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ABSTRACT

RODRIGUEZ-AYLLON, M., I. ESTEBAN-CORNEJO, J. VERDEJO-ROMÁN, R. L. MUETZEL, J. H. MIGUELES, J. MORA-

GONZALEZ, P. SOLIS-URRA, K. I. ERICKSON, C. H. HILLMAN, A. CATENA, H. TIEMEIER, and F. B. ORTEGA. Physical Activity,

Sedentary Behavior, and White Matter Microstructure in Children with Overweight or Obesity.Med. Sci. Sports Exerc., Vol. 52, No. 5,

pp. 1218–1226, 2020. Purpose: This study aimed to investigate the associations of objectively measured and self-reported physical activity (PA)

and sedentary behavior with white matter microstructure in children with overweight or obesity. Methods: In a sample of 103 participants (age,

10.02 ± 1.15 yr; 42 girls) from the ActiveBrains project, we assessed PA and sedentary behavior using accelerometers (GT3X+; ActiGraph,

Pensacola, FL), and the Youth Activity Profile-Spain questionnaire. Objectively measured PA and sedentary behavior were classified into different

intensities following the hip- and wrist-based cutoff points for the Euclidean NormMinus One metric by Hildebrand et al., wrist-based cutoff points

for counts metric by Chandler et al., and hip-based cutoff points for counts metric for Romanzini et al. and Evenson et al. Magnetic resonance

imaging of white matter microstructure, fractional anisotropy (FA), and mean diffusivity (MD) were derived from diffusion tensor imaging.

Linear regression models were used to examine the associations of objectively measured and self-reported PA and sedentary behavior with

global and tract-specific FA and MD. Results: Self-reported total PA was positively associated with global FA (β = 0.236, P = 0.038),

whereas watching television was negatively associated with global FA (β = −0.270, P = 0.014). In regard to the objective measures, using

single regression models, light PA (β = 0.273, P = 0.016), moderate-to-vigorous PA (β = 0.257, P = 0.035), and total PA (β = 0.294,

P = 0.013) were positively associated with global FA only when Hildebrand–Euclidean Norm Minus One hip cut points were used for anal-

yses. Lastly, no association was found between PA and sedentary behavior and FA andMDwithin individual tracts.Conclusions:Our results

suggest that PA and watching television are related to white matter microstructure in children with overweight or obesity. However, longitu-

dinal large-scale studies are needed to confirm and expand these findings. Key Words: MRI, SCREEN TIME, SEDENTARY TIME,

TELEVISION VIEWING, VIDEO GAMES, YOUNG PEOPLE
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The structure of white matter is responsible for providing
fast and efficient connectivity throughout cortical and
subcortical regions, as well as for integrating brain areas

into structural networks, which support cognition (1). In chil-
dren and adolescents, the brain undergoes a variety of develop-
mental changes in white matter structure (1,2). Furthermore, a
number of environmental factors such as early-life adversity
(e.g., stress exposure) are related to white matter microstructure
during childhood and adolescence (3,4). However, although
there is emerging evidence in adult populations (5), only a
few studies have explored the extent to which other modifiable
lifestyle factors, namely, physical activity (PA) and sedentary
. Unauthorized reproduction of this article is prohibited.
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behavior, are associated with white matter microstructure in
children. In fact, excess body mass has been linked to poorer
structural connectivity (6) and white matter development
(7) in children. For instance, childhood obesity is associated
with differences in white matter organization (7), mainly in
frontal and temporal brain regions. These associations, to-
gether with the fact that PA may protect against the devel-
opment of obesity, suggest that optimal levels of PA and
sedentary behavior may attenuate the adverse influence of
obesity on white matter microstructure; however, this hypoth-
esis needs to be investigated.

Neuroimaging offers an in vivo view into the developing
brain. Specifically, diffusion tensor imaging (DTI) affords the
ability to sample features of the microstructural architecture of
whitematter (1). In addition, previous research has demonstrated
that this technique is sensitive to features of psychopathology in
children (8). Fractional anisotropy (FA) and mean diffusivity
(MD) are the two most commonly used scalar metrics derived
fromDTI, which are related tomicrostructural white matter ar-
chitecture. FA represents the degree to which water molecules
diffuse preferentially along one axis and tends to increase with
white matter maturation during development (1,9,10). It is
typically lower in the context of various neurological and
psychiatric diseases. MD is the simple average diffusion,
with higher levels indicating relatively unimpeded diffusion
in any direction. Biologically, higher FA and lower MD tend
to reflect more stronglymyelinated tracts, with a higher axonal
conduction speed (11).

