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ABSTRACT
Ruotsalainen, Ilona
The association of physical activity and aerobic fitness with brain structure and
functional connectivity in adolescents
Jyväskylä: University of Jyväskylä, 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
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TIIVISTELMÄ (FINNISH ABSTRACT)
Ruotsalainen, Ilona
Nuoruuden aikaisen fyysisen aktiivisuuden ja aerobisen kunnon yhteys aivojen
rakenteisiin ja toiminnallisiin yhteyksiin
Jyväskylä: University of Jyväskylä, 2020, 104 s.
(JYU dissertations
ISSN 2489-9003; 297)
ISBN 978-951-39-8327-7
Viimeisten vuosikymmenten aikana nuorten kestävyyskunto on heikentynyt ja
fyysisen aktiivisuuden määrä on suurella osalla nuorista liian vähäistä. Runsas
paikallaolo ja vähäinen liikunta voivat olla haitallisia nuorten hyvinvoinnille ja
terveydelle. Kuitenkaan tutkimustietoa liikunnan ja nuorten aivoterveyden välisestä suhteesta ei juurikaan ole. Tämän väitöskirjan päätarkoitus on tutkia fyysisen aktiivisuuden ja kestävyyskunnon yhteyttä aivojen rakenteisiin ja toimintaan
13–16-vuotiailla nuorilla. Lisäksi aiemmat tutkimustulokset liikunnan vaikutuksista nuorten kognitiivisiin toimintoihin, erityisesti toiminnanohjaukseen, ovat
osittain ristiriitaiset eikä ole varmasti tiedossa mikä aiheuttaa nämä ristiriitaiset
tulokset. Väitöskirjan toisena tarkoituksena onkin selvittää, vaikuttaako aivojen
valkean aineen taso fyysisen aktiivisuuden/kestävyyskunnon ja toiminnanohjauksen välillä olevan yhteyden suuntaan tai voimakkuuteen. Väitöskirjan kahdessa ensimmäisessä tutkimuksessa tutkin keskiraskaan ja raskaan fyysisen aktiivisuuden ja kestävyyskunnon (arvioitu 20 m sukkulajuoksutestillä) yhteyttä
sekä aivojen harmaaseen aineeseen että valkean aineen ratoihin. Tutkimuksen
tulokset osoittavat, että parempi kestävyyskunto on yhteydessä vasemman yläetupoimun pienempään tilavuuteen sekä vasemman linssitumakkeen pallon
suurempaan tilavuuteen. Aivojen valkean aineen osalta kestävyyskunnon havaittiin olevan yhteydessä useiden eri valkean aineen ratojen ominaisuuksiin.
Selkein yhteys näkyi kunnon sekä aivokurkiaisen ja ylemmän corona radiatan
välillä. Lisäksi valkean aineen havaittiin vaikuttavan fyysisen aktiivisuuden/kestävyyskunnon ja työmuistin väliseen yhteyteen. Fyysisen aktiivisuuden
ja aivojen harmaan tai valkean aineen välillä ei havaittu merkittävää yhteyttä.
Kolmas tutkimus tarkasteli aivojen lepotilan toimintaa. Tulokset osoittavat, että
nuorten fyysinen aktiivisuus, muttei kestävyyskunto, on yhteydessä aivojen paikalliseen yhdistyneisyyteen. Kokonaisuutena tämän väitöskirjan tulokset osoittavat sekä fyysisen aktiivisuuden että kestävyyskunnon olevan yhteydessä nuorten aivojen ominaisuuksiin. Kytkökset näiden kahden liikuntamuuttujan ja aivojen ominaisuuksien välillä kuitenkin eroavat huomattavasti. Kunto on yhteydessä erityisesti aivojen rakenteisiin, kun taas fyysinen aktiivisuus on yhteydessä
aivojen toimintaan levossa. Lisäksi tutkimuksen tulokset ehdottavat, että vaihtelevat tulokset liittyen liikunnan ja työmuistin väliseen yhteyteen voivat selittyä
aivojen valkean aineen tasolla.
Avainsanat: fyysinen aktiivisuus, aerobinen kunto, nuoruus, harmaa aine, valkea
aine, magneettikuvaus, toiminnanohjaus

ACKNOWLEDGEMENTS
It is a privilege to have a job that is not only interesting and challenging but something I thoroughly enjoy. I am extremely grateful to my supervisor Dr. Tiina Parviainen for an opportunity to have such an amazing job. Thank you for all your
support, trust, and guidance you have given me during this journey. Your wide
expertise and enthusiasm for science is something I greatly admire. I wish to
thank sincerely also my co-supervisor Dr. Ville Renvall. Thank you for your kindness, support, and all the numerous advice you have given. Your help especially
during the beginning of my doctoral studies was invaluable. I would also like to
thank the reviewers of this dissertation: Professor Stephan Swinnen and Professor Iiro Jääskeläinen. Your comments and feedback were very valuable to me.
This work would not have been possible without a large multidisciplinary
group of researchers. I would like to express my gratitude to my co-authors, it
has been a privilege to work with you and be able to learn from your extensive
expertise. Dr. Tuija Tammelin and Dr. Heidi Syväoja, I highly appreciate all the
help and advice you have given me throughout my doctoral studies. Thank you
for always being available and sharing your expertise. Professor Juha Karvanen,
your knowledge and scientific discussions with you have helped me to overcome
many obstacles related to my thesis. Thank you so much for all the invaluable
advice you have given me. Dr. Tetiana Gorbach, it was such a joy to be able to
work with you. Thank you for your patience in teaching me multiple imputations
and sharing your extensive knowledge with me. Dr. Jaana Perkola, thank you for
your encouragement and guidance. I am deeply grateful for your support, willingness to help, and extremely insightful comments. Dr. Enrico Glerean, thank
you for helping me to tackle challenges in fMRI analysis. I am very impressed
not only by your skills but also by your kindness and righteousness. I would also
like to thank Hanna-Maija Lapinkero, Marita Kattelus, Riikka Pasanen, and Jenni
Silvo for their valuable help in the data collection. This research would not be
possible without volunteers. Warmest thanks to all the participants and their parents for your time and dedication.
The work presented in this thesis was funded by the Academy of Finland,
Emil Aaltonen Foundation, and Alfred Kordelin Foundation and carried out at
the Department of Psychology, University of Jyväskylä. I would like to thank my
colleagues at the Department of Psychology for creating such a nice working atmosphere. I have had a great time with you during the past years. Especially big
thanks to Doris Hernandez Barros for sharing this AFIS journey with me, Simo
Monto for making the impossible to possible, Neurogroup for all the fruitful scientific discussions, my roommates for being amazing, and the lunch/coffee
break gang for many laughs, scientific, and not so scientific discussions.
Finally, thank you dear family and friends. Thank you for your love, support, and laughter. I am privileged to have such amazing people in my life. To
my closest family: Äiti ja iskä, te olette aina tukeneet minua kaikessa mihin ryhdyn. Viimeiset vuodet ovat olleet haastavia, mutta teidän tuellanne ja avullanne
kaikista yllättävistä haasteista on selvitty. En tiedä miten osaisin kiittää teitä tarpeeksi. Kiitos kaikesta, olette parhaita! Leevi, kiitos että olet siinä. Tukesi niin

hyvinä kuin huonoinakin hetkinä on ollut korvaamatonta. Kiitos rakkaudestasi
ja lämmöstäsi myös silloin, kun itselläni on ollut vaikeaa. Venni, olet maailman
upein ihminen. Innokkuutesi, naurusi ja hassuttelusi tekevät jokaisesta päivästä
paremman. Sinun ansiostasi pienetkin asiat tuottavat suurta iloa. Kiitos!
Jyväskylä 26.8.2020
Ilona Ruotsalainen

LIST OF ORIGINAL PUBLICATIONS
The dissertation is based on the following original publications:
I.

