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Abstract

One of the keys to understanding scholastic success is to determine the neural processes
involved in school performance. The present study is the first to use a whole-brain connec-
tivity approach to explore whether functional connectivity of resting state brain networks is
associated with scholastic performance in seventy-four 7- to 9-year-old children. We dem-
onstrate that children with higher scholastic performance across reading, math and lan-
guage have more integrated and interconnected resting state networks, specifically the
default mode network, salience network, and frontoparietal network. To add specificity, core
regions of the dorsal attention and visual networks did not relate to scholastic performance.
The results extend the cognitive role of brain networks in children as well as suggest the
importance of network connectivity in scholastic success.

Introduction

Scholastic performance during childhood can predict success in later years, including success
in vocational, graduate, and professional studies [1, 2]. Performance on academic subjects
such as mathematics and reading are monitored by standardized tests to determine educa-
tional program effectiveness, school funding, and academic placement. The quantification and
prediction of scholastic success are important to maximize the potential of today’s youth.

One of the keys to understanding academic success is to determine the cognitive and neural
processes that are involved in scholastic performance [3, 4]. Yet relatively little is known about
the neurocognitive correlates of scholastic performance. Cognitive processes related to scho-
lastic performance include general cognitive ability [5], intelligence [6], processing speed [7]
and goal-directed executive control function [3, 8], particularly working memory and inhibi-
tion [8-10]. Recently, an event-related brain potential (ERP) that reflects neural activity
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involved in attention [11] and cortical gray matter thickness in the frontal cortex [12] have
been found to relate to scholastic achievement.

The present study is the first to use a whole-brain connectivity approach to explore whether
functional connectivity of resting state brain networks is associated with scholastic perfor-
mance in 7- to 9-year-old children. The brain is organized into multiple, overlapping networks
comprised of regionally separate but temporally connected brain regions. Functional connec-
tivity is a promising approach for characterizing the nature of interactions among brain
regions by considering brain areas not as independent, but rather as part of a larger context, as
coordinated brain systems that support higher-level cognitive abilities [13]. Resting state func-
tional connectivity methods measure the temporal coherence between spatially remote brain
regions during wakeful rest [14]. For example, two regions with a positive correlation in signal
over time are said to have high functional connectivity, and regions uncorrelated or negatively
correlated are thought to be in separate, and sometimes competing, brain networks [15, 16].
Resting state connectivity has been shown to be a reliable method for measuring brain net-
works in children [17]. Each resting state network plays a role in behavior and cognition [18,
19] and, in fact, functional networks in resting state data closely resemble brain networks dur-
ing task activation conditions [20]. The examination of the association between scholastic per-
formance and functional connectivity patterns may provide insight into how
neurodevelopmental processes support school achievement during childhood.

Normative maturation of functional brain networks helps provide a context to formulate
predictions. In general, children show less integration of associated brain systems relative to
adults [21-23], and the functional brain networks in children are more diffuse and undifferen-
tiated than adult networks [23-25]. From childhood to adulthood, short-range cortical con-
nections begin to develop into longer-range connections [23, 26-28]. Some of these previous
studies are limited because they do not reveal brain-behavior relationships. In the present
study, we test the relationship between resting state functional connectivity and school-based
metrics in 7- to 9-year-old children.

We predicted that higher scholastic performance would be associated with greater func-
tional connectivity of well-established brain networks that support higher-level cognitive func-
tions [29]. Specifically, we focused on the default mode, salience, frontoparietal and dorsal
attention networks, large-scale brain networks that require efficient communication between
the frontal cortex and the rest of the brain [29]. As a control analysis, we also examined con-
nectivity differences in the visual system, which is engaged in lower level visual processing. We
predicted that functional connectivity differences between higher and lower academic per-
formers were specific to higher-level brain networks.

Methods

Children were recruited from schools in East-Central Illinois. Eligible participants were
required to (1) be 7- to 9-years-old, (2) have an absence of school- related learning disabilities
(i.e., individual education plan related to learning), adverse health conditions, physical inca-
pacities, or neurological disorders, (3) qualify as prepubescent (Tanner pubertal timing score
<2) [30], (4) report no use of medications that influence central nervous system function, (5)
demonstrate right handedness (as measured by the Edinburgh Handedness Questionnaire)
[31], (6) complete a mock MRI session successfully to screen for claustrophobia in an MRI
machine, and (7) sign an informed assent approved by the Institutional Review Board of the
University of Illinois at Urbana-Champaign. A legal guardian also provided written informed
consent in accordance with the Institutional Review Board of the University of Illinois at
Urbana-Champaign. The guardian was asked to provide information regarding participants’
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socioeconomic status (SES), as determined by: (1) participation in free or reduced-price lunch
program at school, (2) the highest level of education obtained by the mother and father, and
(3) number of parents who worked full-time [32]. Participants also completed the Woodcock
Johnson III paper and pencil task of General Intellectual Ability to assess intelligence quotient
Q) [33].

The Institutional Review Board of the University of Illinois at Urbana-Champaign
approved the present study. The MRI scans were obtained at the Biomedical Imaging Center
of the Beckman Institute of the University of Illinois. Children completed the scholastic perfor-
mance assessment on a separate day, and testing occurred in a quiet, sound attenuated room
in a one-on-one setting. Children were compensated $15/ hour for MRI testing and $10/ hour
for the neuropsychological testing. The present study included seventy-four children (44 girls
and 30 boys, mean age = 8.7 years, age range 7.8-9.9 years, grades 2-5). See Table 1 for partici-
pant information.

Scholastic performance

Scholastic performance was assessed with subtests from the Kaufman Test of Educational
Achievement, Second Edition [34]. Standardized scores (Mean = 100, SD = 15) for reading
(word recognition and reading comprehension) and mathematics (math concepts and applica-
tions and math computation), written language (written expression), and oral language (listen-
ing comprehension) were determined. A total scholastic achievement composite variable was
calculated as word recognition + reading comprehension + math concepts and applications

+ math computation + written expression + listening comprehension. Kaufman Test of Educa-
tional Achievement, Second Edition subtests have very high internal consistencies, inter-rater
reliabilities, and internal validity (r = 0.91-0.97).

Table 1. Participant information.

Variable Mean (SD, range)

N 74 (44 females)

Age (years) 8.66 (0.577,7.8-9.9)
Tanner® 1.38 (0.474, 1-3)

SES" (median) 1.93 (0.800, 1-3)

IQ° (standard score) 110.54 (12.76, 78-148)
Total Scholastic Performance® (composite) 111.45 (14.448, 86-154)
Word Recognitiond (standard score) 112.17 (12.65, 80-139)
Reading Comprehensiond (standard score) 110.85 (13.99, 80-148)
Math Concepts and Applica'[ionsd (standard score) 108.36 (14.33, 80-150)
Math Computationd (standard score) 109.14 (16.70, 79-160)
Written Expressiond (standard score) 105.72 (16.21, 40-134)
Listening Comprehensiond (standard score) 107.65 (13.55, 64-138)
Word Recognitiond (standard score) 112.18 (12.65, 80-139)

*Pubertal timing assessed using a modified Tanner Staging System [30].