PA and sedentary behavior are two independent lifestyle be-
haviors that play an important role as markers and determinants
of general health (12). In this context, the recently published sec-
ond edition of the Physical Activity Guidelines for Americans
(13) includes a section on the relationship between PA, sedentary
behavior, and brain health. Although these guidelines are inspir-
ing, only a few previous studies examined the role of physical
exercise (i.e., planned, structured, systematic and purposeful
PA (14)) and physical fitness (i.e., the capacity to perform PA
(15)) in white matter microstructure during childhood (16–20).
These studies contribute to the understanding of how increased
levels of structured PA or physical fitness are related to white
matter in children. However, it is also important to understand
the relationship of daily PA and sedentary behavior and white
matter in the absence of a structured intervention due to the
low levels of moderate-to-vigorous PA typically observed in
children with overweight/obesity.

Collectively, observational studies complement experimen-
tal studies and can help identify characteristics of children’s
daily PA (e.g., spontaneous and intermittent) that may benefit
white matter microstructure. To our knowledge, no prior re-
search has examined whether sedentary behavior is associated
with white matter microstructure in children with overweight
or obesity. Accordingly, the aim of the present study was two-
fold. The primary aim was to identify any associations of PA
and sedentary behavior with global white matter microstruc-
ture in children with overweight or obesity. For this purpose,
we used both objective and self-reported measures of PA
PHYSICAL ACTIVITY, SEDENTARISM, AND WHITE MATTER
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and sedentary behavior. The secondary aim was to determine
whether the association with white matter microstructure was
global or rather restricted to a particular set of white matter
bundles. As such, associations of PA and sedentary behavior
with FA and MD within individual tracts were also tested when
exposures showed an association with global DTImetrics. Based
on previous literature, we hypothesized that higher levels of PA
would relate to higher FA and lower MD. We further hypothe-
sized that greater sedentary behavior, specifically recreational
screen time, would relate to lower FA and higher MD; however,
based on previous literature (21,22), we expected the magnitude
of these relationships to be relatively small.
METHODS

Participants

This study used data from the ActiveBrains project (http://
profith.ugr.es/activebrains), a randomized controlled trial de-
signed to examine the effects of an exercise intervention on
brain, cognition, and academic performance, as well as on se-
lected physical and mental health outcomes in overweight/
obese children. The complete methodology for this project
has been described elsewhere (23). In total, 110 children with
overweight or obesity age 8–11 yr were recruited from Granada,
Spain. Briefly, a total of 7 participants were excluded (n = 2 did
not complete the DTI sequence, n = 2 presented poor quality
control, and n = 3 had incomplete self-reported PA and sedentary
behavior data). A final sample of 103 childrenwith overweight or
obesity (age, 10.02 ± 1.15 yr; 42 girls) were included in this study
(Figure, Supplemental Digital Content 1, flowchart, http://links.
lww.com/MSS/B843). Of these, only 99 participants presented
valid data for the objectively measured PA and time in sedentary
behavior and were therefore included in the analyses for these
variables. Baseline data were collected from November 2014
to February 2016. Parents or legal guardians were informed
of the purpose of the study, and written informed parental con-
sent was obtained. The ActiveBrains project was approved by
the Human Research Ethics Committee of the University of
Granada and was registered in ClinicalTrials.gov (identifier:
NCT02295072).
Procedure

After being contacted, participants were invited to partici-
pate in the study at the Sport and Health Research Centre,
University of Granada, Spain. Data on the age, weight, height,
body mass index (BMI), and peak height velocity (PHV) of
participants were collected mostly during their first visit to
the research center. Self-report PAwas always collected when
participants brought back accelerometers. However, we had
not taken magnetic resonance imaging (MRI) into consider-
ation for scheduling PA data collections, although there was a
maximum of 31 d between the MRI scan and the PA data col-
lection. Lastly, intelligence quotient (IQ) was always assessed
at the same day of the MRI scan.
Medicine & Science in Sports & Exercise® 1219
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Objectively Measured PA and Time in
Sedentary Behaviors

Objectively measured PA and time in sedentary behaviors
were assessed with accelerometers (GT3X+; ActiGraph,
Pensacola, FL). Children simultaneously wore two accelerom-
eters located on the right hip and nondominant wrist for seven
consecutive days (24 h·d−1), and they were instructed to re-
move them only for water-based activities (i.e., bathing or swim-
ming). In brief, total minutes per day of total PA (including light
PA and moderate-to-vigorous PA), light PA, moderate-to-vigorous
PA, and time in sedentary behaviors were calculated using the
GGIR package in R (v. 1.5-18, https://cran.r-project.org/web/
packages/GGIR/). PA and sedentary behavior were classified
into different intensities following the hip- and wrist-based
cutoff points for the Euclidean Norm Minus One (ENMO)
metric by Hildebrand et al. (24,25), wrist-based cutoff points
for counts metric by Chandler et al. (26), and hip-based cutoff
points for counts metric by Romanzini et al. (27) and Evenson
et al. (28). Further information on accelerometer data process-
ing has been previously published (29).

