
An Eight Month Randomized Controlled Exercise Intervention
Alters Resting State Synchrony in Overweight Children

Cynthia E. Kraffta, Jordan E. Piercea, Nicolette F. Schwarza, Lingxi Chia, Abby L.
Weinbergera, David J. Schaefferb, Amanda L. Rodriguea, Jazmin Camchongc, Jerry D.
Allisond, Nathan E. Yanasakd, Tianming Liue, Catherine L. Davisf,g, and Jennifer E.
McDowella,b,g

aPsychology Department, University of Georgia. Psychology Building, University of Georgia,
Athens, GA 30602, U.S.A.

bNeuroscience Department, University of Georgia. Psychology Building, University of Georgia,
Athens, GA 30602, U.S.A.

cNeurobehavioral Research, Inc. 1585 Kapiolani Blvd, Suite 1030, Honolulu, HI 96814, U.S.A.

dRadiology Department, Medical College of Georgia, Georgia Regents University. 1102 15th

Street, Augusta, GA 30912, U.S.A.

eComputer Science Department, University of Georgia. 415 Boyd Graduate Studies Research
Center, University of Georgia, Athens, GA 30602, U.S.A.

fGeorgia Prevention Center and Pediatrics Department, Medical College of Georgia, Georgia
Regents University. Georgia Prevention Center, HS-1640, Augusta, GA 30912, U.S.A.

Abstract

Children with low aerobic fitness have altered brain function compared to higher-fit children. This

study examined the effect of an 8-month exercise intervention on resting state synchrony. Twenty-

two sedentary, overweight (body mass index ≥ 85th percentile) children 8–11 years old were

randomly assigned to one of two after-school programs: aerobic exercise (n=13) or sedentary

attention control (n=9). Before and after the 8-month programs, all subjects participated in resting

state functional magnetic resonance imaging scans. Independent components analysis identified

several networks, with four chosen for between-group analysis: salience, default mode, cognitive

control, and motor networks. The default mode, cognitive control, and motor networks showed

more spatial refinement over time in the exercise group compared to controls. The motor network

© 2013 IBRO. Published by Elsevier Ltd. All rights reserved.
gCorresponding authors. Phone numbers: Jennifer McDowell: (706) 542-2174. jemcd@uga.edu. Catherine Davis: (706) 721-4534.
cadavis@gru.edu..
Cynthia Krafft: krafft@uga.edu. Jordan Pierce: jepierce@uga.edu. Nicolette Schwarz: schwarz@uga.edu. Lingxi Chi:
lingxi@uga.edu. Abby Weinberger: abbywein@uga.edu. Amanda Rodrigue: alr4655@uga.edu. David Schaeffer: djschaef@uga.edu.
Jazmin Camchong: jcamchong@nbresearch.com Jerry Allison: jallison@gru.edu. Nathan Yanasak: nyanasak@gru.edu. Tianming
Liu: tliu@cs.uga.edu.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
Neuroscience. Author manuscript; available in PMC 2015 January 03.

Published in final edited form as:
Neuroscience. 2014 January 3; 256: 445–455. doi:10.1016/j.neuroscience.2013.09.052.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



showed increased synchrony in the exercise group with the right medial frontal gyrus compared to

controls. Exercise behavior may enhance brain development in children.
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Childhood obesity in the U.S. has tripled over the past 30 years (Ogden et al., 2012). Altered

brain function and lower cognitive performance on a variety of tasks have been found in

obese compared to leaner children (Bruce et al., 2011; Davis and Cooper, 2011; Yau et al.,

2012). High adiposity and low fitness are often associated with one another (Ortega et al.,

2008). Because cross-sectional studies of obesity often do not control for fitness (and vice

versa), it is possible that studies reporting differences related to obesity might be

confounded with low fitness. Exercise may improve children's brain function and

development (Institute of Medicine, 2013) and in fact, fitness and exercise have been shown

to benefit at least two specific aspects of children's higher-order cognition: memory and

cognitive control (CC). Better relational memory performance as well as more accurate and

less variable performance on CC tasks have been observed in higher-fit compared to lower-

fit children (Chaddock et al., 2010; Chaddock et al., 2011; Wu CT et al., 2011). Children

who are higher-fit also have shown altered brain function on CC tasks compared to lower-fit

children (Chaddock et al., 2012; Voss et al., 2011). Furthermore, randomized controlled

exercise trials have provided evidence that exercise leads to better memory and CC

performance, as well as altered activation on CC tasks in children (Davis et al., 2007; Davis

et al., 2011; Krafft et al., In press; Monti et al., 2012).