PSocioeconomic Status. SES was determined by the creation of a trichotomous index based on three variables: child
participation in a free or reduced-price meal program at school, the highest level of education obtained by the child’s
mother and father, and the number of parents who worked full-time [32].

“Woodcock Johnson III task of General Intellectual Ability. Standard score based on a mean of 100 and a standard
deviation of 15.

dKaufman Test of Educational Achievement

https://doi.org/10.1371/journal.pone.0190073.t001
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Specifically, the word recognition subtest involved pronouncing words of gradually increas-
ing difficulty. The reading comprehension subtest involved reading words and pointing to the
corresponding picture, acting out the action of words, and answering questions about reading
passages. The math concepts and application subtest consisted of basic math concepts such as
comparing numbers and rounding numbers, as well as problems requiring algebra, calculus,
and trigonometry (88 items). The math computation subtest was a paper and pencil test
involving the addition, subtraction, multiplication, and division of whole numbers and frac-
tions (72 items). The written expression subtest involved writing tasks in the context of an age-
appropriate storybook format. The listening comprehension subtest involved listening to pas-
sages (played via CD) and then orally responding to questions asked by the examiner.

Resting state functional brain networks

Imaging data acquisition. T2*-weighted resting state images were acquired with a fast
echo-planar imaging (EPI) sequence with Blood-oxygen-level dependent (BOLD) contrast
(TA [acquisition time] = 4 minutes 6 seconds, TR = 2s, TE = 25ms, flip angle = 90 degrees, 36
3.0 mm-thick slices acquired in ascending order, Grappa acceleration factor = 2, 92 x 92
matrix resolution, voxel size 2.6 x 2.6 x 3.0). Participants were asked to lay still with eyes closed
during the resting state scan.

To assist with registration, high-resolution structural MR scans were acquired using a 3D
MPRAGE (Magnetization Prepared Rapid Gradient Echo) T1-weighted sequence with 0.9
mm isotropic resolution (TR = 1900 ms; TE = 2.32 ms; TI = 900 ms [repetition/echo/inversion
times]). All images were collected on a Siemens Magnetom Trio 3T whole-body MRI scanner
with 12-channel receiver head coil (Siemens Medical Solutions; Erlangen, Germany).

Imaging data analysis. All imaging processing and analyses were carried out with a script
library containing tools from FSL 5.0.4 (Functional Magnetic Resonance Imaging of the
Brain’s Software Library, http://www.fmrib.ox.ac.uk/fsl), AFNI (http://afni.nimh.nih.gov/
afni), FreeSurfer (http://surfer.nmr.mgh.harvard.edu), and MATLAB (The MathWorks,
Natick, MA, USA) [35, 36]. Voxels containing non-brain tissue were stripped from the T1
structural images using FSL’s BET (Brain Extraction Technique) algorithm [37]. Each skull-
stripped anatomical image was inspected.

For the resting state fMRI data, a six degree-of-freedom rigid-body head motion correction
was applied to the fMRI data via AFNI’s 3dvolreg function, which produced six parameters of
head motion (root-mean-squares of translational and rotational movement: X, Y, Z, pitch, roll,
and yaw directions) for subsequent regression of spurious variance. Non-brain tissue was
removed using BET, and spatially smoothing using a 6.0 mm three-dimensional Gaussian ker-
nel of full-width at half-maximum was applied. The pre-processed time series data were tem-
porally filtered using AFNI’s 3dBandpass to ensure that the fMRI data fell within the frequency
band of .008 < f < 0.08 Hz. This helps reduce unwanted noise such as high frequency physio-
logical signals (e.g., cardiac pulse) and low frequency scanner drift. The frequency band was
chosen to best represent the spontaneous, low frequency fluctuation of the BOLD fMRI signal
in the brain [38, 39].

Following temporal filtering, the mean time series was extracted from three sources of non-
neuronal variance: white matter signal from a region in white matter structure, cerebrospinal
fluid signal from a region in the lateral ventricle, and the global signal derived from a whole-
brain mask. These nuisance signals were used as covariates to control for artifacts in the brain
that may confound functional connectivity outcomes. With these three nuisance signals, the
six head motion parameters obtained from the rigid body motion correction were bandpassed
with the same temporal filter applied to the fMRI data and included as nuisance regressors
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[40]. Together, the nine bandpassed nuisance regressors (white matter, CSF, global, and
motion parameters) were entered into a multiple regression as independent variables predict-
ing the resting state fMRI data as a dependent variable using FSL’s FEAT tool.

Finally, using the residual time series data following the nuisance regression, volumes con-
taining excessive head motion were scrubbed following a procedure described by Power and
colleagues [41]. In general, motion-contaminated volumes above a frame-wise displacement
threshold of 0.5 mm that coincided with BOLD signal changes were removed from subsequent
functional connectivity analyses. On average, 1.4 + 2.7 volumes were scrubbed, equivalent to
1.2 + 2.3% of total volumes, which affected 18 of the 74 children included in the analysis. The
whole-brain exploratory analysis based on the correlation of network seeds and all other voxels
in the brain (described below) was performed on the cleaned time series data.

Our regions of interest (ROIs) for the targeted approach were derived from a group-level
independent components analysis (ICA) that was applied to the pre-processed resting state
fMRI data using FSL’s MELODIC with automatic dimensionality estimation. This data-driven
analysis method decomposed the resting state fMRI data into 20 independent spatiotemporal
components (IC) (Fig 1). Of the 20 ICs, we identified 6 ICs as cognitively relevant resting state
networks that are established in the literature [17, 29, 42]: 1) anterior default mode network
(DMN), 2) posterior DMN, 3) dorsal attention network (DAN), 4) left frontoparietal network
(FPN), 5) right frontoparietal network (FPN), and 6) salience network (SAL). We also identi-
fied 1 IC resembling a sensory-related network: visual network (VIS). The remaining 14 ICs,
which were excluded from our analyses, were deemed as nuisance artifacts or components not
directly relevant to our hypotheses. See Fig 1 for the group ICA components included in the
present study, and see S1 Fig for all group ICA components.

Guided by theory, we selected a core set of ROIs that strongly anchored each network and
constructed 14-mm diameter spheres centered on each ROI’s peak coordinates in standard
MNI (2 mm) space (Table 2) [43]. We parcellated each IC into distinct functional-anatomical
clusters by performing a step-wise thresholding procedure beginning at Z > 2.33. For each IC,
we increased the z-statistic until noncontiguous clusters emerged that reflected distinct regions
known to comprise each network across studies in the existing literature. For example, for the
DMN, this procedure parcellated the map into the dorsal medial prefrontal cortex, medial pre-
frontal cortex, left and right angular gyrus, left and right posterior cingulate cortex, left and
right precuneus, and left and right superior frontal gyrus. Then, from these clusters, we located
the peak statistical voxel in regions known to anchor each network (Table 2) [13, 36, 44, 45].
Finally, for each network, we merged these anchoring regions to form one network core mask
(represented by black spheres in Fig 1) from which a mean timeseries across the regions was
extracted for subsequent seed-based functional connectivity analyses.