Self-Reported PA and Sedentary Behavior

Information on self-reported PA and sedentary behavior was
obtained through the Youth Activity Profile-Spain (YAP-S)
questionnaire, a cross-translated and adapted version of the
original YAP. The original YAP was developed by the Phys-
ical Activity and Health Promotion laboratory at Iowa State
University (www.physicalactivitylab.org) and calibrated through
a series of studies by Saint-Maurice et al. (30–32). The YAP
questionnaire was translated into Spanish and back-translated
in collaboration with the original authors of the YAP (available
at: http://profith.ugr.es/yap?lang=en). TheYAP-Swas designed
to be a self-administered 7-d recall questionnaire suitable for
use in children.

Items of PA in the school setting included participation in
PA during five specific periods of the day (i.e., transportation
to school, activity during physical education, recess, lunch,
and transportation from school). Items of PA out of the school
setting included activity before school (6 AM–9 AM), activ-
ity immediately after school (2 PM–6 PM), activity during
the evening (6 PM–10 PM), and activity during each week-
end day (Saturday and Sunday). Composite z scores for
PA at school and out of school were computed by averaging
the z scores for their individual components. Then, a total
PA z score was calculated by adding the time of PA in the
school and out of the school setting per week. In addition, par-
ticipants were asked “how much time,” on average, they spent
in four sedentary activities per day during the last week (i.e.,
watching television, playing videogames, using the computer,
and using a cell phone). Each question was scored using a
Likert scale that ranged from 1 to 5: (i) 0 min, (ii) less than
1 h, (iii) between 1 and 2 h, (iv) between 2 and 3 h, and (v) more
than 3 h. We excluded the items regarding computer and cell
phone usage because 91%and 86%of sample, respectively, were
categorized as 0-min or less than 1-h usage. Lastly, children were
1220 Official Journal of the American College of Sports Medicine
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asked about “how much time in a normal week” they spent in
total in sedentary behaviors. The participants rated their re-
sponses using a 5-point Likert type scale, from 1 indicating
“almost none of free time sitting” to 5 indicating “almost all
free time sitting.”
MRI Procedure

Image acquisition.MRI data were acquired with a 3.0-T
SiemensMagnetomTimTrio scanner (SiemensMedical Solu-
tions, Erlangen, Germany). DTI data were acquired using an
echo planar imaging sequence with the following parameters:
repetition time, 3300 ms; echo time, 90 ms; flip angle, 90°;
matrix, 128 � 128; field of view, 230 mm � 230 mm; slice
thickness, 4 mm; number of slices, 25; and voxel resolution,
1.8 � 1.8 � 4 mm3. One volume without diffusion weighting
(b = 0 s·mm−2) and 30 volumes with diffusion weighting
(b = 1000 s·mm−2) were collected.

Image preprocessing. Image preprocessing was con-
ducted using the Functional MRI of the Brain Software Library
(FSL) (33). Images were first adjusted for minor head motion
using eddy, a new tool to correct for eddy current-induced dis-
tortions and participants’movements. Outlier detectionwas also
performed to identify slices where the signal was lost as a con-
sequence of subject movement during the diffusion encoding.
Next, a Gaussian process was used for outlier replacement
(https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/eddy). To account for rota-
tions applied to the image data, the resulting transformation ma-
trices were used to rotate the diffusion gradient direction table.
Non–brain tissue was removed using the FSL Brain Extraction
Tool. Then, the diffusion tensorwas fit, and common scalarmaps
(i.e., FA, MD, axial diffusivity (AD), radial diffusivity (RD))
were subsequently computed.

Probabilistic fiber tractography. Diffusion data were
firstly processed using the Bayesian Estimation of Diffusion
Parameters Obtained using Sampling Techniques, accounting
for two fiber orientations at each voxel (34,35). Next, for each
participant, the FA map was aligned to the FMRIB-58 FA
template image with the FSL nonlinear registration tool. The
inverse of this nonlinear warp field was computed and applied
to a series of predefined seed, target, exclusion, and termina-
tion masks provided by the AutoPtx plugin (36).

Probabilistic fiber tracking was then performed with the
FSL Probtrackx module using these supplied tract-specific
masks (i.e., seed, target, etc.) that were warped to the native
diffusion image space of each subject (34). The resulting path
distributions were normalized to a scale from 0 to 1 using the
total number of successful seed-to-target attempts and were
subsequently thresholded to remove low-probability voxels
likely related to noise.

