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Abstract

Recent evidence indicates that both cardiovascular fitness and gross motor skill per-
formance are related to enhanced neurocognitive functioning in children by influenc-
ing brain structure and functioning. This study investigates the role of white matter
microstructure in the relationship of both cardiovascular fitness and gross motor
skills with neurocognitive functioning in healthy children. In total 92 children (mean
age 9.1 years, range 8.0-10.7) were included in this study. Cardiovascular fitness
and gross motor skill performance were assessed using performance-based tests.
Neurocognitive functioning was assessed using computerized tests (working mem-
ory, inhibition, interference control, information processing, and attention). Diffusion
tensor imaging was used in combination with tract-based spatial statistics to assess
white matter microstructure as defined by fractional anisotropy (FA), axial and radial
diffusivity (AD, RD). The results revealed positive associations of both cardiovascular
fitness and gross motor skills with neurocognitive functioning. Information process-
ing and motor response inhibition were associated with FA in a cluster located in the
corpus callosum. Within this cluster, higher cardiovascular fitness and better gross
motor skills were both associated with greater FA, greater AD, and lower RD. No
mediating role was found for FA in the relationship of both cardiovascular fitness
and gross motor skills with neurocognitive functioning. The results indicate that car-
diovascular fitness and gross motor skills are related to neurocognitive functioning
as well as white matter microstructure in children. However, this study provides no

evidence for a mediating role of white matter microstructure in these relationships.
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1 | INTRODUCTION

The prevalence of a sedentary lifestyle among children is rapidly
increasing (Gabel et al., 2016; Tremblay et al., 2011). This trend is
especially worrisome in light of evidence indicating that physical ac-
tivity leads to a wide range of physical benefits, such as reduced risks
for cardiovascular disease and obesity, and increased bone health
(Janssen & LeBlanc, 2010). Moreover, recent evidence also indicates
that engagement in physical activity is related to enhanced neuro-
cognitive functioning in children, in particular concerning execu-
tive functioning (de Greeff et al., 2018; Donnelly et al., 2016; Singh
et al., 2018; Vazou et al., 2019). Executive functions, such as work-
ing memory and inhibition, facilitate goal directed behavior (Collins
& Koechlin, 2012; Salthouse, 2005) and are important predictors
of behavioral functioning, academic achievement, and even social
well-being, health, wealth, and quality of life (Diamond & Lee, 2011).
Physical activity induced changes in brain structure and functioning
are thought to be instrumental in the beneficial effects of physical
activity on behavioral measures of neurocognitive functioning.

A recent systematic review and meta-analysis concerning the ef-
fects of physical activity on brain structure and neurophysiological
functioning support the idea that physical activity indeed has bene-
ficial effects on neurophysiological functioning in children, while lit-
tle is known about the effects of physical activity on brain structure
in children (Meijer, Konigs, Vermeulen, et al., 2020; Valkenborghs
et al,, 2019). Of the few studies into the effects of physical activity
on brain structure in children, all focused on white matter micro-
structure (Chaddock-Heyman et al., 2018; Hyde et al., 2009; Krafft
et al., 2014; Schaeffer et al., 2014). White matter microstructure fa-
cilitates the structural connectivity of the brain to allow functional
integration of processes originating from specialized brain areas
(Park & Friston, 2013). Diffusion tensor imaging (DTI) allows the
assessment white matter microstructure by quantification of water
molecule diffusion characteristics (Le Bihan et al., 2001). The most
commonly used DTl measure is fractional anisotropy (FA), which is
considered to be higher in tightly bundled, structurally compact fi-
bers with high integrity (Beaulieu, 2002). Other DTI parameters are
axial diffusivity (AD) and radial diffusivity (RD), possible markers for
axonal density (Song et al., 2003) and myelination (Song et al., 2002),
respectively. Although DTI parameters are measures of water dif-
fusion and thus indirect measures of structural connectivity (Jones
et al., 2013), a profile of higher FA and AD and lower RD is thought
to be compatible with higher white matter integrity.

Developmental studies demonstrate age-related increases in
FA in most white matter regions until the late adolescence (Lebel
et al., 2008; Peters et al., 2012). Hence, white matter microstruc-
ture may be particularly sensitive for physical activity during the
window of strong brain development in childhood and adolescence.
This idea is supported by a recent study indicating that physical
activity (sports participation and outdoor play time) is associated
with higher FA in healthy preadolescent children (Rodriguez-Ayllon,
Derks, et al., 2020). Moreover, cardiovascular fitness (Esteban-

Cornejo et al., 2019) and motor skills (Langevin et al., 2014) seems
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This is the first study to investigate the role of white mat-
ter microstructure in the relationship of both cardiovas-
cular fitness and gross motor skills with neurocognitive
functioning in children. This study shows that cardiovas-
cular fitness and gross motor skills relate to white matter
microstructure, while no evidence was found for a medi-
ating role of white matter microstructure in the relation-
ship of both cardiovascular fitness and gross motor skills
with neurocognitive functioning. This study adds to the
cumulating evidence that physical activity exposure in
childhood contributes to brain development, potentially
through changes in cardiovascular fitness and gross motor

skill development.

to be also associated with white matter microstructure in children.
Cardiovascular fitness and motor skills are strongly related to phys-
ical activity exposure (Aires et al., 2010; Stodden et al., 2008) and
physical activity is considered as an important determinant of car-
diovascular fitness levels and motor skill development during child-
hood and adolescence (Aires et al., 2010; Ortega et al., 2008; Sallis
et al,, 1997; Stodden et al., 2008). Taken together, this suggests that
cardiovascular fitness and gross motor skills are related to white
matter microstructure in children and that this relationship may be
influenced by the exposure to physical activity.

