB, Sowell ER, Nagel BJ. White matter
connectivity and aerobic fitness in male adolescents. Dev Cogn
Neurosci. 2014,7:65-75.

Ruotsalainen I, Renvall V, Gorbach T, et al. Aerobic fitness, but
not physical activity, is associated with grey matter volume in
adolescents. Behav Brain Res. 2019;362:122-130.

Andersen SL. Trajectories of brain development: point of vul-
nerability or window of opportunity? Neurosci Biobehav Rev.
2003;27:3-18.

Marr D. A theoryof cerebellar cortex.J Physiol. 1969;202:437-470.
Schmahmann JD. The cerebellum and cognition. Neurosci Lett.
2019;688:62-75.

Kansal K, Yang Z, Fishman AM, et al. Structural cerebellar cor-
relates of cognitive and motor dysfunctions in cerebellar degen-
eration. Brain. 2017;140:707-720.

Stoodley CJ, Valera EM, Schmahmann JD. Functional topogra-
phy of the cerebellum for motor and cognitive tasks: an fMRI
study. Neuroimage. 2012;59:1560-1570.

Bernard JA, Leopold DR, Calhoun VD, Mittal VA. Regional cer-
ebellar volume and cognitive function from adolescence to late
middle age. Hum Brain Mapp. 2015;36:1102-1120.

Ikeda Y, Nagai A. Differential expression of the estrogen recep-
tors alpha and beta during postnatal development of the rat cer-
ebellum. Brain Res. 2006;1083:39-49.

Tiemeier H, Lenroot RK, Greenstein DK, Tran L, Pierson R,
Giedd JN. Cerebellum development during childhood and ado-
lescence: a longitudinal morphometric MRI study. Neuroimage.
2010;49:63-70.

Donnelly JE, Hillman CH, Castelli D, et al. Physical activ-
ity, fitness, cognitive function, and academic achievement
in children: a systematic review. Med Sci Sports Exerc.
2016;48:1197-1222.

Yates KF, Sweat V, Yau PL, Turchiano MM, Convit A. Impact of
metabolic syndrome on cognition and brain: a selected review of
the literature. Arterioscler Thromb Vasc Biol. 2012;32:2060-2067.
Esteban-Cornejo I, Cadenas-Sanchez C, Contreras-Rodriguez
O, et al. A whole brain volumetric approach in overweight/
obese children: examining the association with different physi-
cal fitness components and academic performance The active-
brains project. Neuroimage. 2017;159:346-354.
Esteban-Cornejo I, Rodriguez-Ayllon M, Verdejo-Roman J,
et al. Physical fitness, white matter volume and academic
performance in children: findings from the activebrains and
FITKids2 projects. Front Psychol. 2019;10:10.

Peters J, Dauvermann M, Mette C, et al. Voxel-based mor-
phometry reveals an association between aerobic capacity and
grey matter density in the right anterior insula. Neuroscience.
2009;163:1102-1108.

Lakka TA, Lintu N, Viisto J, et al. A 2 year physical activity
and dietary intervention attenuates the increase in insulin re-
sistance in a general population of children: the PANIC study.
Diabetologia. 2020;63:2270-2281.

Tompuri TT, Lakka TA, Hakulinen M, et al. Assessment of body
composition by dual-energy X-ray absorptiometry, bioimped-
ance analysis and anthropometrics in children: the physical

85U80]7 SUOWILIOD A0 3|ded!dde aup Aq peusenob ae ssjolie YO ‘8sn JO Sa|nu oy Ariqi]auljuO 8|1 UO (SUORIPUOD-pUe-SLLIRY/LI0O" A3 | 1M ARl 1[eU1|UO//:SANY) SUORIPUOD pue SWie | 8u1 885 *[€202/0T/2T] Uo ARiqiTauliuo (1M ‘AriqiTelAseni JO AiseAIuN AQ ETSHT SWS/TTTT OT/I0PAU0D A8 im AIq Bl uo//Sdny WOy papeojumod ‘0 ‘8E80009T


https://orcid.org/0000-0002-8758-7275
https://orcid.org/0000-0002-8758-7275
https://orcid.org/0000-0002-8877-1170
https://orcid.org/0000-0002-8877-1170
https://orcid.org/0000-0001-6706-2837
https://orcid.org/0000-0001-6706-2837
https://orcid.org/0000-0001-6706-2837
https://orcid.org/0000-0002-9622-2796
https://orcid.org/0000-0002-9622-2796
https://orcid.org/0000-0002-9199-2871
https://orcid.org/0000-0002-9199-2871
https://orcid.org/0000-0001-5402-3417
https://orcid.org/0000-0001-5402-3417
https://orcid.org/0000-0001-5096-851X
https://orcid.org/0000-0001-5096-851X
https://orcid.org/0000-0001-5096-851X

il—Wl LEY

24.
25.
26.
217.
28.
29.

30.

31.

32.

JALANKO ET AL.

activity and nutrition in children study. Clin Physiol Funct
Imaging. 2015;35:21-33.