These relationships between fitness and higher-order cognition have been investigated by

several studies to date using task-based functional magnetic resonance imaging (fMRI). A

distinct but complementary technique that can be used to investigate brain function from a

different perspective is task-free “resting state” fMRI (rsfMRI), during which data are

acquired while participants are asked only to maintain a relaxed, wakeful state. Spontaneous

blood oxygenation level-dependent (BOLD) signal changes during resting state reflect

coherence in the functional organization of the brain (Fox and Raichle, 2007). Patterns of

BOLD signal synchrony can reveal networks of regions that show co-activation. Despite the

fact that rsfMRI does not involve a task, there is evidence that differences in resting state

synchrony reflect a predisposition to utilize cognitive resources in a different manner during

task-based activity (Rubia, In press; Kannurpatti et al., 2012).

A number of co-activated brain regions have been identified and labeled as distinct resting

state networks (RSNs). Similar core regions exist in both adults and children (Beckmann et

al., 2005; Biswal et al., 1995; Gordon et al., 2011), although RSNs in children are more

diffuse and become more specialized and focal as they mature (Jolles et al., 2011; Stevens et

al., 2009). Little is known about the relationship of resting state brain function with exercise,

adiposity or fitness. Several of these networks are implicated in higher-order cognitive

processes that have been altered by exercise, and indeed have shown differences in
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synchrony after exercise or between obese and lean participants (García-García et al., In

press; Kullmann et al., 2012; Voss et al., 2010).

One network potentially associated with fitness and/or adiposity is the default mode network

(DMN), which is likely important for memory (Buckner et al., 2008). The DMN is the most-

studied RSN and is hypothesized to support self-referential processing (Kim, 2010), which

includes functions such as autobiographical memory retrieval, considering the perspective of

others, and envisioning the future (Buckner et al., 2008). This network generally consists of

several distinct nodes: anterior cingulate cortex and medial prefrontal cortex, posterior

cingulate cortex and precuneus, and bilateral inferior parietal regions. In one study, obese

adults showed higher precuneus and lower right anterior cingulate functional synchrony as

compared to lean participants (Kullmann et al., 2012), which the authors interpreted as

possibly disrupted integration of cognitive and emotional stimuli. A study of older adults

found that aerobic exercise training decreased synchrony between the DMN and a frontal

executive network. This result indicates that these separate networks show greater

differentiation after exercise training, which may be beneficial in older adults, who tend to

show decreased specificity of functional brain networks as they age (Voss et al., 2010).

Given the growing evidence showing that CC performance and associated brain activation

are different at various fitness levels (Wu CT et al., 2011; Colcombe et al., 2004; Voss et al.,

2011) and that CC processes are particularly sensitive to exercise (Colcombe and Kramer,

2003), the CC network was of interest in this study. The CC network primarily includes

frontal and parietal regions (Vincent et al., 2008). Another network related to CC processes

is the salience network, putatively involved in assessing the relevance of internal and

external stimuli in order to redirect attention to salient stimuli. It includes dorsal anterior

cingulate and orbital fronto-insular cortices (Seeley et al., 2007), a network that has been

altered in obesity. In one report, adults with obesity showed lower synchrony between the

salience network and the putamen as compared to lean adults. García-García et al. (In press)

suggested that this decrease could contribute to overeating through an imbalance between

autonomic and reward processing of food stimuli.

All three of the RSNs mentioned above (DMN, CC, and salience) are putatively involved in

higher-order cognitive processes that have been affected by obesity or fitness. A network

involved in more basic processes that also may be affected by fitness or exercise is the

motor network. Its main nodes are the bilateral primary motor cortices, along with

supplementary motor cortex, thalamus, putamen, and cerebellum (Barber et al., 2012). Like

the salience network, the motor network includes the insula, which is hypothesized to

mediate interoceptive awareness (e.g., cravings) and thus could be implicated in obesity

(Jastreboff et al., 2013; Mehta et al., 2012). Few studies thus far have investigated how

exercise per se affects the motor network; however, there is evidence that skilled motor

training affects synchrony with this network. For instance, training in sequential finger

movements in one study caused altered synchrony with right postcentral gyrus and bilateral

supramarginal gyri (increasing as behavioral performance improved, and decreasing later

once there was no more further improvement in behavioral performance; Ma et al., 2011). In

addition, training in a dynamic balance task caused increased synchrony between prefrontal,

supplementary motor, and parietal areas (Taubert et al., 2011). It is possible that other
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complex motor training – for example, participation in a supervised aerobic exercise

program, including activities such as basketball and jump rope – could alter motor circuitry

synchrony.