Most research concerning the relationship between physical ac-
tivity and white matter microstructure has focused on cardiovascular
fitness (Meijer, Konigs, Vermeulen, et al., 2020). The level of cardio-
vascular fitness is determined by long-term physical activity at mod-
erate to high intensity (Rowland, 2007) in combination with physical
maturation (Haywood & Getchell, 2019) and genetic factors (Malina
etal., 2004). Long-term physical activity is associated with an increased
release of neurotrophic factors (e.g., brain-derived neurotrophic fac-
tor and neural growth factor) and with both increased neural blood
vessel formation and neurogenesis (Colcombe et al., 2006; Dishman
et al., 2006; Swain et al., 2003). These neural mechanisms are known
to promote plasticity in the structure and function of brain areas that
support neurocognitive functioning (Vaynman & Gomez-Pinilla, 2006).
Accordingly, cross-sectional studies using DTI indicate that higher
levels of cardiovascular fitness are related to higher FA in healthy and
obese adults and elderly (Johnson et al., 2012; Marks et al., 2011; Opel
et al., 2019). More specifically, positive associations were found for
cardiovascular fitness and FA (Johnson et al., 2012; Marks et al., 2011;
Opel et al., 2019), while a negative relation was found with RD and
no association between cardiovascular fitness and AD (Johnson
etal.,, 2012). Very few studies have been conducted in children (Meijer,
Konigs, Vermeulen, et al., 2020). However, the available studies show
that higher cardiovascular fitness is related to greater FA in healthy
preadolescent children (Chaddock-Heyman et al., 2014) and greater
FA and lower AD and RD in adolescents (Ruotsalainen et al., 2020). In
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contrast, the study by Rodriguez-Ayllon, Esteban-Cornejo, et al. (2020)
did not find a significant relationship between cardiovascular fitness
and FA in obese children. In addition, long-term intervention stud-
ies indicate effects of aerobic exercise programs on white matter
microstructure in healthy children (Chaddock-Heyman et al., 2018),
obese children (Krafft et al., 2014), and deaf children (Xiong et al.,
2018). Results indicate increased FA (Chaddock-Heyman et al., 2018;
Krafft et al., 2014), as well as decreased FA (Xiong et al., 2018) and
RD (Chaddock-Heyman et al., 2018) and no changes in AD (Chaddock-
Heyman et al., 2018; Krafft et al., 2014). These findings support a
causal role of physical activity, targeting cardiovascular fitness, in
white matter microstructure.

An alternative or complementary pathway for physical activ-
ity induced changes in brain structure is motor skill development
(Voss, 2016). Development of complex motor skills is thought to en-
hance axonal arborization and increase cell density in white matter
structures that are involved in motor functioning (Jones et al., 1999).
Indeed, a study in child musicians has indicated that better fine motor
skills are related to enhanced FA in specific white matter tracts com-
pared to children who did not play music instruments (Bengtsson
et al., 2005). Furthermore, intervention studies in adults indicate that
gross motor skill training (practice juggling or balancing) leads to in-
creased FA (Scholz et al., 2009; Taubert et al., 2010). Learning of novel
complex motor skills, which require swift responses and tax concen-
tration, appeals to both motor and cognitive functioning and enhanced
functional connectivity is observed among the brain structures in-
volved (Desmond et al., 1997; Diamond, 2000). In line with this finding
gross motor skills, requiring control over large body muscles involved
in balance, limb, and trunk movements, seem closely related to exec-
utive functioning in children (van der Fels et al., 2015, 2019). Taken
together, the literature indicates that both cardiovascular fitness and
gross motor skills may contribute to the changes in white matter mi-
crostructure in children that could benefit neurocognitive functioning.

To gain more knowledge on the role of white matter micro-
structure in the relationship between cardiovascular fitness and
neurocognitive functioning, and between gross motor skills and
neurocognitive functioning, it is important to determine whether
induced white matter changes indeed go hand in hand with better
neurocognitive functioning. Among the already small number of
studies focusing on the relationship between cardiovascular fitness
and white matter microstructure, and between motor skills and
white matter microstructure, there are only four studies that also
included measurements of neurocognitive functioning. One study in
adults, showed that white matter microstructure, as assessed by FA,
mediates the association between cardiovascular fitness (walking
endurance) and cognitive performance (Opel et al., 2019). Another
study in adolescents showed that FA of the corpus callosum and the
right superior corona radiata mediates the association between of
aerobic fitness with working memory (Ruotsalainen et al., 2020).
The other two studies were conducted in obese and deaf children,
respectively, and showed that the beneficial effects of aerobic exer-
cise programs on FA were paralleled by improvements in executive
functioning (Krafft et al., 2014; Xiong et al., 2018). Although these
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findings support the idea that white matter microstructure is in-
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volved in the relation between cardiovascular fitness and neurocog-
nitive functioning, the findings are based on only four studies, with
only two studies in small samples of children, all from clinical pop-
ulations. Therefore, the generalizability of these findings to healthy
children remains unknown. Furthermore, all of the existing studies
focused on cardiovascular fitness, with no work being performed on
motor skill development.

The present study aims to investigate the relationships of both
cardiovascular fitness and gross motor skills with (a) neurocognitive
functioning and (b) white matter microstructure and (c) whether
white matter microstructure mediates the relationship of both car-
diovascular fitness and gross motor skills with neurocognitive func-
tioning. White matter microstructure as defined by FA, AD, and RD
was assessed using DTl in combination with tract-based spatial sta-
tistics and neurocognitive functioning was assessed using a compre-
hensive and well-defined set of neurocognitive function measures
targeting executive functions. Based on the existing literature, it was
hypothesized that higher levels of cardiovascular fitness and gross
motor skills are be associated with higher levels of neurocognitive
functioning and higher FA (presumably accompanied by a profile of
higher AD and lower RD). Furthermore, the relation between cardio-
vascular fitness or gross motor skills and neurocognitive functioning

is expected to be mediated by white matter microstructure.