Ruotsalainen, I., Renvall, V., Gorbach, T., Syväoja, H.J., Tammelin, T.H.,
Karvanen, J. & Parviainen, T. (2019) Aerobic fitness, but not physical
activity, is associated with grey matter volume in adolescents. Behavioral Brain Research, 362, 122–130

II.

Ruotsalainen, I., Gorbach, T., Perkola, J., Renvall, V., Syväoja, H.J.,
Tammelin, T.H., Karvanen, J. & Parviainen, T. (2020) Physical activity,
aerobic fitness, and brain white matter: Their role for executive functions in adolescence. Developmental Cognitive Neuroscience, 42, 100765

III.

Ruotsalainen, I., Glerean, E., Karvanen, J., Gorbach, T., Renvall, V.,
Syväoja, H.J., Tammelin, T.H. & Parviainen, T. (2020) Physical activity
is positively associated with local functional connectivity in adolescents’ brains. Submitted manuscript.

Taken into account the instructions and comments given by the co-authors, the
author of this thesis formulated the research questions, collected the neuroimaging data, analyzed the data, wrote and reviewed the manuscripts.

FIGURES
FIGURE 1
FIGURE 2
FIGURE 3
FIGURE 4
FIGURE 5

Partial residual plots for the relationship between aerobic
fitness and both the left superior frontal gyrus and left pallidum .. 50
TBSS analysis of connection between aerobic fitness and
whitematter FA, MD, RD, and AD..................................................... 51
Simple slopes for Study II.................................................................... 53
Correlation between physical activity and ReHo ............................ 54
Physical activity, aerobic fitness and ReHo ...................................... 55

TABLES
TABLE 1
TABLE 2
TABLE 3
TABLE 4
TABLE 5
TABLE 6
TABLE 7

Studies on the association between aerobic fitness and gray
matter in adolescents ............................................................................ 26
Studies on the association between aerobic fitness and gray
matter in children ................................................................................. 27
Studies on the association between physical activity and aerobic fitness with the white matter in normal-weight children
and adolescents ...................................................................................... 30
Studies on the association between physical activity and aerobic fitness with the white matter in obese and/or overweight
children ................................................................................................... 32
Participant demographics .................................................................... 40
Characteristics of white matter clusters correlated with aerobic
fitness ...................................................................................................... 52
Cluster details for a positive correlation between physical activity and ReHo...................................................................................... 54

CONTENTS
ABSTRACT
TIIVISTELMÄ (FINNISH ABSTRACT)
ACKNOWLEDGEMENTS
LIST OF ORIGINAL PUBLICATIONS
FIGURES AND TABLES
CONTENTS

1

INTRODUCTION ............................................................................................... 13
1.1 Brain development in adolescents .......................................................... 14
1.1.1 Changes in gray matter volumes ................................................. 14
1.1.2 Development of white matter tracts ........................................... 15
1.1.3 Local and interhemispheric functional connectivity ................ 17
1.1.4 Factors influencing brain development ...................................... 19
1.1.5 Brain plasticity ................................................................................ 20
1.2 Physical activity, aerobic fitness, and the adolescent brain ................ 23
1.2.1 Gray matter ..................................................................................... 24
1.2.2 White matter ................................................................................... 29
1.2.3 Functional connectivity ................................................................. 33
1.3 Core executive functions in adolescents ................................................ 33
1.3.1 Inhibition, working memory, and sustained attention ............ 34
1.3.2 Core executive functions and white matter in adolescents ..... 35
1.4 Relationships between physical activity and aerobic fitness with
core executive functions in adolescents ................................................. 36
1.5 Aims of the research.................................................................................. 37

2

METHODS ........................................................................................................... 39
2.1 Participants ................................................................................................. 39
2.2 Aerobic fitness and physical activity ...................................................... 40
2.3 Multiple imputation .................................................................................. 41
2.4 Cognitive assessment ................................................................................ 42
2.5 MRI measures ............................................................................................ 43
2.5.1 Structural MRI ................................................................................ 43
2.5.2 Diffusion tensor imaging (DTI) ................................................... 43
2.5.3 Functional connectivity ................................................................. 45
2.6 MRI acquisition .......................................................................................... 45
2.7 MRI image analysis ................................................................................... 46
2.8 Regression and moderation analyses ..................................................... 48

3

OVERVIEW OF THE RESULTS OF THE ORIGINAL STUDIES ................. 49
3.1 Study I: Aerobic fitness, but not physical activity, is associated
with grey matter volume in adolescents ................................................ 49

3.2
3.3
4

Study II: Physical activity, aerobic fitness, and brain white matter:
Their role for executive functions in adolescence ................................. 50
Study III: Physical activity relates to increased local functional
connectivity in adolescents’ brains ......................................................... 54

DISCUSSION ....................................................................................................... 56
4.1 Study I: Aerobic fitness, but not physical activity, is associated
with grey matter volume in adolescents. ............................................... 56
4.2 Study II: Physical activity, aerobic fitness, and brain white matter:
Their role for executive functions in adolescence. ................................ 57
4.3 Study III: Physical activity is positively associated with local
functional connectivity in adolescents’ brains. ..................................... 60
4.4 Methodological considerations and limitations.................................... 62
4.5 General discussion .................................................................................... 63

YHTEENVETO (SUMMARY) .................................................................................... 66
REFERENCES ............................................................................................................... 69

