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ABSTRACT

Ruotsalainen, Ilona

The association of physical activity and aerobic fitness with brain structure and
functional connectivity in adolescents

Jyvéskyld: University of Jyvaskyld, 2020, 104 p.

(JYU dissertations

ISSN 2489-9003; 297)

ISBN 978-951-39-8327-7

Over the past decades adolescents have experienced decreased aerobic fitness
levels and insufficient physical activity levels. A sedentary lifestyle with little
physical activity can be harmful to adolescents” well-being and health. Despite
this, the association between adolescents” physical activity and aerobic fitness
with brain health remains poorly understood. The primary purpose of this
dissertation is to examine the association between physical activity and aerobic
fitness with brain structure and function in 13-16-year-old adolescents.
Additionally, earlier studies regarding the connections between physical activity
and aerobic fitness with executive functions have been contradictory in youth.
The second purpose of this dissertation is to investigate whether the brain’s white
matter properties moderate the relationship between physical activity and
aerobic fitness with core executive functions. The first study in this dissertation
examined the association between moderate-to-vigorous physical activity and
aerobic fitness (assessed using a 20-m shuttle run test) with the brain’s gray
matter. The results show that higher level of aerobic fitness, but not physical
activity, is related to smaller volume in the left superior frontal gyrus and larger
volume in the left pallidum. The second study demonstrates that aerobic fitness,
but not the physical activity, is associated with white matter properties in several
tracts, but most robustly in the corpus callosum and the superior corona radiata.
Furthermore, we found that the white matter moderates the connection of
physical activity and aerobic fitness with working memory. The third study
concentrated on the resting state functional connectivity of the brain. The
findings show that adolescents’ physical activity, but not aerobic fitness, is
related to local functional connectivity. However, they also reveal that neither of
them is related to interhemispheric functional connectivity, as indicated by
homotopic connectivity. Overall, the results of this dissertation show that both
physical activity and aerobic fitness are related to an adolescents’ brains.
Associations between brain properties and these two measures differ extensively.
While aerobic fitness is especially associated with structural measures, physical
activity is related to the functional measure at rest. Moreover, the findings related
to the moderation analysis suggest that the varying previous results regarding
the relationship of physical activity and aerobic fitness with the working memory
might be explained by the varying levels of the brain’s white matter.

Keywords: physical activity, aerobic fitness, adolescence, gray matter, white
matter, functional connectivity, executive functions



Author

Supervisors

Reviewers

Opponent

Ilona Ruotsalainen

Department of Psychology

P.O. Box 35 FIN-40014 University of Jyvaskyld
ilona.p.ruotsalainen@jyu.fi

Dr. Tiina Parviainen
Department of Psychology
University of Jyvdskyld
Jyvéskyld, Finland

Dr. Ville Renvall

Dept. of Neuroscience and Biomedical Engineering
Aalto University

Espoo, Finland

Professor Heikki Kainulainen
Faculty of Sport and Health Sciences
University of Jyvaskyla

Jyvéskyld, Finland

Professor Stephan Swinnen
Department of Movement Sciences
KU Leuven

Leuven, Belgium

Professor liro Jadskeldinen

Dept. of Neuroscience and Biomedical Engineering
Aalto University

Espoo, Finland

Professor Stephan Swinnen
Department of Movement Sciences
KU Leuven

Leuven, Belgium



TIIVISTELMA (FINNISH ABSTRACT)
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Nuoruuden aikaisen fyysisen aktiivisuuden ja aerobisen kunnon yhteys aivojen
rakenteisiin ja toiminnallisiin yhteyksiin

Jyvaskyla: University of Jyvaskyld, 2020, 104 s.

(JYU dissertations

ISSN 2489-9003; 297)

ISBN 978-951-39-8327-7

Viimeisten vuosikymmenten aikana nuorten kestdvyyskunto on heikentynyt ja
fyysisen aktiivisuuden mddrd on suurella osalla nuorista liian védhdistd. Runsas
paikallaolo ja vdhdinen liikunta voivat olla haitallisia nuorten hyvinvoinnille ja
terveydelle. Kuitenkaan tutkimustietoa lilkunnan ja nuorten aivoterveyden vali-
sestd suhteesta ei juurikaan ole. Taman viitoskirjan padtarkoitus on tutkia fyysi-
sen aktiivisuuden ja kestdvyyskunnon yhteyttd aivojen rakenteisiin ja toimintaan
13-16-vuotiailla nuorilla. Lisdksi aiemmat tutkimustulokset liikunnan vaikutuk-
sista nuorten kognitiivisiin toimintoihin, erityisesti toiminnanohjaukseen, ovat
osittain ristiriitaiset eikd ole varmasti tiedossa mikd aiheuttaa ndmad ristiriitaiset
tulokset. Viitoskirjan toisena tarkoituksena onkin selvittdd, vaikuttaako aivojen
valkean aineen taso fyysisen aktiivisuuden/kestdvyyskunnon ja toiminnanoh-
jauksen vililld olevan yhteyden suuntaan tai voimakkuuteen. Viitoskirjan kah-
dessa ensimmadisessd tutkimuksessa tutkin keskiraskaan ja raskaan fyysisen ak-
tiivisuuden ja kestdvyyskunnon (arvioitu 20 m sukkulajuoksutestilld) yhteyttd
sekd aivojen harmaaseen aineeseen ettd valkean aineen ratoihin. Tutkimuksen
tulokset osoittavat, ettd parempi kestdvyyskunto on yhteydessd vasemman yla-
etupoimun pienempddn tilavuuteen sekd vasemman linssitumakkeen pallon
suurempaan tilavuuteen. Aivojen valkean aineen osalta kestdvyyskunnon ha-
vaittiin olevan yhteydessd useiden eri valkean aineen ratojen ominaisuuksiin.
Selkein yhteys ndkyi kunnon sekd aivokurkiaisen ja ylemmadn corona radiatan
vdlilla. Lisdksi valkean aineen havaittiin vaikuttavan fyysisen aktiivisuu-
den/kestdvyyskunnon ja tyomuistin viliseen yhteyteen. Fyysisen aktiivisuuden
ja aivojen harmaan tai valkean aineen vililld ei havaittu merkittdvad yhteytta.
Kolmas tutkimus tarkasteli aivojen lepotilan toimintaa. Tulokset osoittavat, ettd
nuorten fyysinen aktiivisuus, muttei kestdvyyskunto, on yhteydessa aivojen pai-
kalliseen yhdistyneisyyteen. Kokonaisuutena timan vditdskirjan tulokset osoit-
tavat sekd fyysisen aktiivisuuden ettd kestdvyyskunnon olevan yhteydessd nuor-
ten aivojen ominaisuuksiin. Kytkokset ndiden kahden liikuntamuuttujan ja aivo-
jen ominaisuuksien vdlilld kuitenkin eroavat huomattavasti. Kunto on yhtey-
dessd erityisesti aivojen rakenteisiin, kun taas fyysinen aktiivisuus on yhteydessa
aivojen toimintaan levossa. Lisdksi tutkimuksen tulokset ehdottavat, ettd vaihte-
levat tulokset liittyen liikunnan ja tyomuistin véliseen yhteyteen voivat selittyd
aivojen valkean aineen tasolla.

Avainsanat: fyysinen aktiivisuus, aerobinen kunto, nuoruus, harmaa aine, valkea
aine, magneettikuvaus, toiminnanohjaus
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1 INTRODUCTION

The brain's ability to modity itself as a result of interaction with the environment
was described more than century ago (for a review see Rosenzweig, 1996). This
ability has inspired researchers to study potential factors affecting brain structure
and function. At the end of the last century, groundbreaking animal studies
showed that one factor which can modify the brain is physical exercise (Gémez-
Pinilla et al., 1998; Neeper et al., 1995; Van Praag, Christie, et al., 1999; Van Praag,
Kempermann, et al., 1999). These early animal studies led to the question of
whether physical exercise could also influence the human brain. Indeed, the first
human studies demonstrated an association between aerobic fitness and the
brain volume in older adults (Colcombe et al., 2003) as well as between physical
activity and exercise with the brain function (Hatta et al., 2005; Kamijo et al., 2004).
Following these early investigations, several cross-sectional and longitudinal
studies have confirmed these relationships (e.g., Chaddock-Heyman et al., 2014;
Erickson et al., 2011; Herting et al., 2014; Johnson et al., 2012). Even though a
considerable amount of literature has been published on this topic, the studies
have mainly concentrated on older adults, and little is known about how physical
activity and aerobic fitness are related to the adolescent brain.

The previous literature typically focuses on either physical activity or
aerobic fitness. These two terms are even sometimes used interchangeably. While
physical activity and aerobic fitness are related to each other, they present
different concepts. Physical activity refers to our actions, that is, how much we
move. Aerobic fitness, on the other hand, relates to the capacity to perform
physical activity or exercise. To increase aerobic fitness levels, a person needs to
perform physical activity or exercise with high enough frequency, duration, and
intensity. Thus, not all physical activity enhances an individual’s aerobic fitness.
Comparing the contribution of both of these measures in the same study not only
informs us whether actions or capacity are more important for the brain but also
helps to build precise training interventions to enhance brain health.

Besides studying the relationship between physical activity and aerobic
fitness with the brain, it is important to understand the potential benefits of
physical activity or higher aerobic fitness on cognitive performance. Studies,
especially in older adults, have suggested that there is a relationship between
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aerobic fitness and physical activity with cognitive performance (Bherer, 2015;
Bherer et al.,, 2013; Kirk-Sanchez & McGough, 2013). The results concerning
children and adolescents, however, are inconsistent (Alvarez-Bueno et al., 2017;
Diamond & Ling, 2016; Singh et al., 2019). Several reasons for these inconsistent
results have been proposed, but it is not yet known definitely what are the factors
that cause these inconsistencies.

The overall aims of this thesis are to investigate the associations of aerobic
fitness and physical activity with brain structure and function in the previously
understudied adolescent age group. Further, another aim is to study whether
white matter properties influence the strength and direction of the association
between aerobic fitness and physical activity with core executive functions.

1.1 Brain development in adolescents

Adolescence is a stage of development that occurs between childhood and adult-
hood, and is characterized by physical and psychosocial maturation. Large hor-
monal changes during puberty lead to increased growth and changes in physical
appearance (Rogol et al., 2002). At the same time, adolescence is also suggested
to be a sensitive period for emotional, social, and cognitive development
(Bossong & Niesink, 2010; Dow-Edwards et al., 2019). Many behavioral problems
as well as psychopathology emerge during this period (Compas et al., 2017).
Therefore, adolescence is characterized by significant changes in an individual’s
life. These fundamental changes occurring during adolescence make it a unique
period of brain development and an important period in life to study.

1.1.1 Changes in gray matter volumes

The brain’s gray matter consists mainly of neuronal cell bodies and dendrites,
and while its importance to our cognition is obvious, interestingly, system-level
measures of gray matter such as volume and thickness have proven to be im-
portant in understanding behavior, mental health, and cognition (Gogtay &
Thompson, 2010; Paus et al., 2008). Due to this importance, the measurement of
system-level gray matter changes during adolescence, when many mental health
problems emerge and cognitive skills still develop, is of special interest (Gogtay
& Thompson, 2010; Paus et al., 2008). Recent developments in neuroimaging
have enabled many system-level measures such as volume, thickness, gyrifica-
tion, surface area, and density. Studies using these measures have provided im-
portant details of how the human brain develops. Due to the volumetric meas-
urements used in this thesis, this chapter is mostly focused on volumetric studies.

Studies utilizing structural magnetic resonance imaging (MRI), which can
be used to investigate system-level changes in the brain, have shown that the
human brain continues structural development from childhood to adulthood.
Some of the early as well as recent longitudinal studies demonstrated that the
total brain volume increases until mid-to-late adolescence (Giedd et al., 1999;
Mills et al., 2016). Global cortical gray matter volume, on the contrary, decreases
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throughout adolescence (Gennatas et al., 2017; Mills et al., 2016; Pfefferbaum et
al., 2016; Tamnes et al., 2017). When looking at the cellular level mechanisms that
explain this decrease in the cortical gray matter, synaptic elimination has been
proposed. Indeed, histological studies show that dendritic spine intensity peaks
at childhood and decreases thereafter (Petanjek et al., 2011). At the same time,
myelination of axons in the white matter of the brain also increases (Mah et al.,,
2017; Yakovlev & Lecours, 1967).

While relatively consistent patterns of global gray matter development have
been shown, there are differences in the developmental trajectories of regional
gray matter. Most of the brain’s gray matter is located near the brain’s surface in
the cerebral cortex. It is widely suggested that regional gray matter volumes in
these cortical regions either decrease with unique region-dependent trajectories
or do not change during adolescence (e.g., Pfefferbaum et al., 2016; Sowell et al.,
2003; Tamnes et al., 2017). The volume of regions, including temporal and frontal
regions, that are crucial for memory and executive functions (Diamond, 2013;
Eichenbaum et al., 2007), appears to decrease during adolescence (Giedd et al.,
1999; Gogtay et al., 2004; Shaw et al., 2008; Sowell et al., 2003). On the other hand,
regions related to motor and sensory functions do not seem to undergo large
changes in adolescence (Gogtay et al., 2004; Shaw et al., 2008). Although many
studies have supported these findings, some contradictory findings have also
been presented (Vijayakumar et al., 2016). Perhaps more consistent is the finding
concerning cortical thinning during adolescence (Pfefferbaum et al., 2016;
Tamnes et al., 2017; Vijayakumar et al., 2016). Indeed, a study by Tamnes et al.
(2017) showed that decreases in regional cortical volumes are mainly driven by
decreases in cortical thickness.

In addition to cortical gray matter, deeper subcortical gray matter also un-
dergoes structural changes during adolescence. Of these subcortical gray matter
structures, amygdala and hippocampus volumes have been reported to increase
during adolescence (Goddings et al., 2014; Herting et al., 2018; Mills et al., 2014;
Narvacan et al., 2017; Ostby et al., 2009). Results concerning basal ganglia vol-
umes are less consistent. While some studies have found that basal ganglia sub-
region volumes decrease during adolescence (Goddings et al., 2014; Herting et
al., 2018; Narvacan et al., 2017; Ostby et al., 2009), increases in putamen and pal-
lidum volume have been also reported (Wierenga, Bos, et al., 2018). Interestingly,
multisample studies, which compare data measured at different locations but an-
alyzed identically, suggest that factors related to image acquisition or sample
might cause these inconsistent results between the studies (Goddings et al., 2014;
Herting et al., 2018).

In summary, cortical and subcortical gray matter undergoes substantial re-
gion-specific changes during adolescence. While the volume of certain regions
peaks already at childhood, some other regions, such as frontal and temporal re-
gions, continue maturing during adolescence.

1.1.2 Development of white matter tracts

In contrast to gray matter, which mainly consists of neuronal cell bodies and den-
drites, white matter consists of nerve fibers that connect distinct brain regions to
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functional networks (Fields, 2010). Many methods can be used to study white
matter development. While early histological investigations have provided im-
portant insights concerning brain development at the cellular level (Yakovlev &
Lecours, 1967), the development of MRI has enabled studying the brain noninva-
sively. MRI provides an in vivo method to characterize and quantify white matter
microstructural properties. Methods such as volumetric analysis (Reiss et al.,
1996), magnetic transfer ratio (Moura et al., 2016), and T2 relaxometry (Leppert
et al., 2009) have been used to investigate white matter changes in development.
Furthermore, the utilization of diffusion imaging has produced important addi-
tional information about microstructural properties. Diffusion tensor imaging
(DTI) is a commonly used diffusion imaging analysis method to study the white
matter. Some newer methods (e.g., high angular resolution diffusion imaging
[HARDI], diffusion kurtosis imaging [DKI], diffusion spectrum imaging [DSI])
have also been developed to overcome some of the limitations DTI has, such as
crossing fibers. However, the availability of these newer methods is still limited.
This thesis concentrates on examining the white matter microstructure using DTI,
and therefore, this introduction mainly focuses on the developmental results con-
cerning DTL.

Considerable evidence has accumulated showing that distinct white matter
tracts mature at different ages. A large number of cross-sectional studies using
DTTI have investigated the association between age and white matter properties
in children and adolescents (for reviews see Blakemore et al., 2010; Lebel et al.,
2019; Lebel & Deoni, 2018; Paus, 2010a; Schmithorst & Yuan, 2010). These earlier
investigations have revealed that, in most white matter tracts, age is positively
associated with white matter fractional anisotropy (FA), which is used to meas-
ure the degree of anisotropic diffusion. However, negative associations between
age and mean diffusivity ([MD], overall diffusion) have also been found in most
white matter tracts.

When comparing the development of different white matter regions, a pro-
longed development has been demonstrated for frontal and temporal regions
(Asato et al., 2010; Lebel & Deoni, 2018; Paus et al., 1999; Tamnes et al., 2010).
Moreover, early histological data, as well as some recent neuroimaging data, sug-
gest that posterior white matter regions develop earlier than anterior regions.
(Colby et al., 2011; Kinney et al., 1988; Krogsrud et al., 2016; Yakovlev & Lecours,
1967). However, there is considerable variation in the regions that demonstrate
age-related associations among the cross-sectional studies making it challenging
to make universal interpretations.

Longitudinal studies, on the other hand, can demonstrate within-subject
changes that are not possible for cross-sectional studies. Longitudinal studies
have shown age-related changes in white matter properties even at relatively
short time intervals in children and adolescents (Bava et al., 2010; Genc, Smith, et
al., 2018; Krogsrud et al., 2016). More precisely, the evidence suggests that the
latest tracts to mature are typically association tracts, such as the cingulum that
connect different regions within the same hemisphere, and tracts that connect to
frontal regions. These tracts typically mature in early adulthood. On the other
hand, the majority of the commissural tracts, which connect similar cortical areas
in the opposite hemisphere (e.g., the corpus callosum), and projection tracts,
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which connect higher and lower brain regions, (e.g., corticospinal tract), have
been proposed to mature earlier during childhood and adolescence (Giorgio et
al., 2010; Lebel & Beaulieu, 2011; Simmonds et al., 2014; Vanes et al., 2020).

In the context of this thesis, it is also important to look at how motor behav-
ior-related white matter tracts develop during adolescence. Longitudinal studies
investigating the white matter demonstrate an early development of motor-re-
lated white matter tracts. Several of these motor-related white matter tracts such
as the corticospinal tract, the internal capsule, the corpus callosum genu and
body, and the superior corona radiata do not change to a large extent during ad-
olescence (Giorgio et al., 2010; Lebel & Beaulieu, 2011; Simmonds et al., 2014;
Vanes et al., 2020). Contrary to these findings, the superior longitudinal fascicu-
lus, which connects regions important to motor functions, still matures in ado-
lescence (Lebel & Beaulieu, 2011; Simmonds et al., 2014; Vanes et al., 2020). It
should be noted, however, that the superior longitudinal fasciculus also connects
to frontal regions, which are proposed to have protracted development. This
probably explains the later development of this tract when compared with other
motor-related white matter tracts.

The changes in white matter typically appear to accelerate during early
childhood and decelerate or level off during adolescence and early adulthood
(e.g., Lebel & Beaulieu, 2011). Thus, white matter development is non-linear. As
mentioned in the earlier paragraph, there is variation in the development of
white matter among brain regions or tracts. The shape of the changes also shows
differences depending on the tract (Lebel & Beaulieu, 2011; Simmonds et al.,
2014). Thus, acceleration and deceleration of white matter changes during devel-
opment occur at different times depending on the tract. All this implies that ad-
olescence is a unique phase in brain development, during which the develop-
ment of specific tracts is already quite stable, while, on the other hand, some
tracts still experience large changes.

To better understand these system-level changes in white matter during ad-
olescence, histological and MRI studies have been conducted to elucidate the cel-
lular level mechanisms behind developmental changes. These studies propose
that increases in myelin contribute largely to the white matter changes during
development (Benes et al., 1994; J. H. Y. Kim & Juraska, 1997; Mah et al., 2017;
Yakovlev & Lecours, 1967). In addition to myelination, other cellular mechanisms,
such as increased axon caliber and axonal packing, have been suggested as con-
tributing to white matter changes (Mah et al., 2017; Paus et al., 1999). Thus, in-
creased myelination, which is often suggested as a main underlying mechanism,
may not be the only reason for the observed changes during development.

1.1.3 Local and interhemispheric functional connectivity

The brain comprises of a large number of different brain areas that process infor-
mation within a single area but also among anatomically separated brain regions.
Resting state functional connectivity, which represents statistical dependencies
of neurophysiological events between regions at rest, can be used to study func-
tional communication between these separated regions and also within the brain
region (Friston, 2011). Since the discovery of resting state functional connectivity,
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studies have investigated the relevance of this connectivity to behavior. These
investigations have revealed the importance of the brain’s functional connectiv-
ity for cognition, and that it is still largely developing during adolescence (for
reviews see Blakemore, 2012; Constantinidis & Luna, 2019; Grayson & Fair, 2017;
Luna etal., 2010; Menon, 2013). Although there are numerous different functional
connectivity metrics, this thesis focuses on two specific types of functional con-
nectivity: interhemispheric and local functional connectivity, or more specifically,
homotopic connectivity and regional homogeneity, respectively.

Earlier studies have demonstrated that, during development from infancy
to adolescence, the brain’s short-range connectivity decreases and long-range
connectivity increases (Dosenbach et al., 2010; Fair et al., 2007; Kelly et al., 2009;
Supekar et al., 2009). Recent observations, however, have demonstrated that mo-
tion during scanning can affect the strength of these connections (Satterthwaite
et al., 2012, 2013). Newer studies taking into account the subject motion have
found that short-range connectivity decreases and long-range connectivity
increases with age during development, but to a smaller degree than the earlier
observations had determined (Satterthwaite et al., 2012, 2013).

Short-range connectivity or local functional interactions can be examined
using regional homogeneity (Jiang & Zuo, 2016; Zang et al., 2004). Studies using
this method suggest decreases in local connectivity during adolescence. Firstly,
studying 11-35-year-old participants, Lopez-Larson et al. (2011) found decreases
in regional homogeneity with age. The largest decreases were observed in the
cingulate cortex and right temporal lobe. Secondly, Dajani and Uddin (2016) also
observed higher regional homogeneity in healthy children than in adolescents or
adults.

While a relatively large amount of research has investigated the develop-
ment of short- and long-range connections, the interhemispheric connections that
connect both brain hemispheres have received less attention. Interhemispheric
connections are crucial in integrating information between hemispheres. A recent
animal study proposes that hemispheric functional specifications occur during
development and the interhemispheric functional connectivity decreases (Ma et
al., 2018). In humans, a similar finding was reported by Anderson et al. (2011),
who found that interhemispheric connectivity decreases with age in healthy 8-
34-year-old subjects, particularly in medial cortical areas.

Interhemispheric connectivity has been also studied in homotopic regions,
which refers to the geometrically corresponding interhemispheric brain regions.
An early study by Fair et al. (2008) found only minimal changes in interhe-
mispheric homotopic connectivity among default mode network regions from
childhood to adulthood. Another analysis of homotopic connectivity suggests
that changes with age are region-specific. While sensorimotor areas tend to show
increases in homotopic connectivity, areas involved in the processing of higher-
order functions show decreases from childhood to adolescence and adulthood
(Zuo et al., 2010). These early studies suggest that changes in interhemispheric
connectivity occur during adolescence. However, more studies, and especially
longitudinal studies are required to confirm these observations.
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1.1.4 Factors influencing brain development

As presented in the previous sections, many aspects of the brain undergo im-
portant changes during adolescence. To better understand the adolescent brain,
it is necessary to examine the influence of other factors affecting brain develop-
ment. The purpose of this chapter is to briefly introduce some of the most im-
portant factors influencing the adolescent brain.

Sex-related differences in brain development have been widely studied. A
large body of literature demonstrates that males have larger absolute global and
regional gray matter volumes than females (e.g., De Bellis et al., 2001; Gennatas
etal., 2017; Herting et al., 2018; Paus, 2010b; Sowell et al., 2007). However, results
concerning relative regional volumes (corrected for total brain size) and devel-
opmental trajectories differ to some extent among studies (Gur & Gur, 2016;
Koolschijn & Crone, 2013; Marwha et al., 2017; Ruigrok et al., 2014). Although
some of these results suggest that there are sex-related differences in the gray
matter development, the effect size of these differences appears to be small
(Wierenga, Sexton, et al., 2018).

Sex-related differences have also been examined concerning white matter
microstructure. Regional differences have been reported between sexes in some
studies (e.g., M.-C. Chiang et al., 2011; Lebel & Beaulieu, 2011), and earlier devel-
opment of white matter has been suggested for females compared with males
(Asato et al., 2010; Seunarine et al., 2016; Simmonds et al., 2014). Despite these
results, many studies have not found significant differences in the developmental
trajectories of white matter between sexes (Bava et al., 2010; Krogsrud et al., 2016;
Lebel et al., 2008). Furthermore, as with the gray matter, the size of the sex differ-
ences appears to be small, even smaller than individual variation (Tamnes, Roalf,
et al., 2018). Concerning resting state functional connectivity, preliminary find-
ings indicate that there might be regional sex-related differences in functional
connectivity during adolescence (e.g., Alarcon et al., 2015; Lopez-Larson et al.,
2011; Zuo et al., 2010). However, more studies are needed to confirm this.

The onset of puberty induces large changes in adolescents’” bodies (Sisk &
Foster, 2004). Due to the hormonal and behavioral changes occurring in this pe-
riod, an increasing number of studies have investigated the relationship of pu-
berty and brain development (for reviews see Herting & Sowell, 2017;
Vijayakumar et al., 2018). Many studies on pubertal effects have reported nega-
tive associations between pubertal development and cortical gray matter vol-
umes (Koolschijn & Crone, 2013; Neufang et al., 2009). Concerning subcortical
volumes, both positive and negative associations have been found that depend
on the region studied (e.g., Blanton et al., 2012; Bramen et al., 2011; Goddings et
al., 2014; Neufang et al., 2009; Wierenga, Bos, et al., 2018). The results of the stud-
ies regarding the relationship between puberty and gray matter volume are
somewhat contradictory. This might be explained by the different ways to meas-
ure the pubertal stage. Also, whether or not age is included in the model influ-
ences the results and the association of puberty with gray matter appears unclear
when age is considered in the model (Vijayakumar et al., 2018).

Concerning white matter microstructure, pubertal development has been
shown to be positively related to FA (Chahal et al., 2018; Herting et al., 2012, 2017)
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and fiber density (Genc, Malpas, et al., 2018), and by contrast, negatively to MD
and radial diffusivity (RD) (Chahal et al., 2018; Herting et al., 2017; Menzies et al.,
2015). The regions where these associations have been found, however, ditfer
among studies. In addition, some contradictory findings have also been pre-
sented. For example, a negative association was found between pubertal devel-
opment and FA of the genu of the corpus callosum and anterior corona radiata
(Herting et al., 2017), but no relationship was found between FA and pubertal
development in adolescent boys (Menzies et al., 2015). While these earlier inves-
tigations imply that puberty can affect the brain’s structural development, it re-
mains to be elucidated if puberty influences regional and homotopic resting state
functional connectivity.

Another important factor influencing brain development is genetics. Twin
studies have found several gray and white matter brain structures that show high
heritability during development. For example, white matter microstructural and
network properties show widespread associations with heritability (M.-C.
Chiang et al., 2011; Koenis et al., 2015). In addition, both global and regional gray
matter volumes show high heritability during development (Brouwer et al., 2017;
Peper et al., 2009; Swagerman et al., 2014). The important role of heritability has
also been demonstrated in functional connectivity. Teeuw et al. (2019) found that
heritability explained up to 53% of the variation in resting state functional con-
nectivity within and between networks. Interestingly, concerning resting-state
functional networks, it has been suggested that global, but not local network
properties, are under genetic control (van den Heuvel et al., 2013).