2 | METHODS
2.1 | Participants

The current MRI study is part of a larger randomized controlled trial
(“Learning by Moving”) that was executed at 22 primary schools in
the Netherlands (891 children; mean age = 9.2 years old, SD = 0.7).
For more information about this trial, see De Bruijn et al., 2020;
van der Fels, Hartman, et al., 2020; Meijer, Konigs, van der Fels,
et al., 2020 and the Netherlands Trial register [NTR5341]. From the
larger study sample, a sample was recruited for the current study of
children aged 8 years or older without contraindications for MRI.
Inclusion was guided by an inclusion protocol in order to balance the
representation of sex, school grade (grade 3 or 4), and scanning site
(Amsterdam and Groningen, the Netherlands) in the study sample.
Consequently, a sample of 93 children was included in the current
study. Parents and/or guardians gave written consent for participa-
tion of their child. The inclusion protocol and deviations from this
protocol can be found in Table Al of the Appendix.

2.2 | Measures

2.2.1 | Cardiovascular fitness

Cardiovascular fitness was assessed with the 20 m Shuttle Run
Test (20 m SRT; Adam et al., 1993). During this test, children run
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back and forth on a 20 m track, and need to reach the other side
of the track at or before an auditory signal. The timing of the au-
ditory signal is initially set at a required average speed of 8 km/h,
and is manipulated each minute to increase the required speed by
0.5 km/h at a time. The test was terminated when a child failed to
reach the required distance in time on two consecutive crossings of
the track. Based on the last trajectory that was successfully com-
pleted, the maximal oxygen uptake (VO2max in ml kg™ min™) was
estimated by using the following formula: (31.025 + (3.238 x veloc-
ity) - (3.248 x age) + (0.1536 x age x velocity); Leger et al., 1988).

2.2.2 | Gross motor skills

Gross motor skills were assessed using three subtests (jumping
sideways, moving sideways, and backward balancing) of the Kérper
Koordinationstest fiir Kinder (KTK; Kiphard & Schilling, 2007).
Additionally, one item of the Bruininks-Oseretsky Test of Motor
Proficiency, second Edition (BOT-2) was used to include a meas-
ure for ball skills (Bruininks, 2005). Both motor skill test batteries
have shown to be reliable and valid for primary school children
(Bruininks, 2005; Deitz et al., 2007; Kiphard & Schilling, 2007).

2.2.3 | Neurocognitive functioning measures

A set of neurocognitive functioning measures tapping into core do-
mains of executive function (i.e., working memory, motor inhibition,
and interference control) and lower-level neurocognitive functions
(information processing and attention) was used. All neurocognitive
tasks and corresponding outcome measures are listed in Table 2.
All measures have established psychometric properties and have
been used in previous research (Kénigs et al., 2015; Verbruggen &
Logan, 2009; Verburgh et al., 2014; Wechsler, 1991). In addition, full
scale 1Q was estimated by a two-subtest short form (Information
and Block Design) of the Wechsler Intelligence Scale for Children IlI
(WISC-III; Wechsler, 1991). All neurocognitive functioning measures
are comprehensively described in previous work (Meijer, Konigs, de
Bruijn et al., 2020).

Additional information was collected by parent questionnaires
to assess demographic information (sex, age, socioeconomic sta-
tus [SES]). SES was defined as the average level of parental educa-
tion ranging from O (no education) to 7 (post-doctoral education;
Statistics Netherlands, 2006). Participation in sports was defined as
parent-reported weekly participation in organized sports expressed
in minutes, not including physical education, transport to school, and
playing outside (Ooijendijk et al., 2007, Table 1).

2.3 | MRIacquisition

MRI was performed on two 3 Tesla whole-body units, a GE Discovery
MR750 3T (location VU Medical Center Amsterdam) and a Phillips

Intera 3T (location University Medical Center Groningen), using a
32-channel head coil. Two-dimensional echo-planar diffusion tensor
images were acquired using 5 volumes without diffusion weighting
and 30 (GE) or 32 (Philips) volumes with non-collinear diffusion gra-
dients (b-value = 750 s/mm?) in 56-58 transverse oblique slices of
2.5 mm thickness (angulated parallel to the line connecting the pi-
tuitary to the fastigium of the fourth ventricle), covering the whole
brain (GE TR/TE = 6,000/76 ms; Phillips TR/TE = 6,000/57 ms). The
acquired in-plane resolution was 2.5 x 2.5 mm, reconstructed to
1 x 1 mm. Parallel imaging was applied with an acceleration factor
of 2. In addition, reference scans with reversed phase-encode blips

were acquired to correct for echo-planar imaging distortions.

2.4 | Preprocessing
2.4.1 | Behavioral data

Preprocessing steps and statistical analysis of the behavioral data
were performed using IBM SPSS Statistics version 25.0 (SPSS IBM,
New York, U.S.A) and R for Statistical Computing (R Foundation for
Statistical Computing, Vienna, Austria). Outliers (z < -3.29 or = 3.29)
were winsorized, that is, replaced with a value one unit greater than
the next non-outlier value (Field, 2013). To determine if data were
normally distributed, histograms and values of skewness and kur-
tosis were inspected. Van der Waerden transformations were used
to correct deviations from the normal distribution. All neurocogni-
tive functioning measures were recoded with higher scores indi-
cating better performance. To reduce the number of gross motor
skills and neurocognitive functioning measures and to enhance their
reliability, principal component analysis with varimax rotation was
performed on all baseline gross motor skills and neurocognitive
functioning measures separately. These analyses used the group of
children included in the larger “Learning by Moving” cross-sectional
study (n = 814). For more information of this procedure, see Meijer,
Konigs, de Bruijn, et al. (2020).