1

INTRODUCTION

The brain's ability to modify 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 (GómezPinilla 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 (Álvarez-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 adulthood, and is characterized by physical and psychosocial maturation. Large hormonal 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 important 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, gyrification, surface area, and density. Studies using these measures have provided important details of how the human brain develops. Due to the volumetric measurements 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 undergoes 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; Østby et al., 2009). Results concerning basal ganglia volumes are less consistent. While some studies have found that basal ganglia subregion volumes decrease during adolescence (Goddings et al., 2014; Herting et
al., 2018; Narvacan et al., 2017; Østby et al., 2009), increases in putamen and pallidum volume have been also reported (Wierenga, Bos, et al., 2018). Interestingly,
multisample studies, which compare data measured at different locations but analyzed 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 region-specific changes during adolescence. While the volume of certain regions
peaks already at childhood, some other regions, such as frontal and temporal regions, 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 dendrites, 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 important insights concerning brain development at the cellular level (Yakovlev &
Lecours, 1967), the development of MRI has enabled studying the brain noninvasively. 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 additional 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 concerning DTI.
Considerable evidence has accumulated showing that distinct white matter
tracts mature at different ages. A large number of cross-sectional studies using
DTI 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 measure 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 prolonged 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, suggest 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 behavior-related white matter tracts develop during adolescence. Longitudinal studies
investigating the white matter demonstrate an early development of motor-related 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 adolescence (Giorgio et al., 2010; Lebel & Beaulieu, 2011; Simmonds et al., 2014;
Vanes et al., 2020). Contrary to these findings, the superior longitudinal fasciculus, which connects regions important to motor functions, still matures in adolescence (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 development occur at different times depending on the tract. All this implies that adolescence is a unique phase in brain development, during which the development 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 adolescence, histological and MRI studies have been conducted to elucidate the cellular 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 contributing to white matter changes (Mah et al., 2017; Paus et al., 1999). Thus, increased 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 information 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 functional 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 connectivity for cognition, and that it is still largely developing during adolescence (for
reviews see Blakemore, 2012; Constantinidis & Luna, 2019; Grayson & Fair, 2017;
Luna et al., 2010; Menon, 2013). Although there are numerous different functional
connectivity metrics, this thesis focuses on two specific types of functional connectivity: 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 motion 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 development 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 interhemispheric 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 higherorder 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 important changes during adolescence. To better understand the adolescent brain,
it is necessary to examine the influence of other factors affecting brain development. The purpose of this chapter is to briefly introduce some of the most important 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
et al., 2017; Herting et al., 2018; Paus, 2010b; Sowell et al., 2007). However, results
concerning relative regional volumes (corrected for total brain size) and developmental 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 development 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 differences appears to be small, even smaller than individual variation (Tamnes, Roalf,
et al., 2018). Concerning resting state functional connectivity, preliminary findings indicate that there might be regional sex-related differences in functional
connectivity during adolescence (e.g., Alarcón 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 period, an increasing number of studies have investigated the relationship of puberty and brain development (for reviews see Herting & Sowell, 2017;
Vijayakumar et al., 2018). Many studies on pubertal effects have reported negative associations between pubertal development and cortical gray matter volumes (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 studies regarding the relationship between puberty and gray matter volume are
somewhat contradictory. This might be explained by the different ways to measure the pubertal stage. Also, whether or not age is included in the model influences 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, differ
among studies. In addition, some contradictory findings have also been presented. For example, a negative association was found between pubertal development 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 investigations imply that puberty can affect the brain’s structural development, it remains 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 connectivity 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 (depending on the region and brain measure), it does not exclude the possibility that
environment and experience can also influence brain development. Indeed, studies 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, Guimarães, 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. However, many of these require more investigation to confirm their role in development.
1.1.5

Brain plasticity

The brain has the capacity to change and adapt in response to experience, environmental 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 advances 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 interventions 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; Lövdén 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 cognitive functions (Brehmer et al., 2011; Engvig et al., 2012). Yet, these beneficial
effects might differ depending on the age. For instance, exercise initiated at adolescence versus adulthood has been found to have differential effects on cognition, hippocampal neurogenesis, and several plasticity-related genes in the hippocampus 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 appearance 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 functional 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 plasticity 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, experienceexpectant, 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 postnatal development (Kolb et al., 2013). Experience-expectant plasticity refers to plasticity that happens after exposure to experiences that are expected or common to
humans (Greenough et al., 1987). On the other hand, experience-dependent plasticity occurs as a result of experiences in an individual's life, such as musical training (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 experiences heightened plasticity. Thus, it has often been proposed that adolescence is
a sensitive period for brain plasticity (Fuhrmann et al., 2015; Larsen & Luna, 2018).
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Three possible models for plasticity during adolescence have been put forth. Plasticity in adolescence could be either a 1) stand-alone period of heightened plasticity, 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 structure. 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, developmental 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 exhibit 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 plasticity 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 functional connectivity of the adolescent participants (Amad et al., 2017). In addition,
we know that brain responses to different stimuli vary among children, adolescents, and adults (Bjork et al., 2010; Galvan et al., 2006; Geier et al., 2010). As mentioned 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 provided 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 adolescents 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 neurogenesis, 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 regions 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 depends 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 sufficient 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). Moreover, 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, aerobic fitness refers to the capacity to perform continuous physical activity or exercise. 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 measurement of aerobic fitness (Ortega et al., 2008). In addition to physical activity, aerobic 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 influenced by different factors. It has been asserted that a relatively large proportion
of aerobic fitness level is explained by inheritability during adolescence (Schutte
et al., 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 matter 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 influences the brain than adulthood.
Even though some results from animal research have suggested this enhanced influence of physical activity in adolescence, this influence or even association 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 15–18year-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 cuneus, 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 physical 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 ± 0.2year-old children. The authors found that the shapes of several basal ganglia subregions and the hippocampus were related to the fitness level of the participants.
In overweight and/or obese children, recent studies have proposed a relationship 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 participation 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 gyrus (López-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 associations 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 (López-Vicente et al., 2017). Thus, these
earlier results imply that physical activity and aerobic fitness might have a differential relationship with gray matter.
Previous literature has provided important knowledge to advance our understanding of the relationship between the brain’s gray matter and both physical activity and aerobic fitness in youth. Despite this, there are still several questions 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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TABLE 1

Studies on the association between aerobic fitness and gray matter in adolescents.

Reference

Age

N, % female

Measure of physical activity and/or
fitness

Analysis

ROIs

Results

Herting et
al. 2012

15–18 y

34, 0%

Self-reported PA (results not reported),
VO2max

ROI-based volumetric analysis

Hippocampus, gray
matter, total intracranial volume

CRF positively correlated with both the L and R hippocampus volume (only left when pubertal status was added as a
covariate in the model). No correlations were found between
CRF and total gray matter or ICV.

Herting et
al. 2016

15–18 y

34, 0%

VO2max

General linear
model for average cortical
thickness, surface area, and
volume

Whole-brain

Higher-fit showed larger R medial pericalcarine and cuneus
and L precuneus surface areas than lower-fit. VO2max positively correlated with L rostral middle frontal cortical volume. No associations were found regarding cortical thickness.

N. Ross et
al. 2015

15–21 y

63 obese,
43 nonobese,
58%

Six min walk test

ROI-based volumetric and
cortical thickness analysis

The OFC, the anterior cingulate cortex, global

OFC thickness was correlated with better fitness. The volume or thickness of other regions was not correlated with fitness.

Note. CRF: cardiorespiratory fitness/aerobic fitness, ICV: intracranial volume, L: left, OFC: orbitofrontal cortex, PA: physical activity, R: right, ROI: region of interest
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TABLE 2

Studies on the association between aerobic fitness and gray matter in children.