While the heritability of the brain structures during adolescence is high (de-
pending on the region and brain measure), it does not exclude the possibility that
environment and experience can also influence brain development. Indeed, stud-
ies in adolescents have indicated that experiences such as musical training
(Hudziak et al., 2014), sleep variability (Telzer et al., 2015), and substance use
(Bava et al., 2013) can influence the adolescent brain. Moreover, twin studies that
allow the examination of genetic and environmental factors, have revealed that
environmental factors also explain individual differences in brain development
(Brouwer et al., 2017; M.-C. Chiang et al., 2011; Teeuw, Brouwer, Guimaraes, et
al., 2019).

In summary, there are a number of important factors that influence brain
development during adolescence, but these listed above, are not the only factors
that can affect brain development; several other contributing factors including
stress (Romeo, 2017), lifestyle (Dutil et al., 2018; Urrila et al., 2017), and substance
use (Meruelo et al., 2017; Squeglia & Gray, 2016) have also been suggested. How-
ever, many of these require more investigation to confirm their role in develop-
ment.

1.1.5 Brain plasticity
The brain has the capacity to change and adapt in response to experience, envi-

ronmental changes, or physiological modifications (Pascual-Leone et al., 2005).
This capacity is called plasticity. The discovery that the brain is plastic has been
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made over a century ago (according to Berlucchi, 2002), but methodological ad-
vances in recent decades have enabled studies on plasticity in the human brain
non-invasively. The brain's ability to modify itself is a core principle in behavioral
neuroscience. Importantly, plasticity provides an opportunity to use interven-
tions to influence the properties of the human brain. It is known that the human
brain is plastic to some extent throughout life (for reviews see Fuhrmann et al.,
2015; Kolb et al., 2017; Lovdén et al., 2013). However, the level of plasticity may
change with age, and especially during development, it appears to be heightened
(e.g., Larsen & Luna, 2018; Nemati & Kolb, 2010).

Plasticity is typically considered to be beneficial because it enables the
learning of new skills and adaptations to new environments. It has also been
shown to beneficially support motor (Karni et al., 1995; Voss et al., 2013) and cog-
nitive functions (Brehmer et al., 2011; Engvig et al., 2012). Yet, these beneficial
effects might differ depending on the age. For instance, exercise initiated at ado-
lescence versus adulthood has been found to have differential effects on cogni-
tion, hippocampal neurogenesis, and several plasticity-related genes in the hip-
pocampus in animal experiments (O’Leary, Hoban, Cryan, et al., 2019; O’Leary,
Hoban, Murphy, et al., 2019). While brain plasticity is beneficial in several cases,
it can also make the brain vulnerable to negative effects. For example, the appear-
ance of psychiatric illnesses during adolescence has been suggested to be related
to plasticity (Woo, 2014). Thus, plasticity may be beneficial or disadvantageous
for the brain and behavior.

The brain's ability to change can be studied at many levels. Human studies
have mainly focused on changes in behavior or at the system level (such as func-
tional and structural reorganization). These changes are commonly measured
with neuroimaging tools such as (functional) MRI, electroencephalogram (EEG),
magnetoencephalography (MEG), or transcranial magnetic stimulation (TMS).
For more detailed analysis, animal models provide a possibility to study plastic-
ity at the cellular or molecular level. These models provide information about
plasticity mechanisms at the neuronal level, such as changes in synaptic structure.

In addition to the different levels of plasticity, there are also different types
of plasticity. Plasticity can be categorized as experience-independent, experience-
expectant, and experience-dependent (Kolb & Gibb, 2014). These different types
typically take place at different ages. While experience-independent plasticity
mainly occurs during prenatal development, the latter two occur during postna-
tal development (Kolb et al., 2013). Experience-expectant plasticity refers to plas-
ticity that happens after exposure to experiences that are expected or common to
humans (Greenough et al., 1987). On the other hand, experience-dependent plas-
ticity occurs as a result of experiences in an individual's life, such as musical train-
ing (Steele et al., 2013). It has been suggested that plasticity during adolescence
is typically experience-dependent. However, experience expectant plasticity may
also take place in adolescence, especially in relation to pubertal hormones (Kolb
et al., 2017).

The general argument in the literature is that the adolescent brain experi-
ences heightened plasticity. Thus, it has often been proposed that adolescence is
a sensitive period for brain plasticity (Fuhrmann et al., 2015; Larsen & Luna, 2018).



22

Three possible models for plasticity during adolescence have been put forth. Plas-
ticity in adolescence could be either a 1) stand-alone period of heightened plas-
ticity, 2) continuum of heightened plasticity from childhood, or 3) continuum of
plasticity from childhood through adolescence and into adulthood. To confirm
which is the most likely model for the adolescent brain, longitudinal studies or
comparisons among different age groups would be needed.

It is known that different parts of the brain develop at different times and
at different rates (Gogtay et al., 2004; Lebel et al., 2008; Tamnes, Bos, et al., 2018;
Vijayakumar et al., 2018). While we know that certain parts of the brain are still
developing in adolescence, other parts have already reached their mature struc-
ture. For example, certain white matter structures such as the corpus callosum
and the inferior longitudinal fasciculus, reach their maximal FA values before
adolescence. While other tracts (such as the uncinate fasciculus and the cingulum)
reach their maximal FA values in early adulthood (Lebel et al., 2008). Thus, de-
velopmental trajectories differ between brain regions or tracts. It is also known
that plasticity can depend on the brain region or even on a cortical layer and that
it is time-dependent (Kolb & Gibb, 2014). Hence, some brain regions might ex-
hibit heightened plasticity during adolescence while others might not. In relation
to behavior, adolescence has been suggested to be a sensitive period especially
for emotional, social, and cognitive development (Bossong & Niesink, 2010;
Dow-Edwards et al., 2019). It may be possible that the brain regions and networks
responsive to these functions might be more plastic during adolescence.

The direct evidence in humans that adolescence is a sensitive period of plas-
ticity is still inconclusive. Longitudinal studies or comparisons between age
groups are needed to provide experimental evidence of the sensitive period.
Even though the direct evidence of the period of heightened plasticity is lacking,
it has been shown that the adolescent brain is capable of changing in response to
training. For example, musical training was found to accelerate cortical auditory
responses (Tierney et al., 2015) and motor training-induced changes in the func-
tional connectivity of the adolescent participants (Amad et al., 2017). In addition,
we know that brain responses to different stimuli vary among children, adoles-
cents, and adults (Bjork et al., 2010; Galvan et al., 2006; Geier et al., 2010). As men-
tioned previously, adolescence is also believed to be a sensitive period for social
(Casey, 2015), cognitive (Fuhrmann et al., 2015; Knoll et al., 2016), and emotional
processing (Casey, 2015; Spear, 2013). It could be speculated that brain plasticity
might underlie the behavioral plasticity in adolescents. However, this also needs
to be confirmed in human studies.

While direct experimental evidence concerning adolescence as a sensitive
period of brain plasticity in humans is lacking, animal experiments have pro-
vided experimental evidence concerning plasticity differences between age
groups. A few studies have investigated plasticity in relation to neurogenesis in
adolescents. He and Crews (2007) found that neurogenesis is higher in adoles-
cents than in adults. Later, it was found that several factors have different effects
on neurogenesis depending on the age. For example, alcohol exposure during
adolescence has been found to lead to persistent loss of hippocampal neurogen-
esis, but not so in case of adults (Broadwater et al., 2014). In addition, exercise
initiated during adolescence was shown to increase markers of neurogenesis to a
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greater extent than adult-initiated exercise (O’Leary, Hoban, Murphy, et al., 2019).
Pattwell et al. (2012) found attenuated fear-extinction learning in adolescents
compared with adults and that reduced synaptic plasticity in the prefrontal re-
gions of adolescents was related to the attenuated response. Lastly, the sensitive
or more precisely, critical period for specific sensory-related brain areas appears
to occur already before adolescence (De Villers-Sidani et al., 2007; Rice & Van Der
Loos, 1977). Together, these animal studies indicate that heightened plasticity de-
pends on the stimuli, region, or brain circuit. Thus, adolescence, as such, does not
appear to be a sensitive period per se.

1.2 Physical activity, aerobic fitness, and the adolescent brain

The level of physical activity, which refers to “any bodily movement produced
by skeletal muscles that results in energy expenditure” (Caspersen et al., 1985,
p-126) changes considerably during adolescence (Kwan et al., 2012; Yli-Piipari et
al., 2012). Recent reports suggest that only a minority of adolescents have suffi-
cient levels of physical activity (Hallal et al., 2012). This lack of adequate physical
activity has raised significant concerns as physical activity has been shown to
relate to both physical and mental health in adolescents (Hallal et al., 2006). More-
over, it is not currently known if physical activity also relates to brain health in
adolescents.

In addition to behavioral changes that occur during adolescence, important
changes also occur in the body. While physical activity reflects the behavior, aer-
obic fitness refers to the capacity to perform continuous physical activity or exer-
cise. Thus, it is a condition or adaptive state that an individual has obtained over
previous months or years, partly affected by heredity. Several bodily systems,
such as the skeletomuscular and cardiorespiratory systems, contribute to aerobic
fitness capacity. Thus, the functional status of these systems affects the measure-
ment of aerobic fitness (Ortega et al., 2008). In addition to physical activity, aero-
bic fitness is also related to adolescents” health (Janssen & LeBlanc, 2010; Ortega
et al., 2008).

Physical activity and aerobic fitness are related to each other. It has been
shown that vigorous physical exercise is especially needed to improve aerobic
fitness (Gutin et al., 2005; Ruiz et al., 2006). Perhaps, for this reason, the terms are
sometimes used interchangeably in the literature. However, as previously noted,
they measure different aspects of physical performance, and they are also influ-
enced by different factors. It has been asserted that a relatively large proportion
of aerobic fitness level is explained by inheritability during adolescence (Schutte
etal., 2016). However, other factors such as intrinsic motivation and environment
are also important for physical activity (Da Silva et al., 2017; K. B. Owen et al,,
2014; Sallis et al., 2016). Adolescence is a unique period in development, and in
order to understand the role and significance of exercise-related measures on
brain structure and function, it is essential to compare both behavior (physical
activity) and capacity (aerobic fitness).
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1.2.1 Gray matter

Participation in physical activity and aerobic fitness relates to brain structure and
function at various ages (e.g., Burzynska et al.,, 2014; Chaddock, Erickson,
Prakash, Kim, et al., 2010; Herting et al., 2014; Voss et al., 2010). However, little is
known about the association of gray matter with physical activity and aerobic
fitness in adolescence, especially after the onset of puberty. The brain’s gray mat-
ter continues to develop during this age (e.g., Tamnes et al., 2017; Vijayakumar
et al., 2016), and animal studies have indicated that brain responses to exercise
might be enhanced in adolescents (Hopkins et al., 2011). Given these possibilities,
adolescence might be a period during which physical activity more easily influ-
ences the brain than adulthood.

Even though some results from animal research have suggested this en-
hanced influence of physical activity in adolescence, this influence or even asso-
ciation has not been studied in humans. Instead of studying physical activity,
earlier studies have focused on aerobic fitness in adolescents (Table 1). In these
investigations, aerobic fitness was determined to be positively associated with
the thickness of the orbitofrontal cortex in 15-21-year-old participants (N. Ross
et al., 2015) and with the volume of the left rostral middle frontal cortex in 15-18-
year-old males (Herting et al., 2016). Using group-wise comparisons, higher-fit
participants were reported to have a larger hippocampal volume (Herting &
Nagel, 2012), and larger surface areas in the right medial pericalcarine, right cu-
neus, and the left precuneus than in lower-fit adolescents (Herting et al., 2016).

While the amount of literature concerning adolescents is limited regarding
a broader understanding of the relationship between gray matter and both phys-
ical activity and aerobic fitness, research concerning children is briefly presented
here. Aerobic fitness has been associated with gray matter in several studies in
children (Table 2). Research concerning the same group of 9-10-year-old children
provided evidence that higher-fit children have larger hippocampal and basal
ganglia subregion (putamen, globus pallidus, and left caudate) volumes
(Chaddock et al., 2012; Chaddock, Erickson, Prakash, Kim, et al., 2010; Chaddock,
Erickson, Prakash, VanPatter, et al., 2010). Furthermore, higher-fit children
showed decreased cortical thickness in several brain regions (Chaddock-Heyman
et al., 2015). Basal ganglia were also studied by Ortega et al. (2019) in 9.7 + 0.2-
year-old children. The authors found that the shapes of several basal ganglia sub-
regions and the hippocampus were related to the fitness level of the participants.
In overweight and/or obese children, recent studies have proposed a relation-
ship between aerobic fitness and brain volumes in specific cortical regions and
with the average cortical thickness (Esteban-Cornejo et al., 2017; Esteban-Cornejo,
Mora-Gonzalez, et al., 2019).

Concerning physical activity, a large cross-sectional study showed that par-
ticipation in sports is related to larger hippocampal volumes in 9-11-year-old
children (Gorham et al., 2019). In addition, self-reported physical activity in 6-
10-year-old children was related to larger cortical thickness in the precentral gy-
rus (Lopez-Vicente et al., 2017).
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In children and adolescents, more evidence has been presented concerning
aerobic fitness than physical activity. These earlier results indicate that associa-
tions between aerobic fitness and gray matter properties are specific and that not
all brain regions are associated with aerobic fitness. Interestingly higher aerobic
fitness was found to be related to decreased cortical thickness in several regions
(Chaddock-Heyman et al., 2015), although higher self-reported physical activity
was related to greater cortical thickness (Lopez-Vicente et al., 2017). Thus, these
earlier results imply that physical activity and aerobic fitness might have a dif-
ferential relationship with gray matter.

Previous literature has provided important knowledge to advance our un-
derstanding of the relationship between the brain’s gray matter and both physi-
cal activity and aerobic fitness in youth. Despite this, there are still several ques-
tions that remain unanswered. First, it is not yet known how physical activity is
related to gray matter in adolescents. Second, earlier studies in children used
questionnaires to evaluate the amount of physical activity. While questionnaires
are very useful at the population level, they are, however, influenced by recall
biases and other factors (Shephard, 2003). Therefore, there is a need for objective
measurement of physical activity. Lastly, although valuable research has been
conducted regarding the relation between aerobic fitness and gray matter during
late adolescence, the period of adolescence after the onset of puberty remains to
be studied.
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TABLE1 Studies on the association between aerobic fitness and gray matter in adolescents.
Measure of physi-
N, % fe-  cal activity and/or
Reference Age male fitness Analysis ROIs Results
Hertinget  15-18y  34,0% Self-reported PA (re- ROl-based vo- Hippocampus, gray CRF positively correlated with both the L and R hippocam-
al. 2012 sults not reported), lumetric ana-  matter, total intra-  pus volume (only left when pubertal status was added as a
VO2max lysis cranial volume covariate in the model). No correlations were found between
CRF and total gray matter or ICV.
Hertinget  15-18y  34,0% VO2max General linear ~ Whole-brain Higher-fit showed larger R medial pericalcarine and cuneus
al. 2016 model for av- and L precuneus surface areas than lower-fit. VO2max posi-
erage cortical tively correlated with L rostral middle frontal cortical vol-
thickness, sur- ume. No associations were found regarding cortical thick-
face area, and ness.
volume
N. Ross et 15-21y 63 obese,  Six min walk test ROI-based vol- The OFC, the ante-  OFC thickness was correlated with better fitness. The vol-
al. 2015 43 non- umetric and rior cingulate cor- ume or thickness of other regions was not correlated with fit-
obese, cortical thick- tex, global ness.
58% ness analysis

Note. CRF: cardiorespiratory fitness/aerobic fitness, ICV: intracranial volume, L: left, OFC: orbitofrontal cortex, PA: physical activity, R: right, ROI: region of interest



muscular strength
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pocampus, pal-
lidum, putamen
and thalamus

TABLE2 Studies on the association between aerobic fitness and gray matter in children.
Measure of
N, % fe-  physical activity
Reference Age male and/or fitness Analysis ROIs Results
Chaddock  9-10y 28 lower-fit, VO2max ROI-based Hippocampus, nu- Higher-fit children showed larger L and R hippocampal
et al. 2010 * 21 higher-fit, volumetric cleus accumbens volumes than lower fit children. The volume of the L and
59% analysis R nucleus accumbens did not differ between groups.
Chaddock 9-10y 30lower-fit, VO2max ROI-based L and R caudate Higher-fit children showed larger L and R putamen and
etal. 2010 * 25 higher-fit, volumetric nucleus, putamen, globus pallidus, and L caudate nucleus volumes than
55% analysis nucleus accum- lower-fit children. No fitness-based differences in volume
bens, and globus were found for the R caudate nucleus and nucleus accum-
pallidus bens.
Chaddock- 9-10y 24 lower-fit, VO2max ROI-based Frontal (ant., mid- Higher-fit children showed decreased cortical thickness in
Heyman et 24 higher-fit, thickness dle, sup.), parietal  the superior frontal cortex, superior temporal cortex, and
al. 2015 * 54% analysis (sup., inf.), tem- lateral occipital cortex compared with lower-fit children.
poral (sup., mid- No differences in thickness between groups in anterior
dle, inf.), and lat- and middle frontal cortex, middle and inferior temporal
eral occipital re- cortex, superior parietal cortex, and inferior parietal areas.
gions
Ortegaetal. 9.7£0.2 44, 45% 20-m shuttle run, ROI-based 14 nuclei: Land R CRF was positively associated with expansion of the L ac-
2019 y also measured: shape ana- accumbens, amyg- cumbens, R amygdala, R hippocampus, L globus pallidus,
speed agility and  lysis dala, caudate, hip- and bilateral putamen. Higher aerobic fitness was associ-

ated with contractions in the L accumbens and R hippo-
campus. CRF was not associated with the shape of caudate
or thalamus, or with expansion in the R accumbens, L
amygdala, L hippocampus, and R globus pallidus. The
contraction in 12/14 areas did not associate with CRF.
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Lépez-Vi- 6-10y Sports par-  Self-reported PA General lin-  Whole-brain Cortical thickness in the L precentral gyrus was positively
cente et al. ticipation - (sports participa- ear model for associated with sports participation. There was a thinner
2017 911, 20% ; tion, type of sport) average corti- cortex in boys in team sports than those in individual
type of sport cal thickness sports in two clusters: 1) sup., medial orbital and rostral
-175,0% middle frontal cortices, and 2) pars triangularis, orbitalis,
opercularis, and CMFc.
Gorhamet  9-11y 4191, 48% Self-reported PA ROI-based Hippocampus Greater participation in every category of sport and/or ac-
al. 2019 (No. of activities/  volumetric tivity, except for individual sports and nonsport activities,
sports, participa- analysis was associated with larger hippocampal volume. The
tion in a team, in- number of nonsport activities and participation in an indi-
dividual, and vidual sport was not associated with hippocampal vol-
structured sport) ume.
Esteban- 8-11y 101, 39.6% 20-m shuttle run, Whole-brain = Whole-brain CRF was positively associated with volumes in 10 clusters
Cornejo et also measured: general lin- located in the orbitofrontal cortex, PMc, posterior cingulate
al. 2017 **# speed agility and ear model cortex, hippocampus, STG, PHG, fusiform gyrus, calcarine
muscular strength  (volume) cortex and cerebellum VL
*k%
Esteban- 8-11y 101, 39.6% 20-m shuttle run, ROI-based R PMc, RSMc, L CRF was positively correlated with overall cortical thick-
Cornejo et also measured: thickness inferior frontal gy- ness in 2/4 models. CRF did not correlate with the total
al. 2019 **# speed agility and analysis rus, L IFG, R PHG, surface area. CRF was not related to cortical thickness in
muscular strength R STG, R calcarine  any a priori defined ROI.

*kk

cortex, average
cortical thickness,
and total surface
area

*Participants from the same cohort.

** Participants from the same cohort.

*** In this table, only results concerning the 20-m shuttle run are only reported.

# Study concerning only overweight and/ or obese participants.

Note. ant.: anterior, CMFc: caudal middle frontal cortex, CRF: cardiorespiratory fitness/aerobic fitness, IFG: inferior frontal gyrus, inf.: inferior, L: left, PHG:
parahippocampal gyrus, PMc: premotor cortex, R: right, SMc: supplementary motor cortex, STG: superior temporal gyrus, and sup.: superior.
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1.2.2 White matter

The brain’s white matter enables the communication between distinct brain re-
gions and is crucial for many cognitive functions including executive functions
(Baum et al., 2017; Treit et al., 2014) and behavior, such as risk-taking in adoles-
cence (Jacobus et al., 2013). Previous research have suggested that there is a link
between the level of physical activity and white matter microstructure for chil-
dren and older adults (Chaddock-Heyman et al., 2018; Oberlin et al., 2016;
Strommer et al., 2020; Tian et al., 2015). This association, however, remains un-
clear for adolescents. The generalizability of these earlier results from other age
groups to adolescents is not straightforward. The brain’s white matter is still de-
veloping during adolescence, and the onset of puberty has been proposed to af-
fect neural development and plasticity (Piekarski et al., 2017). Furthermore, white
matter growth differs depending on the developmental phase (childhood, mid-
dle adolescence, late adolescence) (Simmonds et al., 2014).

The earlier studies investigating the link between white matter and either
physical activity or aerobic fitness in youth have focused on either childhood or
late adolescence, and to the best of my knowledge, only one study has investi-
gated adolescents. In the first study concerning adolescents, Herting et al. (2014)
found that neither aerobic fitness nor self-reported physical activity was associ-
ated with the brain’s white matter microstructure in a whole-brain analysis in 15-
18-year-old men. The authors also conducted an exploratory analysis concerning
14 major white matter tracts and found a negative relationship between FA in the
left corticospinal tract and aerobic fitness (Table 3).

Studies in children have focused both on normal weight (Chaddock-
Heyman et al., 2014, 2018; Rodriguez-Ayllon, Derks, et al., 2020) and overweight
and/or obese children (Esteban-Cornejo, Rodriguez-Ayllon, et al., 2019; Krafft,
Schaeffer, et al., 2014; Rodriguez-Ayllon, Esteban-Cornejo, et al., 2020; Schaetfer
et al., 2014). In normal-weight children (Table 3), physical activity intervention
that did not affect aerobic fitness of the participants increased FA and decreased
RD in the genu of the corpus callosum in the intervention group when compared
to the control group (Chaddock-Heyman et al., 2018). However, the intervention
did not affect axial diffusivity (AD) or any white matter properties of the other
tested tracts (body and splenium of the corpus callosum, corona radiata, superior
longitudinal fasciculus, posterior thalamic radiation, and uncinate fasciculus).
Further, a large cross-sectional study (N = 2532) investigated the association be-
tween self-reported physical activity and white matter properties of 15 different
white matter tracts. The results indicate that the total amount of physical activity
was not related to the FA of any of the studied tracts but was related to the MD
in several tracts (Rodriguez-Ayllon, Derks, et al., 2020). At the global level, how-
ever, the total amount of physical activity was positively related to FA.

Apart from physical activity, aerobic fitness has been shown to be positively
associated with FA in the body of the corpus callosum, bilateral superior corona



TABLE3 Studies on the association between physical activity and aerobic fitness with the white matter in normal-weight children and adolescents.
Measure of
N, % fe- PA and/or
Reference Age male fitness ROIs Results
Hertinget 15-18y 34,0% Self-reported ~ FMA, FMI, AF, A negative relationship between CRF and FA in a small portion of
al. 2014 PA, VO2max, ATR, CST, IFOF, the L CST. Lower PA group had fewer streamlines in CST and FML
daytime activ-  ILF, and UNC for Neither self-reported PA nor VO2 peak was associated with FA in
ity (watch) each hemisphere; whole-brain analysis. Self-reported PA did not correlate with FA in
and whole-brain any of the tracts of interest. CRF was not related to any streamline
analysis measures.
Chaddock- 9-10y 24, 38% VO2max Genu, body, and Higher-fit children showed greater FA in the body of the corpus cal-
Heyman et splenium of the cor- losum, bilateral SCR, and bilateral SLF. Higher-fit children also had
al. 2014 pus callosum, and lower in RD in the SCR and SLF. No group differences were found in
bilateral SLF, PTR, =~ white matter properties in the genu and splenium of the corpus callo-
cerebral peduncle, sum, PTR, and cerebral peduncle between groups. No group differ-
and corona radiata  ences were found in the AD in any white matter tracts.
Chaddock- 7-9y 76 interven-  VO2max (in- Corpus callosum, Exercise intervention increased FA and decreased RD in the genu of
Heyman et tion, 67 cont-  tervention) corona radiata, SLF,  the corpus callosum when compared with the control group. There
al. 2018 rol, 51% PTR, and UNC were no group differences in FA or RD at post-test. No effects for AD
in the genu of the corpus callosum. There were no GroupxTime in-
teractions for FA in other tracts.
Rodriguez- 10.12+0.58 2532, 50 % Self-reported Global, 15 large fi- Total PA was negatively associated with MD in CST, AR, ATR, SLF,
Ayllon, y PA ber bundles, includ-  ILF, IFOF, UNC, CGC, CGH, FM]I, and STR. Total PA was positively
Derks et al. ing MCP, ML, CST, related to global FA and negatively with global AD, RD, and MD.
2020 AR, ATR, STR, PTR,  Outdoor play was negatively associated with global RD, AD, and
SLF, ILF, IFOF, MD. Sport participation was positively associated with global FA
UNC, CGC, CGH, and negatively with global MD and RD. There was no association be-
FMI, and FMA tween total PA and FA within individual tracts. Active commuting

did not associate with any white matter measure.

Note. AD: axial diffusivity, AF: arcuate fasciculus, AR: acoustic radiation, ATR: anterior thalamic radiation, CGC: cingulate gyrus part of cingulum, CGH: hippocampal
part of the cingulum, CREF: cardiorespiratory fitness, CST: corticospinal tract, FA: fractional anisotropy, FMA: forceps major, FMI: forceps minor, IFOF: inferior fronto-
occipital fasciculus, ILF: inferior longitudinal fasciculus, L: left, MCP: middle cerebellar peduncle, MD: mean diffusivity, ML: medial lemniscus, PA: physical activity,
PTR: posterior thalamic radiation, RD: radial diffusivity, ROI: region of interest, SLF: superior longitudinal fasciculus, STR: superior thalamic radiation, UNC: uncinate
fasciculus, and WMV: white matter volume.
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radiata, and bilateral superior longitudinal fasciculus, but not with the genu and
splenium of the corpus callosum, posterior thalamic radiation, and cerebral pe-
duncle in children (Chaddock-Heyman et al., 2014).

Studies on overweight or obese children have focused on specific white
matter tracts (Table 4). An intervention study with 18 children (10 in the exercise
group) found that an eight-month after school exercise program affected white
matter properties in the uncinate fasciculus (Schaeffer et al., 2014), but not in the
superior longitudinal fasciculus (Krafft, Schaeffer, et al., 2014), when compared
with the control group. Krafft, Schaeffer, et al. (2014) found, however, that at-
tendance in the exercise program was related to white matter properties in the
superior longitudinal fasciculus. In a larger cross-sectional study by Rodriguez-
Ayllon, Derks, et al. (2020), neither self-reported nor objectively measured phys-
ical activity was related to white matter properties of any of the seven studied
tracts. However, self-reported physical activity was related to global FA. Further-
more, objectively measured physical activity was related to global FA and RD,
but only when specific cut points (Hildebrand-ENMO hip cut-points) were used
in the analysis of physical activity. Recently, white matter volume has also been
studied in relation to aerobic fitness in overweight and obese children. Esteban-
Cornejo, Rodriguez-Ayllon, et al. (2019) determined that, depending on the co-
hort, white matter volumes of specific tracts are related to aerobic fitness.