24.2 | DTI

All processing of MRI images was performed using the Functional
MRI of the Brain (FMRIB) Software Library (FSL) version 5.0.11
(Jenkinson et al., 2012). Pre-processing of DTl included estimation
and correction of susceptibility induced distortions using topup, and
correction of eddy currents and head motion using FSL eddy, includ-
ing detection and imputation of outlier slices (average number of im-
puted slices: 21 [range 0-71] per subject; out of the total number of
~2,000 slices Andersson et al., 2003; Smith et al., 2004). Estimation
of the diffusion tensor model was performed on brain-extracted im-
ages (FSL bet; Smith, 2002) to create maps of FA, AD, and RD. The
quality of the tensor fit was visually inspected on the sum of squared
error maps (Behrens et al., 2003). Voxel-wise statistical analysis of
the DTI data was performed using TBSS (Smith et al., 2006). First,
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TABLE 1 Description and operationalization of neurocognitive functioning measures

ANT

DS

GT

SSI)

Task

Computerized task in which target stimuli
consisting of an arrow pointing left or
right are presented on a computer screen.
Children are instructed to respond as
quickly as possible to the direction
of a target stimulus by pressing the
corresponding button. The ex-Gaussian
model was used to extract the influence
of extreme slow responses (tau) on
information processing speed (Fan
et al.,, 2002; Lacouture & Cousineau, 2008;
Rueda et al., 2004)

Children are required to repeat a sequence
of numbers presented auditorily in the
order of presentation (forward condition)
or reversed order (backward condition
(WISC-IIl; Wechsler, 1991))

A sequence of yellow dots is presented on
a four by four digital grid. Children are
required to repeat the sequence in the

order of presentation (forward) or reversed
order (backward) by clicking on the relevant

locations in the grid (Nutley et al., 2009)

A computerized task involved Go trials and
Stop trials. Go trials consist of an airplane

either pointing to the right or left side. Stop

trials are identical to Go trials but with a
stop signal superimposed on the airplane.
Children are instructed to respond as
quickly as possible to Go trials by pressing
the corresponding button, and to inhibit
the motor response when the stop signal is
presented (Logan, 1994)

Measures
Information
processing

Tau

Alerting
attention

Spatial
attention

Interference
control

Verbal short-
term memory

Verbal working
memory

Visuospatial
short-term
memory

Visuospatial
working
memory

Motor inhibition
efficiency

Description

The speed of responding
to target appearance

Lapses of attention

The speed of achieving
an alert state

The accuracy of
achieving an alert state

The speed of spatially
orienting to information

The accuracy of spatially
orienting to information

The speed of
suppressing irrelevant
information

The accuracy of
suppressing irrelevant
information

The ability to hold verbal
information in short-
term memory

The ability to manipulate
verbal information in
working memory

The ability to
hold visuospatial
information in short-
term memory

The ability to
manipulate visuospatial
information in working
memory

The latency of an
inhibitory process

Abbreviations: ANT, attention network test; DS, digit span; GT, grid task; SST, stop signal task.

the FA maps of all subjects were aligned to the most typical subject,

as determined by non-linear registrations of FA maps between all

children. Next, the DTI maps were transformed to MNI152 space
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Dependent variable

Mean reaction time (ms) on neutral
trials

The average of the exponential
component of the fitted ex-Gaussian
curve, reflecting the influence of
extremely slow responses (lapses of
attention) on information processing

The difference in mean reaction time
(ms) between central cue trials and no
cue trials

The difference in percentage of correct
responses on central cue trials and no
cue trials

The difference in mean reaction time
(ms) between spatial cue trials and
central cue trials

The difference in the percentage of
correct responses on spatial cue trials
and central cue trials

The difference in mean reaction time
(ms) between incongruent trials and
congruent trials

The difference in the percentage of
correct responses on incongruent
trials and congruent trials

The product of the number of correct
responses and the highest span
reached in the forward condition
(Kessels et al., 2000).

The product of the number of correct
responses and the highest span
reached in the backward condition
(Kessels et al., 2000)

The product of the number of correct
responses and the highest span
reached in the forward condition
(Kessels et al., 2000)

The product of the number of correct
responses and the highest span
reached in the backward condition
(Kessels et al., 2000)

The mean reaction time (ms) calculated
for correct responses on go trials
subtracted by the average stop signal
delay time (ms)

via the most typical subject using non-linear transformation, after

which a white matter skeleton (FA > 0.30) was computed to reduce

the influence of imperfect registration and inter-subject variability in
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white matter tract anatomy. The DTI maps were projected onto the
skeleton in standard space.

2.5 | Procedure

For all participants, the described assessments were collected
within a period of 2 weeks. The 20 m SRT was conducted during
a physical education lesson at the primary schools and was ad-
ministered by trained test leaders under the guidance of physical
education teachers in groups of up to 15 children. Gross motor
skills were individually assessed in circuit form during a separate
physical education lesson. All tests were administered in a random
order. The neurocognitive assessment was individually executed
during the school day by trained examiners using standardized
protocols, and tasks were administered in a fixed order. To limit
the influence of fatigue and distraction, the neurocognitive tasks
were administered in two sessions performed on separate days,
with a duration of 30-35 min per session. MRI scanning took place
at the VU University Medical Centre in Amsterdam (GE; n = 48),
or at the University Medical Center in Groningen (Philips; n = 44).
Prior to the MRI scan, children were made familiar with the MRI
procedure using a mock scanner in which the environment of
the MRI scanner (including scanner sounds) was recreated. The
MRI scanning protocol was part of a larger protocol which com-
prises structural and functional sequences in the following order:
T1, DTI, resting-state fMRI and active-state fMRI, and lasted
approximately 35 min. Head movements were minimized by in-
serting small pillows between the head coil and the child's head.
During the structural MRI scans (T1 and DTI), children watched a
cartoon distracting them from the scanning environment. In be-
tween the scans, participants were reminded to keep still when
necessary. Scans of poor quality due to head motion during scan-
ning were directly repeated. Children received a small present and
a copy of their structural T1-weighted scan. This study was ap-
proved by the ethical board of the Vrije Universiteit Amsterdam
(Faculty of Behavioural and Movement Sciences, approval number
VCWE-S-15-00197).

