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Abstract

A default mode network of brain regions is known to demonstrate coordinated activity during the
resting state. While the default mode network is well characterized in adults, few investigations
have focused upon its development. We scanned 9-13 year old children with diffusion tensor
imaging and resting-state functional magnetic resonance imaging. We identified resting state
networks using Independent Component Analysis and tested whether the functional connectivity
between the medial prefrontal cortex (mPFC) and posterior cingulate cortex (PCC) depends upon
the maturation of the underlying cingulum white matter tract. To determine the generalizability of
this relationship, we also tested whether functional connectivity depends on white matter maturity
between bilateral lateral prefrontal cortex (lateral PFC) within the executive control network. We
found a positive relationship between mPFC-PCC connectivity and fractional anisotropy of the
cingulum bundle; this positive relationship was moderated by the age of the subjects such that it
was stronger in older children. By contrast, no such structure-function relationship emerged
between right and left lateral PFC. However, functional and structural connectivity of this tract
related positively with cognitive speed, fluency, and set-switching neuropsychological measures.
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Introduction

Investigations of the intrinsic functional connectivity of the human brain have demonstrated
that the brain is organized into multiple networks (termed “resting-state” networks because
they were first identified during rest) whose regions are temporally correlated at low-
frequencies, reflecting spontaneous neural activity rather than physiological noise (Birn et
al., 2006; De Luca et al., 2006). One resting-state network comprising anterior-posterior
midline regions of medial prefrontal cortex (mPFC), posterior cingulate cortex and adjacent
precuneus and retrosplenial cortex (referred to hereafter as the PCC), bilateral angular gyrus,
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and bilateral medial temporal lobe, has been termed the “default mode” network (DMN)
because it is active during task-free states and attenuated during most task-directed cognitive
activity [reviewed in (Buckner et al., 2008)]. Cohesive intrinsic neural activity between
mPFC and PCC has been identified in infants (Gao et al., 2009) and in children as young as
7 years (Fair et al., 2008; Thomason et al., 2008), indicating the early presence of the DMN
during development.

The relevance of DMN functional connectivity to cognitive development is not fully known.
DMN brain regions are nominally involved in self-referential cognition, and DMN activity
has been argued to reflect spontaneous internally generated thoughts (Gusnard et al., 2001;
Mason et al., 2007; Andrews-Hanna et al., 2010). Nevertheless, there is no general
agreement about how the developing properties of the DMN in particular, and resting-state
networks in general, may serve cognition (Buckner & Vincent, 2007; Raichle & Snyder,
2007). Findings from life-span developmental studies suggest that cognitive change relates
to the integrity of resting-state functional connectivity. First, DMN functional connectivity is
disrupted in disorders of both aging [e.g., Alzhiemer’s, (Greicius et al., 2004), Mild
cognitive impairment (Rombouts et al., 2005)] and early development [e.g., Autism
(Kennedy et al., 2006); Attention-Deficit/Hyperactivity Disorder (Tian et al., 2006;
Castellanos et al., 2008)] that involve cognitive impairment. Second, changes in DMN
functional connectivity through the lifespan parallel normal cognitive development and
decline such that strength of network connectivity is weak in school-age children (Fair et al.,
2008), increases through adolescence into adulthood (Kelly et al., 2009; Fair et al., 2009),
and weakens during normal aging (Andrews-Hanna et al., 2007). More specific relationships
with cognitive function have been noted in normal aging: weaker DMN functional
connectivity is associated with lower performance in working memory (Sambataro et al.,
2010), processing speed, episodic memory, and executive function (Andrews-Hanna et al.,
2007). Whether maturational gains in cognition relate to increasing strength of DMN
functional connectivity in childhood is not known.