A growing body of literature suggests that resting state synchrony is altered with excess

weight or lower fitness, although few studies have investigated these effects in children. The

current study used a randomized controlled trail with assignment of overweight children to 8

months of either exercise training or a sedentary control condition. It was hypothesized that

exercise training would alter resting state synchrony as compared to sedentary control group

in four networks: DMN, CC, salience, and motor. Specifically, based on evidence that

exercise causes more mature, efficient patterns of brain activation (Chaddock-Heyman et al.,

2013; Krafft et al., In press), we hypothesized that exercise would cause decreased

synchrony between these resting state networks and brain regions outside of those networks,

reflecting more specialized and focal patterns of resting state synchrony.

2. Experimental Procedures

2.1. Participants

Participants (N = 37) were a subset of children in a larger randomized trial (N = 175), who

were recruited from public schools around Augusta, GA and were eligible if they were 8-11

years old, overweight (BMI ≥ 85th percentile; Ogden et al., 2002), and inactive (no regular

physical activity program ≥ 1 hr/week). Exclusions included any medical condition that

would limit physical activity or affect study results (including neurological or psychiatric

disorders). Children and parents completed written informed assent and consent in

accordance with the Human Assurance Committee of the Medical College of Georgia. Each

child's parent or guardian reported the child's age, sex, race, and health status. Parents also

reported their own educational attainment, which was used as an index of socioeconomic

status (1 = grade 7 or less; 2 = grades 8-9; 3 = grades 10-11; 4 = high school graduate; 5 =

partial college; 6 = college graduate; 7 = post-graduate). The study took place at the Georgia

Prevention Center at the Medical College of Georgia.

Resting state fMRI data were collected for 37 children at baseline before randomization to

one of the two groups and 22 were scanned at post-test. Of the 15 participants lost after

baseline, 4 refused to participate before randomization, 2 refused to continue partway

through post-test MRI data collection (both from the control group), 8 dropped out during

the course of the study (3 from the exercise group, 5 from the control group), and 1 was

ruled out based on a neurological anomaly observed in the MRI scan (from the control

group). The exercise group contained 16 children at baseline and 13 at post-test. The control

group contained 17 children at baseline and 9 at post-test. The 10 children who participated

in at least a portion of the study but refused to provide post-test rsfMRI data did not

significantly differ from the participants in any of the baseline characteristics (variables

listed in Table 1). Participants were included in analysis only if they had both baseline and

post-test MRI data, resulting in a total of 22 participants (exercise group n=13, control group

n=9). Characteristics of the sample are provided in Table 1.
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2.2. Intervention

Participants were assigned randomly to one of two conditions, both of which were offered

for 40 min/day: aerobic exercise or sedentary attention control. Randomization (balanced by

race, sex, and school) was performed by the study statistician and concealed until after

baseline testing was completed, at which point the study coordinator informed the families.

Both groups were offered an after school program every school day for approximately 8

months (average number of days offered = 135, SD = 9). All participants were offered bus

transportation after school to the Georgia Prevention Center where they spent half an hour

on supervised homework time each day. All participants were provided with a snack each

day. Lead instructors were rotated between the two groups every two weeks and assistants

were rotated between the two groups every week. Both groups could earn points that were

redeemed for small prizes weekly for performing desired behaviors. The reward schedule

was periodically calibrated to keep the rewards offered to the groups similar.

The aerobic exercise group engaged in instructor-led aerobic activities (e.g., tag and jump

rope). They wore heart rate monitors every day (S610i; Polar Electro, Oy, Finland) with

which they could monitor their own performance and from which data were collected daily.

Points in the exercise group were earned for an average daily heart rate above 150 beats per

minute (bpm), with more points for higher average heart rates. 150 bpm was used as the goal

for several reasons. This is an easily translatable public health approach that could be

implemented with children anywhere, with no VO2 testing required. The variation in 70% of

predicted maximum heart rate in children (220 – age) in this age range is only 2 bpm (146 –

148 bpm). We have successfully utilized this approach in previous studies to elicit a

substantial dose of vigorous activity which improved aerobic fitness and reduced adiposity

and diabetes risk, as well as improving executive function and achievement (Davis et al.,

2011; Davis et al., 2012). We have found that this criterion permits every child, however fit,

to maintain interest in participating. Finally, heart rate is a physiological index of effort that

calibrates to a child's level of fitness such that as their fitness improves, more effort is

required to achieve a given heart rate. Thus, it is fair across children that vary in fitness and

keeps children moving at an appropriate, vigorous intensity. Participants in the exercise

group had an average heart rate of 164 beats per minute (SD =10) during the intervention.

The attention control group engaged in instructor-led sedentary activities (e.g., art and board

games). Points in the control group were earned for participation and good behavior.