2.6 | Statistical analysis

Statistical analysis on behavioral data was performed in IBM SPSS
Statistics (SPSS IBM, New York, USA). First, we investigated the as-
sociations between cardiovascular fitness and the neurocognitive
functioning components, and gross motor skills and the neurocogni-
tive functioning components. These relations were examined using
linear regression analyses in which the neurocognitive functioning
components (resulting from the principal component analysis) were
used as dependent variables and either cardiovascular fitness or
gross motor skills were included as predictor. Demographic variables

(sex, grade [3 or 4], age, BMI, and SES) were selected in each model

as covariates using a stepwise backward selection approach, provid-
ing a data-driven selection of relevant covariates for each dependent
variable.

Second, we investigated the role of white matter microstruc-
ture in the observed (significant) relationships between cardiovas-
cular fitness and the neurocognitive functioning components, and
gross motor skills and the neurocognitive functioning components.
Therefore, we performed spatial regressions between the rele-
vant neurocognitive functioning component scores and FA in the
white matter skeleton using one-sided permutation testing in FSL
Randomise, where threshold-free cluster enhancement and p values
as corrected for family-wise error accounted for multiple testing
(Winkler et al., 2014). White matter regions showing a significant
relationship between one or more of the neurocognitive functioning
components and FA, were selected as region of interest (ROI) for
further analysis. Within these ROls, we investigated the relation be-
tween cardiovascular fitness and FA, and gross motor skills and FA
by performing spatial regression using two-sided permutation test-
ing with FSL Randomise. If cardiovascular fitness and/or gross motor
skills were significantly associated with FA, we further explored the
identity of this effect by extracting the AD and RD values in these
ROls. To control for possible effects of demographic variables, the
covariates: sex, age, BMI, and SES were added to the models. Only
significant covariates were retained in the final model. To account
for possible differences between scanning sites, we added Scanning
Site in all final models.

Third, the role of FA in the relation between cardiovascular fit-
ness and neurocognitive functioning, and between gross motor skills
a neurocognitive functioning was tested using mediation analysis.
The mediation analysis was performed using the PROCESS SPSS
macro developed by Hayes (2017). All indirect effects were tested
using 5,000 bootstrap samples and bias-corrected bootstrap con-
fidence intervals. For all analyses, the level of significance was set
at 0.05.

3 | RESULTS
3.1 | Participants

For the analyses concerning the relation between cardiovascular
fitness and FA and between gross motor skills and FA, participat-
ing children were excluded if they did not attend the cardiovascu-
lar fitness measurement (n = 1) or gross motor skill measurement
(n = 0), leaving a total 92 children in the analysis. An overview
of the included, scanned, and analyzed children can be found in
Table A1 of the Appendix. Table 2 shows the demographic char-
acteristics of the total sample of participating children (n = 92).
The prevalence of overweight (14%) and obesity (2%) observed in
our sample parallel recent figures observed in the Dutch pediat-
ric population (Cole & Lobstein, 2012; Volksgezondheid en zorg,
2018).
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3.2 | Neurocognitive functioning components

Principal component analysis of all the neurocognitive functioning
measures using data of the larger study group (n = 856) extracted a
total of six components, together explaining 70% of the total vari-
ance (see Table A2 of the Appendix for Eigenvalues and factor load-
ings). Based on the variables with the strongest contributions, the
neurocognitive functioning components were labeled as follows: (a)
Information Processing and Control (information processing, lapses
of attention and motor inhibition), (b) Interference Control (speed
of interference control and accuracy of interference control), (c)
Attention Accuracy (accuracy of alerting attention and accuracy of
spatial attention), (d) Visuospatial Working Memory (visuospatial
short-term memory and visuospatial working memory), (e) Verbal

Working Memory (verbal short-term memory and verbal working

TABLE 2 Baseline characteristics

Total sample
(n=92)
Number of girls, n (%) 46 (50%)
Age in years, M (SD) 9.12 (0.62)
BMlin kg/mz, M (SD) 16.81 (2.24)
Normal weight, n (%)? 77 (84%)
Overweight, n (%)* 13 (14%)
Obesity, n (%)? 2 (2%)
Grade three, n (%) 47 (51%)
1Q, M (SD) 101.29 (15.33)
SES, M (SD)° 4.60(1.04)
Cardiovascular fitness (VO2max, ml kg’1 min), 48.89 (4.37)
M (SD)
Gross motor skills, M (SD)¢ 0.00 (1.00)

Abbreviations: BMI, body-mass index; M, mean; SD, standard deviation;
SES, socioeconomic status.

@According to the reference values by Cole and Lobstein (2012).

PThe average level of parental education ranged from O (no education)
to 7 (post-doctoral education).

‘Component scores derived from four motor skills subtests including:
Jumping Sideways, Moving Sideways, Backwards Balancing, and Ball
Skills.
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and speed of spatial attention).

3.3 | Associations between both cardiovascular
fitness or gross motor skills and neurocognitive
functioning components

Results of the analyses focusing on the relation between cardio-
vascular fitness and neurocognitive functioning components are
displayed in Table 3. The results revealed a significant and positive
relation between cardiovascular fitness and Information Processing
and Control (R?=0.173, p=0.007). No meaningful associations were
found between cardiovascular fitness and any of the other neuro-
cognitive functioning components: Interference Control, Attention
Accuracy, Visuospatial Working Memory, Verbal Working Memory,
and Attention Efficiency.

Results of the analysis focusing on the relation between gross
motor skills and neurocognitive functioning components are dis-
played in Table 4. The results revealed significant and positive re-
lations between gross motor skills and Information Processing and
Control (R? = 0.188, p < 0.001) and Visuospatial Working Memory
(R? = 0.046, p = 0.038). No meaningful associations were found be-
tween gross motor skills and any of the other component scores:
Interference Control, Attention Accuracy, Verbal Working Memory,
and Attention Efficiency.