White matter tract segmentation was performed by thresh-
olding the normalized tract density images based on previ-
ously established values (cingulate gyrus part of cingulum,
0.01; corticospinal tract, 0.005; forceps major, 0.005; forceps
minor, 0.01; inferior longitudinal fasciculus, 0.005; superior
longitudinal fasciculus, 0.001; uncinate fasciculus, 0.01; De
http://www.acsm-msse.org
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Groot et al. (36). Then, average FA and MD values were
computed for each tract. Connectivity distributions were esti-
mated for seven large fiber bundles (i.e., cingulate gyrus part
of cingulum, corticospinal tract, forceps minor, forceps ma-
jor, inferior longitudinal fasciculus, superior longitudinal fas-
ciculus, and uncinate fasciculus) selected based on previous
reports (8,37). Average of FA and MD in the left and right
hemisphere was calculated in those tracts present in both hemi-
spheres (i.e., corticospinal tract, superior longitudinal fascicu-
lus, inferior longitudinal fasciculus, uncinate fasciculus, and
cingulate gyrus part of cingulum). To assess whether exposures
were related to global measures of white matter integrity (i.e.,
global FA, MD, RD, AD), selected tracts (8) were combined
into a single factor (“global factor”). The global factor was com-
puted by averaging all tracts and weighting this average by the
size (volume) of the tracts (to ensure that small regions do not
contribute equally as larger regions, which is common practice
in the neuroimaging literature, in particular cortical morphology
studies). This method was based on previous work (38–40).

Image quality assurance. Raw image quality was
assessed via visual inspection (8). The sum-of-squares error
maps from the tensor estimation were calculated and visually
inspected for structured noise. Image quality was rated using a
4-point scale, with 1 being “excellent,” 2 being “minor,” 3 be-
ing “moderate,” and 4 being “severe.” Data sets determined to
be of insufficient quality (i.e., moderate and severe) for statistical
analyses were excluded (Figure, Supplemental Digital Content
1, flowchart, http://links.lww.com/MSS/B843). Lastly, probabi-
listic tractography data were visually inspected. First, the native
space FA map registration was inspected to ensure that images
were all properly aligned to the template (masks were properly
mapped to native space). Second, all tracts were visualized to
ensure accurate path reconstruction.

Covariates

Body weight and height were obtained with participants
barefoot and wearing only underclothes. Weight (in kilograms)
was measured with an electronic scale (SECA 861, Hamburg,
Germany), and height (in centimeters) with a stadiometer (SECA
225). Both measurements were performed twice, and averages
were used. BMI was expressed as kilograms per meter squared.
PHV is a common indicator of maturity in children and adoles-
cents (41). PHV was obtained from anthropometric variables
(weight, height, and/or seated height) using Moore’s equations
(42). The total composite IQ was assessed by the Spanish ver-
sion of the Kaufman Brief Intelligence Test (43), a reliable and
valid measure of IQ. The KIDMED questionnaire (Mediterra-
nean Diet Quality Index for children and teenagers) was used
to evaluate the adherence to theMediterraneanDiet (44). Socio-
economic status (SES) was assessed by the educational level of
mother and father reported (i.e., no elementary school, elemen-
tary school, middle school, high school, and university com-
pleted). Parent answers were combined into a trichotomous
variable (i.e., none of the parents had a university degree, one
of the parents had a university degree, and both parents had a
university degree) (45).
PHYSICAL ACTIVITY, SEDENTARISM, AND WHITE MATTER
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Statistical Analysis

The characteristics of the study sample are presented as
means and SD. Of these, only sex was presented as percentage.
To examine the associations of self-reported and objectively
measured PA and sedentary behavior with DTI global scalar
metrics, linear regression models adjusted for sex, PHV, BMI,
and IQ were performed. Objectively measured PA was addi-
tionally adjusted for daytime. Each regression model separately
examined the relationships of one PA or sedentary behavior
component with one DTI scalar metric.

In addition, to determine whether the relationship with white
matter microstructure was indeed only global or restricted to a
particular set of white matter bundles, associations with FA
and MD within individual tracts were also tested if exposures
showed an association with global DTImetrics. False discovery
rate (Benjamini–Hochberg method) was used to adjust for multi-
ple comparisons (46). Correction for multiple comparisons was
based on seven tracts, twoDTImetrics, and six physical activities
and time in sedentary behavior domains, for a total of 84 tests.