Individual EPIs were registered to high-resolution structural T1 space using the boundary-
based registration (BBR) algorithm [46]. Registration of the EPIs from individual high-resolu-
tion structural space to standard MNI space was accomplished by FNIRT nonlinear registra-
tion with the default 10 mm warp resolution [47, 48]. The two resulting transformations were
concatenated and then applied to the original functional image to create a functional image in
standard MNI space; a reverse transform was used to register the seeds from standard MNI
space to each participant’s native functional space.

Our primary aim was to characterize scholastic achievement-related differences in func-
tional connectivity between each network core and voxels throughout the brain. For each par-
ticipant, we conducted seed-based voxel-wise analyses using the network core masks as
initiating seeds. First, the network masks were registered to native (functional) space using the
transform described above. Then, we computed Pearson’s correlations between each seed’s
mean time series and the time series at each voxel throughout the brain in native EPI space,
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Fig 1. Illustration of group ICA that decomposed resting state fMRI data into independent spatiotemporal components, with core network
ROIs. We identified ICs as cognitively relevant resting state networks and selected core ROIs that anchored each network (black spheres). Anterior
and posterior DMN components were combined into one DMN network. DMN core: Posterior cingulate cortex (PCC), medial prefrontal cortex
(mPFC); DAN core: Intraparietal sulcus (IPS), frontal eye field (FEF); SAL core: Anterior prefrontal cortex (aPFC), dorsal anterior cingulate cortex
(dACC), anterior insula / frontal operculum (alns/FO); FPN core: Middle frontal gyrus / dorsolateral prefrontal cortex (MFG), parietal lobule
(inferior [IPL], superior [SPL]; VIS: Occipital pole (V1). The sample-specific template was derived from the group ICA, with each participant
contributing a resting state scan to the ICA analysis (see Methods).

https://doi.org/10.1371/journal.pone.0190073.9001

aPFC

alns/FO

PLOS ONE | https://doi.org/10.1371/journal.pone.0190073  January 24, 2018 6/16


https://doi.org/10.1371/journal.pone.0190073.g001
https://doi.org/10.1371/journal.pone.0190073

iggl’L‘)S;|ONE

Academics and brain networks

Table 2. The core set of ROIs that anchored each network in order to characterize the associations between scho-
lastic performance and functional connectivity between each network core and voxels throughout the brain.

Network Description of anatomical region MNI coordinates (x,y,z)
DMN Posterior cingulate cortex L:-6-54 20, R: 6-54 20
DMN Medial prefrontal cortex -2 50-4

DAN Intraparietal sulcus L: 40-38 44, R: 40-38 36
DAN Frontal eye field L:-36-10 52, R: 26-8 54
SAL Anterior prefrontal cortex L: -30 46 32, R: 30 50 32
SAL Dorsal anterior cingulate cortex 02632

SAL Anterior insula / Frontal operculum 1:-38164,R:34228
FPN Middle frontal gyrus / dorsolateral prefrontal cortex L:-50 14 32 R: 44 14 50
FPN Inferior parietal lobule R: 52-50 50

FPN Superior parietal lobule L: -38-66 50

VIS Occipital pole L:-6-92 8, R: 10-90 8

https://doi.org/10.1371/journal.pone.0190073.t002

resulting in a correlation map in which each voxel was designated a Pearson’s correlation coef-
ficient representing the strength of correlation with the core seed. These whole-brain correla-
tion maps were converted into z-score maps using a Fisher’s r-to-z transformation, resulting
in subject-level Fisher’s z maps displaying voxels throughout the brain that were correlated
with each ROP’s resting BOLD signal.

In preparation for group-level analyses, each subject-level voxelwise map was registered
from native EPI space to the MNI152 template (2 mm resolution) by applying the (previously
computed) EPI-to-MNI transform matrices. Once in standard space, the seed maps from indi-
vidual subjects were concatenated to form a 4D image file (subject as the fourth dimension),
and this 4D group image was input to group-level analyses using mixed-effects modeling as
implemented in FSL’s flameo [49]. For each network, we tested whether individual differences
in scholastic performance were related to individual differences in functional connectivity
between the network’s core circuit and all other voxels in the brain. The mixed-effects model
included demeaned scholastic performance scores as the variable of interest and covariates of
no interest (SES, IQ). Multiple comparisons for the resulting group-level statistical maps were
controlled by thresholding group contrast maps at Z>2.33, with cluster correction of p < 0.05
[50].

Results

Scholastic performance was not associated with age, sex, or pubertal timing (all r <0.16,
p>0.05). Given a significant association between total scholastic performance and SES
(r=10.258, p = 0.027), and total scholastic performance and IQ (r = 0.735, p<0.001), SES and
IQ were included as covariates in all whole-brain regression models.

For each network, we tested the positive association between total scholastic performance
and functional connectivity between the network’s core circuit and all other voxels in the brain
in a mixed effects whole-brain model. The whole-brain results demonstrated that higher scho-
lastic performance was positively associated with greater functional connectivity between
DMN core regions (posterior cingulate cortex, medial prefrontal cortex) and inferior frontal
cortex and lateral occipital cortex (Fig 2, Table 3). Higher scholastic performance was posi-
tively associated with greater functional connectivity between SAL core regions (anterior pre-
frontal cortex, dorsal ACC, anterior insula/frontal operculum) and the precuneus (Fig 2,
Table 3). Higher scholastic performance was positively associated with greater functional con-
nectivity between FPN core regions (middle frontal gyrus/dorsolateral prefrontal cortex,
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Fig 2. Total scholastic achievement-related differences in functional connectivity between each network core and voxels throughout the brain, via a
mixed effects whole-brain model using FSL’s flameo. We illustrate positive associations (red/yellow clusters) between total scholastic performance and
functional connectivity with core network regions (white spheres [Fig 1]). The red/yellow clusters represent the brain regions that children with higher
scholastic achievement integrate into each functional brain network. Significant clusters survive threshold of Z > 2.3 and p < 0.05, corrected for multiple
comparisons.

https://doi.org/10.1371/journal.pone.0190073.9002
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Table 3. Peak coordinates and Z-scores of significant clusters that correlate with functional connectivity within
each network core. e.g., Children with higher scholastic performance show greater functional connectivity between
the DMN core (posterior cingulate cortex and medial prefrontal cortex) and inferior frontal cortex and lateral occipital
cortex.