2.3. Data Collection and Analysis

2.3.1. Cognitive data—The Cognitive Assessment System (CAS), a standardized

individual assessment of children's cognitive processes, was administered (Naglieri and Das,

1997). The Full Scale score of the CAS takes into account the four scales of the test

(Planning, Attention, Simultaneous and Successive processing), each of which include 3

subtests. Analysis of this variable was conducted in SPSS Version 20 (IBM, Armonk, NY).

A group by time ANOVA was conducted to investigate whether the groups significantly

differed in how they changed over time.

2.3.2. MRI parameters—Images were acquired at the Medical College of Georgia on a

GE Signa Excite HDx 3 Tesla MRI system (General Electric Medical Systems, Milwaukee,
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WI). For all MRI scans, head positions were stabilized with a vacuum pillow and/or foam

padding. High-resolution T1-weighted structural brain images were acquired using a 3D

FSPGR protocol (repetition time (TR) = 9.436 ms, echo time (TE) = 3.876 ms, flip angle =

20°, field of view (FOV) = 240 × 240 mm, acquisition matrix = 512 × 512, 120 contiguous

axial slices, in-plane voxel dimensions = 0.469 × 0.469 mm, slice thickness = 1.3 mm, total

scan time = 3 min, 33 sec). For resting state functional scans, one run was acquired during

which participants were instructed to keep their eyes closed without falling asleep (TR =

5000 ms, TE = 25 ms, flip angle = 90°, FOV = 256 × 256 mm, acquisition matrix = 128 ×

128, 60 interleaved axial slices, in-plane voxel dimensions = 2 × 2 mm, slice thickness = 2.4

mm [for all scans except 6 participants at baseline, who had a slice thickness of 2 mm], 112

volumes). A TR of 5000 ms was determined to be necessary to collect 60 slices. The first

four volumes were discarded to allow for scanner stabilization. Each functional run was

collected obliquely, with the slices aligned to the superior margin of the participants’

anterior commissure and the inferior margin of the posterior commissure.

2.3.3. MRI data analysis—Resting state fMRI analyses were conducted using FMRIB

Software Libraries (FSL; (Jenkinson et al., 2012)) and Analysis of Functional Neuroimages

(AFNI; (Cox, 1996)). Standard preprocessing (which has been previously used in other

resting state studies; Camchong et al., In press) was applied in FMRIB Software Libraries

(FSL version 5.0.1; Oxford, United Kingdom) for each subject. It consisted of motion

correction using MCFLIRT (Jenkinson et al., 2002), non-brain removal using BET (Smith,

2002), spatial smoothing (full-width at half-maximum [FWHM] = 4 mm), grand-mean

intensity normalization, and high-pass temporal filtering (.01 Hz). Due to the 5000 ms TR,

slice time correction was not conducted, as the interpolation involved becomes less accurate

with a TR over approximately 3000 ms and because there is evidence that this analysis step

has a minimal impact on resting state data (Wu CW et al., 2011). Registration was carried

out using FLIRT (Jenkinson et al., 2002; Jenkinson and Smith, 2001), with which each

resting run was aligned to each individual's T1-weighted structural MR image, transformed

into a standardized space based on a publicly available template created for 7-11 year olds in

MNI space (Fonov et al., 2011; Fonov et al., 2009), and resampled to 2 × 2 × 2 mm voxels.

Data were inspected for excessive motion but no participants showed an average absolute

motion greater than 1 mm of a shift in any of the three planes; therefore, no participants

were excluded from analysis due to excessive motion. In order to limit any effect of smaller

movements, probabilistic independent component analysis (PICA; Beckmann and Smith,

2004) was conducted as implemented in FSL's MELODIC for each participant to denoise

individual data. Components that represented noise were selected by spatial and temporal

characteristics as detailed by Kelly et al. (2010) including head motion (which appeared as

“rim-like” artifacts around the brain) or scanner artifacts (such as slice dropouts, high-

frequency noise, and field inhomogeneities) and removed. A group by time ANOVA

conducted to look for difference in the sum of percent of total variance accounted for by

components removed showed no group by time interactions in noise, F(1, 20) = .542, p = .

470. In addition, six motion timecourses representing estimated motion in each plane

(rotation and shift in x, y, and z planes) for each individual were removed.
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A between-subject analysis was carried out using a dual regression approach that allows for

voxel-wise comparisons of resting functional synchrony (Filippini et al., 2009; Westlye et

al., 2011; Zuo et al., 2010). First, preprocessed functional data for each subject (22

participants at both baseline and post-test, yielding 44 functional runs) were temporally

concatenated across subjects to create a single 4D (three spatial dimensions × time) dataset.