In addition, a number of sensitivity analyses were run. First,
to better describe the diffusion profile, we tested the associa-
tion of PA and sedentary behavior variables with global RD
and global AD. Second, we divided the total sample into four
subgroups according to their watching television levels (i.e.,
not watching television, less than 1 h, between 2 and 3 h,
and more than 3 h) to compare global FA among the groups.
Third, we additionally included into the models the adherence
to the Mediterranean diet and the SES as possible con-
founders in the relationship between PA, sedentary behavior,
and white matter microstructure.

Lastly, partial correlations adjusted for sex, PHV, BMI, and
IQ between self-reported and objectively measured total PA
and time in sedentary behavior variables in overweight/obese
children were performed.

All statistical analyses were performed using the Statistical
Package for Social Sciences (IBM SPSS Statistics for Win-
dows, version 22.0, Armonk, NY; P set at <0.05).

RESULTS

Table 1 presents participant characteristics. The associations
of self-reported PA and sedentary behavior variables with global
FA and global MD metric are shown in Table 2. Self-reported
total PA was positively associated with Global FA (β = 0.236,
P = 0.038). Watching television (β = −0.270, P = 0.014), but
not playing videogames (P = 0.146), was inversely associated
with global FA. Lastly, no association was found between
self-reported sedentary behavior and PA variables and global
MD metric (all, P > 0.071; Table 2).

The association of objectively measured PA and time in
sedentary behaviors using different cut points, accelerometer
locations, andmetrics (i.e., Hildebrand-ENMOwrist, Hildebrand-
ENMO hip, Chandler-Counts wrist, Romanzini-Counts hip, and
Evenson-Counts hip) with global FA and global MD metric is
shown in Supplemental Digital Content 2 (Table, Supplemental
Digital Content 2, Association of objectively measured PA and
Medicine & Science in Sports & Exercise® 1221
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TABLE 1. Participants’ characteristics (n = 103).

Mean or Pct. SD or No.

Sex (%, no.)
Boys 59.2 61
Girls 40.8 42

Age (yr) 10.02 1.15
PHV (yr) −1.92 1.03
Weight (kg) 56.04 11.30
Height (cm) 144.21 8.58
BMI (kg·m−2) 26.72 3.62
Intelligence (Test-KBIT) 48.00 25.07

Values are expressed as means ± SD, unless otherwise indicated.
Test-KBIT, The Kaufman Brief Intelligence Test.

FIGURE 1—Association of objectively measured total PA, light PA, and
moderate-to-vigorous PA with global FA using different cut points, accel-
erometer location, and metrics (n = 85). MVPA, moderate-to-vigorous
PA; Total PA, light PA + MVPA.
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sedentary behavior with global FA and MD metrics using differ-
ent cut points, accelerometer location, and metrics (n = 85), http://
links.lww.com/MSS/B844). Using single regressionmodels, only
when Hildebrand-ENMO hip cut points were used for analyses,
light PA (β = 0.273, P = 0.016), moderate-to-vigorous PA
(β = 0.257,P = 0.035), and total PA (β = 0.294, P = 0.013) were
positively associated with global FA (Fig. 1).

The association of self-reported and objectively measured
PA and sedentary behavior with tract-specific FA and MD is
shown in Table 3. Overall, no associations were found between
self-reported and objectively measured PA and sedentary be-
havior variables and tract-specific FA and MD (all, P > 0.05).

The association of self-reported and objectively measured
PA and sedentary behavior with global RD and global AD is
shown in Supplemental Digital Content 3 (Table, Supplemen-
tal Digital Content 3, Association of PA and sedentary time
(Hildebrand-ENMO hip cut points) with global RD and AD,
http://links.lww.com/MSS/B845). Overall, objectively measured
total PA was negatively associated with global RD (β = −0.236,
P = 0.044) and playing videogames was negatively associated
with global AD (β = −0.254, P = 0.028). In addition, when cate-
gorically subdividing the sample based on television viewing
levels (i.e., not watching television, less than 1 h, between 2
and 3 h, and more than 3 h), the subgroup watching television
more than 3 h showed lower global FA compared with those
who did not watch television (mean difference, 1.026; P = 0.049)
or watched television less than 1 h (mean difference, 1.091;
P = 0.034; Figure, Supplemental Digital Content 4, differences
in global FA metric according to watching television groups,
http://links.lww.com/MSS/B846). Lastly, when we included
TABLE 2. Association of self-reported PA and sedentary behavior with global FA and MD
(n = 89).