The cingulum bundle, a white matter tract connecting mPFC and PCC (Mufson and Pandya,
1984), may be important for DMN functional connectivity. The cingulum comprises three
components: 1) Efferent fibers from cingulate cortex extending dorsally to premotor and
prefrontal cortex and caudoventrally to presubiculum and parahippocampal gyrus; 2)
Efferent fibers from the thalamus extending through the cingulate gyrus, rostrally to frontal
cortex and caudally to retrosplenial cortex; and 3) Association fibers from prefrontal cortex
extending to retrosplenial cortex and from posterior parietal cortex to parahippocampal
gyrus and presubiculum regions and rostrally to prefrontal cortex. Thus, the cingulum
bundle bridges anterior, posterior, and medial association cortices, thereby supporting
communication between the nodes of the DMN, both via direct (anterior-posterior cortico-
cortical) and indirect (thalamo-cortical) communication pathways. The cingulum is
amenable to diffusion tensor imaging (DTI) using fiber tracking methods at birth (Hermoye
et al., 2006), in infancy (Dubois et al., 2008) and in adulthood (Greicius et al., 2009).
Consistent with delayed maturation of association cortices compared to primary sensory or
motor cortices, the cingulum bundle matures later than other white matter tracts such as the
fornix and the cortico-spinal tracts (Dubois et al., 2008). A direct relationship between
function and structure has been observed in adults, where individual variability in cingulum
microstructural integrity correlated positively with the strength of DMN functional
connectivity (Andrews-Hanna et al., 2007; van den Heuval et al., 2008; Skudlarski et al.,
2008; Supekar et al., 2010; Teipel et al., 2010). However, a recent study failed to find this
structure-function relationship in 7-9 year-old children (Supekar et al., 2010), suggesting
that this relationship must emerge after this period in childhood development.
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We examined whether the strength of resting-state functional connectivity relates to the
microstructural integrity of the underlying white matter fiber tract and to cognitive function
in 9-13 year-old children. Our central hypothesis focused upon the DMN because it is
detectable by functional magnetic resonance imaging (fMRI) during the preadolescent years.
We limited our investigation to the relationship between the mPFC and PCC, the two nodes
of the DMN that have been most thoroughly investigated in past studies with adults. We
hypothesized that the strength of functional connectivity between mPFC and PCC would
relate positively to the microstructural integrity of the cingulum bundle. Because this
structure-function relationship likely emerges after age 9 but before adulthood, we further
hypothesized that this relationship would be stronger in older children. A second goal of the
present study was to determine whether our hypothesized structure-function relationship is
specific to the DMN, or whether it may generalize to another resting-state network that is
both important for cognition and sensitive to development, but which is very different from
the DMN in its anatomical axis and task engagement. Thus, we selected a bilateral (rather
than anterior-posterior) network that activates (rather than de-activates) in response to
externally-oriented tasks. One such bilateral, task-active network is the executive control
network (Seeley et al., 2007). Its primary nodes, within left and right lateral prefrontal
cortex (PFC), are connected anatomically by fibers that cross the superior longitudinal
fasciculus and course laterally through the corpus callosum (Schmahmann and Pandya,
2006). PFC is critical for goal-directed behavior and matures during childhood (Tsujimoto,
2008). We hypothesized that functional connectivity between left and right lateral PFC
would be positively correlated with FA of the tract running through the corpus callosum that
connects these regions. However, as corpus callosum matures relatively early in
development (Dubois et al., 2008), we expected that this structure-function relationship
would not vary with age. Finally, we probed whether connectivity within these two resting
state networks related to cognitive function by examining children’s performance on a
neuropsychological battery assessing motor and cognitive processing speed, as well as two
executive functions, fluency and set-switching. Based upon past work on normal aging
(Andrews-Hanna et al., 2007), we expected connectivity in the DMN to be sensitive to
individual differences in cognitive but not motor performance. Based upon the critical
importance of lateral PFC to executive function, we further expected connectivity in the
executive control network to be sensitive selectively to fluency and set-switching
performance.

Eighteen boys aged 9-13 years (M = 11.10, SD = 1.38) with average or greater IQ (M =
122.16, SD = 10.18; Range = 101 to 139) were recruited through advertisements; four
additional children participated but were excluded due to greater than 1 voxel of head
motion during either DTI or fMRI scanning. Written parental consent was obtained
following explanation of experimental procedures to parents and children. All subjects were
paid for their participation. Exclusion criteria included: (a) Full Scale 1Q below 85 as
measured by the Wechsler Abbreviated Intelligence Scale (WASI: Wechsler, 1999); (b)
Reading disorder as measured by Woodcock-Johnson Letter Word ID or Word Attack
(Woodcock et al., 2001) standard scores below 85; and (c) Evidence of neurologic (e.g.,
epilepsy) or psychiatric (e.g., mood/anxiety) disorders as screened by parent report and the
Mini-International Neuropsychiatric Interview (Sheehan et al., 1998).