The concatenated dataset was decomposed using ICA to identify large-scale patterns of

functional synchrony in the sample. The inclusion of all participants at both timepoints in

the ICA analysis is in accordance with previously published rsfMRI studies using similar

analyses (Licata et al., 2013; Martínez et al., In press). Thirty spatially-independent

components were identified using automatic dimensionality estimation. Components of

interest were selected using spatial correlation against a set of maps derived from a previous

resting state study in children (Thomason et al., 2011). This method for selecting

components of interest has been used in previous resting state studies (Camchong et al.,

2011). The comparison maps were defined as follows: masks for four networks were created

by generating regions of interest (ROIs; spheres of 10-mm radius) with centers of mass

based the coordinates reported by the previous study (see Table 2). The four networks were

default mode, salience, cognitive control, and motor. These networks were selected due to

previous evidence suggesting that their associated cognitive processes are altered at different

weight or fitness levels (Chaddock et al., 2012; García-García et al., In press; Kullmann et

al., 2012; Taubert et al., 2011). The exercise and control groups did not differ in their mean

effect (or representation) to any of these four components at either baseline or post-test (p >

0.29). These four masks were then spatially correlated with all 30 components automatically

estimated by MELODIC, and the component that had the highest spatial correlation with

each mask was selected for further analysis. A dual regression technique was used to

identify, within each subject's fMRI dataset, subject-specific temporal dynamics and

associated spatial maps. This technique involves two steps. First, the full set of group-ICA

spatial maps is used in a linear model fit (spatial regression) against each individual's fMRI

dataset. This step results in a matrix for each participant describing that individual's

temporal dynamics for each ICA component. In the second step, each individual's matrix

resulting from the first step is used in a linear model fit (temporal regression) against their

own fMRI dataset to estimate the participant's spatial maps for each component. These

subject-specific spatial maps resulting from dual regression analysis were then transformed

into z-maps for group comparison (similarly to previous studies; Camchong et al., 2011).

Further group analysis was conducted using AFNI. In order to illustrate the networks that

were selected, a one-sample t-test was performed across the individual z-maps

corresponding to each component of interest for all participants at both baseline and post-

test. These one-sample t-tests were thresholded at a voxelwise uncorrected p < .0001 for

display purposes due to the large number of significant voxels. To investigate group by time

changes in functional synchrony, a two-way group (exercise, control) by time (baseline,

post-test) repeated measures ANOVA was performed using the individual z-maps. Results at

p < .025 are reported. To protect against false positives, a threshold/cluster method derived

from Monte Carlo simulations (accounting for the smoothness of the data and with a

synchrony radius of 2 mm) was applied to the F-map (Ward, 1997). Based on these

simulations, a family-wise alpha of 0.05 was preserved with three-dimensional clusters with
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a minimum volume of 169 voxels. The resulting clustered F-maps were used to identify

regions with significant differences.

3. Results

3.1. Cognitive Performance

There was not a significant group by time interaction in CAS Full Scale scores. The groups

also did not differ significantly at baseline on any of the characteristics listed in Table 1. The

groups did not differ significantly in the percentage of days they attended the program out of

the number of days offered (t(20) = .849, p = .406), with the groups attending an average of

3.4 days per week (M = 68% attendance, SD = 25%).

3.2. Salience Network

The salience network collapsed across group and time is illustrated in Figure 1. The group

by time ANOVA showed no significant group by time interactions in functional synchrony

with this network.

3.3. Default Mode Network

The default mode network collapsed across group and time is illustrated in Figure 2. The

group by time ANOVA showed a significant interaction in the left middle occipital gyrus,

extending into left cuneus, superior temporal gyrus, and posterior cingulate (shown in blue).

In this region, the exercise group showed decreased synchrony over time compared to the

control group. See Table 3 and Figure 2 for details.

3.4. Cognitive Control Network

The cognitive control network collapsed across group and time is illustrated in Figure 3. The

group by time ANOVA showed a significant interaction in the bilateral cingulate extending

into bilateral precuneus, and in the right culmen. In both of these regions, the exercise group

showed decreased synchrony over time compared to the control group. See Table 3 and

Figure 3 for details.

3.5. Motor Network

The motor network collapsed across group and time is illustrated in Figure 4. The group by

time ANOVA showed a significant interaction in the right medial, superior, and middle

frontal gyri (where the exercise group showed increased synchrony compared to the control

group), and in the left cuneus (where the exercise group showed decreased synchrony

compared to the control group). See Table 3 and Figure 4 for details.