Overall, there seems to be some evidence to indicate that physical activity
and aerobic fitness are related to white matter properties in youth. However,
much uncertainty still exists about which of the brain regions are affected by
physical activity or aerobic fitness. It is also worth noting that different brain ar-
eas have been investigated in different studies. Thus, there is a need for replica-
tion of earlier studies. Although the previous literature provides a good founda-
tion, there remain gaps in the knowledge. It is not yet known whether aerobic
fitness and physical activity are related to white matter in adolescents after the
onset of puberty. Herting et al. (2014) have provided valuable knowledge con-
cerning male adolescents over 15-years-old, but the period of middle adolescence
remains to be studied. Lastly, to have an unbiased estimation of physical activity
levels, studies using objectively measured physical activity in adolescents are
needed.
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TABLE4  Studies on the association between physical activity and aerobic fitness with the white matter in obese and/or overweight children.
Measure of PA
Reference Age N, % female and/or fitness ROIs Results
Kraftetal. 9.9+0.6 18 (10 exer- - (intervention) L and RSLF Higher attendance at the exercise program was associated with in-
2014 y cise, 8 cont- creased FA and decreased RD in the bilateral SLF (increased FA
rol), 50% and decreased RD). PA intervention did not affect FA, MD, RD, or
AD measures
Schaeffer 9.9£0.6 18 (10 exer- VO2max (inter- L and R UNC The exercise group showed a greater positive change in bilateral
etal. 2014 vy cise, 8 cont- vention) UNC FA and greater negative change in L UNC RD than the con-
rol), 50% trol group. No significant correlations were found between changes
in the FA and RD and VO2 peak. The exercise did not affect the R
UNCRD.
Rodriguez- 10.02+ 99,41 % Accelerometer 7 large fiber bundles Self-reported total and objectively measured PA (light PA, MVPA,
Ayllon, 115y measured PA (cingulate gyrus total PA) was positively associated with global FA. Objectively
Esteban- (total, light,and  part of the cingu- measured total PA was negatively associated with global RD only
Cornejo et moderate-to-vig-  lum, CST, FMA, when Hildebrand-ENMO cut-points were used. No association be-
al. 2020 orous) and sed- FMI, ILF, SLF, and tween either self-reported sedentary behavior or any PA variables
entary time, self- UNC), global white = with global MD/AD and tract-specific FA/MD was found.
reported PA and matter
sedentary behav-
ior
Esteban- 7-11y  Study1=100, VO2max, 20-m Whole-brain ana- Studyl: CRF was positively associated with WMV in IFOG and
Cornejo et 40%, SRT, muscular lysis ITG; motor fitness was related to greater WMV in the IC, caudate,
al. 2019 Study2=142, fitness(max. bilateral STG, and SMG; muscular fitness was associated with
54% handgrip greater WMV in the bilateral caudate and cerebellum IX. Study?2: in
strength and overweight/ obese children, CRF was positively associated with

WMV in ITG, cingulate gyrus, middle occipital gyrus, and FG. No
correlation between CRF and WMV among normal-weight children
was found.

Note. AD: axial diffusivity, CRF: cardiorespiratory fitness, CST: corticospinal tract, FA: fractional anisotropy, FG: fusiform gyrus, FMA: forceps major, FMI: forceps
minor, IC: insular cortex, IFOG: inferior fronto-opercular gyrus, ILF: inferior longitudinal fasciculus, ITG: inferior temporal gyrus, L: left, MD: mean diffusivity, PA:
physical activity, R: right, RD: radial diffusivity, ROI: region of interest, SLF: superior longitudinal fasciculus, SMG: supramarginal gyrus, SRT: shuttle run test, STG:
superior temporal gyrus, UNC: uncinate fasciculus, and WMV: white matter volume.
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1.2.3 Functional connectivity

The relationship between aerobic fitness and physical activity with resting state
functional networks during development is still poorly understood. To date, only
two studies have investigated this. Krafft, Pierce, et al. (2014) examined the effect
of an eight-month after school aerobic exercise training program on functional
connectivity in overweight 8-11-year-old children. They found that synchrony
decreased in the default mode, cognitive control, and motor networks in the ex-
ercise group compared with the control group. Increased synchrony in the exer-
cise group was only found between the motor network and a frontal region. Y. J.
Kim et al. (2015) used an exploratory cross-sectional approach and studied the
differences in functional connectivity between the cerebellum and the rest of the
brain in children practicing taekwondo and controls. They found that children
practicing taekwondo had increased connectivity between the cerebellum and
the right inferior frontal gyrus. In addition, increased amplitude of low-fre-
quency fluctuations, which estimates the magnitude of slow fluctuations, was
found in the taekwondo group in the right frontal precentral gyrus compared
with controls. It is difficult to make strong claims about the relationship between
physical activity and functional connectivity in youth based on these results. The
number of subjects in these studies was relatively small (13 participants in the
exercise group in Krafft, Pierce et al. [total n=22] and in 15 in the taekwondo
group in Y.J. Kim et al. [total n=28]), and the latter study did not correct for mul-
tiple comparisons.

These studies indicate that physical activity and/or aerobic fitness could
link to the brain’s functional connections in youth. To confirm this in adolescents,
larger sample sizes and adolescent participants are needed. This is especially rel-
evant in respect to adolescence since altered functional connectivity has been
linked to psychopathology in adolescents (Ernst et al., 2015).

Although few data exist about the relationship of physical activity and aer-
obic fitness with the brain’s functional connections in youth, several interven-
tions and cross-sectional investigations in adults have demonstrated this rela-
tionship (Boraxbekk et al., 2016; Ikuta & Loprinzi, 2019; Talukdar et al., 2018;
Tozzi et al., 2016; Voss et al., 2016). Furthermore, executing movements is linked
with functional connectivity in the brain (e.g. Deng et al., 2016; Lv et al., 2013).
Thus, experimental evidence suggests that physical behavior can modify the
brain’s functional connectivity, but this remains to be shown in adolescents.

1.3 Core executive functions in adolescents

Executive functions refer to “a family of top-down mental processes needed
when you have to concentrate and pay attention, when going on automatic or
relying on instinct or intuition would be ill-advised, insufficient, or impossible”
(Diamond, 2013). They may be further divided into core executive functions and
higher-order executive functions (Diamond, 2013; Garcia-Madruga et al., 2016).
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Diamond (2013) indicates that there is a general agreement that core executive
functions include inhibition, interference control, working memory, and cogni-
tive flexibility. However, more recently, some different views of the specific cog-
nitive functions included in core executive functions have been presented
(Garcia-Madruga et al., 2016). The importance of core executive functions in ad-
olescents is also widely recognized, and they have a critical role in everyday life,
such as in school success (Abreu-Mendoza et al., 2018; Gathercole et al., 2004;
Poon, 2018), mental health (Fairchild et al., 2009; Peeters et al., 2014; Rodrigue et
al., 2019), and social functioning (Hilton et al., 2017; Holmes et al., 2016). In this
thesis, core executive functions were examined due to their importance in vari-
ous aspects of life including academic achievement (Best et al., 2011), health
(Allan et al., 2016) and behavioral control (Denson et al., 2011), and although the
earlier evidence is inconsistent, these functions have been associated with physi-
cal activity and aerobic fitness in different age groups. Furthermore, as described
in the following section, these functions are still developing during adolescence.
This dissertation focuses on core executive functions: inhibition, working
memory, and attention.

1.3.1 Inhibition, working memory, and sustained attention

Inhibition refers to “ignoring a stimulus that is competing for attention to enable
focus on goal - relevant information” (Nigg, 2017). Thus, inhibitory control
makes it possible to resist, for example, internal impulses and external stimuli to
achieve goals. It is important for cognitive functions, including reading and math
performance (Brookman-Byrne et al., 2018; Kieffer et al., 2013) as well as health
and wealth, throughout life (Moffitt et al., 2011). Although inhibition appears to
develop strongly in childhood (Cragg & Nation, 2008), it has also been reported
to continue to mature during adolescence (Bodmer et al., 2018; Luna, 2009; Luna
etal., 2004). Due to its importance in everyday life, intervention studies have been
conducted to improve inhibition. Some of these training studies have shown po-
tential in improving inhibition. However, future studies are needed to specify
how long-lasting these improvements are and the properties of an optimal train-
ing program (for reviews see Diamond, 2013; Diamond & Lee, 2011; Diamond &
Ling, 2016; Verburgh et al., 2014).

The second core executive function investigated in the current study is
working memory. Working memory refers to storing and processing information
in the mind (Baddeley & Hitch, 1974). It is also needed for higher-order cognitive
skills such as reasoning and problem-solving (Chuderski & Jastrzebski, 2018;
Dehn, 2017; Fung & Swanson, 2017; Simms et al., 2018). Like inhibition, working
memory performance has also been shown to further develop in adolescence, and
this prolonged development has been linked to brain development (Cowan, 2016;
Gomez et al., 2018; Sowell et al., 2001; Ullman et al., 2014). Several intervention
studies have also been conducted to investigate whether working memory ca-
pacity could be enhanced by training. While increases in working memory per-
formance have been observed after training, the effects appear to be short-lasting
and the transfer effect to other skills inconsistent (for reviews see Constantinidis
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& Klingberg, 2016; Karbach & Unger, 2014; Melby-Lervag & Hulme, 2013; Sala &
Gobet, 2020).

Sustained attention can be defined as maintaining sensitivity to detect un-
predictable incoming stimuli for prolonged periods of time (Sarter et al., 2001). It
is a part of attentional control and has an important role in learning as well as in
academic achievement (L. C. Erickson et al., 2015; Lehman et al., 2010). Further-
more, it is thought to be closely associated with working memory performance
(Awh et al., 2006; Libedinsky & Fernandez, 2019; Silver & Feldman, 2005). The
developmental studies have revealed that sustained attention matures later than
some executive functions and is still developing during adolescence (Boelema et
al., 2014; Fortenbaugh et al., 2015; Thillay et al., 2015). This prolonged develop-
ment has also been linked to the development of frontal brain areas (Boelema et
al., 2014). While more studies are still needed, it seems that sustained attention
can be improved with training (MacLean et al., 2010; O’Connell et al., 2008;
Ziegler et al., 2019).

1.3.2 Core executive functions and white matter in adolescents

As described earlier, white matter works as the brain’s structural network that
enables the communication among distinct brain regions. Neuroimaging studies
have shown that, during cognitive functioning, such as working memory, inhi-
bition, and attention, many separate brain regions are activated (e.g. Zhang et al.,
2017). This implies that communication between these regions is crucial for these
functions. Indeed, several studies have examined whether the properties of these
tracts enabling the communication between distinct regions are related to the
cognitive performance itself.

Multiple brain regions and networks are involved in inhibitory control
(Zhang et al., 2017). Specific white matter tracts that contribute to inhibition dur-
ing adolescence have been investigated in many studies. The regions that were
determined to be related to inhibition varied between these studies (Fjell et al.,
2012; Liston et al., 2006; Madsen et al., 2010; Seghete et al., 2013; Tamnes et al.,
2012; Treit et al., 2014). This can be partly explained by the different ROIs in the
studies. Overall, however, evidence suggests that from childhood to early adult-
hood increases in FA are associated with better inhibition performance (Fjell et
al., 2012; Liston et al., 2006; Madsen et al., 2010; Seghete et al., 2013; Tamnes et al.,
2012). However, Treit et al. (2014) reported that, in 5-16-year-old children and
adolescents, worse inhibition performance was associated with higher FA in
frontal and posterior white matter. When different developmental stages were
compared, the results also differed to some extent. Fjell et al. (2012) did not find
significant associations between white matter and inhibition performance during
middle adolescence, while Seghete et al. (2013) demonstrated one. Furthermore,
the relationship between inhibition and white matter might be different in early
and late adolescence (Simmonds et al., 2014).

The relationship between working memory and white matter has been
studied quite extensively in adolescents (e.g., Bathelt et al., 2018; Krogsrud et al.,
2018; Nagy et al., 2004; Ostby et al., 2011; Peters et al., 2012; Treble et al., 2013;
Ullman & Klingberg, 2017; Vestergaard et al., 2011). The results indicated that the
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properties of many white matter tracts including the inferior longitudinal fasci-
culus (Krogsrud et al., 2018), uncinate fasciculus (Krogsrud et al., 2018), superior
longitudinal fasciculus (Jstby et al., 2011; Peters et al., 2012), corpus callosum
(Bathelt et al., 2018; Nagy et al., 2004; Treble et al., 2013), and forceps major
(Krogsrud et al., 2018), are associated with working memory performance. It
should be noted, however, that since these studies mainly focus on a priori de-
fined ROIs that differ among these studies, only some of the results were repli-
cated. When looking at developmental differences in the relationship between
working memory and white matter, this relationship was found to be more pro-
nounced in childhood than in adolescence (Bathelt et al., 2018; Ullman &
Klingberg, 2017). Longitudinal studies have also been conducted to determine if
the changes in working memory performance relate to changes in white matter.
Krogsrud et al. (2018) found that enhancement in visuospatial working memory
was associated with decreased MD, RD, and AD in inferior longitudinal fascicu-
lus, uncinate fasciculus, forceps major, and the inferior fronto-occipital fasciculus.
Furthermore, future working memory capacity could be predicted by white mat-
ter FA in the fronto-parietal and fronto-striatal tracts (Darki & Klingberg, 2015).
Based on these pieces of evidence, it appears that the white matter properties of
specific tracts are related to working memory in adolescence.

Concerning sustained attention, less is known of its relation to white matter
microstructure in adolescents. Stave et al. (2017) reported that sustained attention
was associated with white matter properties of anterior, posterior, and superior
corona radiata in 4-17-year-old children and adolescents. Furthermore, sustained
attention was related to white matter microstructure in tracts between the cau-
date and dorso-lateral prefrontal cortex (H. L. Chiang et al., 2015). However, no
associations were found between white matter and sustained attention in healthy
12-18-year-old adolescents (Vollmer et al., 2017), or in 6-19-year-old children af-
ter controlling for age (Mabbott et al., 2006). Overall, the evidence concerning the
relationship between sustained attention and white matter in adolescents is still
scarce, and more studies are needed to better understand this possible relation-
ship.

1.4 Relationships between physical activity and aerobic fitness
with core executive functions in adolescents

In recent years, the relationship between physical activity and aerobic fitness
with cognition have attracted wide interest. Much research has been conducted
to elucidate this relationship (for reviews see Alvarez-Bueno et al., 2017; Bherer
et al., 2013; Esteban-Cornejo et al., 2015; Singh et al., 2018). Despite this interest,
the number of studies investigating adolescents, especially the relation of physi-
cal activity /aerobic fitness with core executive functions in adolescents is limited.
In a systematic review, Esteban-Cornejo et al. (2015) reported that five studies
have found a positive association between physical activity and cognition, and
only one study reported a negative association in adolescents. However, the
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studies in the review did not include cognitive measures considered in the cur-
rent research. In a recent meta-analysis, Alvarez-Bueno et al. (2017) found that
physical activity interventions had a small positive effect on inhibition and work-
ing memory. This meta-analysis included 4-18-year-old children and adolescents,
but most of the studies included only children. Thus, the results might have dif-
fered if only studies with adolescents had been included.

Studies investigating the effect of physical activity intervention on core ex-
ecutive functions have reported different results. While two large school-based
physical activity interventions (n=108 and n=632) did not find effects on working
memory (Sjowall et al., 2019) or inhibition (Sjowall et al., 2019; Tarp et al., 2016),
a smaller (n=20) school-based intervention did report beneficial effects on work-
ing memory (Ludyga et al., 2018). Furthermore, small improvements in overall
executive functions were reported after an aerobic exercise program (Costigan et
al., 2016).

Cross-sectional studies examining the association between physical activity
and inhibition in adolescents have reported both positive associations (Lee et al.,
2014; Wickel, 2017) and no associations (Pindus et al., 2015). In addition, sus-
tained attention did not relate to physical activity in 12-year-old participants
(Syvéoja et al., 2014), and a positive association was reported between physical
activity and working memory during late adolescence (Lee et al., 2014).

Inconsistency in the results is also present in studies that have examined the
association between aerobic fitness and core executive functions in adolescents.
Aerobic fitness levels were reported to be associated with inhibition task perfor-
mance (Huang et al., 2015), whereas some studies have not found this association
(Cancela et al., 2019; Stroth et al., 2009). In addition, concerning working memory,
both significant associations (N. Ross et al., 2015) and no associations (Cancela et
al., 2019) have been reported in adolescents.

Thus, the results concerning the relationship between physical activity /aer-
obic fitness (cross-sectional and intervention studies) and core executive func-
tions in adolescents are to some extent contradictory. It is not yet known what
the reasons are that could explain these different results. Subject-related as well
as methodological factors such as differences in cognitive tests, could explain
some of the observed variability in the results. Furthermore, it remains to be elu-
cidated if brain-related factors, such as white matter properties, could also ex-
plain these inconsistent findings.

1.5 Aims of the research

This research consists of three studies that aimed to investigate the relationship
of physical activity and aerobic fitness with brain structure and function in 13-
16-year-old adolescents. Specifically, the purpose is to determine whether phys-
ical activity and aerobic fitness are related to the brain’s regional volumes, struc-
tural connectivity, and functional connectivity. Furthermore, the aim is to study
whether the white matter structural connectivity moderates the association be-
tween physical activity and aerobic fitness with core executive functions. In all
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three studies, physical activity was measured using accelerometers, and the level
of aerobic fitness was assessed with a 20-m shuttle run test.

Study I examines how both physical activity and aerobic fitness are related
to regional grey matter volumes using structural MRI. ROIs were selected based
on the earlier literature (for more detailed description, please see section 2.5.1),
and both cortical and subcortical regions were studied. We hypothesized that
higher levels of physical activity and aerobic fitness would associate with higher
volumes in basal ganglia and hippocampus.

Using diffusion MRI, Study II aims to identify white matter tracts that as-
sociate with physical activity and aerobic fitness. The second aim is to test
whether white matter moderates the relationship between both physical activity
and aerobic fitness with core executive functions. We hypothesized that the con-
nection between physical activity and aerobic fitness with core executive func-
tions depends on the level of white matter.

Study III investigates the associations of both physical activity and aerobic
fitness with resting state fMRI. Based on the findings of Study II, we examined
the association between physical activity and aerobic fitness with homotopic con-
nectivity between hemispheres. Furthermore, more local aspects of functional
connectivity were studied using regional homogeneity analysis. We hypothe-
sized that aerobic fitness would be related to the homotopic connectivity of the
participants.



2 METHODS

2.1 Participants

Participants (12.7-16.2-year-old adolescents, Table 5) for this research were re-
cruited from a larger follow-up study (see Joensuu et al., 2018). Prior to partici-
pation in the MRI experiment, subjects were screened for exclusion criteria: MRI
contraindications, major medical conditions, neurological disorders, medications
influencing the central nervous system, and left-handedness, which was assessed
by the Edinburgh Handedness Inventory during the first research visit. Further-
more, participants’ pubertal development was assessed with the self-reported
stage of puberty by using the Tanner scale (Marshall & Tanner, 1969, 1970). A
total of 61 right-handed subjects were scanned. In Study I, one participant was
removed from the analysis owing to excessive motion artifacts. Thus, 60 adoles-
cents were included in the final analysis. In Study II, two participants did not
complete a diffusion-weighted imaging protocol, and 59 subjects were included
in the final analysis concerning physical activity, aerobic fitness, working
memory, rapid visual information processing, and white matter measures. From
the 59 subjects, 58 were analyzed for the behavioral test of response inhibition
(one participant did not complete the test). A total of 59 subjects were also in-
cluded in Study III (one subject did not finish resting state fMRI imaging proto-
col, and one subject was excluded due to excessive motion during scanning). The
research was conducted according to the ethical principles stated in the Declara-
tion of Helsinki, and the Central Finland Healthcare District Ethical Committee
accepted the study. Before the participation, each participant and his or her legal
guardian provided written informed consent. Each participant was also compen-
sated with a 30-euro gift card for participating in the neuroimaging part of the
research.
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TABLES5 Participant demographics.

Study I Study II Study III
Mean + SD Range Mean + SD Range Mean + SD Range
N(n female) 60 (40) 59 (39) 59 (39)
Age (years) 14.3+0.9 12.7-16.2  143+0.9 12.7-16.2 14309 12.7-16.2
Pubertal stage  3.5+0.9 1.5-5 35+09 1.5-5 35+09 1.5-5
MVPA 491+20.0 18.0-1059 491+19.2 18.0-1059 485+19.0 18.0-1059
20-m SRT 58+24 1.5-11.6 57+24 1.5-11.6 56+23 1.5-11.6

Note. MVPA: moderate-to-vigorous physical activity (min/day), SD: standard deviation, SRT:
shuttle run test (min)

2.2 Aerobic fitness and physical activity

The physical activity levels in the current research were measured using triaxial
ActiGraph GT3X+ and wGT3X+ accelerometers (Pensacola, FL, USA). ActiGraph
is the brand most frequently used by physical activity researchers over the last
decade (Wijndaele et al., 2015), and thus offers an opportunity to compare the
physical activity results with those of other studies as well. The participants were
instructed to wear accelerometers on their right hip during waking hours for
seven consecutive days (except while bathing or swimming). A valid measure-
ment day consisted of at least 10 h of data. Subjects who had at least two valid
weekdays and one valid weekend day were included in the analysis. For those
subjects who did not meet these criteria, a multiple imputation method (ex-
plained in more detail below) was employed to compensate for the missing data.
Activity counts were collected in 15-s epochs. For any period of at least 30 min of
consecutive zero counts, it was considered as a non-wear period. Data were col-
lected at a sampling frequency of 60 Hz and standardly filtered. A customized
Visual Basic macro for Excel was used for data reduction. Cut-points from
Evenson et al. (2008) were used to extract the amount of moderate-to-vigorous
physical activity (MVPA). The MVPA was converted into a weighted-mean value
of MVPA per day ([average MVPA min/day of weekdays x 5 + average MVPA
min/day of weekend day x 2] / 7).

To estimate the level of aerobic fitness a 20-m shuttle run test was employed.
The shuttle run test is an indirect estimate of cardiorespiratory fitness. The par-
ticipants in this study were part of a large longitudinal study with hundreds of
participants (Joensuu et al., 2018) in which the assessment for aerobic fitness was
conducted. The performance in the 20-m shuttle run was chosen as an estimate
of aerobic fitness because it is easy to implement for a large number of partici-
pants. In addition, it is a widely used test and the correlation between the 20-m
shuttle run test performance and the maximal oxygen consumption as well as the
reliability of this test is suggested to be relatively high (Castro-Pinero et al., 2010;
Liu et al., 1992; Mayorga-Vega et al., 2015).
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The maximal 20-m shuttle run test was performed as described by
Nupponen et al. (1999) and specified in detail for the present data collection in
Joensuu et al. (2018). Each participant ran between two lines, 20 m apart, at an
accelerating pace, which was indicated with an audio signal. The duration that
the participants ran until they failed to reach the end lines within two consecutive
tones indicated their level of aerobic fitness. The speed in the first and second
levels were 8.0 and 9.0 km/h, respectively. After the second level, the speed se-
quentially increased by 0.5 km/h per level. The duration of each level was one
min. The participants were verbally encouraged to keep running throughout the
test.

In addition to physical activity and aerobic fitness measures, the subjects
completed a set of tests measuring muscular fitness (push-up and curl-up), flex-
ibility (four different measurements), and fundamental movement skills (5-leap
test, throwing-catching combination test), which are not included in the current
research, but were utilized in the multiple imputations, as explained below.

2.3 Multiple imputation

In all three studies included in this dissertation, multiple imputations were used
to compensate for the missing data that occurred in the pubertal stage, 20-m shut-
tle run, and MVPA. The percentage of missing values was 10% for the pubertal
stage, 15% for the 20-m shuttle run test, and 22% for the MVPA. Most of the miss-
ing values were due to participant absences from school during the measurement
(e.g. due to illness), or an insufficient number of measurement days for MVPA
(i.e. two weekdays and one weekend day). The analysis was performed under
the assumption of data missing at random as the crucial predictors - such as pre-
ceding measures (measured approximately six months before the current study)
of the pubertal stage, shuttle run tests (correlation with preceding 20-m shuttle
run test = 0.57) and weekday measures of physical activity (correlation with the
total MVPA [also weekend days included] = 0.95) - were available. As advised
(Van Buuren, 2012, section 2.3.3), 50 imputed datasets were constructed and
analyzed. These variables as well as age, gender, height, body mass index (BMI),
results of throw and catch test, and grey matter volume in ROIs were used as
predictors in the imputation model. Each data set was constructed using 50 iter-
ations of the multiple imputation by a chained equation algorithm to ensure the
convergence of the iterative imputation process. The calculations were per-
formed in R 3.4.0 (R Core Team, 2018) using the Multivariate Imputation by
Chained Equations (mice) 2.3 package (Van Buuren & Groothuis-Oudshoorn,
2011). The model parameters and their standard errors were estimated for each
imputed dataset and combined using Rubin’s rules (Van Buuren, 2012, p. 37-38)
to obtain the final estimates of parameters and their standard errors. A more de-
tailed description of the multiple imputations has been described in Ruotsalainen
et al. (2019).
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2.4 Cognitive assessment

In Study II, we tested the performance in response inhibition, working memory,
and sustained attention. The response inhibition was tested with a modified
Eriksen Flanker task (Eriksen & Eriksen, 1974). In this task, an array of five flank-
ing fishes is shown to the participants, and they are asked to react as quickly and
accurately as possible to the middle fish. We used four different conditions for
this task: compatible congruent (AC), compatible incongruent (Al), incompatible
congruent (BC), and incompatible incongruent (BI). The first part of the test was
compatible (congruent and incongruent), in which participants were asked to
press the button at the side the fish was facing. For the congruent condition, all
the other fishes in the array were swimming in the same direction as the middle
fish, and for the incongruent condition, the other fishes were swimming in the
opposite direction. The second part of the test was incompatible (congruent and
incongruent), in which participants were asked to press the button on the oppo-
site side of where the fish was facing. The average reaction time of the correct
answers was used as an outcome measure. Flanker response accuracy was not
included as an outcome measure due to ceiling effects observed in some of the
variables describing accuracy.

To assess working memory performance, the Spatial Working Memory
(SWM) task from the Cambridge Neuropsychological Test Automated Battery
(CANTAB) (CANTABeclipse version 6) was used. This task is used to assess the
participants’ ability to retain and manipulate visuospatial information. In this
task, subjects were asked to find a blue token hidden under a box, which is done
by touching boxes on the screen. Once a blue token has been located, the same
set of boxes is shown to find the next token. The participants are also told that
once a token has been found under a particular box that the same box would not
hide any other tokens again. The difficulty of the task increases when the choices
increase from four to ten boxes.

To measure participants” sustained attention, the Rapid Visual Information
Processing (RVP) task from the CANTAB test battery was used. In this task, an
array of numbers from 2 to 9 was presented in a pseudo-random order (100 dig-
its/min). The participant’s task is to recognize three specific digit sequences (2-
4-6, 3-5-7, and 4-6-8) and to press a response button when they detect the spe-
cific target sequence.