3.4 | Associations between neurocognitive
functioning components and FA

Next, we employed spatial regression between FA in the white mat-
ter skeleton and the neurocognitive functioning components that
were related to either cardiovascular fitness (Information Processing
and Control) or gross motor skills (Information Processing and
Control and Visuospatial Working Memory). The results of these
analyses revealed a large cluster of white matter tracts with a signifi-
cant positive relation between FA and Information Processing and
Control (p < 0.05; Figure 1). Higher FA in the white matter tracts of

TABLE 3 Results of linear regression analysis relating cardiovascular fitness to neurocognitive functioning components

Neurocognitive functioning component Covariates®

Information Processing and Control Grade
Interference Control =
Attention Accuracy BMI
Visuospatial Working Memory -
Verbal Working Memory SES

Attention Efficiency -

Abbreviation: SES, socioeconomic status.

B (SD) 95% Cl p value R?

0.061 (0.022) 0.017-0.105 0.007 0.173
0.027 (0.024) -0.021-0.075 0.266 0.014
-0.024 (0.023) -0.069-0.021 0.297 0.066
0.046 (0.026) -0.006-0.098 0.083 0.033
0.018 (0.023) -0.027-0.064 0.422 0.072
0.031 (0.022) -0.014-0.075 0.172 0.021

2Covariates significantly related to the neurocognitive functioning component.
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TABLE 4 Results of linear regression analysis relating gross motor skills to neurocognitive functioning components
Neurocognitive functioning component Covariates® B (SD) 95% ClI p value R?
Information Processing and Control - 0.437 (0.095) 0.248-0.626 <0.001 0.188
Interference Control - 0.084 (0.105) -0.124-0.292 0.425 0.007
Attention Accuracy BMI -0.084 (0.095) -0.272-0.105 0.380 0.063
Visuospatial Working Memory = 0.236 (0.112) 0.013-0.459 0.038 0.046
Verbal Working Memory SES 0.095 (0.097) -0.098-0.289 0.330 0.074
Attention Efficiency = 0.081 (0.098) -0.113-0.275 0.407 0.008

Abbreviation: SES, socioeconomic status.

#Covariates significantly related to the neurocognitive functioning component.

Information Processing and Control

R? Linear = 0.089

-4.00 -3.00 -2.00 -1.00 0.00 1.00 2.00

Information Proccesing and Control (z-score)

FIGURE 1 Significant voxel-wise associations for Information Processing and Control (left) and the significant association between the
mean fractional anisotropy (FA) and Information Processing and Control (z-score) (right). Significant associations (blue) are displayed on the
mean FA skeleton (green; threshold: 0.3) using threshold-free cluster enhancement correction in TBSS (p < 0.05). The results are overlaid on
a MNI152 1 mm T1 brain and for visualization purposes, significant associations between FA and Information Processing and Control were

thickened [Color figure can be viewed at wileyonlinelibrary.com]

the cluster was associated with better Information Processing and
Control. The cluster was selected as ROI for further analysis focus-
ing on the relationship between cardiovascular fitness and FA and
between gross motor skills and FA. No significant associations were

found between FA and Visuospatial Working Memory.

3.5 | Associations between both cardiovascular
fitness and gross motor skills and FA, AD, and RD

First, we investigated the relation between cardiovascular fitness
and FA and between gross motor skills and FA. This was analyzed
within the selected ROI of white matter tracts with relevance for
Information Processing and Control. The results revealed significant
positive relations between cardiovascular fitness and FA (Figure 2a)
as well as between gross motor skills and FA (Figure 2b). These find-
ings indicate that higher cardiovascular fitness and better gross
motor skills were both associated with greater FA, particularly in the
corpus callosum. More specifically, higher cardiovascular fitness was
associated with greater FA, particularly in the left and right splenium

and the left body of the corpus callosum. Better gross motor skills

were associated with greater FA in the left splenium and the right
posterior corona radiata.

Subsequently, we further explored the origin of the observed
relations between cardiovascular fitness and FA and between gross
motor skills and FA, by extracting AD and RD from the selected ROI.
For both cardiovascular fitness and gross motor skills, results indi-
cated significant positive associations with AD and negative associa-
tions with RD (Table 5), suggesting that better cardiovascular fitness
and gross motor skills are associated with greater axonal fiber den-
sity and/or diameter (AD) and a greater degree of myelination (RD)
in the white matter microstructure of the ROIs. Of the covariates:
Scanning Site, sex, age, BMI, and SES, only Scanning Site showed a
significant association with FA, hence all models included Scanning
Site as covariate.

Last, a mediation model (Figure 3) was used to investigate the
potentially mediating role of FA (within the ROl of white matter
tracts with relevance for Information Processing and Control) in
the relations between (a) cardiovascular fitness and Information
Processing and Control and (b) gross motor skills and Information
Processing and Control. With regard to cardiovascular fitness

(Figure 3), we found positive relations with Information Processing
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Q
=]

FA (z-score)

R? Linear =0.170
-2.00 0.00 2.00 4.00

Cardiovascular fitness (z-score)

o
=]

FA (z-score)

RZ? Linear =0.203
-2.00 -1.00 0.00 1.00 2.00
Gross motor skills (z-score)

FIGURE 2 Significant voxel-wise associations for cardiovascular fitness (a) and gross motor skills (b; both left) and the significant
associations between fractional anisotropy (FA) (z-score) and (a) cardiovascular fitness (z-score) and (b) gross motor skills (z-score; both
right). Significant voxel-wise associations are displayed (red) within the ROl of white matter tracts with relevance for Information Processing
and Control (blue), displayed on the mean FA skeleton (green; threshold: 0.3) using threshold-free cluster enhancement correction in

TBSS (p < 0.05). The results are overlaid on a MNI152 1 mm T1 brain and for visualization purposes, significant associations between
cardiovascular fitness or gross motor skills and Information Processing and Control were thickened [Color figure can be viewed at

wileyonlinelibrary.com]

TABLE 5 Results of linear regression analysis relating DT parameters to cardiovascular fitness and gross motor skills

Cardiovascular fitness® Mean (SD) B 95% ClI p value R?