4. Discussion

Resting state synchrony, which reflects coherence in the functional organization of the brain

independent of task performance, showed significant alterations due to exercise training that

generally supported a pattern of greater specialization. These alterations were observed in

overweight children randomized to an exercise intervention as compared to children

assigned to a control condition over the course of 8 months. Results showed a pattern of
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decreased synchrony after exercise training with three resting state networks (with the sole

exception of increased synchrony between the motor network and a frontal region). Previous

studies suggest that a general pattern of refined synchrony (decreased between-network

synchrony and increased within-network synchrony) reflects more mature, specialized, and

efficient RSNs (Fair et al., 2007; Jolles et al., 2011; Kelly et al., 2009; Lopez-Larson et al.,

2011; Stevens et al., 2009).

The developmental literature suggests an interesting pattern of resting state synchrony

spatial refinement throughout development. There is evidence that RSNs are more

specialized in young adults when compared to adolescents or children. Compared to adults,

children show resting state networks that are defined more by anatomical proximity,

whereas adults show patterns that are more associated with functional relationships (Fair et

al., 2009). Networks in adults typically involved comparatively more long-range synchrony

within the resting state networks but lower synchrony between separate networks, as well as

lower synchrony between resting state networks and less functionally related regions (Jolles

et al., 2011; Stevens et al., 2009). In this study, it is possible that exercise decreased

influences between cognitive control, motor, and other networks, or simply that the

networks became more specialized as a result of exercise. Lower mutual influences between

networks may reflect greater flexibility in processing (Stevens et al., 2009) in that less

synchrony between brain regions that do not have strong functional relationships with one

another may allow them to act more independently to meet cognitive demands. Flexible use

of strategies is one aspect of CC; CC has been improved by exercise in a previous

randomized controlled trial (Davis et al., 2011). Although this interpretation needs to be

further examined in longitudinal studies, it provides novel support for cross-sectional task-

based work suggesting that children who are more fit exhibit greater flexible modulation of

CC processes (Pontifex et al., 2010).

Decreased synchrony due to exercise was found in the DMN, which is hypothesized to

support processes related to memory and self-referential processing (Kim, 2010), including

autobiographical memory retrieval, considering the perspective of others, and envisioning

the future (Buckner et al., 2008). The exercise group showed more refined synchrony

associated with this network in the posterior cingulate, which is an important hub (Greicius

et al., 2003). The decreased synchrony occurred outside the extent of activation of the

posterior cingulate in the group map. A decrease in synchrony indicates that synchrony in

this region became more focal and refined from baseline to post-test in the exercise group.

The DMN also showed decreased synchrony in the exercise group with a visual region.

Decreased synchrony was found with the middle occipital gyrus, which has been implicated

in spatial localization (Renier et al., 2010), and the cuneus, which is important for

comparatively basic visual processing and has been identified as a central hub of the visual

RSN (Tomasi and Volkow, 2011). Finally, decreased DMN synchrony was seen in the

superior temporal gyrus, which is part of an auditory RSN that has been identified in both

children and adults (Cole et al., 2010; Thomason et al., 2011). Together, decreased

synchrony in these regions seems to suggest that children in the exercise group show more a

refined DMN over time as compared to the control group, including less synchrony with

other distinct RSNs.
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Refinement of RSNs was supported again by the CC network analysis, which showed

decreased synchrony with the bilateral cingulate and precuneus after exercise. The cluster

where a significant interaction was seen overlaps spatially with the CC network that was

found in this study, possibly indicating that children in the exercise group demonstrated

more specialized or focal synchrony of the CC network over time. Since the cingulate and

precuneus are involved in both the CC and DMN networks, another possible interpretation is

that synchrony between these two networks changed with exercise (Greicius et al., 2003).

This difference is similar to an effect that was found in a previous study of older adults,

where aerobic exercise training decreased synchrony between an executive network and the

DMN (Voss et al., 2010), possibly leading to greater regulation between networks.

Similarly, decreased synchrony was found between the CC network and the right

cerebellum. This region is part of the CC network identified in at least one study in children

(Gordon et al., 2011); however, the region that was found is similar to a region that has been

identified as part of the salience network in adults (Habas et al., 2009). Overall, the exact

network membership of the areas which show group by time differences in synchrony with

the CC network is not yet clarified, as they may be involved in one or more networks, or

perhaps shift roles during development. Therefore, the issue of whether exercise decreases

inter-network synchrony or whether the CC network becomes more focal due to exercise has

yet to be determined. Both processes may be at play and present topical questions for future

studies. The pattern of change over the course of the intervention, however, is similar to that

of the DMN analysis, with the exercise group showing decreased synchrony over time.