Network Description of anatomical region MNI coordinates (x,y,z) (Z score)
DMN Left inferior frontal cortex -3840 14 (Z = 3.75)

DMN Right inferior frontal cortex 36422 (Z=3.51)

DMN Lateral occipital cortex -36-86 26 (Z = 3.48)

SAL Precuneus -6-52 48 (Z-3.79)

FPN Superior frontal cortex -18 58 36 (Z = 3.85)

FPN Inferior temporal cortex -42-10-36 (Z =4.3)

FPN Lateral occipital cortex -32-78 32 (Z = 3.98)

https://doi.org/10.1371/journal.pone.0190073.t003

superior and inferior parietal lobule) and superior frontal cortex, inferior temporal cortex, and
lateral occipital cortex (Fig 2, Table 3). We did not observe significant associations between
scholastic performance and functional connectivity in the DAN or VIS network. We included
the peaks of all significant clusters (Table 3) as well as representative scatterplots of the associa-
tions between total scholastic performance and functional connectivity (Fig 3). See S2 Fig for
associations between scholastic performance by specific academic subject (written language,
mathematics, reading) and functional connectivity.

Discussion

The present study is the first to suggest an association between functional connectivity of rest-
ing state brain networks and scholastic performance in 7- to 9-year-old children. Children
with higher total scholastic performance across reading, math and written and oral language
have more integrated and interconnected resting state networks, specifically in the default
mode network, salience network, and frontoparietal network. Specifically, children with higher
scholastic performance show greater functional connectivity between the DMN core (posterior
cingulate cortex and medial prefrontal cortex) and inferior frontal cortex and lateral occipital
cortex, greater functional connectivity between the SAL core (anterior prefrontal cortex, dorsal
anterior cingulate cortex, anterior insula/frontal operculum) and precuneus, and greater func-
tional connectivity between the FPN core (middle frontal gyrus/dorsolateral prefrontal cortex,
superior and inferior parietal lobule) and superior frontal cortex, inferior temporal cortex, and
lateral occipital cortex. These associations were circuit specific such that core regions of the
DAN and VIS networks did not relate to scholastic performance.

The results extend the cognitive role of brain networks in children by demonstrating an
association between resting state functional connectivity and scholastic achievement. The
DMN, SAL, and FPN are known to play a role in executive function (e.g., attention, inhibition)
[51-55]. Executive function is linked to academic success [3,8]. In particular, successful school
performance and problem solving are said to involve working memory, the ability to hold rele-
vant information in mind for efficient and effective comprehension [8, 9, 56], as well as inhibi-
tion, the ability to ignore irrelevant information and inhibit inappropriate responses [57].
Indeed, networks that relate to school performance are implicated in these executive processes.
For example, DMN activity is known to facilitate cognitive control, which includes working
memory, inhibition, and cognitive flexibility [58, 59]. We are the first to extend the role of the
DMN to include scholastic performance. Further, developmental changes in the DMN are not
uniform across nodes [60]. Convergent evidence from structural and functional connectivity
analyses suggest that connectivity between the posterior cingulate cortex and medial prefrontal
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Fig 3. Representative scatterplots of the associations between total scholastic performance and functional
connectivity. For each participant, we calculated functional connectivity between the core ROIs of the brain network
with the significant brain region in the whole-brain flameo result.

https://doi.org/10.1371/journal.pone.0190073.9003
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cortex along the cingulum bundle is the most immature connection of the DMN in children
[60]. The results of the present study suggest that children with higher scholastic performance
have a more functionally connected posterior cingulate-frontal circuit. It is possible that chil-
dren with higher scholastic performance show a shift toward a more adult state of functional
organization [60].

We also report that scholastic performance relates to functional connectivity of a team of
executive control networks (SAL and FPN). The SAL network is known to be important for
sustained task-set maintenance, error feedback for tuning top-down control, and maintaining
associations between actions and outcomes [61, 62]. In other words, this network detects sti-
muli that are consistent with behavioral goals (i.e., salience) and then facilitates the involve-
ment of attentional and working memory resources via recruitment of other large-scale brain
networks [51, 55]. The FPN supports goal-directed cognition by directing attention to salient
stimuli and maintaining relevant data in mind until actions are selected [52]. Using this frame-
work, it is possible that higher scholastic performers, with increased functional connectivity in
the SAL network, may be better able to detect behaviorally relevant information. The fronto-
parietal executive network of higher achievers may also be more qualified to direct attention
and memory processes, and to exert top-down control to execute an appropriate behavioral
response, which results in higher scholastic performance.

Our results suggest a unique association between academic skills and functional connectiv-
ity of specific regions, rather than global effects across all brain networks. We do not demon-
strate associations between achievement and connectivity within the DAN or VIS networks.
The DAN, centered on the dorsal posterior parietal and frontal cortex, is known to play a role
in the control of visual and spatial attention [63, 64]. The network is involved in both prepara-
tory elements of cognitive selection of sensory information, as well as response and action
selection, such that the network sends top-down signals regarding the processing of relevant
stimulus features while taking into account goals and existing information. Our study suggests
that functional connectivity with core areas of this network, particularly the intraparietal sul-
cus and frontal eye field, are not significantly related to scholastic performance in 7- to 9-year-
old children. As predicted, scholastic performance did not relate to connectivity within the
visual network (occipital pole).

Until recently, links between school achievement and executive control functions have
mostly been explored via task performance or in-class observation [65, 66]. It is important to
understand the role of brain health. Here, we build upon previous work using neuroelectric
indices of attention and inhibition [11] and brain structure of the frontal cortex [12] by exam-
ining the role of functional connectivity of brain networks in scholastic success. Functional
brain networks may be another pathway involved in school performance during development.
Future research should investigate the specific associations among academic skills, executive
control, and brain function and structure, as well as examine these associations across time.
For example, one study demonstrated that functional connectivity and brain structure in fron-
tal, parietal and temporal cortex at age 8 predicted gains in numerical abilities across the next 6
years [67]. Remarkably, behavioral measures of academic performance did not predict these
longitudinal gains [67]. Our work provides a platform for additional researchers to examine
how brain function and brain structure [68] relate to academic skills across a larger age range
of children (given that our age range was limited to 7- to 9-year-old children). Furthermore, as
our voxel-wise analyses were dependent on, and limited to, regions derived from a data-driven
analysis, which allowed us to test targeted questions about the associations between scholastic
performance and cognitively- and clinically-relevant functional networks [35, 36], future work
may test whether sub-systems within or across brain networks are more involved in academics
than the larger networks. In addition, as we applied a broad network level approach, graph
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theory could provide insight into specific connections between regions that relate to scholastic
performance.

In conclusion, there are important implications of exploring the associations between brain
health and scholastic performance, as standardized test performance can determine funding
and effectiveness of educational programs as well as forecast a student’s future scholastic suc-
cess [1, 2]. We show that functional connectivity of resting state brain networks has important
scholastic implications in 7- to 9-year-old children, thereby extending our understanding of
how neurodevelopmental processes support school success during childhood.