FA 0.576 (0.065) 0.004 (0.001) 0.002-0.006 <0.001 0.667
AD® 153.1(8.5) 0.362(0.131) 0.102-0.622 0.007 0.604
RD¢ 54.1(6.8) -0.395(0.117) -0.627--0.163 0.001 0.504
Gross motor skills” Mean (SD) B 95% Cl p value R?

FA 0.395(0.631) 0.019 (0.004) 0.069-0.100 <0.001 0.574
AD® 138.5 (7.5) 1.219 (0.600) 0.027-2.411 0.045 0.458
RD® 57.9 (5.4) -1.959 (0.469) -2.891--1.027 <0.001 0.359

dCorrected for Scanning Site and Grade.
PCorrected for Scanning Site.
€107 mm?/s.

and Control (p = 0.009) and FA (p < 0.001). There was no evidence
for a mediating role of FA in the relationship between cardiovascular
fitness and Information Processing and Control (95% confidence in-
terval = -0.002 to 0.040). With regard to gross motor skills, we also
found positive relations with Information Processing and Control
(p < 0.001) and FA (p < 0.001). However, there was no evidence for
a mediating role of FA in the relationship between gross motor skills

and Information Processing and Control. The mediation models were

controlled for Scanning Site (both) and/or Grade (cardiovascular fit-

ness model only).

4 | DISCUSSION

This study is the first study that investigated the role of white mat-

ter microstructure in the relationship of both cardiovascular fitness
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B (SE) = .004 (.001), p < .001

White Matter Microstruture!

Indirect: B (SE) = .017 (.011), [-.002 — .040]

B (SE) = 4.286 (2.529), p = .094

¢’ B (SE) = .043 (.024), p = .079

Cardiovascular fitness

c: B (SE) =.060 (.022), p = .009

Information Processing
and Control

c: B (SE) = .494 (.095), p < .001

Gross motor skills

¢’ B (SE) = .424 (.106), p = .001

Indirect: B (SE) = .070 (.048), [-.011 — .178]

B (SE) = .019 (.004), p < .001

White Matter Microstruture’

B (SE) = 3.755 (2.546), p = .144

FIGURE 3 Mediation model Note. Mediation model testing the mediating role of white matter microstructure (FA) in the relation
between cardiovascular fitness or gross motor skills and Information Processing and Control. 1FA in the cluster of white matter tracts
associated with the neurocognitive component Information Processing and Control and cardiovascular fitness; 2FA in the cluster of white
matter tracts associated with the neurocognitive component Information Processing and Control and motor skills. ¢’ represents the direct
effect and c the total effect of Cardiovascular fitness/Gross motor skills on Information Processing and Control. [Color figure can be viewed

at wileyonlinelibrary.com]

and gross motor skills with neurocognitive functioning. The results
show that both cardiovascular fitness and gross motor skills are re-
lated to neurocognitive functioning and white matter microstructure
which in turn was shown to be related to neurocognitive function-
ing. However, no evidence was found for a mediating role of white
matter microstructure in the relationship between both cardiovas-
cular fitness and gross motor skills with neurocognitive functioning.
These findings support the idea that physical activity may induce
changes in white matter microstructure that benefit neurocognitive
functioning in childhood.

The results of the current study in a sample of healthy chil-
dren revealed positive relations between cardiovascular fitness
and neurocognitive functioning as well as between gross motor
skills and neurocognitive functioning. More specifically, we found
that higher levels of cardiovascular fitness and better gross motor
skills were associated with better neurocognitive functioning as
measured in terms of the speed and variability of information pro-
cessing and motor response inhibition (Information Processing and
Control). In addition, better gross motor skills were also related
to better visuospatial working memory. These results are partly

in line with earlier studies and recent meta-analyses, which also

found associations between cardiovascular fitness and inter-
ference control and attention (de Greeff et al., 2018; Donnelly
et al., 2016). Although the relationship between gross motor skills
and neurocognitive functioning in children has thus far not re-
ceived much attention, earlier research indicated positive associ-
ations with visuospatial working memory and attention (van der
Fels et al., 2015). We argue that one compelling explanation for
the discrepant findings between our and previous studies with
regard to the specific neurocognitive functions that are related
to cardiovascular fitness or gross motor skills, may stem from the
fact that the current study corrected for processing speed in the
assessment of executive functions (also see Meijer, Konigs, de
Bruijn, et al., 2020). In the current study, analysis carefully cor-
rected for processing speed and revealed no evidence for relations
with interference control, contrasting earlier findings that did not
correct for processing speed (de Greeff et al.,, 2018; Donnelly
et al,, 2016). However, our findings did replicate the relations
between cardiovascular fitness and information processing and
motor response inhibition (Donnelly et al., 2016) and the relation-
ship between gross motor skills and visual working memory (van
der Fels et al., 2015; van der Fels, de Bruijn et al., 2020).
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Analyses focusing on white matter microstructure parameters
(FA, AD, and RD) revealed that higher cardiovascular fitness and
better gross motor skills were related to higher FA, predominantly
in the corpus callosum. More specifically, the ROI’s for cardiovas-
cular fitness were located in the bilateral splenium and the left
body of the corpus callosum and for gross motor skills in both
the left splenium and the right posterior corona radiata which
connects the cerebral cortex and the brain stem and communi-
cates motor and sensory information. Our findings concerning
cardiovascular fitness and gross motor skills were both located
in the splenium, which is part of the forceps major, a white mat-
ter tract which connects temporal, parietal, and occipital cortical
regions and is involved in the communication of somatosensory
information (Caminiti et al., 2009; Hofer & Frahm, 2006; Wakana
et al., 2004). The fact that our findings were obtained in the sple-
nium might reflect functional importance of the splenium in the
relation between physical activity and neurocognitive functioning.
Alternatively, local anatomical properties of the splenium (e.g.,
density of the white matter fibers) may increase the sensitivity
of this structure to detect relations between white matter micro-
structure and cardiovascular fitness and gross motor skills (Hofer
& Frahm, 2006). The profile of relations with DTl parameters
(positive relations to FA and negative relations to RD) suggests
that higher cardiovascular fitness and better gross motor skills are
related to more tightly packed bundles and structurally compact
fibers (FA) and increased myelination (RD). Furthermore, we ob-
served higher AD which might reflect greater axonal fiber density
and/or diameter.