For the CANTAB tests (working memory and sustained attention), we used
principal component analysis separately for individual tests, according to Rovio
etal. (2016), to reduce the number of variables. A component represents cognitive
performance related to the particular domain. Components were normalized
based on the rank order normalization procedure, resulting in variables, each
with a mean value of 0 and an SD of 1.
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2.5 MRI measures

2.5.1 Structural MRI

Volumetric analysis of structural MRI images was used in Study I. The use of
multiple imputation restricted the choice of analysis methods and ROI-based
analysis was chosen. The following rationale was used to choose the ROIs for
Study I. Subcortical regions involved in motor behavior were chosen as well as
the hippocampus, since earlier studies have demonstrated its relation to aerobic
fitness in animal and human experiments (Chaddock, Erickson, Prakash, Kim, et
al., 2010; Herting & Nagel, 2012; Nokia et al., 2016). A few studies have suggested
that aerobic fitness and physical activity are related to executive functions and
the contribution of frontal brain regions is critical to these functions (Donnelly et
al., 2016; A. M. Owen et al., 1996; Scudder et al., 2016; Vanhelst et al., 2016). For
that reason, frontal brain areas that have been shown to relate to either physical
activity or aerobic fitness were chosen. Lastly, two additional brain regions re-
lated to motor behavior (precentral and postcentral gyrus) were also included.
The Desikan-Killiany cortical atlas (Desikan et al., 2006) was used to label the
cortical regions, and FreeSurfer’s (Fischl et al., 2002) subcortical segmentation
was used for the subcortical regions. The volumes of the following cortical struc-
tures were chosen as ROlIs: paracentral lobule, postcentral gyrus, posterior cin-
gulate cortex, precentral gyrus, superior frontal gyrus, and lateral orbitofrontal
cortex. In addition, the following three regions were calculated as a sum of two
separate regions: anterior cingulate cortex (rostral anterior and caudal anterior
divisions), middle frontal gyrus (rostral and caudal divisions), and medial orbito-
frontal cortex (medial orbitofrontal cortex and frontal pole). The frontal pole was
not treated as a single area as the reliability of the area was not measured in
Desikan et al. (2006).

2.5.2 Diffusion tensor imaging (DTI)

The diffusion MRI has enabled a noninvasive method for exploring the connec-
tivity of distinct anatomical networks within the brain. Diffusion refers to the
random motion of molecules, and it describes the random motion from one spa-
tial location to another over time. In fibrous tissues, such as the brain’s white
matter, the diffusion perpendicular to fiber orientation is significantly hindered
when comparing diffusion along with the fiber orientation. The use of diffusion
MRI allows indirect estimates of structural and geometric organization of the
white matter (Le Bihan et al.,, 2001; Le Bihan & Johansen-Berg, 2012; Mori &
Zhang, 2006).

DTI may be used to map and characterize white matter tracts. One com-
monly used DTI measure is FA. FA represents the degree of diffusion anisotropy
and measures “the fraction of the magnitude of diffusion that can be related to
anisotropic diffusion in a mean squared sense” (Papanikolaou et al., 2006). FA
can be used to estimate the axonal organization because water diffuses more eas-
ily and thus more rapidly along axons than perpendicular to axons (Alexander
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et al., 2007; Mori & Zhang, 2006). Interpretation of the neurobiological back-
ground of FA, however, can be problematic because several factors, including
myelination, extracellular water, cell membrane integrity, and the parallel ar-
rangement of the fibers, have been proposed to explain FA (Le Bihan, 2003; Le
Bihan & Johansen-Berg, 2012).

In addition to FA, three other DTI measures, namely mean diffusivity (MD),
radial diffusivity (RD), and axial diffusivity (AD) were used in the current re-
search. MD relates to the magnitude of diffusion in a voxel and describes “the
overall mean-squared displacement of molecules” (Le Bihan et al., 2001). It can
be calculated as a sum of the three eigenvalues divided by three (Alexander et al.,
2007). The physiological diffusion processes behind MD occur on a micrometer
scale. Cellular components, such as organelles, protein filaments, and mem-
branes, hinder diffusion and therefore also reduce MD. More specifically, mem-
brane permeability and the geometry of the membrane may have an impact on
MD. In addition to these, MD is suggested to reflect extracellular space, when
obtained with b of values 1000 s/mm? or lower (Le Bihan, 2013; Mori & Zhang,
2006).

RD refers to the average value of two perpendicular eigenvalues. Thus, it is
the average of two smaller eigenvalues. RD is interpreted to indicate water dif-
fusion perpendicular to the fibers. In the presence of fiber crossings, this inter-
pretation could be misleading (O’Donnell & Westin, 2011). RD has been hypoth-
esized to reflect changes in white matter pathology, and it has been proposed to
demonstrate myelination. Several animal experiments indicate that RD could be
used to detect myelin loss in the brain (S. Song et al., 2012; S. K. Song et al., 2002,
2003; Sun et al., 2006). However, myelination might not be the only factor that
contributes to RD; other factors such as axonal density and fiber coherence (cross-
ing fibers) may also affect RD (Budde et al., 2007; Klawiter et al., 2011; Wei et al.,,
2013).

AD is equal to the largest eigenvalue and it is thought to reflect the water
diffusivity parallel to the axonal fiber tracts. It has been proposed that AD is a
sensitive measure of white matter pathology, and changes in AD may indicate
an axonal injury (Budde et al., 2007; S. K. Song et al., 2002, 2003; Sun et al., 2006).
Experiments with transgenic mice have supported this view by showing that AD
is sensitive to axonal integrity, compaction, and intra-axonal viscosity (Harsan et
al., 2006). However, the interpretation concerning the relationship between AD
and white matter pathology is somewhat complicated. In cases where the area of
interest is not homogenous, crossing fibers can affect AD (Wheeler-Kingshott &
Cercignani, 2009).

When interpreting the results of DTI analysis, it must be noted that the dif-
fusion in axons occurs at the cellular level. However, in DTI, the information
about diffusion is averaged over a voxel volume. In a single voxel, there may be
several different fiber populations with different orientations. Thus, DTI presents
only the average diffusion in a voxel (Mori & Zhang, 2006).
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2.5.3 Functional connectivity

The brain is organized into connected networks and by using the resting state
fMRI, which utilizes spontaneous fluctuations in the blood oxygenation level-
dependent (BOLD) signal, it is possible to study connectivity between spatially
distinct but functionally connected brain regions. This functional connectivity re-
fers to the statistical relationship between neurophysiological events occurring in
different regions (Friston, 2011). The BOLD signal that is utilized in the functional
connectivity measurements reflects changes in blood oxygenation levels. While
it does not directly reflect neural activity, it has been a valuable method to explore
the function and functional connectivity (Mark et al., 2015). Many different meth-
ods can be used to quantify functional connectivity. In the current research, we
chose two different methods that use voxel-wise functional connectivity
measures: homotopic connectivity measures and regional homogeneity.

Homotopic connectivity (also called voxel-mirrored homotopic connectiv-
ity) can be used to study functional connectivity between each voxel and its mir-
rored counterpart on the opposite hemisphere (Zuo et al., 2010). The corpus cal-
losum is the main white matter structure that connects the hemispheres and the
homotopic brain regions. Based on the results of Study II, which showed that
corpus callosum white matter properties are related to aerobic fitness, we chose
to study connectivity between hemispheres and, more specifically, homotopic
connectivity.

In contrast to the connectivity between hemispheres, the second measure
used in Study III was regional homogeneity. Regional homogeneity measures
the statistical relationship between neighbor voxels. Thus, it measures the local
functional interactions (Zang et al., 2004). Here, we measured the relationship
between physical activity and aerobic fitness with regional homogeneity, using
Kendall’s coefficient of concordance value between each voxel’s time series and
those of its 26 neighbor voxels (Zang et al., 2004). This method allows measuring
functional interactions between spatially nearest neighbors and is robust against
noise (Jiang & Zuo, 2016).

2.6 MRI acquisition

Brain imaging data for all the studies in this research were collected at Aalto Neu-
rolmaging, Aalto University School of Science, Finland on a 3-T MAGNETOM
Skyra whole-body scanner (Siemens Healthcare, Erlangen, Germany) using a 32-
channel head coil. Total scanning time was approximately 45 min, and it included
structural MRI, diffusion MRI, resting state fMRI, field mapping, and perfusion
MRI scans. All scans, except perfusion MRI, were acquired using Auto Align to
minimize the variation in slice positioning (van der Kouwe et al., 2005). Prior to
imaging, the participants were familiarized with the measurement protocol. All
participants were instructed to keep their head still during the scanning, and
pads were used to minimize head motion. In addition, the participants wore ear-
plugs to reduce the considerable noise caused by the MRI scanner.
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T1-weighted structural MRI images were used in Study I and Study III
They were acquired using a magnetization-prepared rapid gradient-echo
(MPRAGE) pulse sequence. The scanning time for this sequence was 6:02 min,
and the protocol included 176 sagittal slices. The images were acquired with the
following parameters: inversion time (TI) = 1100 ms, repetition time (TR) = 2530
ms, echo time (TE) = 3.3 ms, voxel size = 1.0 x 1.0 x 1.0 mm?3, flip angle = 7°, slice
thickness = 1 mm, field of view (FOV) = 256 x 256 x 176 mm3, and bandwidth =
200 Hz/Px, using the GeneRalized Autocalibrating Partial Parallel Acquisition
(GRAPPA) parallel imaging technique with an acceleration factor R = 2 and with
32 reference lines.

For the diffusion-weighted imaging (DWI) in Study II, a spin-echo based
single-shot echo-planar imaging (EPI) sequence with fat saturation was used.
Prior to the DWI, high-order shimming was applied to reduce the inhomogenei-
ties of the main magnetic field. The axial slices were tilted in the anterior-poste-
rior commissure line to avoid aliasing artifacts and artifacts caused by eye motion
on the imaging slices. A total of 70 slices without a gap were collected in 30 dif-
ferent diffusion gradient orientations. Two sets of images with b = 1000s/mm?2
and ten T2-weighted EPI images (b = 0 images) were acquired with two opposite
phase encoding directions (anterior to posterior and posterior to anterior). The
acquisition parameters were as follows: TR = 11,100 ms, TE = 78 ms, FOV = 212
mm, matrix size = 106, voxel size = 2 x 2 x 2 mm3, GRAPPA acceleration = 2 and
phase partial Fourier = 6/8. The total scanning time for DWI series was 15:34 min
( 7:47 min for each series).

Study III included a resting state fMRI scan (7:05 min). During this scan,
participants were instructed to keep their eyes open and fixate on a black cross
on a gray background. The resting state fMRI data was acquired with an EPI se-
quence with the following parameters: TR = 2610 ms, TE = 30 ms, flip angle 75°,
FOV = 210 mm, 45 interleaved axial slices, GRAPPA acceleration = 2, phase par-
tial Fourier = 7/8, and voxel size = 3.0 x 3.0 x 3.0 mm. The scan consisted of 160
EPI volumes.

2.7 MRI image analysis

Structural MRI. During scanning, the images were inspected for motion artifacts
and in the case of a large motion artifacts, the second scan was done immediately.
All the images were processed with FreeSurfer 5.3.0 (http:/ /surfer.nmr.mgh har-
vard.edu). Briefly, this included processes such as removal of non-brain tissue,
Talairach transformation, segmentation of the subcortical white matter, and deep
grey matter volumetric structures (Fischl et al., 2002, 2004), intensity normaliza-
tion, tessellation of the grey matter white matter boundary, and automated to-
pology correction. Following the automated FreeSurfer pipeline, all recon-
structed volumes were visually inspected. First, all slices were manually in-
spected for errors in the skull stripping, and if errors occurred, either the water-
shed threshold was changed, or manual edits were carried out as part of the rec-
ommended workflow for FreeSurfer. Then, white matter segmentation and pial
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surface were inspected. Errors were manually corrected following FreeSurfer
guidelines. Estimated intracranial volume (eTIV) was calculated based on the
method described by Buckner et al. (2004).

Diffusion MRI. In Study 1II, diffusion-weighted images were processed us-
ing the FMRIB Software Library (FSL) version 5.0.11 (Jenkinson et al., 2012,
www.fmrib.ox.ac.uk/fsl) (for details, please see Ruotsalainen et al., 2020). Briefly,
voxel-wise maps of the FA, MD, RD, and AD were obtained, and statistical anal-
ysis was carried out with Tract-Based Spatial Statistics (TBSS) (Smith et al., 2006).
To test the association between both physical activity and aerobic fitness with
white matter tract measures, FSL’s randomise tool with 10,000 permutations was
used (Winkler et al., 2014). The age, pubertal stage, and sex were used as covari-
ates in the model. The T-value difference in the voxel clusters was considered
significant when the values passed - after the threshold-free cluster enhancement
(TFCE) and family-wise error correction - a threshold of p < 0.05. For the TBSS
analysis, we used the average values of the imputed datasets (for the physical
activity, aerobic fitness, and pubertal stage). The analysis pipeline is available at
Open Science Framework (https:/ /osf.io/rgbzt/).

Resting state fMRI. The image analysis is briefly described here; for full de-
tails of the image analysis, please refer to original Study III. The resting-state
fMRI data were preprocessed using fMRIPrep 1.4.1 (Esteban et al., 2019). Follow-
ing the fMRIPrep preprocessing, the whole-brain masked resting state fMRI data
were detrended, band-pass filtered (0.008-0.08 Hz), confounds regressed, and
standardized with nilearn.image.clean_img (version 0.2.5). The participant was
excluded from the analysis if there were less than four mins of data that had
framewise displacement smaller than 0.5 mm or DVARS < 2 (Power et al., 2012).
One subject was removed based on these criteria. Regional homogeneity was ex-
amined using Kendall’s coefficient of concordance value between each voxel’s
time series with that of its 26 neighbor voxels using the 3dReho tool from the
Analysis of Functional Neurolmages (AFNI) software suite (Cox, 1996; Zang et
al., 2004). Subsequently, the individual ReHo maps were standardized into z-val-
ues and spatially smoothed with a 6 mm kernel. The voxel-mirrored homotopic
connectivity (VMHC) was calculated according to the pipeline provided by The
Configurable Pipeline for the Analysis of Connectomes (C-PAC) (Craddock et al.,
2013; Zuo et al., 2010), excluding the preprocessing steps which were done as
described above. Before the VMHC analysis, the resting state fMRI images were
spatially smoothed with a 6 mm kernel. To test the relationship of both physical
activity and aerobic fitness with regional homogeneity and VMHC, we used
FSL’s randomise tool with 10 000 permutations (Winkler et al., 2014). The age,
pubertal stage, and sex were used as covariates. The T-value difference in the
voxel clusters was considered significant when the values passed - after TFCE
and family-wise error correction - a threshold of p <0.05. The code used for ReHo
and VMHC analysis is available at https:/ /osf.io/ydwhz/.
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2.8 Regression and moderation analyses

In Study I, the associations between the brain’s volumetric measures and both
physical activity as well as aerobic fitness was assessed with multiple linear re-
gression. The predictors, which were entered simultaneously into the model,
were either physical activity or aerobic fitness and age, sex, pubertal stage, and
estimated intracranial volume. BMI was not included as a covariate as there were
no associations between BMI and any of the ROIs, and adding BMI as an addi-
tional covariate did not affect the results. Assumptions of linearity, normality,
homoscedasticity, and multicollinearity were checked. Due to the restrictions im-
posed by the use of multiple imputation, instead of whole-brain analysis, we
used ROI-based analysis. The relationship between either physical activity or aer-
obic fitness and grey matter volumes has not been previously studied in this age
group. Therefore, we included a more comprehensive set of brain regions in the
analysis. To balance between false positives and false negatives, a false discovery
rate (FDR) threshold of 0.1 was considered noteworthy (Yekutieli & Benjamini,
1999).

In Study II, we used multiple linear regression to analyze the associations
of core executive functions (inhibition, working memory, sustained attention)
with both physical activity and aerobic fitness. The regression model used to pre-
dict performance in core executive functions was the same as in Study I, exclud-
ing the intracranial volume. Thus, predictors were physical activity or aerobic
fitness, age, sex, and pubertal stage. Assumptions of linearity, homoscedasticity,
normality, and multicollinearity were tested. To correct for multiple comparisons,
FDR was used and results with an alpha level smaller than 0.05 after the FDR
adjustment was considered noteworthy.

In Study II, we conducted an exploratory analysis to test whether the FA of
predetermined white matter tracts moderated the association of either physical
activity or aerobic fitness with core executive functions. Based on previous liter-
ature that had investigated the relationship between either aerobic fitness or
physical activity with white matter FA in young participants, we used the fol-
lowing white matter tracts as ROls: the body and genu of the corpus callosum,
the bilateral superior corona radiata, the bilateral superior longitudinal fasciculus,
and the bilateral uncinate fasciculus (Chaddock-Heyman et al., 2014, 2018;
Schaeffer et al., 2014). These regions were masked from the white matter skeleton
using the JHU ICBM-DTI-81 atlas, and the mean FA value was extracted for each
ROL For the moderation analysis, we used the same model for assessing the as-
sociations between core executive functions and physical activity /aerobic fitness;
however, the main effect of the FA and an interaction term (FA*MVPA or FA*aer-
obic fitness) was added to the model. For significant interaction effects, we con-
ducted a simple slopes analysis to assess the relationships at high (+1 SD) or low
(-1 SD) levels of the moderator. The results with an alpha level smaller than 0.05
were considered noteworthy.
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3 OVERVIEW OF THE RESULTS OF THE ORIGINAL
STUDIES

3.1 Study I: Aerobic fitness, but not physical activity, is associ-
ated with grey matter volume in adolescents

The aim of this Study I was to investigate the relationship of the brain’s gray
matter volumes with both aerobic fitness and physical activity in adolescents.
The association between specific ROIs and both physical activity and aerobic fit-
ness was explored using multiple linear regression controlling for sex, age, pu-
bertal stage, and eTIV. Analysis revealed two ROIs that showed a noteworthy
association with aerobic fitness (Figure 1). First, aerobic fitness was negatively
associated with the volume of left superior frontal gyrus volume (FDR-adjusted
p = 0.020). The regression model predicted a 500 mm? decrease in volume for
each extra min in the 20-m shuttle run test (formula: 22.3 — 0.5 [shuttle run in min]
— 0.83 [age in years] + 2.35 [gender; 0 = female, 1 = male] — 0.07 [pubertal stage;
Tanner score from 1-5] + 0.013 [eTIV in cm3]). Second, aerobic fitness was posi-
tively associated with left pallidum volume (FDR-adjusted p = 0.069). For the left
pallidum volume, the regression model predicted a 48 mm? increase in volume
for each extra minute in shuttle run test (formula: 1.87 + 0.05 [shuttle run] — 0.11
[age] — 0.03 [gender] + 0.02 [pubertal stage] + 0.001 [eTIV]). We did not find evi-
dence of an association between MVPA and any ROI. The correlation between
the 20-m shuttle run and MVPA was r = 0.45 (p = 0.001). These results indicate
that, even though aerobic fitness and physical activity are related to each other,
they show a differential association with brain volumes.
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FIGURE1 Partial residual plots for the relationship between the left superior frontal gy-
rus volume and the 20-m shuttle run (left graph) and the left pallidum volume
and the 20-m shuttle run (right graph) (from Ruotsalainen et al., 2019).

3.2 Study II: Physical activity, aerobic fitness, and brain white
matter: Their role for executive functions in adolescence

The main objective of Study II was to investigate the relationship of aerobic fit-
ness and physical activity with the brain’s white matter. The first aim was to
study how different white matter measures (FA, MD, RD, and AD) are related to
aerobic fitness and physical activity. Furthermore, this research examined
whether white matter FA moderated the relationship between physical activity
and aerobic fitness with core executive functions. This second investigation
sought to obtain data that would help to understand variability in research con-
cerning the relationship between aerobic fitness and physical activity with core
executive functions.

The TBSS analysis revealed a positive association between aerobic fitness
and several white matter tracts (Figure 2, Table 7). Higher aerobic fitness was
associated with larger FA in eight clusters of which the centers of mass localized
to the left and right superior corona radiata and the body of the corpus callosum
(Table 7). In addition, higher aerobic fitness was related to smaller MD, RD, and
AD in several white matter areas, such as the corpus callosum and the bilateral
superior corona radiata (see Table 7 for details on all the clusters and tracts asso-
ciated with FA, MD, RD, and AD). We did not find noteworthy correlations be-
tween physical activity and white matter properties. The correlation between the
20-m shuttle run and MVPA was r(57) = 0.48, p = 0.0001. All statistical maps can
be found in our Neurovault collection at https://neurovault.org/collec-
tions/5206/ (Gorgolewski et al., 2015).
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Correlations (p < 0.05, family-wise error and TFCE corrected) between aerobic
fitness and FA (red), MD (blue), RD (yellow), and AD (pink). The results are
overlaid on an MNI152 1-mm template (coordinates: -12, -24, and 25). The cor-
relation between aerobic fitness and FA was positive and it was negative be-
tween aerobic fitness and MD, RD, and AD. The significant regions are thick-
ened for illustrative purposes. AD: axial diffusivity, FA: fractional anisotropy,
MD: mean diffusivity, RD: radial diffusivity (from Ruotsalainen et al., 2020).
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TABLE 6  Characteristics of white matter clusters correlated with aerobic fitness (modi-
fied from Ruotsalainen et al. 2020).
Cluster . ) MNI coordinates
Measure size Anatomica location of t p-
(voxels) clusters (center of mass) value X Y 7
FA 801 SCRLA 2.39 0.025 -25.4 -121 265
FA 563 SCRRB 2.34 0.037 27.6 -172 322
FA 431 SCR ¢ 2.36 0.039 -1.5 14.9 204
FA 319 Body of CCP 2.34 0.044 -4.15 -24 26.7
FA 83 SCRRE 2.51 0.047 243 11.2 30.6
FA 25 Unclassified f 2.09 0.05 30.5 6.84 25.6
FA 2 SCRR 3.29 0.05 225 -145 355
FA 1 SCRR 3.43 0.05 21 -13 35
MD 15494 Body of CCG 1.99 0.03 1.92 -417 284
RD 7674 Unclassified H 2.02 0.032 9.33 -15.6  25.6
AD 2117 ALICR! 1.85 0.026 219 20.3 10.1
980 Body of CCJ 1.85 0.031 -17.8 5.9 325
67 Unclassified 3.02 0.046 33.9 21.6 19.3
34 Unclassified 3.14 0.047 16.6 211 38.9

]HU ICBM-DTI-81 tracts (% of voxels)
SCR L (76.5), PLIC (12.9), PCR L (5.9), RLIC (4.7)
SCR R (43.2), Unclassified (21.6), PCR R (20.3), SLF R (14.9)
Body of CC (66.0), Genu of CC (34.0)
Body of CC (92.5), Splenium of CC (5.0), Unclassified (2.5)
SCRR (77.8), ACRR (22.2)
SLF R (66.7), SCR R (33.3)

Unclassified (52.5), Body of CC (6.4), Genu of CC (4.6), Splenium of CC (4.5), SCR L (3.8), SCR
R (3.7), ACRR (3.4), SLF R (3.2), PLIC L (2.8), ALIC L (1.9), RLIC L (1.8), PLIC R (1.6), RLIC R
(1.4), PCRR (1.4), ACR L (1.4), PCR L (1.3), SLF L (1.1), ALICR (0.9), PTR L (0.8), External

QO = m J9 N w

capsule L (0.4), SFOF L (0.3), Sagittal stratum R (0.2), External capsule R (0.2)

Unclassified (29.7), Body of CC (13.7), SCR R (9.1), SCR L (9.0), SLF R (6.9), Genu of CC (6.3),
RLICR (4.1), PLIC L (3.8), Splenium of CC (3.1), PCR R (2.9), PLICR (2.7), RLICL (2.3), ACRL
(2.1), PCR L (0.8), External capsule L (0.6), SLF L (0.6), Sagittal stratum R (0.5), Fornix /Stria
terminalis R (0.4), Fornix /Stria terminalis L (0.4), External capsule R (0.3), Cerebral peduncle
R (0.2), ACRR (0.2), ALICL (0.1)

ACR (32.3), Unclassified (25.5), Genu of CC (13.7), ALIC R (11.4), Body of CC (7.2), SCR R
(4.2), PLICR (3.8), External capsule R (1.5), Uncinate fasciculus (0.3)

Unclassified (43.1), Genu of CC (18.5), SCR L (15.4), ACR L (13.1), Body of CC (6.2), PCRL

(3.8)

The MNI coordinates indicate the anatomical location of the center of mass for each cluster. The p-values
were derived from the clusters and are TFCE and family-wise error rate corrected. JHU ICBM-DTI-81 atlas
does not encompass all the white matter voxels, for this reason, some voxels are labelled as "unclassified".

The footnotes list all the tracts with which each cluster overlaps with according to the JHU ICBM-DTI-81
atlas and indicates the proportion of voxels that overlap with that particular tract in each cluster.

ACR: anterior corona radiata, AD: axial diffusivity, ALIC: anterior limb of internal capsule, CC: corpus cal-
losum, FA: fractional anisotropy, L: left, MD: mean diffusivity, PCR: posterior corona radiata, PLIC: poste-
rior limb of internal capsule, PTR: posterior thalamic radiation, R: right, RD: radial diffusivity, RLIC: retro-
lenticular part of internal capsule, SCR: superior corona radiata, SFOF: superior fronto-occipital fasciculus,
and SLF: superior longitudinal fasciculus.
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Concerning correlations between aerobic fitness and physical activity with
core executive functions, we did not find significant correlations after correcting
for multiple comparisons.

The exploratory moderation analysis revealed that white matter FA in the
body of the corpus callosum and the right superior corona radiata moderated the
relationship between the 20-m shuttle run performance and spatial working
memory. In addition, white matter FA in the body of the corpus callosum and in
the genu of corpus callosum moderated the association between the MVPA and
spatial working memory. A follow-up simple slope analysis showed that with
FA values in the body of the corpus callosum, aerobic fitness was negatively as-
sociated with working memory (Figure 3), whereas, with low FA values, there
were no significant associations between aerobic fitness and working memory.
Regarding physical activity, with low FA values in the body and genu of the
corpus callosum, physical activity was positively related to working memory.
However, physical activity was not associated with working memory with high
FA values. We did not find evidence of white matter moderation on the connec-
tion between other core executive functions and either physical activity or aero-
bic fitness.

A) FA of body of CC B) FA of right SCR
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FIGURE 3 The moderating effect of FA of (High: +1 SD, Low: £ 1 SD) (A) the body of CC,
and (B) the SCR regarding the relationship between working memory and the
20-m shuttle run performance. The moderating effect of FA of (C) the genu and
(D) the body of CC regarding the relationship between working memory and
the MVPA. CC: corpus callosum, FA: fractional anisotropy, MVPA: moderate-
to-vigorous physical activity, SCR: superior corona radiata, and SD: standard
deviation (from Ruotsalainen et al., 2020).
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3.3 Study III: Physical activity relates to increased local func-
tional connectivity in adolescents

Study III examined the connection between physical activity and aerobic fitness
with both local and interhemispheric functional connectivity, measured with re-
gional homogeneity and VMHC, respectively. Regional homogeneity analysis
showed that a higher level of MVPA was correlated to increased regional homo-
geneity in a cluster located mainly in the right supramarginal gyrus, after TFCE
and family-wise error correction (Figure 4, Table 8). We did not find a significant
association between aerobic fitness and regional homogeneity (Figure 5). Con-
cerning interhemispheric functional connectivity, we did not find strong evi-
dence of the association between VMHC and either physical activity or aerobic
fitness.

Regional homogeneity

Physical activity (positive contrast)

FIGURE 4 Group-level thresholded map of the positive correlation between MVPA and
ReHo (p < 0.05, TFCE and family-wise error corrected). L= left, R=right. The
colored region represents the region significantly correlated with physical ac-

tivity.

TABLE7  Cluster details for the positive correlation between physical activity and ReHo.