N, % female

Measure of
physical activity
and/or fitness

Reference

Age

Analysis

ROIs

Results

Chaddock
et al. 2010 *

9–10 y

28 lower-fit,
21 higher-fit,
59%

VO2max

ROI-based
volumetric
analysis

Hippocampus, nucleus accumbens

Higher-fit children showed larger L and R hippocampal
volumes than lower fit children. The volume of the L and
R nucleus accumbens did not differ between groups.

Chaddock
et al. 2010 *

9–10 y

30 lower-fit,
25 higher-fit,
55%

VO2max

ROI-based
volumetric
analysis

L and R caudate
nucleus, putamen,
nucleus accumbens, and globus
pallidus

Higher-fit children showed larger L and R putamen and
globus pallidus, and L caudate nucleus volumes than
lower-fit children. No fitness-based differences in volume
were found for the R caudate nucleus and nucleus accumbens.

ChaddockHeyman et
al. 2015 *

9–10 y

24 lower-fit,
24 higher-fit,
54%

VO2max

ROI-based
thickness
analysis

Higher-fit children showed decreased cortical thickness in
the superior frontal cortex, superior temporal cortex, and
lateral occipital cortex compared with lower-fit children.
No differences in thickness between groups in anterior
and middle frontal cortex, middle and inferior temporal
cortex, superior parietal cortex, and inferior parietal areas.

Ortega et al.
2019

9.7±0.2
y

44, 45%

20-m shuttle run,
also measured:
speed agility and
muscular strength
***

ROI-based
shape analysis

Frontal (ant., middle, sup.), parietal
(sup., inf.), temporal (sup., middle, inf.), and lateral occipital regions
14 nuclei: L and R
accumbens, amygdala, caudate, hippocampus, pallidum, putamen
and thalamus

CRF was positively associated with expansion of the L accumbens, R amygdala, R hippocampus, L globus pallidus,
and bilateral putamen. Higher aerobic fitness was associated with contractions in the L accumbens and R hippocampus. 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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López-Vicente et al.
2017

6–10 y

Sports participation 911, 20% ;
type of sport
- 175, 0%

Self-reported PA
(sports participation, type of sport)

General linear model for
average cortical thickness

Whole-brain

Cortical thickness in the L precentral gyrus was positively
associated with sports participation. There was a thinner
cortex in boys in team sports than those in individual
sports in two clusters: 1) sup., medial orbital and rostral
middle frontal cortices, and 2) pars triangularis, orbitalis,
opercularis, and CMFc.

Gorham et
al. 2019

9–11 y

4191, 48%

Self-reported PA
(No. of activities/
sports, participation in a team, individual, and
structured sport)

ROI-based
volumetric
analysis

Hippocampus

Greater participation in every category of sport and/or activity, except for individual sports and nonsport activities,
was associated with larger hippocampal volume. The
number of nonsport activities and participation in an individual sport was not associated with hippocampal volume.

EstebanCornejo et
al. 2017 **#

8–11 y

101, 39.6%

Whole-brain
general linear model
(volume)

Whole-brain

CRF was positively associated with volumes in 10 clusters
located in the orbitofrontal cortex, PMc, posterior cingulate
cortex, hippocampus, STG, PHG, fusiform gyrus, calcarine
cortex and cerebellum VI.

EstebanCornejo et
al. 2019 **#

8–11 y

101, 39.6%

20-m shuttle run,
also measured:
speed agility and
muscular strength
***
20-m shuttle run,
also measured:
speed agility and
muscular strength
***

ROI-based
thickness
analysis

R PMc, R SMc, L
inferior frontal gyrus, L IFG, R PHG,
R STG, R calcarine
cortex, average
cortical thickness,
and total surface
area

CRF was positively correlated with overall cortical thickness in 2/4 models. CRF did not correlate with the total
surface area. CRF was not related to cortical thickness in
any a priori defined ROI.

*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 regions 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 adolescence (Jacobus et al., 2013). Previous research have suggested that there is a link
between the level of physical activity and white matter microstructure for children and older adults (Chaddock-Heyman et al., 2018; Oberlin et al., 2016;
Strömmer et al., 2020; Tian et al., 2015). This association, however, remains unclear for adolescents. The generalizability of these earlier results from other age
groups to adolescents is not straightforward. The brain’s white matter is still developing during adolescence, and the onset of puberty has been proposed to affect neural development and plasticity (Piekarski et al., 2017). Furthermore, white
matter growth differs depending on the developmental phase (childhood, middle 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 investigated adolescents. In the first study concerning adolescents, Herting et al. (2014)
found that neither aerobic fitness nor self-reported physical activity was associated 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 (ChaddockHeyman 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; Schaeffer
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 between 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, however, 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
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TABLE 3

Studies on the association between physical activity and aerobic fitness with the white matter in normal-weight children and adolescents.

Reference

Age

N, % female

Measure of
PA and/or
fitness

ROIs

Results

Herting et
al. 2014

15–18 y

34, 0%

Self-reported
PA, VO2max,
daytime activity (watch)

FMA, FMI, AF,
ATR, CST, IFOF,
ILF, and UNC for
each hemisphere;
and whole-brain
analysis

A negative relationship between CRF and FA in a small portion of
the L CST. Lower PA group had fewer streamlines in CST and FMI.
Neither self-reported PA nor VO2 peak was associated with FA in
whole-brain analysis. Self-reported PA did not correlate with FA in
any of the tracts of interest. CRF was not related to any streamline
measures.

ChaddockHeyman et
al. 2014

9–10 y

24, 38%

VO2max

Genu, body, and
splenium of the corpus callosum, and
bilateral SLF, PTR,
cerebral peduncle,
and corona radiata

Higher-fit children showed greater FA in the body of the corpus callosum, bilateral SCR, and bilateral SLF. Higher-fit children also had
lower in RD in the SCR and SLF. No group differences were found in
white matter properties in the genu and splenium of the corpus callosum, PTR, and cerebral peduncle between groups. No group differences were found in the AD in any white matter tracts.