Supporting information

S1 Fig. Illustration of all components in group ICA. We labeled the ICs as: (1) Sensory-
Motor Network, (3) Primary Visual Network, (4) Thalamus, (5) Secondary Visual, (6) DAN*,
(7) Auditory, (9) Anterior Prefrontal, (10) Corpus Callosum, (11) SAL*, (12) Lateral occipital,
(13) Anterior DMN¥, (14) Cerebellum/Brainstem, (15) Posterior DMN*, (16) Cerebellum/
Brainstem, (17) Right FPN¥, (18) Left FPN*.

(HTML)

$2 Fig. Individual scholastic achievement-related differences in functional connectivity
between each network core and voxels throughout the brain, via a mixed effects whole-
brain model using FSL’s flameo. Reading Composite = Word recognition + Reading compre-
hension. Mathematics Composite = Math Concepts, Applications, and Computation. Written
Language Composite = Written Expression + Spelling. We illustrate positive associations (red/
yellow clusters) between scholastic performance (by subject) and functional connectivity with
core network regions (white spheres [Fig 1]). IQ was included as a covariate for all achieve-
ment scores, and SES for only mathematics. The red/yellow clusters represent the brain
regions that children with higher scholastic achievement (written language, reading, mathe-
matics) integrate into each functional brain network. Significant clusters survive threshold of
Z > 2.3 and p < 0.05, corrected for multiple comparisons.

(PNG)

Author Contributions

Conceptualization: Laura Chaddock-Heyman, Kirk I. Erickson, Charles H. Hillman, Arthur
F. Kramer.

Data curation: Eric S. Drollette, Lauren B. Raine.

Formal analysis: Laura Chaddock-Heyman, Timothy B. Weng.

Funding acquisition: Charles H. Hillman, Arthur F. Kramer.

Investigation: Eric S. Drollette, Lauren B. Raine, Shih-Chun Kao.
Methodology: Laura Chaddock-Heyman, Timothy B. Weng, Michelle W. Voss.
Project administration: Caitlin Kienzler.

Software: Timothy B. Weng, Michelle W. Voss.

Visualization: Timothy B. Weng.

Writing - original draft: Laura Chaddock-Heyman.

Writing - review & editing: Laura Chaddock-Heyman, Timothy B. Weng, Charles H. Hill-
man, Arthur F. Kramer.

PLOS ONE | https://doi.org/10.1371/journal.pone.0190073 January 24, 2018 12/16


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190073.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0190073.s002
https://doi.org/10.1371/journal.pone.0190073

@° PLOS | ONE

Academics and brain networks

References

1.

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Kuncel NR, Hezlett SA. Standardized tests predict graduate students’ success. Science. 2007;
315:1080-1081. https://doi.org/10.1126/science.1136618 PMID: 17322046

Kuncel NR, Hezlett SA, Ones DS. Academic performance, career potential, creativity, and job perfor-
mance: can one construct predict them all? J Pers Soc Psychol. 2004; 86:148-161. https://doi.org/10.
1037/0022-3514.86.1.148 PMID: 14717633

Bull R, Espy KA, Wiebe SA. Short-term memory, working memory, and executive functioning in pre-
schoolers: longitudinal predictors of mathematical achievement at age 7 years. Dev Neuropsychol.
2008; 33:205-228. https://doi.org/10.1080/87565640801982312 PMID: 18473197

Diamond A, Barnett WS, Thomas J, Munro S. Preschool program improves cognitive control. Science.
2007; 318: 1387-1388. https://doi.org/10.1126/science.1151148 PMID: 18048670

Rohde TE, Thompson LA. Predicting academic achievement with cognitive ability. Intelligence. 2007;
35(1): 83-92.

Jensen AR. The g factor: the science of mental ability. Westport, CT: Praeger; 1998.

Jensen AR. The importance of intraindividual variation in reaction time. Pers Individ Dif. 1992; 13: 869—
881.

St. Clair-Thompson HL, Gathercole SE. Executive functions and achievements in school: shifting,
updating, inhibition, and working memory. Q J Exp Psychol. 2006; 59: 745-759.

Bull R, Scerif G. Executive functioning as a predictor of children’s mathematics ability: inhibition, switch-
ing, and working memory. Dev Neuropsychol. 2001; 19: 273—293. https://doi.org/10.1207/
S15326942DN1903_3 PMID: 11758669

DeStefano D, LeFevre JA. The role of working memory in mental arithmetic. Eur J Cogn Psychol. 2004;
16: 353-386.

Hillman CH, Pontifex MB, Motl RW, O’Leary KC, Johnson CR, Scudder MR, et al. From ERP’s to aca-
demics. Dev Cogn Neurosci. 2012; 2S: S90-S98.

Chaddock-Heyman L, Erickson Kl, Kienzler C, King M, Pontifex MB, Raine LB, et al. The role of aerobic
fitness in cortical thickness and mathematics achievement in preadolescent children. PLoS One. 2015;
10(8): e0134115. https://doi.org/10.1371/journal.pone.0134115 PMID: 26267897

Yeo BTT, Krienen FM, Eickhoff SB, Yaakub SN, Fox PT, Buckner RL, et al. Functional specialization
and flexibility in human association cortex. Cereb Cortex. 2014; 25:3654—-3672. https://doi.org/10.1093/
cercor/bhu217 PMID: 25249407

Biswal B, Yetkin FZ, Haughton VM, Hyde JS. Functional connectivity in the motor cortex of resting
human brain using echo-planar MRI. Magn Reson Med. 1995; 34: 537-541. PMID: 8524021

Fox MD, Snyder AZ, Vincent JL, Corbetta M, Van Essen DC, Raichle ME. The human brain is intrinsi-
cally organized into dynamic, anticorrelated functional networks. Proc Natl Acad Sci USA. 2005; 102:
9673-9678. https://doi.org/10.1073/pnas.0504136102 PMID: 15976020

Kelly A, Uddin L, Biswal B, Castellanos F, Milham M. Competition between functional brain networks
mediates behavioral variability. Neuroimage. 2008; 39: 527-537. https://doi.org/10.1016/j.neuroimage.
2007.08.008 PMID: 17919929

Thomason M, Dennis E, Joshi A, Joshi S, Dinov |, Chang C, et al. Resting-state fMRI can reliably map
neural networks in children. Neurolmage. 2011; 55(1):165-175. https://doi.org/10.1016/j.neuroimage.
2010.11.080 PMID: 21134471

Beckmann CF, DeLuca M, Devlin JT, Smith SM. Investigations into resting-state connectivity using
independent component analysis. Philos Trans R Soc Lond, B, Biol Sci. 2005; 360: 1001-1013. https://
doi.org/10.1098/rstb.2005.1634 PMID: 16087444

Laird AR, Fox PM, Eickhoff SB, Turner JA, Ray KL, McKay DR, et al. Behavioral interpretations of intrin-
sic connectivity networks. J Cogn Neurosci. 2011; 23(12): 4022—-4037. https://doi.org/10.1162/jocn_a_
00077 PMID: 21671731