Exercise caused decreased synchrony once more in the motor RSN. The decreased

synchrony with this network was seen in the cuneus, which supports basic visual processing

and is a central hub of the visual RSN (Tomasi and Volkow, 2011). While the motor

network showed decreased synchrony in the exercise group with the cuneus, it was the only

RSN to also show an opposing pattern of increased synchrony within the exercise group.

This increase was found in frontal regions, including right medial frontal, middle frontal,

and superior frontal gyri. These regions are associated with working memory and spatial

attention (Hopfinger et al., 2000; Kirschen et al., 2005; Lepsien et al., 2005; McCarthy et al.,

1996; Ptak and Schnider, 2011) and may be involved in regulating execution of complex

motor sequences (Rao et al., 2008). For instance, increased synchrony between motor cortex

and middle frontal gyrus has been related to improved motor recovery in stroke patients

(Park et al., 2011). Additional evidence that this increase in synchrony is beneficial comes

from a study of motor learning, where enhanced motor learning in young adults was related

to increased synchrony between dorsolateral prefrontal cortex and supplementary motor area

(Lin et al., 2012). The relationship between synchrony of these regions and motor

performance is not yet clarified in children but our results indicate that this is an interesting

area for further study. Another possible interpretation in the motor network is that because it

includes the insula, interoceptive awareness (i.e., cravings) may be altered (Mehta et al.,

2012). An increase in synchrony between frontal regions and this network may reflect

greater top-down control of these processes in children assigned to the exercise group.
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4.1. Conclusions

The results of this 8 month randomized controlled trial assessing the impact of an aerobic

exercise condition in comparison to a rigorous control condition suggest that exercise per se

causes decreased resting state synchrony associated with default mode, cognitive control,

and motor networks in overweight children. Importantly, in this study, the results of the

exercise intervention stand apart from nonspecific influences of an after school program

(such as adult attention, interaction with peers, and snacks).

There are limitations of this study, including the relatively small sample size. These detailed

imaging results were available for a subset of participants from a larger study powered to

detect effects of exercise on cognition, fatness, and fitness. This study is one of the first to

investigate effects of exercise on resting state synchrony in children and as such should be

replicated with larger sample sizes. Another potential limitation is the relatively long TR

(five seconds). This is unlikely to be a major limitation, however, given evidence that

temporal resolution minimally influences resting state synchrony (Van Dijk et al., 2010).

Evidence from the developmental literature (Jolles et al., 2011; Stevens et al., 2009)

suggests that refinement of resting state networks is often advantageous (though not always;

see Gaffrey et al., 2012). The development of more specialized RSNs seen in the exercise

group following the 8 month intervention is consistent with the pattern that is found in

typical development. More specialization may allow for greater flexibility in neural

recruitment (Stevens et al., 2009), a pattern which has been observed in task-based studies of

fitness and effects of exercise (Pontifex et al., 2011). It is of note that the control group

showed an increase in synchrony in brain regions where the exercise group showed a

decrease. A potential interpretation is that the control group increased synchrony over time

within specific brain regions as they developed a pattern of excessive synchrony associated

with obesity. Cross-sectional studies in both adolescents and adults have indicated that obese

participants show greater synchrony between various brain regions compared to their

healthier peers (Nummenmaa et al., 2012; Olde Dubbelink et al., 2008). Future studies

should compare the longitudinal development of brain function in obese and healthy weight

children to investigate these possible differences in developmental trajectories. The only

increase in synchrony was found in the motor network, which is involved in acquisition of

motor skills (and may allow for better regulation of complex motor skills in the future; Lin

et al., 2012). Another possibility is that altered synchrony with the motor network reflects

altered regulation of interoceptive processing (with potential effects for food cravings;

Jastreboff et al., 2013; Mehta et al., 2012).

Task-free resting state fMRI can be an important tool for investigating benefits of exercise

for other reasons, as well. It can inform structural imaging findings, as functional synchrony

has been associated with structural connectivity in previous studies, although there is

evidence that function-structure relationships become more stable as children mature

(Supekar et al., 2010). It also can serve as an efficient proxy for task-based functional

imaging studies. Kannurpatti et al. (2012) have shown that resting state fMRI predicts both

voxel level and individual subject level responses during task-based fMRI. Thus, resting

state fMRI data can be useful in cases in which it is challenging to obtain task-based fMRI
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data. The ability to evaluate brain activation via functional networks in children by using a

relatively simple resting state acquisition is less complicated than requiring stimulus

presentation and task performance during data acquisition in the scanner.