ChaddockHeyman et
al. 2018

7–9 y

76 intervention, 67 control, 51%

VO2max (intervention)

Corpus callosum,
corona radiata, SLF,
PTR, and UNC

RodriguezAyllon,
Derks et al.
2020

10.12±0.58
y

2532, 50 %

Self-reported
PA

Global, 15 large fiber bundles, including MCP, ML, CST,
AR, ATR, STR, PTR,
SLF, ILF, IFOF,
UNC, CGC, CGH,
FMI, and FMA

Exercise intervention increased FA and decreased RD in the genu of
the corpus callosum when compared with the control group. There
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 Group×Time interactions for FA in other tracts.
Total PA was negatively associated with MD in CST, AR, ATR, SLF,
ILF, IFOF, UNC, CGC, CGH, FMI, and STR. Total PA was positively
related to global FA and negatively with global AD, RD, and MD.
Outdoor play was negatively associated with global RD, AD, and
MD. Sport participation was positively associated with global FA
and negatively with global MD and RD. There was no association between 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, CRF: cardiorespiratory fitness, CST: corticospinal tract, FA: fractional anisotropy, FMA: forceps major, FMI: forceps minor, IFOF: inferior frontooccipital 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 peduncle 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 attendance in the exercise program was related to white matter properties in the
superior longitudinal fasciculus. In a larger cross-sectional study by RodriguezAyllon, Derks, et al. (2020), neither self-reported nor objectively measured physical activity was related to white matter properties of any of the seven studied
tracts. However, self-reported physical activity was related to global FA. Furthermore, 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. EstebanCornejo, Rodriguez-Ayllon, et al. (2019) determined that, depending on the cohort, 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 areas have been investigated in different studies. Thus, there is a need for replication of earlier studies. Although the previous literature provides a good foundation, 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 concerning 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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TABLE 4

Studies on the association between physical activity and aerobic fitness with the white matter in obese and/or overweight children.

N, % female

Measure of PA
and/or fitness

Reference

Age

Kraft et al.
2014

9.9±0.6
y

18 (10 exercise, 8 control), 50%

- (intervention)

L and R SLF

ROIs

Higher attendance at the exercise program was associated with increased FA and decreased RD in the bilateral SLF (increased FA
and decreased RD). PA intervention did not affect FA, MD, RD, or
AD measures

Results

Schaeffer
et al. 2014

9.9±0.6
y

18 (10 exercise, 8 control), 50%

VO2max (intervention)

L and R UNC

The exercise group showed a greater positive change in bilateral
UNC FA and greater negative change in L UNC RD than the control group. No significant correlations were found between changes
in the FA and RD and VO2 peak. The exercise did not affect the R
UNC RD.

RodriguezAyllon,
EstebanCornejo et
al. 2020

10.02±
1.15 y

99, 41 %

Accelerometer
measured PA
(total, light, and
moderate-to-vigorous) and sedentary time, selfreported PA and
sedentary behavior

7 large fiber bundles
(cingulate gyrus
part of the cingulum, CST, FMA,
FMI, ILF, SLF, and
UNC), global white
matter

Self-reported total and objectively measured PA (light PA, MVPA,
total PA) was positively associated with global FA. Objectively
measured total PA was negatively associated with global RD only
when Hildebrand-ENMO cut-points were used. No association between either self-reported sedentary behavior or any PA variables
with global MD/AD and tract-specific FA/MD was found.

EstebanCornejo et
al. 2019

7–11 y

Study1=100,
40%,
Study2=142,
54%

VO2max, 20-m
SRT, muscular
fitness(max.
handgrip
strength and
standing long
jump tests), motor fitness (4 ×
10-m STR)

Whole-brain analysis

Study1: CRF was positively associated with WMV in IFOG and
ITG; motor fitness was related to greater WMV in the IC, caudate,
bilateral STG, and SMG; muscular fitness was associated with
greater WMV in the bilateral caudate and cerebellum IX. Study2: in
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 exercise group compared with the control group. Increased synchrony in the exercise 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-frequency 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 multiple 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 relevant 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 aerobic fitness with the brain’s functional connections in youth, several interventions and cross-sectional investigations in adults have demonstrated this relationship (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; García-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 cognitive flexibility. However, more recently, some different views of the specific cognitive functions included in core executive functions have been presented
(García-Madruga et al., 2016). The importance of core executive functions in adolescents 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 various 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 physical 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
et al., 2004). Due to its importance in everyday life, intervention studies have been
conducted to improve inhibition. Some of these training studies have shown potential in improving inhibition. However, future studies are needed to specify
how long-lasting these improvements are and the properties of an optimal training 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;
Gómez et al., 2018; Sowell et al., 2001; Ullman et al., 2014). Several intervention
studies have also been conducted to investigate whether working memory capacity could be enhanced by training. While increases in working memory performance 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-Lervåg & Hulme, 2013; Sala &
Gobet, 2020).
Sustained attention can be defined as maintaining sensitivity to detect unpredictable 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). Furthermore, 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 development 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, inhibition, 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 during 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 adulthood 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; Østby 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 fasciculus (Krogsrud et al., 2018), uncinate fasciculus (Krogsrud et al., 2018), superior
longitudinal fasciculus (Østby 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 defined ROIs that differ among these studies, only some of the results were replicated. When looking at developmental differences in the relationship between
working memory and white matter, this relationship was found to be more pronounced 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 fasciculus, uncinate fasciculus, forceps major, and the inferior fronto-occipital fasciculus.
Furthermore, future working memory capacity could be predicted by white matter 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 caudate 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 after 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 relationship.

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 Álvarez-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 physical 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 current research. In a recent meta-analysis, Álvarez-Bueno et al. (2017) found that
physical activity interventions had a small positive effect on inhibition and working 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 differed if only studies with adolescents had been included.
Studies investigating the effect of physical activity intervention on core executive 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 (Sjöwall et al., 2019) or inhibition (Sjöwall et al., 2019; Tarp et al., 2016),
a smaller (n=20) school-based intervention did report beneficial effects on working 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, sustained attention did not relate to physical activity in 12-year-old participants
(Syväoja 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 performance (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/aerobic fitness (cross-sectional and intervention studies) and core executive functions 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 elucidated if brain-related factors, such as white matter properties, could also explain 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 physical activity and aerobic fitness are related to the brain’s regional volumes, structural connectivity, and functional connectivity. Furthermore, the aim is to study
whether the white matter structural connectivity moderates the association between 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 associate 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 connection between physical activity and aerobic fitness with core executive functions 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 connectivity between hemispheres. Furthermore, more local aspects of functional
connectivity were studied using regional homogeneity analysis. We hypothesized 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 recruited from a larger follow-up study (see Joensuu et al., 2018). Prior to participation 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. Furthermore, 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 adolescents 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 included in Study III (one subject did not finish resting state fMRI imaging protocol, and one subject was excluded due to excessive motion during scanning). The
research was conducted according to the ethical principles stated in the Declaration 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 compensated with a 30-euro gift card for participating in the neuroimaging part of the
research.
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TABLE 5

Participant demographics.