Global FA Global MD

β P β P

Total PA 0.236 0.038 −0.144 0.190
PA at school 0.179 0.109 −0.192 0.071
PA outside of school 0.183 0.103 −0.042 0.695

Time in sedentary behaviors 0.087 0.425 −0.148 0.154
Watching television −0.270 0.014 0.134 0.210
Videogames −0.179 0.146 −0.070 0.552

Single linear regression models were adjusted for sex, PHV, BMI (in kilograms per meter
squared), and IQ. P values were set at <0.05. High FA corresponds to preferential diffusion
along one direction and indicates a high level of tissue organization; highMD corresponds to
relatively unimpeded water diffusion and indicates regions of low tissue organization). β
Values show standardized regression coefficients. Statistically significant values are shown
in bold (P < 0.05), and borderline significant values are shown in italics and bold (P < 0.1).

1222 Official Journal of the American College of Sports Medicine
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the adherence to the Mediterranean diet and SES into the
model, all results were virtually the same (data not shown).

Partial correlations adjusted for sex, PHV, BMI, and IQ be-
tween self-reported and objectively measured total PA and
time in sedentary behavior variables in overweight/obese chil-
dren are shown in Supplemental Digital Content 5 (Table,
Supplemental Digital Content 5, Partial correlations adjusted
for sex, PHV, BMI, and IQ between total self-reported and ob-
jectively measured PA and time in sedentary behavior vari-
ables in overweight/obese children, http://links.lww.com/
MSS/B847). Briefly, the correlation between self-reported to-
tal PA and objectively measured total PA is lower but remains
significant (all, P < 0.023). However, self-reported time in sed-
entary behavior and objectively measured time in sedentary
behavior are not correlated with each other (all, P > 0.991).
DISCUSSION

The aim of the present study was to examine the associa-
tions of objectively measured and self-reported PA and seden-
tary behavior with white matter microstructure in children
with overweight or obesity. Overall, self-reported total PA
was positively associated with global FA. This association
was confirmed by the objective measures of PA but only
when Hildebrand-ENMO hip cut point was used for analyses.
Therefore, more studies are needed to corroborate these find-
ings because of the controversy about the optimal and appro-
priate cut points used to test the association of objectively
measured PA and time in sedentary behaviors with white mat-
ter microstructure (24–28). In addition, watching television
was negatively associated with global FA. Lastly, no associa-
tions were found between self-reported and objectively mea-
sured PA and sedentary behavior variables and tract-specific
FA and MD.

Total self-reported PA was associated with global FA but
not with tract-specific FA. Therefore, it seems that the associ-
ation between PA and FA might be more global than focal to
specific tracts. Previous literature investigated the effect of
http://www.acsm-msse.org
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TABLE 3. Self-reported PA and sedentary behavior with tract-specific FA and MD.

Self-Reported PA and Sedentary Behavior (n = 103) Objectively Measured PA and Time in Sedentary Behaviors (Hildebrand, ENMO Hip, n = 99)

Total PA Watching Television Total PA Light PA Moderate-to-Vigorous PA Time in Sedentary Behaviors

FA MD FA MD FA MD FA MD FA MD FA MD

Cingulate gyrus part of cinguluma −0.069 −0.078 −0.029 0.044 0.149 −0.202 0.132 −0.183 0.133 −0.178 0.073 0.081
Corticospinal tract 0.031 −0.093 −0.153 0.103 −0.056 −0.007 −0.105 −0.003 0.018 −0.011 0.071 −0.003
Inferior longitudinal fasciculus 0.072 −0.086 −0.132 0.074 0.071 −0.118 0.035 −0.096 0.099 −0.118 0.113 −0.001
Superior longitudinal fasciculus 0.180 −0.046 −0.140 0.011 0.140 −0.018 0.075 0.046 0.189 −0.094 −0.015 0.037
Uncinate fasciculus −0.130 −0.039 −0.001 0.115 0.042 −0.082 0.095 −0.080 −0.035 −0.065 0.014 −0.022
Forceps major 0.028 −0.039 −0.086 0.137 −0.017 0.017 −0.027 0.008 0.000 0.024 0.003 0.114
Forceps minor 0.050 −0.121 0.069 −0.018 −0.016 0.123 0.058 0.150 −0.105 0.062 −0.070 −0.164