Youth obesity is on the rise. As such, identification and evaluation of interventions that

counteract any disadvantageous effects of overweight are critically important. The results

from the current randomized controlled trial suggest that exercise may be a simple and

effective intervention to cause more developed patterns of brain function which may

enhance neurocognitive outcomes. Conversely, children's brain development may be

adversely affected by a sedentary lifestyle.
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EXERCISE ALTERS RSFMRI SYNCHRONY IN CHILDREN

• Children were randomized to 8 months of aerobic exercise or a control program

• Three resting state networks (RSNs) showed greater refinement after exercise

• The motor network showed increased synchrony within a frontal brain region

• Exercise may cause more mature patterns of RSN synchrony in overweight

children
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Figure 1.
Salience network. Axial slices (top left z = -26 through bottom right z = 62, spacing = 8 mm) displaying the salience network

across all participants and both time points. Scale indicates z-value. The background anatomical image is the pediatric template

that was used during alignment and is shown using radiological convention.
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Figure 2.
Default mode network. Axial slices (top left z = -26 through bottom right z = 62, spacing = 8 mm) displaying the default mode

network across all participants and both time points. Scale indicates z-value. The arrow points to the left middle occipital gyrus,

which showed a significant group by time interaction. The region is blue, indicating that the exercise group showed decreased

synchrony with the DMN over time compared to the control group. The background anatomical image is the pediatric template

that was used during alignment and is shown using radiological convention.
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Figure 3.
Cognitive control network. Axial slices (top left z = -26 through bottom right z = 62, spacing = 8 mm) displaying the cognitive

control network across all participants and both time points. Scale indicates z-value. Arrow 2 points to the right culmen and

arrow 3 points to the cingulate, both of which showed significant group by time interactions. Both regions are blue, indicating

that the exercise group showed decreased synchrony with the cognitive control network over time compared to the control

group. Where the clusters overlap with the cognitive control network, the overlap is in green. The background anatomical image

is the pediatric template that was used during alignment and is shown using radiological convention.
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Figure 4.
Motor network. Axial slices (top left z = -26 through bottom right z = 62, spacing = 8 mm) displaying the motor network across

all participants and both time points. Scale indicates z-value. Arrow 4 points to the left cuneus and arrow 5 points to the right

medial frontal gyrus, both of which showed significant group by time interactions. The left cuneus is blue, indicating that the

exercise group showed decreased synchrony with the motor network over time compared to the control group. The right medial

frontal gyrus is red, indicating that the interaction was in the opposite direction, with the exercise group showing increased

synchrony with the motor network over time compared to the control group. The background anatomical image is the pediatric

template that was used during alignment and is shown using radiological convention.
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Table 1

Baseline Characteristics of Participants Included in Analysis

Characteristic Exercise group Control group

n 13 9

Age (years) 9.5 (0.6) 9.6 (0.9)

Female 77% 56%

Black 100% 89%

Left-handed 8% 22%

Cognitive score (CAS Full Scale SS) 94.2 (7.3) 95.9 (8.9)

Parental education scale 4.8 (1.0) 4.3 (1.4)

Mean and SD, where applicable. CAS = Cognitive Assessment System. SS = Standard Score.
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Table 2

MNI coordinates used to generate regions of interest

Network Region x y z

Default mode Posterior cingulate 5 −53 10

Medial frontal gyrus −2 57 −6

Right angular gyrus 49 −64 22

Salience Right insula 39 19 2

Left insula −43 12 2

Anterior cingulate −2 16 38

Cognitive control Right middle frontal gyrus 49 32 18

Superior medial frontal gyrus 1 29 46

Right posterior parietal cortex 36 −75 46

Left inferior parietal cortex −51 −53 54

Motor Left precentral gyrus −58 −15 38

Right precentral gyrus 63 −15 38
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Table 3

Significant Clusters in the Whole-Brain Group by Time Analysis of Synchrony with Each Resting State

Network

Anatomical location Direction of synchrony change over
time (in exercise group with respect

to control group)

MNI coordinates of center
of mass (x,y,z)

Voxels

Salience network

No significant group by time interactions

Default mode network

1. Left middle occipital gyrus, extending into left cuneus,
superior temporal gyrus, and posterior cingulate

Exercise decreased 28, 73, 14 291

Cognitive control network

2. Right culmen, extending into right cerebellar tonsil Exercise decreased −17, 47, −32 424

3. Bilateral cingulate, extending into bilateral precuneus Exercise decreased 8, 44, 37 625

Motor network

4. Left cuneus Exercise decreased 10, 72, 12 181

5. Right medial frontal gyrus, extending into right superior
and middle frontal gyri

Exercise increased −4, −66, 18 247

Neuroscience. Author manuscript; available in PMC 2015 January 03.