Cluster size  Structures to which the cluster be- value MNI coordinates
(voxels) longs to (% of voxels) P X Y Z

Supramarginal gyrus (51.8), planum
temporale (10.0), superior temporal
gyrus (7.8), parietal operculum cortex
(6.6), angular gyrus (0.2)

33 0.035 65.2 =32 30.8
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Regional homogeneity

Physical activity (positive correlation) 0.96
0.72
0.48

0.24

Physical activity (negative correlation) 0.053

0.039
0.026
0.013

Aerobic fitness (positive correlation) 0.44
0.33

0.22

0.86
0.64
0.43

0.21

FIGURE 5 Group-level 1-p-value maps (unthresholded) of positive and negative contrasts
(correlations) between physical activity and aerobic fitness with ReHo. The
colorbar indicates the 1-p-value. Thus, darker values are the smaller p-values,
and lighter values indicate larger p-values. L = left, R =right.



4 DISCUSSION

4.1 Study I: Aerobic fitness, but not physical activity, is associ-
ated with grey matter volume in adolescents

In Study I, we examined the association between physical activity and aerobic
fitness with a priori defined cortical and subcortical volumes in adolescents. We
found a negative correlation between aerobic fitness and the left superior frontal
gyrus volume and a positive correlation between aerobic fitness and the left pal-
lidum volume. We did not find evidence of the relationship between physical
activity and any ROL Overall, these findings imply that, although aerobic fitness
and physical activity are related to each other, they show a differential associa-
tion with the brain’s regional volumes in adolescents.

Relatively few studies have investigated the association between either
physical activity or aerobic fitness with gray matter volumes in youth. Our find-
ing regarding the negative correlation between aerobic fitness and the left supe-
rior frontal cortex volume is partly in line with previous studies concerning
young participants. Chaddock-Heyman et al. (2015) found a similar association
between aerobic fitness and the thickness of this area in preadolescent children.
However, 15-18-year-old males showed a positive association between aerobic
fitness and both the left rostral middle frontal cortex and bilateral hippocampus
(Herting et al., 2016; Herting & Nagel, 2012). Taken together, these earlier inves-
tigations and our results imply that the association between aerobic fitness and
superior frontal cortex exists only in childhood to middle adolescence, but it may
not be so prominent in late adolescence.

Frontal brain regions are suggested to develop relatively late and undergo
decreases in volume and thickness during adolescence (Giedd et al., 1999; Gogtay
et al., 2004). Interestingly, recent findings indicate that the largest decreases in
cortical thickness during adolescence take place in the superior frontal cortex
(Teeuw, Brouwer, Koenis, et al., 2019). Furthermore, it was reported that the
changes in the superior frontal cortex in 12-17-year old participants were under
strong genetic control (Teeuw, Brouwer, Koenis, et al., 2019). Moreover, while it
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has been proposed that aerobic fitness is also under strong genetic control
(Bouchard et al., 2011; R. Ross et al., 2019), shared genetic factors underlying aer-
obic fitness and superior frontal cortex development, could at least partly explain
the current finding.

In addition to the negative correlation with the left superior frontal cortex,
aerobic fitness was positively correlated with the left pallidum volume in this
study. The pallidum is part of the basal ganglia and it is involved in regulating
motor activity. Aerobic fitness has been previously associated with the shape
(Ortega et al., 2019) and the volume of the pallidum (Chaddock et al. 2012) in
preadolescent children. The results of this study indicate that this association also
occurs in adolescents.

We could not find evidence of the relationship between MVPA and brain
volumes in any ROL. This is in agreement with findings from Herting et al. (2016),
who did not find an association between self-reported physical activity and either
surface area or volume in any region included in the current study.

Our results show that physical activity and aerobic fitness are differently
related to regional brain volumes in adolescents. This differential association in
adolescents could reflect a role of genetic factors, as mentioned above. Further-
more, individual differences in responses to physical activity could also explain
why we did not see an association regarding physical activity. It is well known
that individuals differ in their responses to exercise or physical activity. Thus,
even though the intensity, frequency, and duration of exercise are the same, the
individuals may have different physiological responses to the exercise
(Bonafiglia et al., 2016; Bouchard et al., 1999; Bouchard & Rankinen, 2001;
Montero & Lundby, 2017). Aerobic fitness is, at least partly, an outcome of long-
term physical activity or exercise, and it is therefore influenced by individual re-
sponsiveness. On the contrary, the level of physical activity does not provide in-
formation about the responsiveness. It is plausible that the long-term brain re-
sponses to physical activity also show this individual responsiveness, implying
that even though the level of physical activity is the same, the possible effects to
the brain might differ between individuals.

The results of this study revealed that physical activity and aerobic fitness
show differential associations with brain regional volumes, highlighting the im-
portance of measuring these both to demonstrate the relationship of physical be-
havior vs. physical capacity with brain properties. Furthermore, previous studies
concerning young participants have concentrated on the preadolescent children
and males during late adolescence. Thus, this study provides new evidence con-
cerning a previously understudied age group of both females and males during
early and middle adolescence.

4.2 Study II: Physical activity, aerobic fitness, and brain white
matter: Their role for executive functions in adolescence

Study II aimed to investigate 1) the association between physical activity and
aerobic fitness with white matter properties, and 2) whether the white matter FA
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moderates the connection between physical activity and aerobic fitness with core
executive functions. We found that aerobic fitness was positively correlated with
the white matter FA most robustly in the body of the corpus callosum and the
superior corona radiata. Furthermore, aerobic fitness was negatively associated
with white matter MD, RD, and AD. The association concerning MD and RD was
more widespread than for FA and included several white matter tracts. We did
not find evidence of the association of physical activity and any white matter
measure. However, the exploratory moderation analysis suggests that white mat-
ter properties of specific tracts moderate the relationship between physical activ-
ity and aerobic fitness with working memory.

The association between either physical activity or aerobic fitness and white
matter properties have been investigated in only a few studies (Table 3 and Table
4). The results regarding aerobic fitness are mostly in accordance with the results
by Chaddock-Heyman et al. (2014), who found that higher-fit preadolescent chil-
dren had greater FA in the superior corona radiata, the body of the corpus callo-
sum, and the superior longitudinal fasciculus. The authors also reported that
higher-fit children had lower RD in the superior corona radiata and superior lon-
gitudinal fasciculus, but the AD of any of the measured tracts did not differ be-
tween the groups. The current study found an association with the same tracts as
had Chaddock-Heyman et al. (2014), although we also found more widespread
associations (regarding MD and RD). This difference could be explained by the
choice of the analysis approach, as the TBSS analysis enables showing associa-
tions with parts of the tracts, while the whole tract is considered when using ROI-
based analysis. In adolescents, contrary to the current results, Herting et al. (2014)
did not find evidence of an association between aerobic fitness and white matter
FA in 15-18-year old males. This discrepancy may be explained by methodolog-
ical or sample-related differences, such as age and sex of the participants. Fur-
thermore, the method to assess the level of aerobic fitness differed between the
studies.

White matter tracts associated with aerobic fitness in the present study
mostly mature at an early age and are under genetic control during adolescence.
Developmental studies found that tracts which were most robustly correlated
with aerobic fitness in the current study (corpus callosum, superior corona radi-
ata), develop relatively early and do not change to a large extent during adoles-
cence (Lebel et al., 2008; Simmonds et al., 2014). Associations concerning MD and
RD were more widespread and also included tracts that are still suggested to
undergo changes during adolescence (such as the superior longitudinal fascicu-
lus). However, also for MD and RD, the majority of the tracts that are associated
with aerobic fitness are tracts that mature relatively early. The FA variability of
these tracts appears to be under a relatively strong genetic influence during ado-
lescence (M.-C. Chiang et al., 2011). While previous literature has demonstrated
that aerobic fitness and response to exercise are partly predicted by genetic fac-
tors (Bouchard et al., 2011; R. Ross et al., 2019), a common genetic pathway might
underlie aerobic fitness and white matter FA in adolescents.

The results of the current study showing no evidence of the association be-
tween physical activity and white matter properties of the brain are in agreement
with previous studies in 15-18-year-old male adolescents (Herting et al., 2014)
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and preadolescent children (Krafft, Schaeffer, et al., 2014). Yet, contrary to our
results, Chaddock-Heyman et al. (2018) reported an increase in FA of the genu of
the corpus callosum after exercise intervention. However, the exercise did not
affect white matter in any of the other tracts. Also, in contrast to the current re-
sults, a large cross-sectional study (n=2532) reported that self-reported physical
activity was associated with the MD of several white matter tracts in 10-year-old
children (Rodriguez-Ayllon, Derks, et al., 2020). Furthermore, in accordance with
some earlier findings (Chaddock-Heyman et al., 2018; Herting et al., 2014), we
did not find evidence of the association between physical activity and FA of the
uncinate fasciculus, as suggested by Schaeffer et al. (2014) in a study with 10-
year-old children. Overall, the earlier results suggest that physical activity is re-
lated to specific white matter properties during childhood; however, studies in
adolescents have not found evidence of this association.

We did not find strong evidence of the association between core executive
functions and either physical activity or aerobic fitness. The earlier literature con-
cerning this relationship is contradictory (Alvarez-Bueno et al,, 2017; Chaddock,
Erickson, Prakash, Kim, et al., 2010; de Greeff et al., 2016, Huang et al., 2015;
Stroth et al., 2009; Westfall et al., 2018) and this still remains debatable (Diamond
& Ling, 2016, 2019; Hillman et al., 2018). Due to these contradictions, we con-
ducted an exploratory moderation analysis to examine whether white matter in-
fluences the strength or the direction of the association between aerobic fitness
or physical activity with core executive functions. The connection between both
physical activity and aerobic fitness with working memory was moderated by
white matter FA. This suggests that individual variation in the white matter FA
might be a factor behind some of the earlier contradictory findings.

To investigate the moderation effect in more detail, a simple slopes analysis
was conducted. It revealed that higher levels of physical activity are associated
with better working memory performance only at low levels of FA in the body
and the genu of the corpus callosum. However, the association at high levels of
FA was nonsignificant. Regarding aerobic fitness, we found that, at high FA in
the body of the corpus callosum, aerobic fitness is negatively associated with
working memory. Based on these findings, the corpus callosum seems to affect
the direction of the connection between working memory and both physical ac-
tivity and aerobic fitness.

It is uncertain what exact mechanisms are behind the moderation effect.
One possibility is synchrony-related mechanisms. Earlier findings show that
brain electrophysiological synchrony is important for working memory (Miller
et al., 2018) and that even small changes in white matter microstructure can in-
fluence brain synchrony (Pajevic et al., 2014). Furthermore, it is known that the
corpus callosum, which is crucial in interhemispheric communication, is also im-
portant for brain synchrony (Ellis et al., 2016; Engel et al., 1991). Thus, small
changes in the corpus callosum microstructure could possibly influence syn-
chrony, which could have implications for working memory. Secondly, animal
models have revealed that experience-related increases in myelination may both
stabilize the connections in the brain and suppress plasticity (McGee et al., 2005).
It has also been proposed that FA values in regions of coherent fiber directions
(such as parts of corpus callosum) are sensitive to myelination (Chang et al., 2017).
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This could imply that the higher FA values found in human studies, could po-
tentially indicate a lower level of plasticity in regions of coherent fiber directions.
It could be hypothesized, in light of the present results, that physical activity and
aerobic fitness positively influence working memory only when plasticity in the
corpus callosum is higher. However, this highly speculative conclusion remains
to be elucidated.

Based on the current findings, physical activity does not seem to influence
the brain’s white matter in adolescence (or vice versa). However, higher aerobic
titness is associated with the white matter microstructure. This finding suggests
that physical behavior is not important for the structural connections of the brain,
but the capacity to perform physical activities appears to be. Exploratory moder-
ation analysis revealed that the white matter moderates the connection between
physical activity and aerobic fitness with working memory, suggesting that indi-
vidual variation in white matter properties might affect the strength or direction
of these connections. However, more studies are needed to confirm these prelim-
inary findings, especially intervention studies to elucidate the influence of white
matter to the connection between physical activity/aerobic fitness and working
memory.

4.3 Study III: Physical activity is positively associated with local
functional connectivity in adolescents’ brains

The purpose of Study III was to determine associations between both MVPA and
aerobic fitness with local and interhemispheric functional connectivity indicated
by regional homogeneity and VMHC, respectively. Our analysis showed that
physical activity, but not aerobic fitness, is correlated with regional homogeneity.
The correlation was found in a small area located mainly in the right supra-
marginal gyrus. Surprisingly, we did not find evidence of the correlation between
homotopic connectivity and either physical activity or aerobic fitness.

Previous literature shows that the execution of motor tasks is related to
changes in regional homogeneity in sensorimotor brain regions (Deng et al., 2016;
Lv et al., 2013). These acute associations do not, however, reveal whether contin-
ued physical performance has effects on local functional connectivity at rest. This
question was recently approached in a study using an animal model for depres-
sion, which showed that physical activity (wheel running) increased regional ho-
mogeneity in several brain regions in young mice with mild stress (Dong et al.,
2020). While we also found an association between physical activity and regional
homogeneity, this association was not widespread. On the contrary, the current
tindings show that physical activity is related to local functional connectivity in
a small cluster located in the right supramarginal gyrus.

In addition to involvement in higher cognitive functions such as language
(Oberhuber et al., 2016; Stoeckel et al., 2009) and empathy (Silani et al., 2013), the
supramarginal gyrus is also involved in proprioception (Ben-Shabat et al., 2015;
Kheradmand et al., 2015), motor planning, and motor attention (Barbaro et al.,
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2019; Burke et al., 2013; McDowell et al., 2018; Rushworth et al., 1997). For phys-
ical activity, motor planning and attention are obviously important. During phys-
ical activity, it is also crucial to be able to sense one’s own body and movement.
These results could indicate that physical activity increases local functional con-
nectivity in brain areas important for sensing and planning movements. How-
ever, to confirm the causal relationship, intervention studies are needed.

Contrary to our expectations, we did not find evidence of the correlation
between homotopic functional connectivity and either aerobic fitness or physical
activity. Our expectations were based on the earlier results in this same sample
of adolescents showing an association between aerobic fitness and white matter
microstructure in the corpus callosum. The corpus callosum’s properties have
been found to relate to homotopic connectivity (De Benedictis et al., 2016;
Mancuso et al., 2019; Tobyne et al., 2016). However, in addition to white matter
microstructure, other factors also influence homotopic connectivity. Recently, it
was found that the white matter microstructure only explained at best 13 % of
the variance in homotopic connectivity (Mollink et al., 2019). Furthermore, the
connection between functional connectivity and white matter structural connec-
tivity increases with age (Betzel et al., 2014), suggesting that, in later life, this con-
nection might be stronger.

Very few studies have examined the association between either physical ac-
tivity or aerobic fitness with interhemispheric functional connectivity. Our re-
sults are in agreement with a study showing no significant association between
physical activity and interhemispheric connectivity in older adults (Veldsman et
al., 2017). Our study is, however, not completely comparable to this earlier study,
as there are several methodological and sample related differences. Nevertheless,
the results of both studies indicate that there is a lack of evidence of the connec-
tion between physical activity and interhemispheric connectivity. Interhe-
mispheric connectivity or, more precisely, homotopic connectivity was studied
in relation to aerobic fitness in middle-aged participants in a recent study (Ikuta
& Loprinzi, 2019). The results showed that in this age group, parahippocampal,
but not hippocampal homotopic connectivity is related to aerobic fitness. We
could not replicate the finding regarding parahippocampal homotopic connec-
tivity, which might be explained by smaller sample size in the present study or
that this connection is more prominent in adults than in adolescents.

Overall, our findings indicate that adolescents” physical behavior is con-
nected with local functional connectivity in an area involved in sensorimotor
functions. The lack of a noteworthy connections between aerobic fitness and ei-
ther measure of functional connectivity suggests that the capacity to perform an
exercise or physical activity might not be important for these types of functional
communication, but behavior is. Future studies should elucidate whether there
is a causal relationship between physical activity or exercise and local functional
connectivity in adolescents.
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4.4 Methodological considerations and limitations

Overall, the studies included in this dissertation have some limitations that need
to be addressed. Some of the limitations are study-specific, while other limita-
tions arise from the common methodological choices and sample used in this dis-
sertation.

Firstly, in Study I, we used the Desikan-Killiany atlas (Desikan et al., 2006)
to define the regions used in the analysis. Even though parcellations based on
this atlas are relatively small, even smaller parcellations could have been more
sensitive in detecting locally more precise associations. This approach, however,
would have required more participants. Furthermore, the Desikan-Killiany atlas
parcellations have been used relatively often in this field, and using the same
parcellations enhances comparisons between studies. Secondly, in Study II, we
utilized DTI to study white matter properties. DTI has some limitations, such as
it does not take into account the possibility of crossing fibers, and by using DTI,
it is difficult to make interpretations concerning underlying white matter micro-
structure. Nevertheless, it is a commonly used method to study white matter
properties, and using it enables comparison to earlier studies in this field. Thirdly,
in Study II and Study III, we used the mean of the imputed values in the analysis.
It is recommended that the imputed parameters and their standard errors should
be combined using Rubin’s rules (Van Buuren, 2012, p. 37-38). However, due to
computational restrictions imposed by DTI and functional connectivity analysis
methods, we used averages of the imputed values in our analyses.

There are also a few general limitations that can be identified. Firstly, these
studies estimated the level of aerobic fitness using indirect measurement (20-m
shuttle run test). Recently, some questions have been raised on its validity
(Armstrong & Welsman, 2019). On the other hand, earlier investigations suggest
that the reliability and correlation of 20-m shuttle run test with maximal oxygen
consumption is relatively high when compared with direct measurements
(Castro-Pinero et al., 2010; Liu et al., 1992; Mayorga-Vega et al., 2015). Secondly,
we did not include BMI as an additional covariate in the analyses. BMI is related
to performance in the 20-m shuttle run test, but it seems to have a minimal effect
on the correlation between shuttle run test performance and maximal oxygen
consumption (Mahar et al., 2018). In addition, in Study I, adding BMI as an ad-
ditional covariate did not change the results, and to keep the same model be-
tween the studies, BMI was not added to the models in Study II and Study III.
However, when interpreting the results of this dissertation, it should be noted
that our indirect measurement might yield different results than cardiorespira-
tory fitness estimated by dividing maximal oxygen consumption with lean body
mass. Thirdly, concerning the measurement of physical activity, using different
cut-points to define physical activity may yield different estimates of the amount
of MVPA and limit the comparability between studies. Despite various possible
cut-points, Evenson cut-points have been recommended (Trost et al., 2011). In
addition, although accelerometers provide an objective measure of physical ac-
tivity and are widely used, the same amount of objectively measured physical
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activity may produce different physiological responses for each individual. Fi-
nally, the sample size (n=58-61) may not be large enough to detect weak associ-
ations and the cross-sectional nature of the current studies does not allow us to
make interpretations concerning causal relationships.

4.5 General discussion

This doctoral dissertation consists of three studies examining the association of
both physical activity and aerobic fitness with the structural and functional prop-
erties of the adolescents’ brains. Furthermore, the moderating effect of white mat-
ter on the associations between physical activity and aerobic fitness with core
executive functions were studied. Overall, the studies show that aerobic fitness
is related to the brain’s structural properties, while physical activity is associated
with brain function measured at rest. More specifically, aerobic fitness was re-
lated to gray matter in the left superior frontal cortex and in the pallidum, and
also with the microstructure of several white matter tracts (most robustly with
superior corona radiata and corpus callosum). On the contrary, we did not find
evidence of the connection between physical activity and either gray or white
matter measures, but it was positively related to local functional connectivity in
the right supramarginal gyrus. Regarding the connection between either physical
activity or aerobic fitness with core executive functions, the white matter was
found to moderate the connection between both physical activity and aerobic fit-
ness with working memory. This result implies that the level of the brain’s white
matter FA might explain some of the earlier contradictory findings regarding the
association between physical activity and aerobic fitness with working memory.

It could be assumed that physical activity and aerobic fitness would show
similar associations with brain measures, as they are connected with each other.
In order to improve aerobic fitness, an individual needs to do physical activity or
exercise with long enough duration, high enough intensity, and high enough fre-
quency. In accordance with this, also in the current study, there was a moderate
association between MVPA and aerobic fitness. Despite the connection between
these measures, a large part of the variability in aerobic fitness is not accounted
for by physical activity. It has been proposed that the differences between phys-
ical activity and aerobic fitness in adolescence could be explained by physical and
behavioral changes occurring during growth and maturation as well as social
and environmental factors (Cheng et al., 2014; Malina, 2001; Rhodes et al., 2018).
Interestingly, earlier literature indicates that physical activity and fitness during
adolescence are also differently associated with several physiological measures
as well as with health risk factors (Boreham et al., 2002; Hurtig-Wennlof et al.,
2007). These earlier results and the current findings emphasize the differences in
physical activity and aerobic fitness, and how these differences have a significant
impact when examining the association with brain measures.

In the articles included in this dissertation, we speculated the role of genetic
factors in the associations between physical activity and aerobic fitness with
brain’s structure and function. In the present studies, aerobic fitness was most
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robustly associated with those gray matter regions and white matter tracts that
have been found to be under strong genetic control (M.-C. Chiang et al., 2011;
Renteria et al., 2014; Teeuw, Brouwer, Koenis, et al., 2019). Furthermore, aerobic
fitness measured with maximal oxygen consumption (Schutte et al., 2016) as well
as trainability of aerobic fitness (Bouchard et al., 1999, 2011; Williams et al., 2017)
has been proposed to be largely explained by genetic factors. Thus, how much
exercise improves aerobic fitness is under genetic control. As both aerobic fitness
and the structural brain regions associated with fitness in the present studies are
under strong genetic influence, the existence of shared genetic factors is possible.

In Study III, we did not find evidence of an association between aerobic
fitness and functional connectivity, but physical activity was correlated with local
functional connectivity. When compared with the brain’s structural measures, it
appears that the genetic influences on gray and white matter structures might be
higher than on functional connectivity (M.-C. Chiang et al., 2011; Colclough et al.,
2017; Reineberg et al., 2020; Teeuw, Brouwer, Guimardes, et al., 2019; Teeuw,
Brouwer, Koenis, et al., 2019). In addition, local functional connectivity proper-
ties measured with local clustering in 12-year-old participants were not signifi-
cantly influenced by genes in contrast to global properties that were under ge-
netic control (van den Heuvel et al., 2013), thus, suggesting that local functional
connectivity could potentially be more readily influenced by behavior such as
physical activity.

Interestingly, the developmental studies indicate that most of the regions
and tracts associated with aerobic fitness, such as the corpus callosum and the
superior corona radiata, develop relatively early and do not change to a large
extent in adolescence (Gogtay et al., 2004; Lebel et al., 2008). On the other hand,
the superior frontal gyrus and the superior longitudinal fasciculus are still un-
dergoing changes during adolescence (Lebel et al., 2008; Teeuw, Brouwer, Koenis,
et al., 2019). Thus, the results imply that, even though most regions and tracts
associated with aerobic fitness develop rather early, there is no clear pattern that
aerobic fitness is related to brain areas only at a specific stage of development.

The brain regions and tracts associated with physical activity and aerobic
fitness in the current studies have a significant role in motor behavior (e.g., glo-
bus pallidus, superior frontal gyrus, corpus callous, corona radiata, superior lon-
gitudinal fasciculus, internal capsule, and supramarginal gyrus). Despite this,
they also have an important role in many other functions such as higher-order
cognitive functions (e.g., the superior frontal gyrus) and language (e.g., the su-
pramarginal gyrus). It could be tempting to speculate that physical activity and
aerobic fitness influence cognition through these brain regions. However, as the
earlier evidence concerning the connection between physical activity and aerobic
fitness with cognition in youth is contradictory, such a speculation could be prob-
lematic.

The Study II did not reveal significant correlations between either physical
activity or aerobic fitness with core executive functions, and as mentioned above,
the earlier evidence concerning this relationship is contradictory. The results,
however, suggest that the white matter FA of specific tracts interacts with the
relationship between physical activity and aerobic fitness with working memory.
These exploratory cross-sectional results imply that, when studying the effect of
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physical activity or aerobic fitness on working memory, the level or condition of
the white matter could influence the results of the exercise intervention. Thus,
when conducting an exercise intervention study targeted to improve working
memory, these current results highlight the importance of taking into account the
individual brain measures. Although physical activity levels and working
memory levels of participants might be similar, there can be substantial differ-
ences in properties of the brain regions crucial for the working memory. It should
be noted, however, that here the moderating effect was rather small.

The results of this dissertation advance our understanding concerning the
connection between physical activity and aerobic fitness with the adolescent
brain. The findings will especially help to understand the differential connection
that physical activity and aerobic fitness have with brain properties during ado-
lescence. Earlier studies have mainly focused on other age groups, and the
knowledge concerning this stage on development when significant changes oc-
cur in the adolescent’s body and the brain is lacking. Our results show that aero-
bic fitness has an important connection with the brain structure and physical ac-
tivity with the functional connectivity at rest in adolescents. Future studies are
needed to determine the causal relationship between these connections. Further-
more, future studies should also investigate possible shared genetic factors be-
tween physical activity and aerobic fitness with brain development during ado-
lescence.
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YHTEENVETO (SUMMARY)

Nuoruuden aikaisen fyysisen aktiivisuuden ja aerobisen kunnon yhteys
aivojen rakenteisiin ja toiminnallisiin yhteyksiin

Viimeisten vuosikymmenten aikana murrosikdisten nuorten kestdavyyskunto on
laskenut ja fyysisen aktiivisuuden mééara on suurella osalla nuoria alle suositus-
ten. Tamd suuntaus on heradttanyt huolta, koska vahdinen liikunnan médéré ja run-
sas paikallaolo voivat olla haitallisia nuorten terveydelle ja hyvinvoinnille.
Nadistd tiedoista huolimatta, tutkimustietoa fyysisen aktiivisuuden méaédran ja kes-
tavyyskunnon yhteydestd nuorten aivoihin ei juurikaan ole. Vaikka aiemmat tut-
kimukset ovat havainneet yhteyden liikunnan ja aivojen rakenteiden seké toi-
minnan valillda muissa ikdryhmissd, on ndiden tulosten yleistaminen murrosikai-
siin nuoriin ongelmallista. Murrosidn aikana nuoren kehossa seké aivoissa tapah-
tuu merkittdvid muutoksia. Osa muutoksista on uniikkeja, vain murrosidn ai-
kana tapahtuvia muutoksia. Lisdksi on my6s usein ehdotettu, ettd nuorten aivot
muovautuvat helpommin kuin aikuisten aivot. Ndin ollen nuoruuden aikaisella
liikkunnalla saattaa olla jopa korostunut merkitys aivoille. Tdméan vditoskirjatyon
padtarkoituksena on tarkastella fyysisen aktiivisuuden ja kestdvyyskunnon yh-
teyttd murrosikdisten nuorten aivoihin. Toisena tarkoituksena on tarkastella ai-
vojen valkean aineen osuutta fyysisen aktiivisuuden/kestavyyskunnon ja kogni-
tion (toiminnanohjaus) véliseen suhteeseen.

Tama vditoskirja koostuu kolmesta tutkimuksesta, joissa kaikissa tutkitta-
vat olivat pddosin samoja 12,7-16,2-vuotiaita nuoria (n=58-61). Taman lisdksi
fyysisen aktiivisuuden ja kestdvyyskunnon mittarit olivat samoja kaikissa tutki-
muksissa. Keskiraskas ja raskas fyysinen aktiivisuus mitattiin kiihtyvyysanturi-
mittareilla viikon ajalta ja kestdvyyskunnon taso arvioitiin 20 m sukkulajuoksu-
testilld. Aivokuvantaminen suoritettiin magneettikuvauksella (MRI) ja ndissd
tutkimuksissa aivojen ominaisuuksia mitattiin kolmella eri menetelmalld: raken-
teellinen MRI (Tutkimus I), diffuusiokuvantaminen (Tutkimus II) ja lepotilan toi-
minnallinen MRI (Tutkimus III).