Linear regression model was adjusted for sex, PHV, BMI (in kilograms per meter squared), and IQ. Objectively measured PA was additionally adjusted for daytime. Values are standardized re-
gression coefficients (β).
aIn the cingulate gyrus part of cingulum, n = 89 (self-reported PA and watching television) and n = 85 (objectively measured PA and time in sedentary behaviors). False discovery rate (Benjamini–
Hochberg method) was used to adjust for multiple comparisons. Correction for multiple comparisons was based on seven tracts, two DTI metrics, and six PA and time in sedentary behavior
domains, for a total of 84 tests.
β, standardized regression coefficients; Total PA = light PA + moderate-to-vigorous PA.
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structured PA and tract-specific FA in children and adolescents,
but the relationship with global FA remains less explored. For
instance, an 8-month exercise intervention showed that, com-
pared with controls, overweight children in the exercise group
increased FA in sections of the uncinate fasciculus (16) and su-
perior longitudinal fasciculus (17). Moreover, another 9-month
exercise intervention showed that, compared with controls,
those children who participated in the exercise program showed
increased FA in the genu of the corpus callosum (18). These
intervention studies contribute to the understanding of how in-
creased levels of structured PA relate to white matter develop-
ment in children. However, it is also important to understand
the relationship between daily PA and white matter in the ab-
sence of an intervention. For instance, in adult populations,
previous literature found that light PA was positively associ-
ated with FA in the temporal lobe (47). In addition, Strömmer
and colleagues (48) found that higher levels of unstructured
PA were associated with FA in anterior white matter tracts,
namely, the genu of the corpus callosum, uncinate fasciculus,
anterior limb of the internal capsule, and external capsule (48).
Collectively, it is difficult to draw conclusions from this lim-
ited literature, which largely focused on the effect of structured
PA in white matter microstructure during childhood, omitting
unstructured PA (e.g., outdoor play, active commuting, and
sport participation) in children, which is the concept investi-
gated in this study. In addition, future studies should examine
whether PA (i.e., structured and unstructured PA) is associated
with global DTI metrics.

To the best of our knowledge, this is the first study to inves-
tigate the relationship between PA and white matter microstruc-
ture using both self-reported and objective measurements of
PA. Inconsistent associations were found between objectively
measured PA variables (i.e., total PA, light PA, MVPA) and
white matter microstructure in children with overweight or obe-
sity. Therefore, although our findings suggest that self-reported
PA is associated with white matter microstructure in overweight/
obese children, these results should be cautiously interpreted
because these associations are limited by the measurement
tools (i.e., self-reports vs accelerometry), and the cut points
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used (i.e., hip- and wrist-based cutoff points for the ENMO
metric by Hildebrand et al. (24,25), wrist-based cutoff points
for counts metric by Chandler et al. (26), and hip-based cutoff
points for counts metric by Romanzini et al. (27) and Evenson
et al. (28)). Similar discrepancies with respect to objectively
measured and self-reported PA have been found with aca-
demic achievement variables in young people. For instance,
Marques and colleagues (49) found inconsistencies in their
systematic review between PA and academic achievement,
particularly when PA was measured by accelerometry. There
are numerous possibilities for this inconsistency, for instance,
the lack of consensus among researchers with regard to the
body attachment site (i.e., hip or wrist in the majority of stud-
ies) or acceleration metrics used (50). In addition, it could be
argued that accelerometers located in the wrist are more sensi-
tive to activities that require movements in the upper limbs,
whereas accelerometers located on the hip are more sensitive
to activities that require a movement of the center of mass,
but there is no conclusive information published in this regard.
Furthermore, the choice of cut points to categorize sedentary
behavior and PA intensity results in dramatic differences on
PA quantification, as has been tested with this sample else-
where (29). The different patterns of sedentary behavior and
PA identified from the hip and wrist and from the different
cut points could be related differently to white matter micro-
structure. Unfortunately, because we do not have a criterion
measure, we cannot know which of these measures of PA is
more accurate. In this context, our report of PA and time in
sedentary behavior using different approaches for processing
accelerometry data might provide more comprehensive con-
clusions and the possibility of enhancing the comparability
of our results with potential future studies.

It was found that watching television, but not self-reported
and objectively measured total time in sedentary behaviors
(any waking behavior characterized by an energy expenditure
≤1.5 metabolic equivalents, while sitting, reclining, or lying)
was negatively associated with global FA in overweight/
obese children. Interestingly, there is limited evidence to con-
clude whether associations between sedentary behavior and
Medicine & Science in Sports & Exercise® 1223
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brain outcomes are explained by the specific type of sedentary
behavior (e.g., watching television and playing videogames)
versus time in sedentary behaviors. However, there are previous
studies on this topic focusing on academic achievement and cog-
nition. For instance, Esteban-Cornejo and colleagues (51) found
that time spent in screen-based activities, but not objectively
measured time in sedentary behaviors, may impair academic per-
formance in youth. Furthermore, they found time spent in doing
homework/study without computer and reading for fun were
positively associated with academic achievement, whereas low
studying–high television/video patterns were negatively asso-
ciated with academic achievement. Therefore, it seems reason-
able to speculate that non–screen-based sedentary behavior
(i.e., reading a book, painting, studying) and recreational
screen time (i.e., watching television and playing videogame)
might be differentially related to white matter microstructure
in children with overweight or obesity. Future studies should
examine the associations between different sedentary be-
haviors (e.g., reading a book vs watching television) and
white matter microstructure in children, and confirm or contrast
our findings.