Study I
Mean ± SD

N(n female)
Age (years)
Pubertal stage
MVPA
20-m SRT

Range

60 (40)

Study II
Mean ± SD

Range

59 (39)

Study III
Mean ± SD

Range

59 (39)

14.3 ± 0.9

12.7–16.2

14.3 ± 0.9

12.7–16.2

14.3 ± 0.9

12.7–16.2

3.5 ± 0.9

1.5–5

3.5 ± 0.9

1.5–5

3.5 ± 0.9

1.5–5

49.1 ± 20.0

18.0–105.9

49.1 ± 19.2

18.0–105.9

48.5 ± 19.0

18.0–105.9

5.8 ± 2.4

1.5–11.6

5.7 ± 2.4

1.5–11.6

5.6 ± 2.3

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 measurement 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 (explained 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 collected 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 × 5 + average MVPA
min/day of weekend day × 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 participants 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 participants. 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 sequentially 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), flexibility (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 shuttle 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 missing 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 preceding 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 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 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 detailed 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 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), 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 opposite 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 digits/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 specific target sequence.
For the CANTAB tests (working memory and sustained attention), we used
principal component analysis separately for individual tests, according to Rovio
et al. (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 related 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 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
divisions), middle frontal gyrus (rostral and caudal divisions), and medial orbitofrontal 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 connectivity of distinct anatomical networks within the brain. Diffusion refers to the
random motion of molecules, and it describes the random motion from one spatial 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 commonly 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 easily 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 background of FA, however, can be problematic because several factors, including
myelination, extracellular water, cell membrane integrity, and the parallel arrangement 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 research. 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 membranes, hinder diffusion and therefore also reduce MD. More specifically, membrane 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/mm2 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 diffusion perpendicular to the fibers. In the presence of fiber crossings, this interpretation could be misleading (O’Donnell & Westin, 2011). RD has been hypothesized 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 (crossing 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 diffusion 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 leveldependent (BOLD) signal, it is possible to study connectivity between spatially
distinct but functionally connected brain regions. This functional connectivity refers 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 methods 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 connectivity) can be used to study functional connectivity between each voxel and its mirrored counterpart on the opposite hemisphere (Zuo et al., 2010). The corpus callosum 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 NeuroImaging, Aalto University School of Science, Finland on a 3-T MAGNETOM
Skyra whole-body scanner (Siemens Healthcare, Erlangen, Germany) using a 32channel 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 earplugs 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 × 1.0 × 1.0 mm3, flip angle = 7°, slice
thickness = 1 mm, field of view (FOV) = 256 × 256 × 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 inhomogeneities of the main magnetic field. The axial slices were tilted in the anterior-posterior 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 different diffusion gradient orientations. 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
acquisition parameters were as follows: TR = 11,100 ms, TE = 78 ms, FOV = 212
mm, matrix size = 106, voxel size = 2 × 2 × 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 sequence with the following parameters: TR = 2610 ms, TE = 30 ms, flip angle 75˚,
FOV = 210 mm, 45 interleaved axial slices, GRAPPA acceleration = 2, phase partial Fourier = 7/8, and voxel size = 3.0 × 3.0 × 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.harvard.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 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 the skull stripping, and if errors occurred, either the watershed threshold was changed, or manual edits were carried out as part of the recommended 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 II, diffusion-weighted images were processed using 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 analysis 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 covariates 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/rg6zf/).
Resting state fMRI. The image analysis is briefly described here; for full details 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). Following 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 examined 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 NeuroImages (AFNI) software suite (Cox, 1996; Zang et
al., 2004). Subsequently, the individual ReHo maps were standardized into z-values 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 regression. 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 additional covariate did not affect the results. Assumptions of linearity, normality,
homoscedasticity, and multicollinearity were checked. Due to the restrictions imposed by the use of multiple imputation, instead of whole-brain analysis, we
used ROI-based analysis. The relationship between either physical activity or aerobic 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 predict performance in core executive functions was the same as in Study I, excluding 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 literature that had investigated the relationship between either aerobic fitness or
physical activity with white matter FA in young participants, we used the following white matter tracts as ROIs: 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
ROI. For the moderation analysis, we used the same model for assessing the associations between core executive functions and physical activity/aerobic fitness;
however, the main effect of the FA and an interaction term (FA*MVPA or FA*aerobic fitness) was added to the model. 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. 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 associated 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 fitness was explored using multiple linear regression controlling for sex, age, pubertal 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 mm3 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 positively associated with left pallidum volume (FDR-adjusted p = 0.069). For the left
pallidum volume, the regression model predicted a 48 mm3 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 evidence 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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FIGURE 1 Partial residual plots for the relationship between the left superior frontal gyrus 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 fitness 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 concerning 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 associated with FA, MD, RD, and AD). We did not find noteworthy correlations between 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/collections/5206/ (Gorgolewski et al., 2015).
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FIGURE 2 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 correlation between aerobic fitness and FA was positive and it was negative between aerobic fitness and MD, RD, and AD. The significant regions are thickened 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 (modified from Ruotsalainen et al. 2020).

Measure

Cluster
size
(voxels)

Anatomica location of
clusters (center of mass)

FA

801

FA

MNI coordinates

t

pvalue

X

Y

Z

SCR L A

2.39

0.025

−25.4

−12.1

26.5

563

SCR R B

2.34

0.037

27.6

−17.2

32.2

FA

431

SCR C

2.36

0.039

−1.5

14.9

20.4

FA

319

Body of CC D

2.34

0.044

−4.15

−24

26.7

FA

83

SCR R E

2.51

0.047

24.3

11.2

30.6

FA

25

Unclassified F

2.09

0.05

30.5

6.84

25.6

FA
FA

2
1

SCR R
SCR R

3.29
3.43

0.05
0.05

22.5
21

−14.5
−13

35.5
35

MD

15494

Body of CC G

1.99

0.03

1.92

−4.17

28.4

RD

7674

Unclassified

2.02

0.032

9.33

−15.6

25.6

2117

ALIC R

1.85

0.026

21.9

20.3

10.1

980

Body of CC J

1.85

0.031

−17.8

5.9

32.5

67
34

Unclassified
Unclassified

3.02
3.14

0.046
0.047

33.9
16.6

21.6
21.1

19.3
38.9

AD

H

I

JHU ICBM-DTI-81 tracts (% of voxels)
A
B
C
D
E
F
G

H

I

J

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)
SCR R (77.8), ACR R (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), ACR R (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), 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)
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),
RLIC R (4.1), PLIC L (3.8), Splenium of CC (3.1), PCR R (2.9), PLIC R (2.7), RLIC L (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)
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)
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)

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 callosum, FA: fractional anisotropy, L: left, MD: mean diffusivity, PCR: posterior corona radiata, PLIC: posterior limb of internal capsule, PTR: posterior thalamic radiation, R: right, RD: radial diffusivity, RLIC: retrolenticular 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 associated 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 connection between other core executive functions and either physical activity or aerobic fitness.

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: moderateto-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 functional connectivity in adolescents
Study III examined the connection between physical activity and aerobic fitness
with both local and interhemispheric functional connectivity, measured with regional homogeneity and VMHC, respectively. Regional homogeneity analysis
showed that a higher level of MVPA was correlated to increased regional homogeneity 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). Concerning interhemispheric functional connectivity, we did not find strong evidence of the association between VMHC and either physical activity or aerobic
fitness.

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 activity.