Viitoskirjan ensimmaisessd tutkimuksessa selvitettiin nuorten fyysisen ak-
tiivisuuden ja kestavyyskunnon yhteyttd aivojen harmaaseen aineeseen. Aivojen
harmaa aine koostuu padosin hermosolujen solukeskuksista ja tuojahaarakkeista.
Aivokuvantamismenetelmid hyodyntden on havaittu, ettd eri alueiden harmaan
aineen tilavuudet ovat liittyvat merkitsevasti mm. kognitiivisiin toimintoihin ja
aivosairauksiin. Tdssd tutkimuksessa korkeamman kestdvyyskunnon havaittiin
olevan yhteydessd vasemman yldetupoimun pienempdén tilavuuteen sekd va-
semman linssitumakkeen pallon suurempaan tilavuuteen, kun ikd, sukupuoli,
puberteetin vaihe ja aivojen kokonaistilavuus otettiin huomioon. Molemmat
ndistd alueista osallistuvat motorisiin toimintoihin, mutta erityisesti yla-
etupoimulla on merkittdva rooli monissa kognitiivisissa toiminnoissa. Tédssa tut-
kimuksessa ei 1oydetty selkedd kytkostd fyysisen aktiivisuuden ja aivojen har-
maan aineen valilla. Nama tulokset osoittavat, ettd kestavyyskunto ja fyysinen
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aktiivisuus ovat eri lailla yhteydessd nuorten aivoihin, kun tarkastellaan har-
maan aineen tilavuuksia. Yhteys on merkittdva kestdvyyskuntoon, mutta ei fyy-
siseen aktiivisuuteen.

Toisessa tutkimuksessa selvitettiin nuorten fyysisen aktiivisuuden ja kesta-
vyyskunnon yhteyttd aivojen valkean aineen ratojen ominaisuuksiin sekd val-
kean aineen moderaatio-vaikutusta fyysisen aktiivisuuden/kestdvyyskunnon ja
toiminnanohjauksen viliseen yhteyteen. Aivojen valkean aineen ratoja pitkin va-
littyy viestejd eri aivoalueiden vililld ja timéd mahdollistaa aivojen sisdisen kom-
munikaation, jota tarvitsemme jokapdivdisessd eldméssd. Aivokuvantamistutki-
muksissa valkean aineen ominaisuuksien on havaittu olevan merkityksellisid
monille toiminnoille, kuten toiminnanohjaukselle. Tdamén tutkimuksen toisena
tarkoituksena oli selvittdd valkean aineen tason yhteys fyysisen aktiivisuu-
den/kestdavyyskunnon ja toiminnanohjauksen vililld havaittuun yhteyteen. Toi-
minnanohjauksen tutkimus keskittyi erityisesti tarkkaavuuteen, inhibitioon ja
tyomuistiin. Tulokset osoittavat, ettd nuorten kestdvyyskunto on yhteydessa
useisiin valkean aineen ominaisuuksiin monilla eri valkean aineen radoilla. Sel-
keimmin yhteys ndkyy kunnon seké aivokurkiaisen ja ylemmaén corona radiatan
vaélilld. Tamén lisdksi myos mm. sisdkotelon ja superior longitudinal fasciculus:n
ominaisuudet ovat yhteydessd kestavyyskuntoon. Fyysisen aktiivisuuden ja val-
kean aineen ominaisuuksien vililld ei havaittu olevan merkittavaa yhteyttd. Eks-
ploratiivisessa moderaatio-analyysissa havaittiin, erityisesti aivokurkiaisen val-
kean aineen tason olevan yhteydessd fyysisen aktiivisuuden/kestdavyyskunnon
ja tyomuistin viliseen kytkokseen. Kuten ensimmaisessédkin osatutkimuksessa,
myos tassdkin tutkimuksessa nuorten kestdvyyskunnon havaittiin olevan yhtey-
dessd aivojen rakenteisiin, mutta todisteita fyysisen aktiivisuuden ja aivojen val-
kean aineen rakenteiden vélisestd yhteydestd ei 16ydetty. Lisdksi tulokset viittaa-
vat siihen, ettd tiettyjen aivoratojen valkean aineen taso voi vaikuttaa seka fyysi-
sen aktiivisuuden ja tyomuistin ettd kestdvyyskunnon ja tyomuistin vaélilld ha-
vaitun yhteyden suuntaan ja voimakkuuteen.

Viitoskirjan kolmas tutkimus keskittyi tarkastelemaan aivojen lepotilan toi-
mintaa. Toisessa tutkimuksessa aivokurkiaisen valkean aineen havaittiin olevan
yhteydessa kestavyyskuntoon. Aivokurkiaisella on myos tarkeéd rooli aivopuo-
liskojen vilisessd kommunikaatiossa, koska se on suurin aivopuoliskoja yhdis-
tavd rakenne. Tdamdn havainnon pohjalta, kolmannessa tutkimuksessa tutkittiin
miten sekd kestdvyyskunto ettd fyysinen aktiivisuus ovat kytkoksissd aivopuo-
liskojen véliseen lepotilan kommunikaatioon tai tarkemmin toiminnalliseen kon-
nektiviteettiin homologisilla aivojen alueilla. Aivopuoliskojen vilisten yhteyk-
sien lisdksi tutkimme myos aivojen paikallista kommunikaatiota (regional ho-
mogeneity). Pdinvastoin kuin kahdessa aiemmassa tutkimuksessa, fyysisen ak-
tiivisuuden, mutta ei kestdavyyskunnon, havaittiin olevan yhteydessa aivojen pai-
kalliseen kommunikaatioon pddosin oikean puoleisessa supramarginaalisessa
poimussa. Tutkimuksessa ei havaittu merkittdvad yhteytta aivopuoliskojen vali-
sen toiminnallisen konnektiviteetin ja fyysisen aktiivisuuden tai kestdvyyskun-
non valill.

Kokonaisuutena tamén vditoskirjan tulokset osoittavat sekd fyysisen aktii-
visuuden ettd kestdvyyskunnon liittyvan nuorten aivojen ominaisuuksiin. Yh-
teydet ndiden kahden liikuntamittarin ja aivojen ominaisuuksien valilld eroavat
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kuitenkin huomattavasti. Kestdvyyskunto on yhteydessa erityisesti aivojen ra-
kenteisiin, kun taas fyysinen aktiivisuus on yhteydessé lepotilan toimintaan vain
pienelld motoristen toimintojen kannalta tdrkeé&lld alueella. Yleisesti ottaen ha-
vaitut yhteydet sekd molempien liikuntamittareiden ettd aivojen vililld painot-
tuvat alueisiin, joilla on motoristen toimintojen kannalta oleellinen merkitys. Li-
sdksi yhteydet rajoittuivat suhteellisen pienille alueille, pois lukien yhteydet val-
kean aineeseen, jossa kestdvyyskunnon merkitseva yhteys aivoihin on laajalle le-
vittynyttd. Nama tutkimustulokset viittaavat siihen, ettd nuorten vahentyneellad
lilkkunnalla ja erityisesti huonontuneella kestdvyyskunnolla voi olla vaikutuksia
aivoihin. Syy-seuraussuhdetta tdima tutkimus ei kuitenkaan pysty vahvistamaan
ja tdmén tulkinnan todentamiseen tarvitaankin pitkittdistutkimuksia.
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Higher levels of aerobic fitness and physical activity are linked to beneficial effects on brain health, especially in
older adults. The generalizability of these earlier results to young individuals is not straightforward, because
physiological responses (such as cardiovascular responses) to exercise may depend on age. Earlier studies have
mostly focused on the effects of either physical activity or aerobic fitness on the brain. Yet, while physical
activity indicates the amount of activity, aerobic fitness is an adaptive state or attribute that an individual has or
achieves. Here, by measuring both physical activity and aerobic fitness in the same study, we aimed to differ-
entiate the association between these two measures and grey matter volume specifically. Magnetic resonance
imaging scans were used to study volumes of 30 regions of interest located in the frontal, motor and subcortical
areas of 60 adolescents (12.7-16.2 years old). Moderate-to-vigorous intensity physical activity (MVPA) was
measured with hip-worn accelerometers and aerobic fitness was assessed with a 20-m shuttle run. Multiple
regression analyses revealed a negative association between aerobic fitness and left superior frontal cortex vo-
lume and a positive association between aerobic fitness and the left pallidum volume. No associations were
found between MVPA and any brain region of interest. These results demonstrate unequal contribution of
physical activity and aerobic fitness on grey matter volumes, with inherent or achieved capacity (aerobic fitness)
showing clearer associations than physical activity.

1. Introduction effects between them. In order to understand the role and significance

of exercise-related measures on brain structure, it is crucial to compare

Aerobic fitness, also referred to as cardiorespiratory fitness, and
physical activity are factors that are known to be associated with brain
health. Studies have demonstrated that physical activity and aerobic
fitness levels are positively associated with several structural properties
of grey matter e.g. [1-3]. However, the majority of the research in this
field has focused on older adults, and the generalizability of these re-
sults to other age groups is not straightforward. The integrity of the
neural network in later life is strongly influenced by the developmental
processes during the first decades of life, highlighting the importance of
exercise-related effects on the brain during this time period. Im-
portantly, research so far has focused on the influence of either physical
fitness or physical activity on brain measures rather than comparing the

the contribution of physical activity behaviour vs. the level of aerobic
fitness to grey matter volumes in adolescents.

Physical activity and aerobic fitness are distinct concepts. Caspersen
et al. [4] defined physical activity as “any bodily movement produced
by skeletal muscles that results in energy expenditure” (p.126). On the
other hand, physical fitness is a condition or adaptive state that an
individual has or achieves. Aerobic fitness is typically measured either
directly by measuring oxygen consumption during maximal exercise
test or indirectly by using submaximal tests or field tests, such as the
maximal 20-m shuttle run. Physical activity can be determined sub-
jectively using questionnaires or objectively with measurement devices
such as accelerometers. However, self-reported physical activity
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assessments are considered less valid, because they are influenced by
recall biases and other factors [5].

Even though measures of physical activity and aerobic fitness pro-
vide different information, they are related to each other to a certain
extent. There seems to be a dose-response relationship between phy-
sical activity and aerobic fitness, concerning both the intensity and the
amount of physical activity. In other words, the higher the intensity and
amount of exercise training, the larger the improvements in aerobic
fitness [6-8]. Importantly however, during adolescence the relationship
between objectively measured physical activity and aerobic fitness is
suggested to be only low to moderate [9-11]. Besides individual’s own
actions, aerobic fitness is influenced by inherent properties, the geno-
type. More than half of the individual differences in aerobic fitness
could be explained by heritability [12,13]. Studying the independent
associations of both physical activity and aerobic fitness on grey matter
volumes, in the same individuals, will critically extend our under-
standing of the specific aspects of these measures.

In recent neuroimaging literature, aerobic fitness has been asso-
ciated with grey matter properties in several brain regions.
Surprisingly, only one group has investigated this association in ado-
lescents. Herting et al. studied male adolescents (15-18 years old) and
found that the level of aerobic fitness correlated with left hippocampus
volume [14] and with right rostral middle frontal cortical volume [15].
In children, aerobic fitness has been demonstrated to associate with
several subcortical regions, such as the hippocampus and basal ganglia
[16-20]. In addition, exploratory analysis by Chaddock-Heyman et al.
[21] proposes that more highly fit children may have decreased cortical
thickness in superior frontal cortex, superior temporal areas, and lateral
occipital cortex. To the best of our knowledge, only one study in-
vestigated the relationship between physical activity and grey matter
volumes in youth. Based on self-reported, but not objectively measured
physical activity, Herting et al. [15] found that male adolescents in high
physical activity group demonstrated larger right medial pericalcarine
and left precuneus surface areas than in low activity group.

Given these findings, it is problematic to determine whether it is the
regular physical activity or the aerobic fitness level that is more im-
portant for brain structures in youth. Animal models using rats bred for
their response to exercise training (high vs. low induced change in
running capacity) have shed some light on this issue. Nokia et al. [22]
observed that high-response rats exhibited larger increases in hippo-
campal neurogenesis than low-response rats after physical training.
However, high-response rats also ran more, so the amount of physical
training was not equal between groups. When controlling for amount of
physical activity, female high-response rats still showed a higher rate of
neurogenesis in hippocampus [23]. Moreover, the training at same in-
tensity levels induced different responses in brain-derived neurotrophic
factor (BDNF) in low- and high-response rats [24]. Thus, in animal
models, inherent running capacity seemed to affect brain responses
even though the exercise was similar between groups. Taken together,
these results suggest that neither the amount of physical exercise nor
the running capacity can independently explain differential responses
to exercise.

Age has been suggested to influence the physiological responses to
exercise. Several studies have reported age-related differences in ex-
ercise responses [25-28]. Supporting these human studies, animal
models also indicate that age-related responses to exercise can be seen
in cognition [29,30], in BDNF [30], and in microvascular function [31].
Although the main focus has been on the differences between young
and old individuals, distinct responses to exercise have been also ob-
served between adolescents and adults. Interestingly, Hopkins et al.
[30] found that exercise enhanced relative levels of BDNF across brain
regions and object recognition memory in adolescent rats 2-4 weeks
after training intervention, but not in adult rats. Thus, brain responses
to exercise can differ depending on age.

Despite the considerable number of studies concerning the effects of
aerobic fitness or physical activity on grey matter volume in older
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adults, the evidence for this relationship in adolescence is inconclusive.
To the best of our knowledge, no studies to date have compared ob-
jectively measured physical activity and fitness with grey matter vo-
lumes in adolescents. Therefore, we investigated how both physical
activity and aerobic fitness associates with grey matter volumes in the
adolescent brain. We measured physical activity objectively with ac-
celerometers and aerobic fitness with a 20-m shuttle run. Magnetic
resonance imaging (MRI) was applied to measure grey matter volumes.
Based on the previous literature we hypothesized that both physical
activity and aerobic fitness would show positive association with grey
matter volumes in the basal ganglia and hippocampus.

2. Methods
2.1. Participants

Participants for this study were recruited from three schools in
Central and Southern Finland. Potential participants were selected
among volunteers participating in a larger longitudinal study (for more
details see [32]). Cross-sectional data, collected at the end of the
longitudinal study, was used in the current study. Potential participants
were screened for exclusion criteria, which were: MRI contra-
indications, neurological disorders, use of medication that influences
the central nervous system, major medical condition and left-handed-
ness, which was assessed by the Edinburgh Handedness Inventory
during the first research visit. Furthermore, in order to evaluate pub-
ertal development, participants self-reported their stage of puberty by
using the Tanner scale [33,34]. Sixty-one right-handed participants
were scanned. One participant was removed from the analysis owing to
excessive motion artefacts in the MRI. Thus, 60 adolescents were in-
cluded in the analysis. The Central Finland Healthcare District Ethical
Committee accepted the study. The study was conducted according to
the ethical principles stated in the Declaration of Helsinki and all par-
ticipants and their legal guardian provided written informed consent.
The participants were compensated with a 30-euro gift card for the
participation in the brain scans.

2.2. Physical activity and aerobic fitness

Physical activity was objectively measured using a triaxial
ActiGraph (Pensacola, FL, USA) GT3X + and wGT3X + accelerometers
(for full details see Joensuu et al. [32]). Subjects were instructed to
wear accelerometers on their right hip during waking hours for seven
consecutive days, except during water-related activities. A valid mea-
surement day consisted of at least 10 h of data. Subjects who had at
least two valid weekdays and one valid weekend day, were included in
analysis as such. For those subjects, that did not meet this criterion, a
multiple imputation method (explained in more detail later) was em-
ployed to fill in the missing data. Activity counts were collected in 155
epochs. If there was a period of at least 30 min of consecutive zero
counts, it was considered as a non-wear time. A customized Visual Basic
macro for Excel software was used for data reduction. MVPA was
converted into a weighted-mean value of MVPA per day ([average
MVPA min/day of weekdays X 5 + average MVPA min/day of
weekend x 2] /7). Data was collected at a sampling frequency of 60 Hz
and standardly filtered. The cut points of Evenson et al. were utilised in
the analysis [35,36].

Aerobic fitness was assessed with the maximal 20-m shuttle run test.
The test was performed as described by Nupponen et al. [37]. Each
participant ran between two lines 20-m apart at accelerating pace,
which was indicated with an audio signal. The time participants ran
until they failed to reach the end lines in two consecutive tones in-
dicated the level of aerobic fitness. The speed in the first and second
levels were 8.0 and 9.0 km/h, respectively. After the second level, speed
was increased 0.5 km/h per level. The duration of each level was one
minute. Participants were encouraged to keep running throughout the
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test.

In addition to physical activity and aerobic fitness tests, participants
completed sets of tests on muscular fitness (push-up and curl-up),
flexibility (four different measurements), and fundamental movement
skills (5-leap test, throwing-catching combination test), which are not
included in the current study article [32]. Of these tests, only the results
of the throw-catch combination were used in multiple imputations, as
explained in more detail later.

2.3. Magnetic resonance imaging acquisition

Images were acquired on a 3T MAGNETOM Skyra whole-body
scanner (Siemens Healthcare, Erlangen, Germany) using a 32-channel
head coil at the Aalto Neuroimaging unit, Aalto University, Espoo,
Finland. Total scanning time was approximately 45 min and it included
structural, diffusion, functional, field mapping, and perfusion MRI
scans. All scans except perfusion MRI were acquired using “Auto Align”
to minimize variation in slice positioning [38]. Prior to imaging, par-
ticipants were familiarized with the measurement protocol. All parti-
cipants were instructed to keep their head still during the scanning and
pads were used to minimize head motion. In addition, the participants
wore earplugs to compensate for the noisy environment.

T1-weighted structural images were acquired in the sagittal plane
using the MPRAGE pulse sequence. The protocol included 176 sagittal
slices and the scanning time was 6:02 min. The acquisition parameters
were set as follows: TI = 1100 ms, TR = 2530 ms, TE = 3.3 ms, voxel
size = 1.0 X 1.0 x 1.0 mm?®, flip angle = 7°, slice thickness = 1 mm,
FOV = 256 x 256 x 176 mm®, bandwidth = 200 Hz/Px, and using the
GRAPPA parallel imaging technique with an acceleration factor R = 2
and with 32 reference lines.

2.4. Image analysis

Images were visually inspected for motion artefacts during scan-
ning. Six participants had large motion artefacts, warranting a second
T1-weighted scan immediately after the first T1-weighted scan. Image
analysis suite, FreeSurfer 5.3.0 (http://surfer.nmr.mgh.harvard.edu),
was used for cortical surface reconstruction and volumetric segmenta-
tion [39]. Briefly, this analysis includes processes such as removal of
non-brain tissue, Talairach transformation, segmentation of the sub-
cortical white matter and deep grey matter volumetric structures
[40,41], intensity normalization, tessellation of the grey matter white
matter boundary, and automated topology correction. Following the
automated FreeSurfer pipeline, all reconstructed volumes were visually
inspected. First, all slices were manually inspected for errors in skull-
stripping, if errors occurred either watershed threshold was changed or
manual edits were carried out as part of the recommended workflow for
FreeSurfer. Then white matter segmentation and pial surface were in-
spected. Errors were manually corrected following FreeSurfer guide-
lines. Estimated intracranial volume (eTIV) was calculated based on the
method described by Buckner et al. [42]. Subcortical region volumes
were calculated using FreeSurfer’s automatic whole brain segmentation
[40]. Following subcortical volumes were chosen for regions of inter-
ests (ROIs): putamen, pallidum, caudate, nucleus accumbens, thalamus
and hippocampus. Cortical regions were labelled according to the De-
sikan-Killiany cortical atlas [43]. The volumes of the following cortical
structures were chosen as ROIs: paracentral lobule, postcentral gyrus,
posterior cingulate cortex, precentral gyrus, superior frontal gyrus, and
lateral orbitofrontal cortex. In addition, the following three regions
were calculated as a sum of two separate regions: anterior cingulate
cortex (rostral anterior and caudal anterior division), middle frontal
gyrus (rostral and caudal divisions), and medial orbitofrontal cortex
(medial orbitofrontal cortex and frontal pole) (Fig. 1). The frontal pole
was not treated as a single area as the reliability of the area was not
measured in Desikan et al. [43]. We used following rationale to choose
ROIs for the analysis. Those subcortical areas that are known to be
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involved in motor behaviour (such as putamen and thalamus) were
selected. In addition, hippocampus was selected as a ROI, since it has
been shown to relate to aerobic fitness by several animal and human
studies [14,17,44]. Several studies suggest that either aerobic fitness or
physical activity are related to cognitive skills and especially to ex-
ecutive functions in youth [e.g. 45-47]. Frontal brain areas have a
critical contribution especially in executive functions [e.g. 48]. There-
fore, we included those frontal brain areas that have been shown to
relate to either physical activity or aerobic fitness.

2.5. Statistical analyses

We assessed the associations between volumetric measures of brain
structure and physical activity as well as aerobic fitness with multiple
regression model:

GM; = B, + B, Xi + B,Age; + B;Gender, + B, PS; + BseTIV; + &,

where GM,; is the grey matter volume of a ROI for subject i, X; is physical
activity or aerobic fitness, Age;, Gender;, PS; and eTIV; are age, gender,
pubertal stage and estimated intracranial volume, respectively and
error terms ¢ are independent and identically distributed normal
random variables with zero mean and same standard deviation. Body
mass index (BMI) was not included as a covariate as there was no as-
sociations between BMI and any of the ROIs. All predictors were en-
tered simultaneously into the model. Residual plots and Q—Q plots
were used to check the assumptions of linearity as well as normality and
homoscedasticity of the residuals. The means of the residuals in all
models were close to zero. The highest correlations were between
gender and eTIV r = 0.59 and between puberty and age r = 0.56 in-
dicating that multicollinearity was not a problem. All variance inflation
factors were below 2. False discovery rate (FDR) [49] was used to
handle multiple comparisons (separately for MVPA and 20-m shuttle
run). The relationship between either physical activity or aerobic fitness
and grey matter volumes has not been previously studied in this age
group. Therefore, we chose to include a more comprehensive set of
brain regions in the analysis. We acknowledge that with this sample
size, a strict correction for multiple comparisons may increase the
number of false negative findings. To balance between false positives
and false negatives we chose to use FDR threshold of 0.1. Results re-
ported according to this criterion were considered noteworthy. FDR-
adjusted p-values were calculated according to Yekutieli and Benjamini
[50].

2.6. Multiple imputation

MRI volumetric measures, eTIV, age, and gender were available for
all participants while missing data occurred in the pubertal stage and in
both 20-m shuttle run and MVPA. The percentage of missing values per
variable ranged between 10% and 22%.

Incomplete data for several variables (see Table 1 and Supplemen-
tary material) were imputed using multiple imputation under fully
conditional specification (chained equations) [51]. The predominant
cause of missing data entries was the subjects being absent from school
during the measurement occasion because of sickness and insufficient
number of valid measurement days (two weekdays and one weekend
day) for physical activity. The analysis was performed under the as-
sumption of data missing at random as the crucial predictors such as
preceding measures (measured approximately six months before the
current study) of puberty, shuttle-run tests (correlation with preceding
20-m shuttle run test = 0.57) and weekday measures of physical ac-
tivity (correlation with total MVPA [also weekend days included] =
0.95) were available. These variables, as well as age, gender, height,
BMI, results of throw and catch test, and grey matter volume in ROIs
were used as predictors in the imputation model. As advised (Van
Buuren, 2012 chapter 2.3.3 [52]), 50 imputed datasets were con-
structed and analyzed. Each data set was constructed using 50
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Fig. 1. Cortical ROIs. The medial (left) and lateral (right) surfaces of the human cerebral cortex parcellated with FreeSurfer.

Table 1

Missing data pattern for variables of interest. Available: number of individuals
with data available; Missing: number of individuals with missing data, %
missing: proportion of subjects with missing measure, Available from previous
measurements: number of individuals with missing data on a variable that have
data from previous occasions. Asterisk (*) indicates that seven subjects had
measurement of weekday MVPA that could be utilized in imputations.

Available Missing % missing Available from previous
measurements
Pubertal stage 54 6 10 % 4
Total MVPA 47 13 22 % 7*
20-m shuttle 51 9 15 % 5
run

MVPA, moderate-to-vigorous intensity physical activity.

iterations of the algorithm to ensure the convergence of the iterative
process. Calculations were performed in R 3.4.0 (R Core Team, 2017)
using the mice 2.3 package [53]. The model parameters and their
standard errors were estimated for each imputed dataset and combined
using Rubin’s rules [47, p. 37,38] to obtain final estimates of para-
meters and their standard errors. More details about multiple imputa-
tion in Supplementary material.

3. Results

Table 2 presents descriptive statistics for participant characteristics,
physical activity, 20-m shuttle run, and brain volumes of the left su-
perior frontal cortex and the left pallidum.

BMI, body mass index; MVPA, moderate-to-vigorous intensity phy-
sical activity; SFC, superior frontal cortex

Multiple linear regression analysis was carried out to investigate the
relationship between aerobic fitness (Table 3) and MVPA (Table 4) with
brain volumes. After correcting for multiple comparisons there was a
noteworthy negative (FDR-adjusted p = 0.020) relationship between

Table 2
Participant demographics. Data presented as mean + SD.
Mean Range

Age (years) 143 £ 09 12.7-16.2
Weight (kg) 55.9+99 35.7-94.3
Height (cm) 164.1 + 9.6 147-194
BMI 20.7 £ 2.6 15.7-31.1
Pubertal stage 35+09 1.5-5.0
20-m shuttle run (min) 58+ 24 1.5-11.6
MVPA (min/day) 49.1 + 20 18-105.9
Left SFC (mm®) 28,742 + 3359 21669-35837
Left pallidum (mm®) 1542 + 287 977-2177

N=60 (female=40)

125

20-m shuttle run and superior frontal cortex volume after controlling
for age, puberty status, gender and eTIV (Fig. 2A). For left superior
frontal cortex volume, the regression model predicted a 500 mm?® de-
crease in volume for each extra minute in 20-m shuttle run test. The left
superior frontal cortex volume could be predicted by the following
formula: 22.3 — 0.5 (shuttle run) — 0.83 (age) + 2.35 (gender) — 0.07
(pubertal stage) + 0.013 (eTIV). Here shuttle run is measured in
minutes, age in years, pubertal stage as Tanner score (values between
1-5), eTIV as em®, and gender is coded as 0=female or 1 =male. The
adjusted R? value was 0.62. There was also a positive association be-
tween left pallidum volume and 20-m shuttle run test (FDR-adjusted
p = 0.069) (Fig. 2B). For left pallidum there was a 48 mm® expected
increase in volume for each extra minute in the shuttle run test. The left
pallidum volume could be predicted by the following formula:
1.87 + 0.05 (shuttle run) — 0.11 (age) — 0.03 (gender) + 0.02
(pubertal stage) + 0.001 (eTIV). There were no noteworthy relation-
ships between MVPA and any of the ROIs. In addition, there were no
associations between BMI and any of the ROIs. The correlation between
20-m shuttle run and MVPA was r = 0.45 (p = 0.001).

4. Discussion

We investigated how both physical activity and aerobic fitness as-
sociate with frontal, motor and subcortical grey matter volumes in
adolescents. Our findings suggest that aerobic fitness and MVPA relate
to grey matter volumes differently in the studied age range between
12.7 and 16.2 years. Aerobic fitness was negatively associated with left
superior frontal cortex and positively associated with left pallidum
volume. Contrary to our expectations, we did not find clear associations
between MVPA and any ROI. These results demonstrate unequal con-
tribution of physical activity and aerobic fitness on brain volume, with
inherent or achieved capacity (aerobic fitness) showing clearer asso-
ciations than physical activity.