Although we found that PA and watching television were
associated with global FA, we did not observe associations
with MD in children with overweight or obesity. Thus, other
tissue differences may explain these associations. For instance,
decreased levels of brain-derived neurotropic factor, a 14-kDa
neurotrophin involved in the growth and healthy maintenance
of neurons (52), might influence white matter microstructure.
PA is known to increase brain-derived neurotropic factor levels
in the central nervous system (53) and consequently may im-
prove white matter microstructure. Another possible explana-
tion is that exercise stimulates the growth of new capillaries,
which are critical for the transport of nutrients to neurons (54).
On the other hand, mental health might be another potential
psychosocial mechanism through which PA might be related
to white matter microstructure in children. In this context, a re-
cent study found that higher ratings for externalizing and inter-
nalizing symptoms predicted smaller increases in global FA
over time (8). A recent review of reviews showed that PA has
a positive effect on mental health in children and adolescents
(55), which consequently might improve white matter micro-
structure at these ages. Alternatively, the behavioral mechanism
hypothesis proposes that changes in white matter resulting
from PA and sedentary behavior are mediated by changes
in relevant and associated behaviors. For instance, evidence
indicates that specific sedentary activities, such as television,
are associated with poor dietary behaviors (e.g., unhealthy
snacking/overconsumption of food and high-energy drinks),
which might have a negative effect on white matter microstruc-
ture development during childhood (56). Therefore, although
the association between PA and sedentary behavior with white
matter microstructure should be confirmed in future research,
based on previous evidence from children and animal models,
the positive associations between PA, sedentary behavior, and
white matter microstructure in overweight/obese children seem
to be neurologically and biologically plausible.
1224 Official Journal of the American College of Sports Medicine
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Key strengths of the current study are the inclusion of neu-
roimaging data, and both objective (using different cut points,
accelerometer locations, and metrics) and self-reported mea-
surements to assess PA and sedentary behavior. Despite the
named limitations, we consider the measurement of PA and
sedentary behavior using accelerometers to be a strength of
the present study. However, because we do not have a criterion
measure, we cannot know which of these measures of PA is
more accurate. In addition, self-reported measures remain a
valuable tool for understanding how different types of seden-
tary behavior and PA settings are related to health outcomes
such as white matter microstructure. In addition, several limi-
tations require discussion. First, its cross-sectional design does
not allow us to draw temporal associations. Second, we fo-
cused only on overweight and obese children, which limits
the generalizability of our findings to the entire range of the
BMI distribution. Third, voxel size was a 4-mm-section
nonisotropic voxel (1.8� 1.8� 4 mm3). Therefore, FA could
be underestimated in regions containing crossing fibers (i.e.,
superior longitudinal fasciculus). On the other hand, the FA
measured in regions without crossing fibers (i.e., corticospinal
tract) is not prone to underestimation (57). Four, previous
studies have found that physical exercise has a positive effect
on white matter microstructure in crucial (e.g., motor) circuits
in children (18). However, our tract-specific approach did not
have tract-specific masks for all brain regions. For instance,
we did not encompass the corpus callosum outsize of the for-
ceps major and forceps minor fiber bundles. Then, future works
using different approaches are needed to explore whether un-
structured PA is also related to greater white matter microstruc-
ture in other brain regions (18). Lastly, our study relied on
watching television and playing videogames as indicators of
screen time. However, advances in technology (e.g., availability
of hand-held media devices and social media) compared with
the construct of purely passive watching television further un-
derscore the importance of maintaining well-characterizedmea-
sures of screen time, as differing amounts/types or content of
screen time could influence the brain differently.
CONCLUSION

Total PA was positively associated with global FA in chil-
dren with overweight or obesity; however more studies are
needed to corroborate these findings because of the controversy
about the optimal and appropriate cut points used to test the as-
sociation of objectively measured PA and time in sedentary be-
haviors with white matter microstructure. Among the sedentary
behaviors assessed, watching television was negatively associ-
ated with global FA. Although longitudinal data are necessary
to more concretely decipher the temporality of these associa-
tions, we suggest that PA and watching television might be re-
lated to white matter microstructure in children with overweight
or obesity. Lastly, mediation models are needed to identify the
mechanisms (i.e., neurobiological, psychological, and behav-
ioral) responsible for any changes in white matter microstruc-
ture resulting from PA and sedentary behavior.
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