TABLE 7

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

Cluster size
(voxels)

Structures to which the cluster belongs to (% of voxels)

p-value

33

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

0.035

MNI coordinates
X

Y

Z

65.2

–32

30.8

55

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 associated 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 pallidum volume. We did not find evidence of the relationship between physical
activity and any ROI. Overall, these findings imply that, although aerobic fitness
and physical activity are related to each other, they show a differential association 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 finding regarding the negative correlation between aerobic fitness and the left superior 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 investigations 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 aerobic 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 ROI. 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. Furthermore, 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 longterm physical activity or exercise, and it is therefore influenced by individual responsiveness. On the contrary, the level of physical activity does not provide information about the responsiveness. It is plausible that the long-term brain responses 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 importance of measuring these both to demonstrate the relationship of physical behavior 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 concerning 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 matter properties of specific tracts moderate the relationship between physical activity 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 children had greater FA in the superior corona radiata, the body of the corpus callosum, and the superior longitudinal fasciculus. The authors also reported that
higher-fit children had lower RD in the superior corona radiata and superior longitudinal fasciculus, but the AD of any of the measured tracts did not differ between 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 associations with parts of the tracts, while the whole tract is considered when using ROIbased 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 methodological or sample-related differences, such as age and sex of the participants. Furthermore, 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 radiata), develop relatively early and do not change to a large extent during adolescence (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 fasciculus). 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 adolescence (M.-C. Chiang et al., 2011). While previous literature has demonstrated
that aerobic fitness and response to exercise are partly predicted by genetic factors (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 between 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 results, 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 10year-old children. Overall, the earlier results suggest that physical activity is related 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 concerning this relationship is contradictory (Álvarez-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 conducted an exploratory moderation analysis to examine whether white matter influences 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 activity 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 influence brain synchrony (Pajevic et al., 2014). Furthermore, it is known that the
corpus callosum, which is crucial in interhemispheric communication, is also important for brain synchrony (Ellis et al., 2016; Engel et al., 1991). Thus, small
changes in the corpus callosum microstructure could possibly influence synchrony, 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 potentially 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
fitness 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 moderation analysis revealed that the white matter moderates the connection between
physical activity and aerobic fitness with working memory, suggesting that individual variation in white matter properties might affect the strength or direction
of these connections. However, more studies are needed to confirm these preliminary 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 supramarginal 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 continued physical performance has effects on local functional connectivity at rest. This
question was recently approached in a study using an animal model for depression, which showed that physical activity (wheel running) increased regional homogeneity 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
findings 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 physical activity, motor planning and attention are obviously important. During physical 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 connectivity in brain areas important for sensing and planning movements. However, 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 connectivity increases with age (Betzel et al., 2014), suggesting that, in later life, this connection might be stronger.
Very few studies have examined the association between either physical activity or aerobic fitness with interhemispheric functional connectivity. Our results 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 connection between physical activity and interhemispheric connectivity. Interhemispheric 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 connectivity, 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 connected with local functional connectivity in an area involved in sensorimotor
functions. The lack of a noteworthy connections between aerobic fitness and either 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 limitations arise from the common methodological choices and sample used in this dissertation.
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 microstructure. 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 additional covariate did not change the results, and to keep the same model between 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 cardiorespiratory 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 activity and are widely used, the same amount of objectively measured physical
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activity may produce different physiological responses for each individual. Finally, the sample size (n=58–61) may not be large enough to detect weak associations 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 properties of the adolescents’ brains. Furthermore, the moderating effect of white matter 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 related 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 fitness 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 frequency. 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 physical 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-Wennlöf 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;
Rentería 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, Guimarães, et al., 2019; Teeuw,
Brouwer, Koenis, et al., 2019). In addition, local functional connectivity properties measured with local clustering in 12-year-old participants were not significantly influenced by genes in contrast to global properties that were under genetic 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 undergoing 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., globus pallidus, superior frontal gyrus, corpus callous, corona radiata, superior longitudinal 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 supramarginal 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 problematic.
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 differences 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 adolescence. Earlier studies have mainly focused on other age groups, and the