Smith S, Fox PT, Miller K, Glahn D, Fox PM, Mackay CE, et al. Correspondence of the brain’s functional
architecture during activation and rest. Proc Natl Acad Sci USA. 2009; 106: 13040—13045. https://doi.
org/10.1073/pnas.0905267106 PMID: 19620724

Bunge SA, Dudukovic NM, Thomason ME, Vaidya CJ, Gabrieli JDE. Immature frontal lobe
contributions to cognitive control in children: Evidence from fMRI. Neuron. 2002; 33: 301-311. PMID:
11804576

Casey BJ, Giedd JN, Thomas KM. Structural and functional brain development and its relation to cogni-
tive development. Biol Psychol. 2000; 54: 241-257. PMID: 11035225

PLOS ONE | https://doi.org/10.1371/journal.pone.0190073 January 24, 2018 13/16


https://doi.org/10.1126/science.1136618
http://www.ncbi.nlm.nih.gov/pubmed/17322046
https://doi.org/10.1037/0022-3514.86.1.148
https://doi.org/10.1037/0022-3514.86.1.148
http://www.ncbi.nlm.nih.gov/pubmed/14717633
https://doi.org/10.1080/87565640801982312
http://www.ncbi.nlm.nih.gov/pubmed/18473197
https://doi.org/10.1126/science.1151148
http://www.ncbi.nlm.nih.gov/pubmed/18048670
https://doi.org/10.1207/S15326942DN1903_3
https://doi.org/10.1207/S15326942DN1903_3
http://www.ncbi.nlm.nih.gov/pubmed/11758669
https://doi.org/10.1371/journal.pone.0134115
http://www.ncbi.nlm.nih.gov/pubmed/26267897
https://doi.org/10.1093/cercor/bhu217
https://doi.org/10.1093/cercor/bhu217
http://www.ncbi.nlm.nih.gov/pubmed/25249407
http://www.ncbi.nlm.nih.gov/pubmed/8524021
https://doi.org/10.1073/pnas.0504136102
http://www.ncbi.nlm.nih.gov/pubmed/15976020
https://doi.org/10.1016/j.neuroimage.2007.08.008
https://doi.org/10.1016/j.neuroimage.2007.08.008
http://www.ncbi.nlm.nih.gov/pubmed/17919929
https://doi.org/10.1016/j.neuroimage.2010.11.080
https://doi.org/10.1016/j.neuroimage.2010.11.080
http://www.ncbi.nlm.nih.gov/pubmed/21134471
https://doi.org/10.1098/rstb.2005.1634
https://doi.org/10.1098/rstb.2005.1634
http://www.ncbi.nlm.nih.gov/pubmed/16087444
https://doi.org/10.1162/jocn_a_00077
https://doi.org/10.1162/jocn_a_00077
http://www.ncbi.nlm.nih.gov/pubmed/21671731
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1073/pnas.0905267106
http://www.ncbi.nlm.nih.gov/pubmed/19620724
http://www.ncbi.nlm.nih.gov/pubmed/11804576
http://www.ncbi.nlm.nih.gov/pubmed/11035225
https://doi.org/10.1371/journal.pone.0190073

@° PLOS | ONE

Academics and brain networks

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44.

Fair DA, Dosenbach NU, Church JA, Cohen AL, Brahmbhatt S, Miezin FM, et al. Development of dis-
tinct control networks through segregation and integration. Proc Natl Acad Sci USA. 2007; 104: 13507—
13512. https://doi.org/10.1073/pnas.0705843104 PMID: 17679691

Fair DA, Cohen AL, Dosenbach NUF, Church JA, Miezin FM, et al. The maturing architecture of the
brain’s default network. Proc Natl Acad Sci USA. 2008; 105: 4028—4032. https://doi.org/10.1073/pnas.
0800376105 PMID: 18322013

Thomason ME, Chang CE, Glover GH, Gabrieli JD, Greicius MD, Gotlib IH. Default- mode function and
task-induced deactivation have overlapping brain substrates in children. Neuroimage. 2008; 41: 1493—
1503. https://doi.org/10.1016/j.neuroimage.2008.03.029 PMID: 18482851

Kelly AM, Di Martino A, Uddin L, Shehzad Z, Gee DG, Reiss PT, et al. Development of anterior cingulate
functional connectivity from late childhood to early adulthood. Cereb Cortex. 2009; 19: 640—657.
https://doi.org/10.1093/cercor/bhn117 PMID: 18653667

Supekar K, Musen M, Menon V. Development of large-scale functional brain networks in children. PLoS
Biol. 2009; 7(7): e1000157. https://doi.org/10.1371/journal.pbio.1000157 PMID: 19621066

Marek S, Hwang K, Foran W, Hallquist MN, Luna B. The contribution of network organization and inte-
gration to the development of cognitive control. PLoS Biol. 2015; 13(12): €1002328. https://doi.org/10.
1371/journal.pbio.1002328 PMID: 26713863

Thomas Yeo B, Krienen F, Sepulcre J, Sabuncu M, Lashkari D, Hollinshead M, et al. The organization
of the human cerebral cortex estimated by intrinsic functional connectivity. J Neurophys. 2011; 106
(3):1125-1165.

Taylor SJC, Whincup PH, Hindmarsh PC, Lampe F, Odoki K, Cook DG. Performance of a new pubertal
self-assessment questionnaire: A preliminary study. Paediatr Perinat Epidemiol. 2001; 15: 88—94.
PMID: 11237120

Oldfield RC. The assessment and analysis of handedness: The Edinburgh inventory. Neuropsycholo-
gia. 1971; 9: 97-113. PMID: 5146491

Birnbaum AS, Lytle LA, Murray DM, Story M, Perry CL, Boutelle KN. Survey development for assessing
correlates of young adolescents’ eating. Am J Health Behav. 2002; 26: 284—295. PMID: 12081361

Woodcock RW. The Woodcock-Johnson Tests of Cognitive Ability—Revised. Boston, MA: Houghton
Mifflin Harcourt; 1997,

Kaufman AS, Kaufman NL. Kaufman test of educational achievement. KTEA Il. 2nd ed. San Antonio,
TX: Pearson; 2004.

Weng TB, Pierce GL, Darling WG, Falk D, Magnotta VA, Voss MW. The acute effects of aerobic exer-
cise on the functional connectivity of human brain networks. Brain Plast, (Preprint). 2016; 1-20.