Neuropsychological Battery

Children were administered the Trail-making, Design Fluency, and Verbal Fluency subtests
from the Delis-Kaplan Executive Function System [D-KEFS, (Delis et al., 2001)]. Raw sub-
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scores from the three tests were grouped to create four indices of information processing,
two involving non-executive processing and two involving executive processing (Table I):
1) Motor Processing Speed, consisting of speed on the Motor component of the Trail-
making test (the time required for subjects to trace a path between several targets); 2)
Cognitive Processing Speed, a composite of the Letter Sequence and Number Sequence
Speed subscores of the Trail-making test (the time required for subjects to trace a path
between targets in alphabetical or numeric order); 3) Fluency, a composite score of the
number of unique items produced in the Category and Letter subtests of the Verbal Fluency
tests and in the non-switching component of the Design Fluency test; and 4) Switching,
defined by set-switching demands, consisting of subjects’ speed on the Switching
component of the Trail-making test (the time required for subjects to trace a line between
targets, switching between numeric and alphabetic targets) and the number of items
produced in the Switching components of the Verbal and Design Fluency tests (in which
subjects must alternate item production between two types of items or connect dots of
alternating colors). To combine scores across different tests, each subject’s raw (uncorrected
for age) subtest score was converted into a Z-score relative to the scores of the other subjects
on that test. Z-score means were then taken across subtests to create the four category scores
for each child. Results from the D-KEFS were not available for one child. Letter sequence
Trail-making scores (and subsequent Cognitive Processing Speed composite scores) were
excluded for another child due to a score more than three standard deviations below the
mean score.

Imaging Procedure

During the resting scan, subjects were instructed to lie in the darkened scanner with their
eyes closed but to remain awake. All subjects reported that they had remained awake
throughout the entire scan. During the diffusion-tensor scan, subjects watched television via
a magnet compatible projector. Head movement was minimized by small foam cushions
placed on the sides of the subject’s head.

A high-resolution sagittal T1-weighted structural scan was acquired on a Siemens Trio 3T
MRI scanner (Erlangen, Germany) using a 3D MPRAGE sequence for a scan time of
7:23min with the following parameters: TR = 2300ms, TE = 2.94ms, 256x256mm FOV,
160 slabs with 1mm thick slices, 256x256x160 matrix (effective resolution of 1.0mm3), 1
excitation, and a 90 degree flip angle. Functional images were acquired on the same
equipment using a T2*-sensitive gradient echo pulse sequence for a scan time of 5:00 min
with the following parameters: TR = 2000ms, TE = 30ms, 192x192mm FOV, 64x64
acquisition matrix, and a 90 degree flip angle. Forty-three 2.5mm thick interleaved slices
were acquired ascending in the transverse plane (width = 2.5mm, gap width = 0.5mm,
effective width = 3mm) for an effective resolution of 3.0mm3. One hundred fifty time points
were collected; the first two TRs were included for signal stabilization and were discarded
from analysis. Diffusion-tensor images were acquired on the same equipment using a
diffusion weighted echo planar sequence with a scan time of 4:39min using gradient values
of b=0 and b=1000s/mm? applied in 35 orthogonal directions with the following parameters:
TR =7700ms, TE = 100ms, 240x240mm FOV, 64x64 acquisition matrix. Fifty-five 2.5mm
thick interleaved slices were acquired ascending in the transverse plane (width = 2.5mm, no
gap) for an effective resolution of 2.5mm3.

Functional Data Analysis

The functional data was processed using SPM5 (Wellcome Department of Cognitive
Neurology, London, UK) implemented in MATLAB (Version 7.1, SP3, Mathworks, Inc.,
Sherborn, MA). The 3D volumes were corrected for slice acquisition timing and registered
to the first volume using an affine transformation. Realigned images were normalized to
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standard space via registration to the SPM5 EPI template image and interpolated to
2x2x2mm cubic voxels. Normalized image volumes were spatially smoothed using an 8mm
full width at half-maximum Gaussian kernel.

Analysis of motion indicated that two of the included subjects exhibited large (> 3mm),
transient motion in the Z dimension lasting one timepoint and nine timepoints, respectively.
These timepoints were removed from further analysis. After this adjustment, none of the
included subjects had greater than 3 mm of translational motion in the X, y, or z dimensions
at any point during their functional scan. In each subject, we calculated the maximal
translational motion (farthest distance from zero) in each dimension, which measures motion
spikes below 3mm translation. The average maximal motion across subjects was small in
each dimension (X Translation: M =.27mm, SD = 0.22mm, range = .05mm to .80mm; Y
Translation: M =.58mm, SD = .47mm, range = .12mm to 2.2mm; Z Translation: M = .
73mm, SD = .42mm, range = .27mm to 1.6mm). Subject age did not correlate with maximal
motion in any dimension (all ps > .05). As a further measurement of total motion across the
scan, for each subject we calculated the average absolute distance from zero (the square root
of the X translation squared plus the Y translation squared plus the Z translation squared,
calculated at each timepoint, and then averaged across the scan). This measure of total
motion was also small across subjects (M =.25mm, SD =.13mm, range = .049mm to .
56mm).