knowledge concerning this stage on development when significant changes occur in the adolescent’s body and the brain is lacking. Our results show that aerobic fitness has an important connection with the brain structure and physical activity with the functional connectivity at rest in adolescents. Future studies are
needed to determine the causal relationship between these connections. Furthermore, future studies should also investigate possible shared genetic factors between physical activity and aerobic fitness with brain development during adolescence.
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YHTEENVETO (SUMMARY)
Nuoruuden aikaisen fyysisen aktiivisuuden ja aerobisen kunnon yhteys
aivojen rakenteisiin ja toiminnallisiin yhteyksiin
Viimeisten vuosikymmenten aikana murrosikäisten nuorten kestävyyskunto on
laskenut ja fyysisen aktiivisuuden määrä on suurella osalla nuoria alle suositusten. Tämä suuntaus on herättänyt huolta, koska vähäinen liikunnan määrä ja runsas paikallaolo voivat olla haitallisia nuorten terveydelle ja hyvinvoinnille.
Näistä tiedoista huolimatta, tutkimustietoa fyysisen aktiivisuuden määrän ja kestävyyskunnon yhteydestä nuorten aivoihin ei juurikaan ole. Vaikka aiemmat tutkimukset ovat havainneet yhteyden liikunnan ja aivojen rakenteiden sekä toiminnan välillä muissa ikäryhmissä, on näiden tulosten yleistäminen murrosikäisiin nuoriin ongelmallista. Murrosiän aikana nuoren kehossa sekä aivoissa tapahtuu merkittäviä muutoksia. Osa muutoksista on uniikkeja, vain murrosiän aikana tapahtuvia muutoksia. Lisäksi on myös usein ehdotettu, että nuorten aivot
muovautuvat helpommin kuin aikuisten aivot. Näin ollen nuoruuden aikaisella
liikunnalla saattaa olla jopa korostunut merkitys aivoille. Tämän väitöskirjatyön
päätarkoituksena on tarkastella fyysisen aktiivisuuden ja kestävyyskunnon yhteyttä murrosikäisten nuorten aivoihin. Toisena tarkoituksena on tarkastella aivojen valkean aineen osuutta fyysisen aktiivisuuden/kestävyyskunnon ja kognition (toiminnanohjaus) väliseen suhteeseen.
Tämä väitöskirja koostuu kolmesta tutkimuksesta, joissa kaikissa tutkittavat olivat pääosin samoja 12,7–16,2-vuotiaita nuoria (n=58–61). Tämän lisäksi
fyysisen aktiivisuuden ja kestävyyskunnon mittarit olivat samoja kaikissa tutkimuksissa. Keskiraskas ja raskas fyysinen aktiivisuus mitattiin kiihtyvyysanturimittareilla viikon ajalta ja kestävyyskunnon taso arvioitiin 20 m sukkulajuoksutestillä. Aivokuvantaminen suoritettiin magneettikuvauksella (MRI) ja näissä
tutkimuksissa aivojen ominaisuuksia mitattiin kolmella eri menetelmällä: rakenteellinen MRI (Tutkimus I), diffuusiokuvantaminen (Tutkimus II) ja lepotilan toiminnallinen MRI (Tutkimus III).
Väitöskirjan ensimmäisessä tutkimuksessa selvitettiin nuorten fyysisen aktiivisuuden ja kestävyyskunnon yhteyttä aivojen harmaaseen aineeseen. Aivojen
harmaa aine koostuu pääosin hermosolujen solukeskuksista ja tuojahaarakkeista.
Aivokuvantamismenetelmiä hyödyntäen on havaittu, että eri alueiden harmaan
aineen tilavuudet ovat liittyvät merkitsevästi mm. kognitiivisiin toimintoihin ja
aivosairauksiin. Tässä tutkimuksessa korkeamman kestävyyskunnon havaittiin
olevan yhteydessä vasemman yläetupoimun pienempään tilavuuteen sekä vasemman linssitumakkeen pallon suurempaan tilavuuteen, kun ikä, sukupuoli,
puberteetin vaihe ja aivojen kokonaistilavuus otettiin huomioon. Molemmat
näistä alueista osallistuvat motorisiin toimintoihin, mutta erityisesti yläetupoimulla on merkittävä rooli monissa kognitiivisissa toiminnoissa. Tässä tutkimuksessa ei löydetty selkeää kytköstä fyysisen aktiivisuuden ja aivojen harmaan aineen välillä. Nämä tulokset osoittavat, että kestävyyskunto ja fyysinen
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aktiivisuus ovat eri lailla yhteydessä nuorten aivoihin, kun tarkastellaan harmaan aineen tilavuuksia. Yhteys on merkittävä kestävyyskuntoon, mutta ei fyysiseen aktiivisuuteen.
Toisessa tutkimuksessa selvitettiin nuorten fyysisen aktiivisuuden ja kestävyyskunnon yhteyttä aivojen valkean aineen ratojen ominaisuuksiin sekä valkean aineen moderaatio-vaikutusta fyysisen aktiivisuuden/kestävyyskunnon ja
toiminnanohjauksen väliseen yhteyteen. Aivojen valkean aineen ratoja pitkin välittyy viestejä eri aivoalueiden välillä ja tämä mahdollistaa aivojen sisäisen kommunikaation, jota tarvitsemme jokapäiväisessä elämässä. Aivokuvantamistutkimuksissa valkean aineen ominaisuuksien on havaittu olevan merkityksellisiä
monille toiminnoille, kuten toiminnanohjaukselle. Tämän tutkimuksen toisena
tarkoituksena oli selvittää valkean aineen tason yhteys fyysisen aktiivisuuden/kestävyyskunnon ja toiminnanohjauksen välillä havaittuun yhteyteen. Toiminnanohjauksen tutkimus keskittyi erityisesti tarkkaavuuteen, inhibitioon ja
työmuistiin. Tulokset osoittavat, että nuorten kestävyyskunto on yhteydessä
useisiin valkean aineen ominaisuuksiin monilla eri valkean aineen radoilla. Selkeimmin yhteys näkyy kunnon sekä aivokurkiaisen ja ylemmän corona radiatan
välillä. Tämän lisäksi myös mm. sisäkotelon ja superior longitudinal fasciculus:n
ominaisuudet ovat yhteydessä kestävyyskuntoon. Fyysisen aktiivisuuden ja valkean aineen ominaisuuksien välillä ei havaittu olevan merkittävää yhteyttä. Eksploratiivisessa moderaatio-analyysissa havaittiin, erityisesti aivokurkiaisen valkean aineen tason olevan yhteydessä fyysisen aktiivisuuden/kestävyyskunnon
ja työmuistin väliseen kytkökseen. Kuten ensimmäisessäkin osatutkimuksessa,
myös tässäkin tutkimuksessa nuorten kestävyyskunnon havaittiin olevan yhteydessä aivojen rakenteisiin, mutta todisteita fyysisen aktiivisuuden ja aivojen valkean aineen rakenteiden välisestä yhteydestä ei löydetty. Lisäksi tulokset viittaavat siihen, että tiettyjen aivoratojen valkean aineen taso voi vaikuttaa sekä fyysisen aktiivisuuden ja työmuistin että kestävyyskunnon ja työmuistin välillä havaitun yhteyden suuntaan ja voimakkuuteen.
Väitöskirjan kolmas tutkimus keskittyi tarkastelemaan aivojen lepotilan toimintaa. Toisessa tutkimuksessa aivokurkiaisen valkean aineen havaittiin olevan
yhteydessä kestävyyskuntoon. Aivokurkiaisella on myös tärkeä rooli aivopuoliskojen välisessä kommunikaatiossa, koska se on suurin aivopuoliskoja yhdistävä rakenne. Tämän havainnon pohjalta, kolmannessa tutkimuksessa tutkittiin
miten sekä kestävyyskunto että fyysinen aktiivisuus ovat kytköksissä aivopuoliskojen väliseen lepotilan kommunikaatioon tai tarkemmin toiminnalliseen konnektiviteettiin homologisilla aivojen alueilla. Aivopuoliskojen välisten yhteyksien lisäksi tutkimme myös aivojen paikallista kommunikaatiota (regional homogeneity). Päinvastoin kuin kahdessa aiemmassa tutkimuksessa, fyysisen aktiivisuuden, mutta ei kestävyyskunnon, havaittiin olevan yhteydessä aivojen paikalliseen kommunikaatioon pääosin oikean puoleisessa supramarginaalisessa
poimussa. Tutkimuksessa ei havaittu merkittävää yhteyttä aivopuoliskojen välisen toiminnallisen konnektiviteetin ja fyysisen aktiivisuuden tai kestävyyskunnon välillä.
Kokonaisuutena tämän väitöskirjan tulokset osoittavat sekä fyysisen aktiivisuuden että kestävyyskunnon liittyvän nuorten aivojen ominaisuuksiin. Yhteydet näiden kahden liikuntamittarin ja aivojen ominaisuuksien välillä eroavat
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kuitenkin huomattavasti. Kestävyyskunto on yhteydessä erityisesti aivojen rakenteisiin, kun taas fyysinen aktiivisuus on yhteydessä lepotilan toimintaan vain
pienellä motoristen toimintojen kannalta tärkeällä alueella. Yleisesti ottaen havaitut yhteydet sekä molempien liikuntamittareiden että aivojen välillä painottuvat alueisiin, joilla on motoristen toimintojen kannalta oleellinen merkitys. Lisäksi yhteydet rajoittuivat suhteellisen pienille alueille, pois lukien yhteydet valkean aineeseen, jossa kestävyyskunnon merkitsevä yhteys aivoihin on laajalle levittynyttä. Nämä tutkimustulokset viittaavat siihen, että nuorten vähentyneellä
liikunnalla ja erityisesti huonontuneella kestävyyskunnolla voi olla vaikutuksia
aivoihin. Syy-seuraussuhdetta tämä tutkimus ei kuitenkaan pysty vahvistamaan
ja tämän tulkinnan todentamiseen tarvitaankin pitkittäistutkimuksia.
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