Sdisdnen L, Lintu N, Haapala EA, Lakka T, M&ittd S. P26-S left and
right motor cortical excitability and relationship to motor func-
tions in healthy adolescents. Clin Neurophysiol. 2019;130:¢102.
Moore SA, McKay HA, Macdonald H, et al. Enhancing a
somatic maturity prediction model. Med Sci Sports Exerc.
2015;47:1755-1764.

Eurofit: handbook for the Eurofit tests of physical fitness. Rome:
Italian National Olympic Committee. Central Direction for
Sport's Technical Activities Documentation and Information
Division; 1988.

Manjon JV, Coupé P. volBrain: an online MRI brain volumetry
system. Front Neuroinform. 2016;10:30.

Park MTM, Pipitone J, Baer LH, et al. Derivation of high-res-
olution MRI atlases of the human cerebellum at 3T and seg-
mentation using multiple automatically generated templates.
Neuroimage. 2014;95:217-231.

Fox NC, Black RS, Gilman S, et al. Effects of Abeta immu-
nization (AN1792) on MRI measures of cerebral volume in
Alzheimer disease. Neurology. 2005;64:1563-1572.

Dinomais M, Hertz-Pannier L, Groeschel S, et al. Does
Contralesional hand function after neonatal stroke only depend
on lesion characteristics? Stroke. 2016;47:1647-1650.

Buckner RL, Krienen FM, Castellanos A, Diaz JC, Thomas
Yeo BT. The organization of the human cerebellum esti-
mated by intrinsic functional connectivity. J Neurophysiol.
2011;106:2322-2345.

Garcia PC, Real CC, Ferreira AF, Alouche SR, Britto LR, Pires
RS. Different protocols of physical exercise produce different
effects on synaptic and structural proteins in motor areas of the
rat brain. Brain Res. 2012;1456:36-48.

34.

35.

36.

37.

Goddings AL, Mills KL, Clasen LS, Giedd JN, Viner RM,
Blakemore SJ. The influence of puberty on subcortical brain
development. Neuroimage. 2014;88:242-251.

Chaddock L, Erickson KI, Prakash RS, et al. A neuroimaging
investigation of the association between aerobic fitness, hip-
pocampal volume, and memory performance in preadolescent
children. Brain Res. 2010;1358:172-183.

Welsman JR, Armstrong N, Nevill AM, Winter EM, Kirby BJ.
Scaling peak VO2 for differences in body size. Med Sci Sports
Exerc. 1996;28:259-265.

Castro-Pifiero J, Artero EG, Espafia-Romero V, et al. Criterion-
related validity of field-based fitness tests in youth: a systematic
review. BrJ Sports Med. 2010;44:934-943.

Mathiowetz V, Volland G, Kashman N, Weber K. Adult norms
for the box and block test of manual dexterity. Am J Occup Ther.
1985;39:386-391.

SUPPORTING INFORMATION
Additional supporting information can be found online in
the Supporting Information section at the end of this article.

How to cite this article: Jalanko P, Sdisdnen L,
Kallioniemi E, et al. Associations between physical
fitness and cerebellar gray matter volume in
adolescents. Scand J Med Sci Sports. 2023;00:1-14.
doi:10.1111/sms.14513

85U80]7 SUOWILIOD A0 3|ded!dde aup Aq peusenob ae ssjolie YO ‘8sn JO Sa|nu oy Ariqi]auljuO 8|1 UO (SUORIPUOD-pUe-SLLIRY/LI0O" A3 | 1M ARl 1[eU1|UO//:SANY) SUORIPUOD pue SWie | 8u1 885 *[€202/0T/2T] Uo ARiqiTauliuo (1M ‘AriqiTelAseni JO AiseAIuN AQ ETSHT SWS/TTTT OT/I0PAU0D A8 im AIq Bl uo//Sdny WOy papeojumod ‘0 ‘8E80009T


https://doi.org/10.1111/sms.14513

	Associations between physical fitness and cerebellar gray matter volume in adolescents
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study design and participants
	2.2|Measurement of body size, body composition, and maturity
	2.3|Measurement of cardiorespiratory fitness
	2.4|Measurement of neuromuscular fitness
	2.4.1|Standing long jump test
	2.4.2|Shuttle-run test
	2.4.3|Box and block test
	2.4.4|Neuromuscular performance index
	2.4.5|Cumulative physical fitness measures

	2.5|Brain imaging
	2.6|Data analyses
	2.7|Statistical analyses

	3|RESULTS
	3.1|Characteristics of participants
	3.2|Cross sectional associations of physical fitness with cerebellar gray matter volume
	3.3|Cross sectional associations of cumulative physical fitness with cerebellar gray matter volume
	3.4|Cross sectional associations of physical fitness with cerebellar gray matter volume in males and females separately
	3.5|Cross sectional associations of cumulative physical fitness with cerebellar gray matter volume in males and females separately
	3.6|Sex differences in the associations between the measures of physical fitness and cerebellar volumes

	4|DISCUSSION
	5|PERSPECTIVE
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	CONSENT
	REFERENCES