The negative association between aerobic fitness and left superior
frontal cortex volume supports and extends the results of Chaddock-
Heyman et al. [21] who demonstrated similar association between
aerobic fitness and the thickness of this area in preadolescent children.
When compared with the results of Herting et al. [15] with a slightly
older age group (15-18 years), our results are partially contradictory.
Herting et al. [15] observed that the only cortical area associated with
aerobic fitness is the right rostral middle frontal cortex, located laterally
to the superior frontal cortex. Taken together, the current and earlier
results suggest that better aerobic fitness is associated with lower
thickness and volume of superior frontal brain areas in youth.

Adolescence is characterized by substantial changes in brain func-
tion and structure. Neuroimaging studies show that cortical grey matter
decreases and white matter increases during adolescence [54-56].
Among other brain regions, also frontal cortical areas seem to undergo
large changes during adolescence [57,58]. Interestingly, a recent study
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Multiple linear regression analysis of 20-m shuttle run (min) on brain volumes after adjustment for age, pubertal stage, gender and eTIV.

20-m shuttle run

ROIs B 95% CI p-value FDR-adjusted p-value Adjusted R2
Left thalamus proper —0.047 —0.117,0.022 0.177 0.442 0.63
Left caudate 0.009 —0.060,0.078 0.790 0.878 0.20
Left putamen 0.088 0.000,0.176 0.050 0.302 0.33
Left pallidum 0.048 0.016,0.081 0.005 0.069 0.30
Left hippocampus —0.001 —0.049,0.048 0.971 0.973 0.39
Left accumbens area 0.008 —0.007,0.024 0.297 0.594 0.22
Right thalamus proper —0.031 —0.096,0.034 0.345 0.598 0.62
Right caudate 0.025 —0.045,0.096 0.475 0.620 0.30
Right putamen 0.030 —0.047,0.106 0.439 0.598 0.28
Right pallidum 0.027 0.005,0.049 0.018 0.180 0.38
Right hippocampus —0.033 —0.078,0.013 0.156 0.425 0.46
Right accumbens area 0.005 —0.007,0.017 0.432 0.598 0.30
Left anterior cingulate cortex” —0.002 —0.135,0.130 0.973 0.973 0.17
Left lateral orbitofrontal —0.094 —0.209,0.022 0.109 0.388 0.52
Left medial orbitofrontal® -0.077 —0.171,0.016 0.102 0.388 0.44
Left middle frontal gyrus® —0.145 —0.487,0.197 0.399 0.598 0.52
Left paracentral —0.003 —0.084,0.078 0.942 0.973 0.31
Left postcentral —0.046 —0.233,0.142 0.627 0.784 0.49
Left posterior cingulate —0.049 —0.128,0.029 0.214 0.495 0.28
Left precentral —0.035 —0.239,0.170 0.735 0.848 0.51
Left superior frontal —0.504 —0.783,-0.226 0.001 0.020 0.62
Right anterior cingulate cortex” —-0.027 —0.168,0.114 0.698 0.838 0.13
Right lateral orbitofrontal —0.086 —0.199,0.026 0.129 0.388 0.43
Right media lorbitofrontal® —0.096 —0.187,-0.004 0.042 0.302 0.50
Right middle frontal gyrus® —0.154 —0.481,0.173 0.349 0.598 0.55
Right paracentral —0.045 —0.149,0.058 0.385 0.598 0.17
Right postcentral —0.092 —0.259,0.074 0.270 0.579 0.39
Right posterior cingulate —0.039 —0.127,0.048 0.369 0.598 0.17
Right precentral —0.140 —0.317,0.038 0.120 0.388 0.52
Right superior frontal —0.269 —0.576,0.039 0.085 0.388 0.53

B, regression coefficient; CL, confidence interval; FDR, false discovery rate; ROL regions of interest; ROIs are measured as cm?®. Bolded values indicate p-values below
0.05 and FDR-adjusted p-values below 0.1. Adjusted R? denotes the adjusted proportion of the variance explained by the model.

@ =sum of medial orbitofrontal cortex and frontal pole.

P =sum of rostral anterior and caudal anterior division of anterior cingulate cortex.

¢ =sum of rostral and caudal divisions of middle frontal gyrus.

by Teeuw et al. [59] indicated that the largest decrease in cortical
thickness during adolescence (12-17 years) takes place in the superior
frontal cortex. They also demonstrated that these changes are under
strong genetic control [59]. Intriguingly, aerobic fitness in adolescents
seems to be related to the brain area, which presumably exhibits the
largest (genetically-driven) cortical thinning between the ages of 12
and 17 years. There are several possible underlying factors for this
linkage. As demonstrated by earlier studies, both aerobic fitness and
changes in superior frontal cortex thickness during adolescence depend
largely on genetic factors [12,59]. Our results could thus reflect, at least
partly, shared genetic factors underlying both aerobic fitness and su-
perior frontal area development.

We also found a positive association between aerobic fitness and left
pallidum volume. The pallidum is a structure within the basal ganglia
that is involved in regulating motor activity. Previous results suggest
that aerobic fitness is related to pallidum shape and volume in normal
weight preadolescent children [18,20]. Our results demonstrate that
this association also exist in adolescents.

The association between objectively measured physical activity and
grey matter structures, to the best of our knowledge, has not been
studied in either children or adolescents. In contrast to the results
concerning older adults (e.g. [1,60,61]), the current results indicate
that MVPA is not related to brain volumes in frontal, motor, or sub-
cortical regions in this age group. Herting et al. [15] used ques-
tionnaires to evaluate the physical activity of 15-18-year-old males.
Although measuring physical activity with accelerometers and ques-
tionnaires differs, these methods are related to each other. Our results
support the findings of Herting et al. [15], where no differences were
found in terms of the size of the frontal and motor surface areas
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between high and low physical activity groups. However, Herting et al
[15]. reported that males who were more physically active showed
larger right medial pericalcarine, right cuneus, and left precuneus
surface areas than males who were less active. Our results do not
confirm or oppose this result, as our regions of interest did not include
occipital, temporal or parietal brain areas (except for the post central
gyrus).

The differential association of brain volumes with aerobic fitness vs.
MVPA in adolescents may reflect the role of genetic factors. As men-
tioned previously, shared genetic factors could explain the association
between aerobic fitness and left superior frontal cortex volume. In ad-
dition, physical activity and exercise-related factors could be con-
tributing to the observed association, although we want to highlight
that the cross-sectional nature of the current results does not allow us to
determine a causal relationship. It is well-established that responsive-
ness to exercise or physical activity differs between individuals. Even
though the level of physical activity or the intensity and duration of an
exercise is same for different individuals, physiological responses may
differ quite dramatically [13,62-64]. Aerobic fitness is a measure that is
considered to be at least partially the outcome of long-term physical
activity or exercise, and therefore, it is influenced by individual re-
sponsiveness. On the other hand, physical activity is a measurement of
an individual’s behaviour and does not supply information about re-
sponsiveness. It is plausible that this individual responsiveness to ex-
ercise may also apply to brain responses to physical activity or exercise.
Our results also raise the possibility that only physical activity or ex-
ercise, with high enough duration, intensity and frequency to improve
aerobic fitness, beneficially impacts the adolescent brain. However,
intervention studies are required to determine if this is the case.
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Table 4
Multiple linear regression analysis of 20-m shuttle run (min) on brain volumes after adjustment for age, pubertal stage, gender and eTIV.

MVPA

ROIs B 95% CI p-value FDR-adjusted p-value Adjusted R2
Left thalamus proper —0.001 —0.009,0.007 0.847 0.951 0.62
Left caudate —0.004 —0.011,0.003 0.237 0.951 0.22
Left putamen 0.006 —0.005,0.016 0.274 0.951 0.29
Left pallidum 0.001 —0.003,0.005 0.579 0.951 0.18
Left hippocampus —0.001 —0.006,0.005 0.706 0.951 0.39
Left accumbens area 0.000 —0.001,0.002 0.706 0.951 0.20
Right thalamus proper —0.004 —0.011,0.003 0.259 0.951 0.62
Right caudate —0.005 —0.012,0.003 0.197 0.951 0.31
Right putamen 0.004 —0.004,0.013 0.334 0.951 0.29
Right pallidum 0.002 —0.001,0.004 0.217 0.951 0.32
Right hippocampus —0.002 —0.007,0.003 0.444 0.951 0.45
Right accumbens area 0.000 —0.001,0.001 0.866 0.951 0.29
Left anterior cingulate cortex” —0.001 —0.016,0.015 0.919 0.951 0.17
Left lateral orbitofrontal 0.000 —0.013,0.013 0.959 0.959 0.49
Left medial orbitofrontal® —0.001 —0.011,0.010 0.892 0.951 0.41
Left middle frontal gyrus® —0.010 —0.049,0.029 0.596 0.951 0.51
Left paracentral —0.002 —0.010,0.007 0.705 0.951 0.31
Left postcentral —0.003 —0.023,0.017 0.754 0.951 0.49
Left posterior cingulate 0.005 —0.003,0.014 0.235 0.951 0.28
Left precentral 0.002 —0.020,0.025 0.828 0.951 0.50
Left superior frontal —0.022 —0.057,0.013 0.208 0.951 0.53
Right anterior cingulate cortex” —0.011 —0.026,0.005 0.168 0.951 0.16
Right lateral orbitofrontal —0.002 —0.015,0.011 0.731 0.951 0.41
Right medial orbitofrontal® 0.004 —0.006,0.014 0.443 0.951 0.46
Right middle frontal gyrus® —0.003 —0.040,0.034 0.873 0.951 0.55
Right paracentral —0.003 —0.015,0.009 0.610 0.951 0.16
Right postcentral 0.005 —0.013,0.023 0.604 0.951 0.38
Right posterior cingulate —0.003 —0.013,0.007 0.511 0.951 0.17
Right precentral 0.003 —0.017,0.023 0.768 0.951 0.50
Right superior frontal —0.016 —0.051,0.018 0.341 0.951 0.51

MVPA, moderate-to-vigorous intensity physical activity; {3, regression coefficient; CI, confidence interval; FDR, false discovery rate; ROL regions of interest; ROIs are
measured as cm®. Adjusted R? denotes the adjusted proportion of the variance explained by the model.

@ =sum of medial orbitofrontal cortex and frontal pole.

P =sum of rostral anterior and caudal anterior division of anterior cingulate cortex.

¢ =sum of rostral and caudal divisions of middle frontal gyrus.

Several earlier investigations suggest that physical activity is related
to grey matter structures in older adults (e.g. [1,60,61,65]). Why were
we not able to find this association in young subjects? One explanation
for this might be that on average, older adults are much less active than
adolescents [66]. There is hence a large difference in the average
physical activity level between these age groups, and the proportion of
less active individuals is much higher in older adults. Larger variances
could lead to clearer associations, but also, factors related to capacity
(aerobic fitness) may underlie the effects demonstrated in older adults.
Perhaps the more active individuals in the older adults group also have
proportionally higher fitness levels than those in adolescents. It remains
to be shown if the association between grey matter structures and
physical activity is still present if the activity levels of older adults and
adolescents are matched.

Another possible reason for the differential results regarding the
effect of physical activity on the brain between young and old in-
dividuals relates to cerebral blood flow, which has been demonstrated
to decrease with age [67,68]. Contrary to the age-related decline in
cerebral blood flow, physical activity and exercise have been shown to
increase regional blood flow in older adults [69-71]. Thus, in older
adults exercise may increase blood flow closer to the values observed in
younger individuals. These different results might also reflect the age-
dependent responses to exercise. Finally, if the associations in adoles-
cence are just weaker than in older adults, the sample size may have
been insufficient to detect the effect.

Few limitations need to be considered when interpreting the general
effects reported in this study. First, the choice of the brain parcellation
might have a minor influence on the results. We chose to use the
Desikan-Killiany Atlas [43] to keep the regions of interest relatively
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small and sensitive to possible changes. However, even smaller par-
cellations could have been more sensitive to, but would have required
more subjects for analysis. Second, hip-worn accelerometers are com-
monly used in research to objectively measure physical activity. How-
ever, they are not able to detect all kinds of activity, such as those
featured as water sports or bike riding. Third, in the multiple imputa-
tion, the data were assumed to be missing at random. There is no way to
verify this assumption empirically but the availability of good pre-
dictors for pubertal age, physical activity and shuttle run in the im-
putation model reduces the impact of the potential violations of this
assumption.

4.1. Conclusions

Herein, we provide new information about the association between
aerobic fitness and physical activity and grey matter volume in 13-16-
year-old adolescents. Our results show that higher aerobic fitness is
negatively associated with left superior frontal cortex volume, a brain
area that exhibits large cortical thinning during adolescence, and po-
sitively associated with left pallidum volume. We also demonstrate that
in this age group objectively measured physical activity does not relate
with grey matter volume in frontal, motor and subcortical areas, which
is in contrast to findings concerning older adults. The cortical thinning
of the superior frontal cortex is proposed to be under strong genetic
influence during adolescence. The current results together with pre-
vious results concerning brain development raise the possibility of the
common genetic pathway between brain development and aerobic fit-
ness in youth. Future work should determine if those common genetic
pathways do exist. Finally, our results highlight the importance of
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Fig. 2. Partial residual plot for the relationship between A) left superior frontal
cortex volume and 20-m shuttle run and B) left pallidum volume and 20-m
shuttle run.

measuring both aerobic fitness and physical activity in order to separate
the effects of these distinct factors on the brain.
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ABSTRACT

Keywords:

Diffusion tensor imaging
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Fractional anisotropy
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White matter

Physical activity and exercise beneficially link to brain properties and cognitive functions in older adults, but the
findings concerning adolescents remain tentative. During adolescence, the brain undergoes significant changes,
which are especially pronounced in white matter. Studies provide contradictory evidence regarding the influence
of physical activity or aerobic-exercise on executive functions in youth. Little is also known about the link be-
tween both fitness and physical activity with the brain’s white matter during puberty. We investigated the
connection between aerobic fitness and physical activity with the white matter in 59 adolescents. We further
determined whether white matter interacts with the connection of fitness or physical activity with core executive
functions. Our results show that only the level of aerobic fitness, but not of physical activity relates to white
matter. Furthermore, the white matter of the corpus callosum and the right superior corona radiata moderates
the links of aerobic fitness and physical activity with working memory. Our results suggest that aerobic fitness
and physical activity have an unequal contribution to the white matter properties in adolescents. We propose
that the differences in white matter properties could underlie the variations in the relationship between either
physical activity or aerobic fitness with working memory.

1. Introduction

Physical activity and high aerobic fitness beneficially link to many
structural brain properties, such as gray matter volume and white matter
microstructure (Chaddock-Heyman et al., 2018; Erickson et al., 2011;
Schaeffer et al., 2014; Whiteman et al., 2016). Due to its significance for
many cognitive functions (Baum et al., 2017; Engvig et al., 2012; Nagy
et al., 2004; Treit et al., 2014), the brain’s white matter has been of
interest also in association with physical performance. It is particularly
important to examine the relation of physical activity on white matter in
adolescents, as the physical activity levels decrease with age (Van Hecke
et al., 2016) and adolescents worldwide fail to meet physical activity

recommendations (Hallal et al., 2012). Moreover, white matter is still
developing in adolescents and its properties have been shown to be
crucial for cognition, such as executive functions (Baum et al., 2017;
Treit et al., 2014) and for behaviour, such as risk-taking at this age
(Jacobus et al., 2013). While earlier studies on other age groups suggest
a link between physical activity level and white matter microstructure
(Chaddock-Heyman et al., 2018; Oberlin et al., 2016; Strommer et al.,
2018; Tian et al., 2015), this association remains unclear for
adolescents.

During puberty (10-17 years old), the body and brain undergo
notable changes (Lebel et al., 2008; Spear, 2013) and physical training
may influence the brain differently depending on the childhood or
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adolescent phase. Indeed, the onset of puberty (mean age 11 for females
and 12 for males) has been proposed to affect neural development and
plasticity (Piekarski et al., 2017). Furthermore, the white matter growth
of specific tracks is different in middle adolescence when compared to
both childhood and late adolescence (Simmonds et al., 2014). Thus, the
influence of physical activity on the white matter might vary depending
on the developmental phase (childhood, middle adolescence or late
adolescence).

The earlier studies concerning youth have focused on either child-
hood or late adolescence and the results from these studies are contra-
dictory. While there was no relation between white matter fractional
anisotropy (FA) and either aerobic fitness or self-reported physical ac-
tivity in 15-18-year-old male adolescents (Herting et al., 2014), these
relationships have been found in preadolescent children. In an explor-
atory study, Chaddock-Heyman et al. (2014) found that 9 to 10-year-old
children with a higher fitness demonstrated a greater FA in the body of
the corpus callosum, superior corona radiata, and superior longitudinal
fasciculus. Two intervention studies suggested that physical activity
intervention increased FA of the genu of corpus callosum in normal
weight preadolescent children (Chaddock-Heyman et al., 2018) and of
the uncinate fasciculus in overweight ones (Schaeffer et al., 2014) but
not the FA of the superior longitudinal fasciculus (Krafft et al., 2014a).
Despite inconsistencies in findings, these studies suggest that besides the
adult population, aerobic fitness and physical activity may be associated
with white matter properties in young participants as well. However,
due to small number of studies involving child and adolescent partici-
pants, conclusive interpretation of these early findings is premature.

While physical activity and high aerobic fitness are beneficial for
brain health, some studies further suggest exercise-related improve-
ments in cognitive skills. Especially relevant in this context are executive
functions: a set of processes highly important for cognitive control, and
also for domain-specific cognitive functions (for a review see Diamond,
2013). Several studies have suggested a relationship between either
aerobic fitness or physical activity with executive function in youth
(Chaddock et al., 2010a; Davis et al., 2011; Hillman et al., 2014; Kamijo
and Masaki, 2016; Mora-Gonzalez et al., 2019; Mora-Gonzalez et al.,
2019; Subramanian et al., 2015). However, some studies do not provide
evidence for such association (e.g. de Greeff et al., 2016; Krafft et al.,
2014b; Schaeffer et al., 2014; Stroth et al., 2009; Tarp et al., 2016). It is
unclear what causes this variation between results. Interestingly, bio-
logical moderators, such as genes, have been suggested to influence the
strength of the relationship between physical performance and cogni-
tion (Barha et al., 2017; Singh et al., 2018). Overall, the influence of
physical activity and fitness on executive functions is likely to reflect
complex pathways with several biological and psychological modulating
factors. Identifying factors that moderate or alter this relationship will
allow more individualised predictions and recommendations.

White matter integrity provides a factor possibly moderating the
relationship between either physical activity or aerobic fitness with
executive functions. Various studies report connections between white
matter properties and the cognitive function throughout the lifespan
(Chaddock-Heyman et al., 2013; Gold et al., 2010; Golestani et al., 2014;
Mabbott et al., 2006; Nagy et al., 2004; Seghete et al., 2013). Impor-
tantly, studies investigating cognitive training suggest that white matter
properties also predict the enhancement of cognitive skills after training
and that the change in white matter properties following training relates
to behavioural improvements (de Lange et al., 2017d, 2016; Engvig
etal., 2012; Mackey et al., 2012). Thus, the level of white matter appears
to influence the strength of improvement after cognitive training.

Given the suggested relationship of also physical activity and fitness
with white matter properties, it is conceivable that white matter could
have an important role in determining the strength of the relationship
between physical performance and cognitive skills. The state of white
matter could also explain the discrepancy in the results concerning the
relationship between both physical activity and aerobic fitness with
executive functions. However, it is currently unknown whether white
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matter moderates the relationship between either physical activity or
aerobic fitness and executive functions. We hypothesised that the rela-
tionship between either aerobic fitness or physical activity with core
executive functions is different for individuals with low or high brain
white matter FA. The main goals of the present study were to examine
whether (1) physical activity and aerobic fitness are related to white
matter properties in 12.7 — 16.2-year-old adolescents and (2) white
matter FA moderates the connection between either physical activity or
aerobic fitness with core executive functions.

2. Methods
2.1. Participants

Participants (12.7-16.2 years old) were recruited from a larger
follow-up study (see Joensuu et al. [2018]). Sixty-one right-handed
subjects participated in the brain magnetic resonance imaging (MRI)
experiments, of which two participants did not complete the diffusion-
weighted imaging protocol. A total of 59 subjects (39 female) were
included in the analysis concerning physical activity, aerobic fitness,
working memory, rapid visual information processing, and white matter
measures. From the 59 subjects, 58 were analysed for response inhibi-
tion (one participant did not complete the test). Participants were
screened for exclusion criteria comprising MRI contraindications;
neurological disorders; medication influencing the central nervous sys-
tem; any major medical condition; and left-handedness, which was
assessed by the Edinburgh Handedness Inventory during the first
research visit. Furthermore, to evaluate pubertal development, partici-
pants self-reported their stage of puberty by using the Tanner scale
(Marshall and Tanner, 1970, 1969). The study was conducted according
to the ethical principles stated in the Declaration of Helsinki, and prior
to the participation, each participant and his or her legal guardian
provided written informed consent. The Central Finland Healthcare
District Ethical Committee accepted the study. The participants were
compensated with a 30-euro gift card for participating in the brain
scans.

2.2. Physical activity and aerobic fitness

The physical activity was objectively measured using the triaxial
ActiGraph GT3X + and wGT3X + accelerometers (Pensacola, FL, USA;
for full details, see Joensuu et al. [2018]). ActiGraph accelerometers
were chosen, because ActiGraph is the most frequently used brand by
physical activity researchers during the last decade (Wijndaele et al.,
2015), and this offers an opportunity to compare the physical activity
results to other studies as well. In addition, ActiGraph is easy and
comfortable to use. The participants were instructed to wear these de-
vices on their right hip during waking hours for seven consecutive days
(except during bathing and swimming). A valid measurement day con-
sisted of at least 10 h of data. Subjects who had at least two valid
weekdays and one valid weekend day were included in the analysis. For
those subjects who did not meet these criteria, a multiple imputation
method (explained in more detail below) was employed to compensate
for the missing data. Activity counts were collected in 15-s epochs. When
there was a period of at least 30 min of consecutive zero counts, it was
considered as a non-wear period. Data were collected at a sampling
frequency of 60 Hz and standardly filtered. A customised Visual Basic
macro for Excel was used for data reduction. Cut points from Evenson
et al.’s study were utilised in the analysis (Evenson et al., 2008; Trost
et al, 2011). The moderate-to-vigorous intensity physical activity
(MVPA) was converted into a weighted-mean value of MVPA per day
([average MVPA min/day of weekdays x 5 + average MVPA min/day of
weekend x 2] / 7).

The maximal 20-m shuttle run test was employed to assess the aer-
obic fitness of the participants. The test was performed as described by
Nupponen et al. (1999) and specified in detail for the present data
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collection in Joensuu et al. (2018). Each participant ran between two
lines, 20 m apart, at an accelerating pace, which was indicated with an
audio signal. The duration that the participants ran until they failed to
reach the end lines within two consecutive tones indicated their level of
aerobic fitness. The speed in the first and second levels were 8.0 and 9.0
km/h, respectively. After the second level, the speed sequentially
increased with 0.5 km/h per level. The duration of each level was one
minute. The participants were verbally encouraged to keep running
throughout the test.

In addition to the aerobic fitness test, the participants also completed
a set of tests measuring muscular fitness (push-ups and curl-ups), flexi-
bility and fundamental movement skills (a 5-leap test and a throwing-
catching combination test). This paper focuses on aerobic fitness and
physical activity, and the results concerning other fitness tests will be
reported elsewhere.

3. Cognitive assessment

Wide scale of cognitive functions were measured with a test battery
including four tests from the Cambridge Neuropsychological Test
Automated Battery (CANTAB) (CANTABeclipse version 6) and a modi-
fied flanker task (Eriksen and Eriksen, 1974). In the current study, we
focused on core executive functions associated with physical activity
and fitness in previous studies focusing on different age groups. The core
executive functions are also shown to be important for several aspects of
life, such as academic achievement (Best et al., 2011), health (Allan
etal., 2016) and behavioural control (Denson et al., 2011). Furthermore,
earlier studies show that maturation of inhibition, attention, and
working memory still takes place during adolescence. For the current
study analyses, we therefore included three different tests measuring
core executive functions. Two of these tests were from the CANTAB,
including the Rapid Visual Information Processing (RVP) and Spatial
Working Memory (SWM) tests (CANTAB eclipse version 6). The third
test was a modified Eriksen Flanker task that measures response inhi-
bition (Eriksen and Eriksen, 1974). Trained research assistants instruc-
ted the participants to perform the tablet-based tests according to the
standard protocol in a silent environment.

For the RVP task of sustained attention, an array of numbers from 2
to 9 was presented in a pseudo-random order (100 digits/min). The
participant’s task is to recognise three specific digit sequences (2-4-6, 3-
5-7 and 4-6-8) and to press a response button when they detect the
specific target sequence.

The SWM task assesses the participant’s ability to retain and
manipulate visuospatial information. Participants are asked to find a
blue token hidden under a box, which is done by touching boxes on the
screen. Once a blue token has been located, the same set of boxes is
shown to find the next token. The participants are also told that once a
token has been found under a particular box that the same box would not
hide any other tokens anymore. The difficulty of the task increases from
four to ten boxes.

CANTARB tests produce several variables for each test. The principal
component analysis was conducted to reduce the number of variables
and was performed separately for individual tests according to Rovio
et al. (2016). Component represents cognitive performance related to
the particular domain. Components were normalized based on the rank
order normalization procedure, resulting in variables, each with a mean
value of 0 and a standard deviation of 1.

A modified Eriksen Flanker task was used to measure response in-
hibition. For this task, an array of five flanking fishes is shown to the
participants, and they are asked to react as quickly and accurately as
possible to the middle fish. We used four different conditions for this
task: compatible congruent (AC), compatible incongruent (AI), incom-
patible congruent (BC) and incompatible incongruent (BI). The first part
of the test was compatible (congruent and incongruent), in which par-
ticipants were asked to press the button at the side the fish was facing.
For the congruent condition, all the other fishes in the array were
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swimming in the same direction as the middle fish, and for the incon-
gruent condition, the other fishes were swimming in the opposite di-
rection. The second part of the test was incompatible (congruent and
incongruent), in which participants were asked to press the button on
the opposite side of where the fish is facing. The average reaction time of
the correct answers was used as an outcome measure. Flanker response
accuracy was not included as an outcome measure due to ceiling effects
observed in some of the variables describing accuracy.

3.1. Multiple imputation of the missing data

Multiple imputation was used to handle missing data. The proportion
of missing values was 10 % for the pubertal stage, 15 % for the 20-m
shuttle run and 22 % for the MVPA. The reasons for missing values for
most individuals included the absence from school during the mea-
surement (e.g. due to sickness) and the insufficient number of valid
measurement days (i.e. two weekdays and one weekend day) for phys-
ical activity. The incomplete data for several variables were imputed
using the multiple imputation under a fully conditional specification
(chained equations) (Van Buuren et al., 2006). The analysis was per-
formed under the assumption of data missing at random as the crucial
predictors — such as preceding measures (measured approximately six
months before the current study) of pubertal stage, shuttle run tests
(correlation with preceding 20-m shuttle run test = 0.57) and weekday
measures of physical activity (correlation with the total MVPA [also
weekend days included] = 0.95) — were available. As advised (Van
Buuren, 2012 chapter 2.3.3), 50 imputed datasets were constructed and
analysed. Each data set was constructed using 50 iterations of the
multiple imputation by a chained equation algorithm to ensure the
convergence of the iterative imputation process. The calculations were
performed in R 3.4.0 (R Core Team, 2018) using the mice 2.3 package
(Van Buuren and Groothuis-Oudshoorn, 2011). The model parameters
and their standard errors were estimated for each imputed dataset and
combined using Rubin’s rules (Van Buuren, 2012 p. 37-38) to obtain the
final estimates of parameters and their standard errors. In addition, the
differences between the multiple imputation results and complete case
analysis results were small. A full description of how the multiple
imputation was done in the current study has been described previously
(Ruotsalainen et al., 2019).