Voss MW, Weng TB, Burzynska AZ, Wong CN, Cooke GE, Clark R, et al. Fitness, but not physical activ-
ity, is related to functional integrity of brain networks associated with aging. Neuroimage. 2016; 131:
113-125. https://doi.org/10.1016/j.neuroimage.2015.10.044 PMID: 26493108

Smith SM. Fast robust automated brain extraction. Hum Brain Mapp. 2002; 17: 143—155. https://doi.
org/10.1002/hbm.10062 PMID: 12391568

Leopold D, Murayama Y, Logothetis N. Very slow activity fluctuations in monkey visual cortex: implica-
tions for functional brain imaging. Cereb Cortex. 2003; 13: 422—-433. PMID: 12631571

Salvador R, Suckling J, Coleman M, Pickard J, Menon D, Bullmore E. Neurophysiological architecture
of functional magnetic resonance images of human brain. Cereb Cortex. 2005; 15: 1332—1342. https://
doi.org/10.1093/cercor/bhi016 PMID: 15635061

Hallquist M, Hwang K, Luna B. The nuisance of nuisance regression: spectral misspecification in a com-
mon approach to resting-state fMRI preprocessing reintroduces noise and obscures functional connec-
tivity. Neuroimage. 2013; 82: 208—225. https://doi.org/10.1016/j.neuroimage.2013.05.116 PMID:
23747457

Power J, Barnes K, Snyder A, Schlaggar B, Petersen S. Spurious but systematic correlations in func-
tional connectivity MRI networks arise from subject motion. Neuroimage. 2012; 59: 2142-2154. https://
doi.org/10.1016/j.neuroimage.2011.10.018 PMID: 22019881

Smith S, Fox P, Miller K, Glahn D, Fox P, Mackay C, et al. Correspondence of the brain’s functional
architecture during activation and rest. PNAS. 2009; 106(31):13040—13045. https://doi.org/10.1073/
pnas.0905267106 PMID: 19620724

Andrews-Hanna JR, Reidler JS, Sepulcre J, Poulin R, Buckner RL. Functional- Anatomic Fractionation
of the Brain’s Default Network. Neuron. 2010; 65(4): 550-562. https://doi.org/10.1016/j.neuron.2010.
02.005 PMID: 20188659

Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default network: Anatomy, function, and rel-
evance to disease. Ann NY Acad Sci. 2008; 1124: 1-38. https://doi.org/10.1196/annals.1440.011
PMID: 18400922

PLOS ONE | https://doi.org/10.1371/journal.pone.0190073 January 24, 2018 14/16


https://doi.org/10.1073/pnas.0705843104
http://www.ncbi.nlm.nih.gov/pubmed/17679691
https://doi.org/10.1073/pnas.0800376105
https://doi.org/10.1073/pnas.0800376105
http://www.ncbi.nlm.nih.gov/pubmed/18322013
https://doi.org/10.1016/j.neuroimage.2008.03.029
http://www.ncbi.nlm.nih.gov/pubmed/18482851
https://doi.org/10.1093/cercor/bhn117
http://www.ncbi.nlm.nih.gov/pubmed/18653667
https://doi.org/10.1371/journal.pbio.1000157
http://www.ncbi.nlm.nih.gov/pubmed/19621066
https://doi.org/10.1371/journal.pbio.1002328
https://doi.org/10.1371/journal.pbio.1002328
http://www.ncbi.nlm.nih.gov/pubmed/26713863
http://www.ncbi.nlm.nih.gov/pubmed/11237120
http://www.ncbi.nlm.nih.gov/pubmed/5146491
http://www.ncbi.nlm.nih.gov/pubmed/12081361
https://doi.org/10.1016/j.neuroimage.2015.10.044
http://www.ncbi.nlm.nih.gov/pubmed/26493108
https://doi.org/10.1002/hbm.10062
https://doi.org/10.1002/hbm.10062
http://www.ncbi.nlm.nih.gov/pubmed/12391568
http://www.ncbi.nlm.nih.gov/pubmed/12631571
https://doi.org/10.1093/cercor/bhi016
https://doi.org/10.1093/cercor/bhi016
http://www.ncbi.nlm.nih.gov/pubmed/15635061
https://doi.org/10.1016/j.neuroimage.2013.05.116
http://www.ncbi.nlm.nih.gov/pubmed/23747457
https://doi.org/10.1016/j.neuroimage.2011.10.018
https://doi.org/10.1016/j.neuroimage.2011.10.018
http://www.ncbi.nlm.nih.gov/pubmed/22019881
https://doi.org/10.1073/pnas.0905267106
https://doi.org/10.1073/pnas.0905267106
http://www.ncbi.nlm.nih.gov/pubmed/19620724
https://doi.org/10.1016/j.neuron.2010.02.005
https://doi.org/10.1016/j.neuron.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20188659
https://doi.org/10.1196/annals.1440.011
http://www.ncbi.nlm.nih.gov/pubmed/18400922
https://doi.org/10.1371/journal.pone.0190073

@° PLOS | ONE

Academics and brain networks

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Voss MW, Prakash RW, Erickson Kl, Basak C, Chaddock L, Kim JS, et al. Plasticity of brain networks in
a randomized intervention trial of exercise training in older adults. Front Aging Neurosci. 2010; 2: 1-17.

Greve D, Fischl B. Accurate and robust brain image alignment using boundary-based registration. Neu-
roimage. 2009; 48: 63-72. https://doi.org/10.1016/j.neuroimage.2009.06.060 PMID: 19573611

Andersson JR, Jenkinson M, Smith S. TR07JA1: Non-linear optimisation. 2007a. www.fmrib.ox.ac.uk/
analysis/techrep

Andersson JR, Jenkinson M, Smith S. TR07JA2: Non-linear registration, aka spatial normalisation.
2007b www.fmrib.ox.ac.uk/analysis/techrep

Beckmann CF, Jenkinson M, Smith SM. General multilevel linear modeling for group analysis in FMRI.
Neuroimage. 2003; 20: 1052—1063. https://doi.org/10.1016/S1053-8119(03)00435-X PMID: 14568475

Worsley K, Evans A, Marrett S, Neelin P. A three-dimensional statistical analysis for CBF activation
studies in human brain. J Cereb Blood Flow Metab. 1992; 12: 900-918. https://doi.org/10.1038/jcbfm.
1992.127 PMID: 1400644

Menon V, Uddin LQ. Saliency, switching, attention and control: a network model of insula function.
Brain Struct Func. 2010; 214(5-6): 655-67.

Seeley WW, Menon V, Schatzberg AF, Keller J, Glover GH, Kenna H, et al. Dissociable intrinsic con-
nectivity networks for salience processing and executive control. J Neurosci. 2007; 27(9): 2349-56.
https://doi.org/10.1523/JNEUROSCI.5587-06.2007 PMID: 17329432

Spreng RN, Sepulcre J, Turner GR, Stevens WD, Schacter DL. Intrinsic architecture underlying the
relations among the default, dorsal attention, and frontoparietal control networks of the human brain. J
Cogn Neurosci. 2013; 25(1): 74-86. https://doi.org/10.1162/jocn_a_00281 PMID: 22905821

Spreng RN, Stevens WD, Chamberlain JP, Gilmore AW, Schacter DL. Default network activity, coupled
with the frontoparietal control network, supports goal- directed cognition. Neuroimage. 2010; 53(1):
303-17. https://doi.org/10.1016/j.neuroimage.2010.06.016 PMID: 20600998

Uddin LQ. Salience processing and insular cortical function and dysfunction. Nature Rev Neurosci.
2014; 16(1): 55-61.