Our findings concerning the relation between both cardiovas-
cular fitness and gross motor skills with white matter microstruc-
ture are in line with earlier work in healthy and clinical samples
of children, adolescents, adults and elderly, indicating that higher
cardiovascular fitness and better gross motor skills are related to
increased FA in presumably the corpus callosum and corona radi-
ata (Bengtsson et al., 2005; Chaddock-Heyman et al., 2014, 2018;
Johnson et al,, 2012; Krogsrud et al., 2018; Marks et al., 2011;
Opel et al., 2019). However, our results concerning cardiovascular
fitness are in contrast with the results of a recent cross-sectional
study which indicated no significant relationship between physical
fitness and FA (Rodriguez-Ayllon, Esteban-Cornejo, et al., 2020).
An important difference between their and our study is that
Rodriguez-Ayllon and colleagues included only obese children,
which may indicate that the association between cardiovascu-
lar fitness and white matter microstructure may differ between
healthy and clinical populations. However, it is currently unknown
whether the proposed underlying mechanisms linking cardiovas-
cular fitness to white matter microstructure may act similarly
in obese children (or other clinical groups) and healthy children
(Meijer, Konigs, Vermeulen, et al., 2020). Future research may fur-
ther clarify the possible differences between healthy and clinical
populations.

Lastly, we investigated the potential mediating role of white

matter in the observed relation between cardiovascular fitness and

b 2211

neurocognitive functioning and between gross motor skills and neu-
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rocognitive functioning. We found neither evidence for a mediat-
ing role of white matter microstructure in the relationship between
cardiovascular fitness and neurocognitive functioning, nor between
gross motor skills and neurocognitive functioning. These findings
contrast with earlier studies of Opel et al. (2019) and Ruotsalainen
et al. (2020) in adults and adolescents, which both indicated a me-
diating role of FA in the relationship between cardiovascular fitness
and executive functioning. These contradictory results could be
explained by the idea that white matter plasticity is age dependent
and that during adolescence and young adulthood white matter mi-
crostructure is more sensitive for physical activity-induced effects
than during preadolescence. However, we did find strong relation-
ships for both cardiovascular fitness and gross motor skills with FA in
the same brain structures. Furthermore, the mediation effect of FA
in the relationship between cardiovascular fitness and neurocogni-
tive functioning and between gross motor skills and neurocognitive
functioning just escaped conventional levels of significance. Thus,
with a larger sample size and greater statistical power, the mediation
analyses might have revealed significant mediating effects.

Our findings should be interpreted within the knowledge that
cardiovascular fitness and gross motor skill are related constructs
(Reeves et al., 1999; Stodden et al., 2009). However, an exploratory
analysis showed that cardiovascular fitness and gross motor skills
were only modestly related in our sample (r = 0.45, p < 0.001, shared
variance: 20%). When repeating our analyses concerning the asso-
ciation with neurocognitive functioning and include both cardio-
vascular fitness and gross motor skills within the same model, we
replicated the reported association between gross motor skills and
the neurocognitive component Information Processing and Control
(p < 0.001). Hence, the potential contributions of cardiovascular
fitness and gross motor skill do not have to be mutually exclusive
and may be complementary in their influence on brain structure
and neurocognitive functioning. Future research may further clarify
the relative contributions of aspects of physical activity of potential
changes in brain structure.

Our study has some important strengths, such as the relatively
large sample size of healthy children and the use of a well-defined set
of neurocognitive function measures. In addition, the current study
is the first study to investigate the role of white matter microstruc-
ture in the two proposed pathways through which physical activity
is thought to induce changes in neurocognitive functioning. This
study also has some limitations. We included only children from 8 to
10 years old, restricting the generalizability of our findings to other
stages of childhood development. Due to the rapid proliferation of
executive functioning during childhood, it is highly possible that the
effects of cardiovascular fitness and gross motor skills depend on the
child's developmental stage (Haywood & Getchell, 2019). Due to prac-
tical reasons, we scanned at two locations with scanners from differ-
ent vendors. Accordingly, we have matched scanning protocols and
included scanning site as covariate in all analyses. All DTl images were
acquired with isotropic resolution, which were interpolated during

reconstruction only in-plane. This led to anisotropic voxels as input
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for tensor estimation. According to Dyrby et al. (2014) the effect of
interpolation is unlikely to impact the results. Last, our findings are
based on a cross-sectional design, which prevents us to draw causal
conclusions. Future research should determine the effects of physical
activity on brain structure and neurocognitive functioning using a ran-
domized controlled trial design to test the potential of physical activity
programs to improve healthy brain development.

In conclusion, the present study shows that cardiovascular fit-
ness and gross motor skills are associated with enhanced perfor-
mance in a specific set of neurocognitive functions (i.e., relating to
the speed and variability of information processing and motor re-
sponse inhibition) as well as enhanced FA in a cluster of white matter
tracts with overlapping relevance for neurocognitive functions (i.e.,
predominantly in the corpus callosum and corona radiata). Although
white matter microstructure could not be indicated as a mediator
in the relationship in both cardiovascular fitness and gross motor
skills with neurocognitive functioning, our findings do support the
idea that cardiovascular fitness and gross motor skill are related to
white matter microstructure which in turn was shown to be related
to neurocognitive functioning in healthy children. Although more re-
search is needed to substantiate these results, they might indicate
that physical activity exposure contributes to brain development
and children's neurocognitive functioning through cardiovascular

fitness and gross motor skills.
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