3.2. MRI acquisition

Imaging data were acquired on a 3 T whole-body MRI scanner
(MAGNETOM Skyra, Siemens Healthcare, Erlangen, Germany) using a
32-channel head coil at the Aalto Neurolmaging unit, Aalto University,
Espoo, Finland. The total scanning time was approximately 45 min for
the structural, diffusion-weighted, functional, field map and perfusion
imaging. All scans, except perfusion MRI, were acquired using ‘Auto
Align’ to minimise the variation in slice positioning (van der Kouwe
et al., 2005). Prior to imaging, the participants were familiarised with
the measurement protocol. All participants were instructed to keep their
head still during the scanning, and pads were used to minimise head
motion. In addition, the participants wore earplugs to reduce the high
noise caused by the MRI scanner.

For the diffusion-weighted imaging (DWI), we used a spin-echo
based single-shot echo-planar (EPI) sequence with fat saturation. Prior
to the DWI, high-order shimming was applied to reduce the in-
homogeneities of the main magnetic field. The axial slices were tilted in
the anterior-posterior commissure line to avoid aliasing artefacts and
artefacts caused by eye motion on the imaging slices. Seventy slices
without gap were collected in 30 different diffusion gradient orienta-
tions. Two sets of images with b = 1000s/mm2 and ten T2-weighted EPI
images (b = 0 images) were acquired with two opposite phase encoding
directions (anterior to posterior and posterior to anterior). The acqui-
sition parameters were as follows: repetition time (TR) = 11,100 ms,
echo time (TE) =78 ms, field of view (FOV) = 212 mm, matrix size =
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106, voxel size = 2 x 2 x 2 mm3, GRAPPA acceleration = 2 and phase
partial Fourier = 6/8. The scanning time for each DWI series was 7 min
47 s.

3.3. Image analysis

Diffusion-weighted images were processed using the FMRIB Soft-
ware Library (FSL 5.0.11, www.fmrib.ox.ac.uk/fsl). The magnetic sus-
ceptibility distortions were corrected using the topup tool (Andersson
et al., 2003). Eddy current-induced distortions and subject movements
were corrected using the eddy tool (eddy_cuda), including the
slice-to-volume motion model and the outlier replacement (Andersson
et al., 2017, 2016; Andersson and Sotiropoulos, 2016). This was fol-
lowed by the removal of non-brain tissue using the Brain Extraction Tool
(BET). Then, DTIFIT was used to fit the diffusion tensor model, and
obtain voxel-wise maps of the FA, mean diffusivity (MD), radial diffu-
sivity (RD) and axial diffusivity (AD).

Voxel-wise statistical analysis of the FA, MD, RD, and AD data was
carried out using Tract-Based Spatial Statistics (TBSS) — for methodo-
logical details, see Smith et al. (2006). First, every FA image was aligned
to every other image to identify the ‘most representative’ image, which
was used as a target image. Then, this target image was affine aligned
into a Montreal Neurological Institute (MNI)152 standard space, and all
subject’s FA data were transformed into MNI152 space by combining the
nonlinear transform of the target FA image with the affine transform
from that same target to the MNI152 space. Next, the mean FA image
was created and thinned to create a mean FA skeleton that represents the
centres of all tracts. Each subject’s aligned FA data were then projected
onto this skeleton, and the resulting data fed into the voxel-wise
cross-subject statistics. The skeleton was thresholded at an FA value of
0.2.

To test the relationship of both physical activity and aerobic fitness
with white matter tract measures (FA, MD, RD and AD), we used FSL’s
randomise tool with 10,000 permutations (Winkler et al., 2014). The
age, pubertal stage, and sex were used as covariates. The T-value dif-
ference in the voxel clusters was considered significant when the values
passed — after the threshold-free cluster enhancement (TFCE) and
family-wise error correction — a threshold of p < 0.05. The anatomical
location of significant clusters was labelled using the JHU ICBM-DTI-81
atlas. For the TBSS analysis, we used the average values of the imputed
datasets (for the physical activity, aerobic fitness, and pubertal stage).
All the images were visually inspected for excessive motion and one
subject was excluded based on this manual inspection. Further, a mean
head motion was calculated using eddy_restricted_movement _rms -files,
and an additional TBSS analysis was conducted using the head motion
(eddy_restricted_movement_rms) as a covariate; however, this had
negligible effects on the results. The analysis pipeline is available at
Open Science Framework (https://osf.io/rg6zf/).

3.4. Regression and moderation analyses

Aerobic fitness, physical activity, and executive functions: Multiple
linear regression, taking into account all 50 imputed datasets, was used
to analyse the associations between core executive functions, physical
activity, and aerobic fitness. The following multiple regression model
was used:

EF; = py + b1 Xi + PrAge; + pySex; + Py Puberty; + €

In the model, EF; is the score of the executive function test of each
test for a subject i, X; is the physical activity or aerobic fitness, Age;, Sex;
and Puberty; are the age, sex and pubertal stage, respectively and ¢; is the
error term. The error variables were independent and identically
distributed normal random variables with zero mean and the same
standard deviation. All predictors were entered simultaneously into the
model. The residual plots and Q-Q plots were used to check the as-
sumptions of linearity as well as the normality and homoscedasticity of
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the residuals. In addition, homoscedasticity was tested using the
Breusch-Pagan test (bptest) from the R package lmtest (Breusch and
Pagan, 1979; R Core Team, 2018; Zeileis and Hothorn, 2002). The
means of the residuals in all models were close to zero. The highest
pairwise correlation was found between the pubertal stage and an age r
of 0.59, indicating that the multicollinearity was not a factor of concern.
All variance inflation factors were < 2. We used the false discovery rate
(FDR) to adjust for the multiple comparisons, and the results with an
alpha level smaller than 0.05 after the FDR adjustment were considered
noteworthy (Benjamini and Hochberg, 1995).

Aerobic fitness, physical activity, FA and executive functions: A
moderation analysis was applied to examine whether white matter FA in
predetermined tracts changed the association of either aerobic fitness or
physical activity with core executive functions. Here moderation was
studied (instead of mediation) to define the conditions (the level of FA)
under which the relationship between either physical activity or aerobic
fitness and core executive functions occur. Based on previous literature
investigating the relationship between either aerobic fitness or physical
activity with white matter FA in young participants, we used the
following white matter tracts as regions of interest: the body and genu of
corpus callosum, the bilateral superior corona radiata, the bilateral su-
perior longitudinal fasciculus and the bilateral uncinate fasciculus
(Chaddock-Heyman et al., 2018, 2014; Schaeffer et al., 2014). We
focused our moderation analysis only to concern FA and not the other
white matter measures since it is the most studied white matter measure
in relation to physical activity, aerobic fitness and core executive func-
tions in adolescents. Moreover, the earlier evidence concerning the
relationship between white matter and physical activity/aerobic fitness
was strongest for FA. These regions were masked from the white matter
skeleton using the JHU ICBM-DTI-81 atlas, and the mean FA value was
extracted for each region of interest. For the moderation analysis, we
used the same model as for assessing the associations between core ex-
ecutive functions and either aerobic fitness or physical activity; how-
ever, the main effect of FA and an interaction term (FA*physical activity
or FA*aerobic fitness) was added to the model. The variables involved
with the interaction term were mean centred. For significant interaction
effects, we conducted a simple slopes analysis to assess the relationships
at high (+1 SD) or low (-1 SD) levels of the moderator. All statistical
analyses were performed using the R 3.5.1 software (R Core Team,
2018) with the moderation analysis; the mitml 0.3-7 package was uti-
lised (Grund et al., 2019). The results with an alpha level < 0.05 were
considered noteworthy.

4. Results
4.1. Participant demographics

Table 1 describes the participant demographics (59 participants; 58
for the Flanker task). Body mass index (BMI) distribution of the partic-
ipants is presented in Supplementary Fig. 1.

4.2. Associations between white matter, aerobic fitness, and physical
activity

The TBSS analysis showed that aerobic fitness was positively asso-
ciated with FA in several white matter tracts (Fig. 1 and Table 2). Aer-
obic fitness was associated with eight FA clusters of which the centres of
mass localised to the left and right superior corona radiata and the body
of the corpus callosum. Besides FA, higher aerobic fitness was associated
with a lower MD, RD, and AD in several white matter areas, such as
corpus callosum and the bilateral superior corona radiata, although the
associations were more widespread than those for FA. A complete list of
clusters with MNI coordinates and overlapping anatomical tracts is
given in Table 2. There were no associations between physical activity
and FA, MD, RD, or AD. All statistical maps can be found in our Neu-
rovault collection (https://neurovault.org/collections/5206/)
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Table 1
Participant demographics.
Mean + SD Range
Age (years) 14.3 + 0.9 12.7-16.2

BMI 20.6 £ 2.7 14.6-31.1
Pubertal stage 3.5+09 1.5-5

20-m shuttle run (min) 57 +24 1.5-11.6
MVPA (min/day) 49.1 +£19.2 18-105.9
Flanker BI (ms) 492.8 + 126.4 315.7-900.0
Flanker BC (ms) 466.7 + 111.9 299.4-801.4
Flanker Al (ms) 419.7 + 80.0 284.1-682.5
Flanker AC (ms) 397.5 +74.4 278.3-629.5
Rapid visual processing —0.03 + 1.01 —3.11-1.96
Spatial working memory 1.47 +1.08 —2.08-3.57

N = 59 (58 for the Flanker tasks),
female = 39 (38 in total for the Flanker tasks)

BMI: body mass index, MVPA: moderate-to-vigorous physical activity, BIL:
incompatible incongruent, BC: incompatible congruent, Al: compatible incon-
gruent, AC: compatible congruent.

(Gorgolewski et al., 2015). The correlation between 20-m shuttle run
and MVPA was r(57) = 0.48, p = 0.0001, between 20-m shuttle run and
BMI z-score r(57) = -0.41, p = 0.001, and between MVPA and BMI
z-score 1(57) = -0.20, p = 0.13

4.3. Associations between physical activity, aerobic fitness, and core
executive functions

Multiple linear regression analysis revealed no significant associa-
tions between core executive functions (rapid visual information pro-
cessing, spatial working memory, and response inhibition) and either
aerobic fitness or physical activity (Supplementary Table 1).

4.4. White matter FA as a moderator of links between either aerobic
fitness or physical activity with core executive functions

To study whether white matter FA moderates the relationship be-
tween either physical activity or aerobic fitness with the core executive
functions, we conducted an exploratory moderation analysis. We found
that white matter FA in the body of the corpus callosum and in the right
superior corona radiata moderated the relationship between the 20-m
shuttle run performance and spatial working memory. The interaction
effect for FA of the body of corpus callosum*20-m shuttle run was p =
—5.56, t = —2.64, p = 0.012, 95 % confidence interval (CI) = —9.82,
—1.30. For the FA of the right superior corona radiata*20-m shuttle run,
this was p = —5.25, t = —2.14, p = 0.038, 95 % CI = —10.19, —0.31. In
addition, white matter FA in the body of the corpus callosum and in the
genu of corpus callosum moderated the association between the MVPA
and spatial working memory. The interaction effect for FA of the body of
corpus callosum*MVPA was § = —0.81, t = —2.52, p = 0.016, 95 % CI =
—1.47, —0.16. For the FA of the genu of corpus callosum, this was
*MVPA B = —0.65, t = —2.30, p = 0.026, 95 % CI = —1.23, —0.08.

A follow-up simple slopes analysis was performed to examine the
nature of the interaction (Fig. 2). These results revealed that the simple
slopes were negative with high FA values and positive with low FA
values. More specifically, with high FA values in the body of the corpus
callosum, the aerobic fitness was negatively associated with working
memory (f = —0.21, t = —2.19, p = 0.034, 95 % CI = —0.41, —0.02).
Nevertheless, with low FA values, there were no significant associations
between aerobic fitness and working memory. Aerobic fitness did not
significantly associate with working memory, neither with high or low
FA values in the right superior corona radiata. Regarding the relation-
ship between physical activity and working memory, we found that with
low FA values in the body and genu of corpus callosum, physical activity
was positively related to working memory (low FA in the body of corpus
callosum: p = 0.03, t = 2.38, p = 0.023, 95 % CI = 0.01, 0.06 and low FA
in the genu of corpus callosum: § = 0.02, t = 2.20, p = 0.034, 95 % CI =
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0.00, 0.05). Whereas with high FA values, physical activity did not
associate with working memory. Furthermore, we did not find evidence
of white matter moderation on the link between other core executive
functions and either physical activity or aerobic fitness.

5. Discussion

The purpose of the current study was to determine 1) whether
physical activity and aerobic fitness are related to white matter prop-
erties in adolescents and 2) whether white matter FA moderates the
relationship of physical activity and aerobic fitness with core executive
functions. We found that aerobic fitness (tested by a 20-m shuttle run
test) is associated with white matter properties (FA,MD,RD, and AD) of
several white matter tracts in adolescents. On the contrary, we did not
find evidence for a relationship between physical activity (MVPA) and
white matter. Our exploratory analysis suggests that the relationship
between either aerobic fitness or physical activity with working memory
was moderated by FA in specific white matter tracts.

The whole-brain analysis revealed that the association between
aerobic fitness and white matter FA was apparent in many white matter
tracts, most robustly in the corpus callosum and the bilateral superior
corona radiata. The negative associations between aerobic fitness and
white matter MD, RD, and AD were even more widespread (Fig. 1.,
Table 2). Our findings are consistent with the study conducted by
Chaddock-Heyman et al. (2014) who investigated preadolescent chil-
dren and demonstrated that a higher aerobic fitness was related to a
greater FA in the body of the corpus callosum, the superior corona
radiata and the superior longitudinal fasciculus in children. The current
results, however, differ from Herting et al. (2014) as they did not find
evidence for a relationship between aerobic fitness and FA in
whole-brain analyses of 15 — 18-year-old male participants. This
discrepancy between the results might be explained by subject-related
and methodological differences between the studies, such as age and
sex of the participants. In addition, the method to evaluate aerobic
fitness levels of participants differed between the studies.

In addition to the studies of the connection between aerobic fitness
and white matter FA, a few additional studies have investigated the link
between physical activity and white matter in children or adolescents.
Our findings that show no association between physical activity and FA
are in line with a study concerning older male adolescents (Herting
et al., 2014) and a study investigating the effect of exercise intervention
(exercise group vs. controls) on white matter in overweight preadoles-
cent children (Krafft et al., 2014a). In contrast to our study and the one
of (Herting et al., 2014; Chaddock-Heyman et al., 2018) reported an
increase in FA in the genu of the corpus callosum after an exercise
intervention that did not affect aerobic fitness. However, they did not
show associations between exercise and any of the other white matter
tracts studied. In line with some earlier studies (Chaddock-Heyman
etal., 2018, 2014; Herting et al., 2014), we did not find support for a link
between physical activity and FA of the uncinate fasciculus, which was
reported by Schaeffer et al. (2014).

Our differential findings for aerobic fitness and physical activity
might be driven by genetic factors which, presumably, are at least partly
different for fitness and physical activity. Indeed, aerobic fitness and
physical activity are different concepts: while physical activity indicates
the movement that is produced by skeletal muscles, aerobic fitness can
be interpreted as a capacity that an individual has to perform physical
activity or exercise. In the current study, aerobic fitness was related to
white matter FA most robustly in the corpus callosum and the superior
corona radiata. These tracts connect with motor regions and have an
important role in motor functions (Fabri et al., 2014; Kim and Pope,
2005; Wahl et al., 2007). They also develop relatively early and FA of
these structures stays at the same level during adolescence (Lebel et al.,
2008; Simmonds et al., 2014). Perhaps the fact that only aerobic fitness
(and not physical activity) was associated with FA in the corpus cal-
losum and superior corona radiata reflects the relatively strong
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Fig. 1. Associations (p < 0.05, corrected for family-wise error) between aerobic fitness and fractional anisotropy (FA), mean diffusivity (MD), radial diffusivity (RD),
and axial diffusivity (AD). The results are overlaid on an MNI152 1-mm template (MNI coordinates of all slices are —12, —24 and 25). The association between
aerobic fitness and FA (red) was positive, and the association between aerobic fitness, MD (blue), RD (yellow), and AD (pink) was negative. The significant regions
are thickened for illustrative purposes (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

emphasis of genetic factors both in fitness level and in the structuring of
these tracts (Chiang et al., 2011) during development. While it has been
also shown that the trainability of aerobic fitness and exercise responses
are partly predicted by genetic factors (Bouchard et al., 2011; Ross et al.,
2019), supporting a possible common genetic pathway underlying
fitness and white matter FA. To summarize, the state of the body

(aerobic fitness), but not physical behaviour (physical activity) is
important in relation to white matter in adolescents.

Even though we found an association between aerobic fitness and
white matter properties, we did not find a clear association between
either aerobic fitness or physical activity with core executive functions.
The earlier results of these relationships are inconsistent. For instance,
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Table 2
Characteristics of clusters that correlated with aerobic fitness.

MNI coordinates

Measure Cluster Cluster size (voxels) Anatomica location of clusters (center of mass) t p-value X - 2
FA 1 801 Superior corona radiata L* 2.39 0.025 -25.4 -12.1 26.5
FA 2 563 Superior corona radiata R” 2.34 0.037 27.6 -17.2 32.2
FA 3 431 Body of corpus callosum® 2.36 0.039 -1.5 14.9 20.4
FA 4 319 Body of corpus callosum® 2.34 0.044 —4.15 —24 26.7
FA 5 83 Superior corona radiata R® 2.51 0.047 24.3 11.2 30.6
FA 6 25 Unclassified’ 2.09 0.05 30.5 6.84 25.6
FA 7 2 Superior corona radiata R 3.29 0.05 22.5 —14.5 35.5
FA 8 1 Superior corona radiata R 3.43 0.05 21 -13 35
MD 1 15494 Body of corpus callosum® 1.99 0.03 1.92 —4.17 28.4
RD 1 7674 Unclassified" 2.02 0.032 9.33 —-15.6 25.6
AD 1 2117 Anterior limb of internal capsule R' 1.85 0.026 21.9 20.3 10.1
2 980 Body of corpus callosum’ 1.85 0.031 -17.8 5.9 32.5
3 67 Unclassified 3.02 0.046 33.9 21.6 19.3
4 34 Unclassified 3.14 0.047 16.6 21.1 38.9

The MNI coordinates indicate the anatomical location of the centre of mass for each cluster. The p-values were derived from the clusters and were revealed by the
threshold-free cluster enhancement (TFCE) and controlled for the family-wise error rate (FWER). JHU ICBM-DTI-81 atlas does not encompass all the white matter
voxels, for this reason, some voxels are labelled as "unclassified".

The footnotes list all the tracts that each cluster overlaps with according to the JHU ICBM-DTI-81 atlas and indicates the proportion of voxels that overlap with that
particular tract in each cluster.

JHU ICBM-DTI-81 tracts (% of voxels) FA: Fractional anisotropy, MD: Mean diffusivity, RD: Radial diffusivity, AD: axial diffusivity, L: left, R: right, ACR: Anterior
corona radiata, ALIC: Anterior limb of internal capsule, CC: Corpus callosum, PCR: Posterior corona radiata, PLIC: Posterior limb of internal capsule, PTR: Posterior
thalamic radiation, RLIC: Retrolenticular part of internal capsule, SCR: Superior corona radiata, SFOF: Superior fronto-occipital fasciculus, SLF: Superior longitudinal
fasciculus.

4 SCR L (76.5), PLIC (12.9), PCR L (5.9), RLIC (4.7).

b SCRR (43.2), Unclassified (21.6), PCR R (20.3), SLF R (14.9).

¢ Body of CC (66.0), Genu of CC (34.0).

d Body of CC (92.5), Splenium of CC (5.0), Unclassified (2.5).

¢ SCR R (77.8), ACR R (22.2).

f SLF R (66.7), SCR R (33.3).

& Unclassified (52.5), Body of CC (6.4), Genu of CC (4.6), Splenium of CC (4.5), SCR L (3.8), SCR R (3.7), ACR R (3.4), SLF R (3.2), PLIC L (2.8), ALIC L (1.9), RLICL
(1.8), PLICR (1.6), RLIC R (1.4), PCR R (1.4), ACR L (1.4), PCR L (1.3), SLF L (1.1), ALIC R (0.9), PTR L (0.8), External capsule L (0.4), SFOF L (0.3), Sagittal stratum R
(0.2), External capsule R (0.2).

b Unclassified (29.7), Body of CC (13.7), SCR R (9.1), SCR L (9.0), SLF R (6.9), Genu of CC (6.3), RLICR (4.1), PLIC L (3.8), Splenium of CC (3.1), PCR R (2.9), PLICR
(2.7), RLICL (2.3), ACR L (2.1), PCR L (0.8), External capsule L (0.6), SLF L (0.6), Sagittal stratum R (0.5), Fornix / Stria terminalis R (0.4), Fornix / Stria terminalis L
(0.4), External capsule R (0.3), Cerebral peduncle R (0.2), ACR R (0.2), ALIC L (0.1).

I ACR (32.3), Unclassified (25.5), Genu of CC (13.7), ALIC R (11.4), Body of CC (7.2), SCR R (4.2), PLIC R (3.8), External capsule R (1.5), Uncinate fasciculus (0.3).

i Unclassified (43.1), Genu of CC (18.5), SCR L (15.4), ACR L (13.1), Body of CC (6.2), PCR L (3.8).

aerobic fitness has been associated with executive functions (e.g.
Chaddock et al., 2010b; Huang et al., 2015; Westfall et al., 2018), but
not all studies have shown this association (e.g. de Greeff et al., 2016;
Stroth et al., 2009). So, even though a meta-analysis in children and
adolescents (Alvarez-Bueno et al., 2017) suggests a minimal positive
effect of physical activity intervention on working memory (Cohen’sd =
0.14) and a small positive effect on selective attention and inhibition
(Cohen’s d = 0.26), the matter still remains debatable (Diamond and
Ling, 2019, 2016; Hillman et al., 2018).

Interestingly, moderation analysis revealed that white matter FA had
a moderation effect on working memory but not on the other tested
cognitive functions. By showing that brain white matter integrity in-
fluences the strength of the relationship between physical activity and
aerobic fitness with working memory, our results suggest that the
disparity in earlier findings may reflect underlying neurobiological
factors in the brain. Indeed, white matter properties have been sug-
gested to contribute to the level of improvement by cognitive in-
terventions (de Lange et al., 2017d; Engvig et al., 2012; Mackey et al.,
2012) and may also represent one of the neurobiological targets for the
physiological effects of exercise. Our results indicate that it is relevant to
consider the individual variation in white-matter integrity in order to
understand the role of physical activity in improving cognitive
performance.

We demonstrated that in this sample of adolescents, physical activity
was positively associated with working memory only at low levels of FA
in the body and genu of the corpus callosum. At high levels of FA, no
significant association was found between physical activity and

cognition. However, at high FA levels of the body of the corpus cal-
losum, higher aerobic fitness was related to a poorer working memory
performance. This means that after reaching a certain level of FA, fitness
does not positively correlate with working memory and on the other
hand when FA is low enough physical activity is positively correlated
with working memory. Thus, the FA of the corpus callosum seems to
have an important role in altering the direction of the relationship be-
tween working memory and both aerobic fitness and physical activity.

What could explain the positive relationship between physical ac-
tivity and working memory with low FA values and on the contrary the
negative relationship between aerobic fitness and working memory with
high FA values? The link between physical activity, FA and working
memory as such is not surprising. Corpus callosum has an important role
in interhemispheric communication and synchrony (Ellis et al., 2016;
Engel et al., 1991). Indeed, white matter microstructural properties,
measured by means of DWI, have been shown to affect brain synchrony
(Bells et al., 2017) which in turn has shown to be critical for working
memory (Miller et al., 2018). As even small changes in white matter
microstructure can affect brain synchrony (Pajevic et al., 2014), it is
possible that synchrony related mechanisms might be behind the
moderation results. These results suggest that when examining the in-
fluence of physical activity or aerobic fitness on spatial working mem-
ory, the level of white matter specifically in corpus callosum could affect
the improvements in working memory.

The result of a negative association between fitness and working
memory at high levels of FA is more puzzling. Higher fitness predicted
higher FA values, independent of age, but at high FA values, higher
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Fig. 2. The moderating effect of FA of (High: + 1 SD, Low: —1 SD) (A) the body of corpus callosum (CC), and (B) the right superior corona radiata (SCR) regarding
the relationship between working memory and the 20-m shuttle run performance. The moderating effect of FA of (C) the genu and (D) the body of corpus callosum
regarding the relationship between working memory and the moderate-to-vigorous physical activity (MVPA).

fitness did not associate with better working memory (in fact, on the
contrary). Furthermore, at low FA values, physical activity relates with
better working memory performance. The degree of FA is thought to be
influenced by myelin (Chang et al., 2017). While animal studies suggest
that myelination constrains the brain plasticity, experience-related in-
creases in myelination may both stabilize the connections and suppress
plasticity (McGee et al., 2005). Thus, high FA values may indicate a state
of suppressed plasticity. In this scenario, at high FA levels, no relation-
ship would be expected between fitness and working memory; the slight
negative association in our data needs to be explored in further studies.

Few limitations are present in the current study. Firstly, the sample
size (n = 59/58) may not be large enough to detect weak associations,
and the limited age group 12.7-16.2-year-old may not allow large
generalisations. Secondly, even though accelerometers are widely used
and provide an objective measure of physical activity, the same amount
of physical activity may produce different physiological responses for
each individual. Further, the application of different cut-points may
yield different estimates of MVPA, limiting the comparability between
studies. Thirdly, due to computational restrictions, the averages of the
imputed values were used in TBSS analysis. Even though a relatively
large amount of data for some variables were imputed, we could utilize
data from the earlier measurements and good proxies for the variables
with missing observations, which improves the precision of the impu-
tations (for details see Ruotsalainen et al., 2019). Fourthly, we assessed
the level of aerobic fitness with 20-m shuttle run test, which is not a
direct measure of cardiorespiratory fitness, however, it is considered to
have good validity for estimating maximal oxygen uptake. Another
possible limitation is that the BMI is not included as a predictor in the
analyses. While BMI is related to performance in the 20-m shuttle run
task, it appears to have a minimal effect on the correlation between
shuttle run task performance and maximal oxygen consumption (Mahar
et al.,, 2018). Further, the relationship between white matter micro-
structure and BMI seems to be contradictory in adolescents (Alosco

et al., 2014; Carbine et al., 2019). Lastly, excluding the only obese
participant in the current study, did not affect the results. Finally, our
cross-sectional data do not allow causal interpretations and the explor-
atory moderation analysis results need to be interpreted cautiously.

6. Conclusions

We found that aerobic fitness and physical activity have an unequal
contribution to brain white matter properties in adolescents. Aerobic
fitness — assessed with a 20-m shuttle run test — positively associated
with FA and negatively with MD and RD in several white matter tracts.
However, we did not find these associations when studying physical
activity. This result might be driven by genetic factors, which underlie
fitness more strongly than those of the physical activity measures. It is
also possible that only physical activity sufficient to increase aerobic
fitness is needed to influence white matter. Overall, our findings con-
cerning the exploratory moderation analysis further suggest that the
level of white matter FA of specific white matter tracts may influence the
relationships between either aerobic fitness or physical activity with the
spatial working memory. Future studies should compare adolescents to
other age groups to identify unique aspects of the relationship between
physical activity, aerobic fitness and white matter as well as the
moderator effect.
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