Gernsbacher MA. Less skilled readers have less efficient suppression mechanisms. Psychol Science.
1993; 4:294-297.

Passolunghi MC, Siegel LS. Short-term memory, working memory, and inhibitory control in children
with difficulties in arithmetic problem solving. J Exp Child Psychol. 2001; 80: 44-57. https://doi.org/10.
1006/jecp.2000.2626 PMID: 11511134

Hampson M, Driesen NR, Skudlarski P, Gore JC, Constable RT. Brain connectivity related to working
memory performance. J Neurosci. 2006; 26: 13338—13343. https://doi.org/10.1523/JNEUROSCI.
3408-06.2006 PMID: 17182784

Andrews-Hanna JR, Smallwood J, Spreng RN. The default network and self- generated thought: com-
ponent processes, dynamic control, and clinical relevance. Ann NY Acad Sci. 2014; 1316: 29-52.
https://doi.org/10.1111/nyas.12360 PMID: 24502540

Supekar K, Uddin LQ, Prater K, Amin H, Greicius MD, Menon MV. Development of functional and struc-
tural connectivity within the default mode network in young children. Neuroimage. 2010; 52: 290-301.
https://doi.org/10.1016/j.neuroimage.2010.04.009 PMID: 20385244

Dosenbach NU, Visscher KM, Palmer ED, Miezin FM, Wenger KK, Kang HC, et al. A core system for
the implementation of task sets. Neuron. 2006; 50: 799-812. https://doi.org/10.1016/j.neuron.2006.04.
031 PMID: 16731517

Rushworth MFS, Walton ME, Kennerley SW, Bannerman DM. Action sets and decisions in the medial
frontal cortex. Trends Cogn Sci. 2004; 8: 410—-417. https://doi.org/10.1016/j.tics.2004.07.009 PMID:
15350242

Corbetta M, Patel G, Shulman GL. The reorienting system of the human brain: from environment to the-
ory of mind. Neuron. 2008; 58(3): 306—24. https://doi.org/10.1016/j.neuron.2008.04.017 PMID:
18466742

Corbetta M, Shulman GL. Control of goal-directed and stimulus-driven attention in the brain. Nature
Rev Neurosci. 2002; 3(3): 201-15.

Grieco LA, Jowers EM, Bartholomew JB. Physically active academic lessons and time on task: the
moderating effect of body mass index. Med Sci Sports Exerc. 2009; 41(10): 1921-1926. https://doi.org/
10.1249/MSS.0b013e3181a61495 PMID: 19727020

Mahar MT, Murphy SK, Rowe DA, Golden J, Shields AT, Raedeke TD. Effects of a classroom-based
program on physical activity and on-task behavior. Med Sci Sports Exerc. 2006; 38: 2086-2094.
https://doi.org/10.1249/01.mss.0000235359.16685.a3 PMID: 17146314

PLOS ONE | https://doi.org/10.1371/journal.pone.0190073 January 24, 2018 15/16


https://doi.org/10.1016/j.neuroimage.2009.06.060
http://www.ncbi.nlm.nih.gov/pubmed/19573611
http://www.fmrib.ox.ac.uk/analysis/techrep
http://www.fmrib.ox.ac.uk/analysis/techrep
http://www.fmrib.ox.ac.uk/analysis/techrep
https://doi.org/10.1016/S1053-8119(03)00435-X
http://www.ncbi.nlm.nih.gov/pubmed/14568475
https://doi.org/10.1038/jcbfm.1992.127
https://doi.org/10.1038/jcbfm.1992.127
http://www.ncbi.nlm.nih.gov/pubmed/1400644
https://doi.org/10.1523/JNEUROSCI.5587-06.2007
http://www.ncbi.nlm.nih.gov/pubmed/17329432
https://doi.org/10.1162/jocn_a_00281
http://www.ncbi.nlm.nih.gov/pubmed/22905821
https://doi.org/10.1016/j.neuroimage.2010.06.016
http://www.ncbi.nlm.nih.gov/pubmed/20600998
https://doi.org/10.1006/jecp.2000.2626
https://doi.org/10.1006/jecp.2000.2626
http://www.ncbi.nlm.nih.gov/pubmed/11511134
https://doi.org/10.1523/JNEUROSCI.3408-06.2006
https://doi.org/10.1523/JNEUROSCI.3408-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/17182784
https://doi.org/10.1111/nyas.12360
http://www.ncbi.nlm.nih.gov/pubmed/24502540
https://doi.org/10.1016/j.neuroimage.2010.04.009
http://www.ncbi.nlm.nih.gov/pubmed/20385244
https://doi.org/10.1016/j.neuron.2006.04.031
https://doi.org/10.1016/j.neuron.2006.04.031
http://www.ncbi.nlm.nih.gov/pubmed/16731517
https://doi.org/10.1016/j.tics.2004.07.009
http://www.ncbi.nlm.nih.gov/pubmed/15350242
https://doi.org/10.1016/j.neuron.2008.04.017
http://www.ncbi.nlm.nih.gov/pubmed/18466742
https://doi.org/10.1249/MSS.0b013e3181a61495
https://doi.org/10.1249/MSS.0b013e3181a61495
http://www.ncbi.nlm.nih.gov/pubmed/19727020
https://doi.org/10.1249/01.mss.0000235359.16685.a3
http://www.ncbi.nlm.nih.gov/pubmed/17146314
https://doi.org/10.1371/journal.pone.0190073

:@.’ PLOS | ONE Academics and brain networks

67. Evans T, Kochalka J, Ngoon T, Wu S, Qin S, Battista C, et al. Brain structural integrity and intrinsic func-
tional connectivity forecast 6 year longitudinal growth in children’s numerical abilities. J Neurosci. 2015;
35(33):11743-11750. https://doi.org/10.1523/JNEUROSCI.0216-15.2015 PMID: 26290250

68. Khundrakpam B, Reid A, Brauer J, Carbonell F, Lewis J, Ameis S, et al. Developmental changes in
organization of structural brain networks. Cereb Cortex. 2012; 23(9):2072-2085. https://doi.org/10.
1098/cercor/bhs187 PMID: 22784607

PLOS ONE | https://doi.org/10.1371/journal.pone.0190073 January 24, 2018 16/16


https://doi.org/10.1523/JNEUROSCI.0216-15.2015
http://www.ncbi.nlm.nih.gov/pubmed/26290250
https://doi.org/10.1093/cercor/bhs187
https://doi.org/10.1093/cercor/bhs187
http://www.ncbi.nlm.nih.gov/pubmed/22784607
https://doi.org/10.1371/journal.pone.0190073