To identify DMN and executive control networks, an independent components analysis
(ICA) was performed using the MELODIC toolbox (Beckmann and Smith, 2004) within
FSL (Centre for Functional Magnetic Resonance Imaging of the Brain, University of
Oxford, London, UK). The smoothed data from all subjects was temporally concatenated to
create a single timecourse, and a probabilistic independent components analysis was
performed on this timecourse using the MELODIC toolbox, allowing the program to select
the optimal number of components to generate. Within each component, MELODIC
generated significance values for each voxel using a mixture model combining a “noise”
Gaussian function with two gamma functions modeling “active” voxels; the probability of a
given voxel’s intensity fitting the gamma functions rather than the background noise
Gaussian function was calculated (Beckmann & Smith, 2004). Components were
thresholded at P>.999, reflecting a high probability of each “active” voxel truly being a part
of that network and not reflecting noise (i.e. stringently excluding false positives). The
resulting components were visually inspected for similarities to published accounts of the
default network’s spatial extent, as well as for similarities to the executive control network.
Within these identified components, we used Marsbar (Brett et al., 2003) to create ROIs
based on contiguous clusters of voxels above the threshold of P>.999 within PCC and mPFC
(in the default mode component) and within right and left lateral PFC (in the executive
control components). These four ROIs subsequently were used as seeds for both the
anatomic and functional connectivity analyses, with analyses conducted in pairs according
to network membership (DMN or executive control network).

In order to assess functional connectivity, we examined temporal correlations between mean
timecourses of ROIs comprising the default mode (PCC and mPFC) and executive control
(right lateral PFC and left lateral PFC) networks. In order to minimize the effect of
physiological factors (such as respiration or heart rate) common to both regions’
timecourses, we regressed out the signal timecourse from non-neuronal sources such as
white matter and CSF (Van Dijk et al., 2010). In order to perform this regression, we first
segmented each subject’s MPRAGE into grey matter, white matter, and CSF probability
images. White matter and CSF ROIs were then created containing all voxels in the brain
with a segmentation value of 1.0 (i.e., no chance of other tissue types being included in the
voxel). Mean timecourses during the rest scan were extracted from within white matter and
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CSF ROIls. These white matter and CSF timecourses were regressed against each voxel
within the mPFC, PCC, and lateral PFC timecourses, and the residual timecourse from this
regression was obtained for each voxel. This residual timecourse represents the activity
within that voxel that is not similar to white matter and CSF timecourses. For each ROI, the
residual timecourses for each voxel were averaged, and the mean residual timecourses
within the two seed ROIs for each network were then correlated against each other to assess
functional connectivity. This procedure generated a correlation value (Pearson’s r) reflecting
the strength of functional connectivity within each network for each subject. The resulting r
values were converted to normally-distributed Z-scores using Fisher’s transformation in
order to allow further analysis of correlation strengths.

Anatomic Data Analysis

The diffusion-weighted scans were processed using the FDT toolbox (Behrens et al., 2003)
implemented within FSL (Centre for Functional Magnetic Resonance Imaging of the Brain,
University of Oxford, London, UK). The scans were corrected for eddy currents and motion
using affine registration to the first b=0 reference volume using the FLIRT toolbox within
FSL (Jenkinson & Smith, 2001; Jenkinson et al., 2002). Diffusion tensors were fit to the data
and probability distributions on fiber direction at each voxel were calculated using
BEDPOSTX (Behrens et al., 2003). This procedure also generated a whole-brain Fractional
Anisotropy (FA) map for each subject. FA is a measure of the integrity of white matter
based on the diffusivity of water at a given voxel. FA is a positive function ranging between
zero and 1, with zero indicating isotropic and 1 indicating perfectly linear diffusion (Basser
& Pierpaoli, 1996).

Using ProbtrackX, probabilistic tractography was conducted for each subject to estimate the
distributions of white matter connections between seed regions. The seed regions consisted
of the four ROIs constructed from the group ICA results, which were transformed into
individual subject space using FLIRT. 5,000 streamline samples were initiated from all
voxels within each seed region, traveling along the probability distribution functions of local
voxels (step length=0.5 mm, curvature threshold=0.2), until they terminated in voxels within
the other seed region. For default mode network (with PCC and mPFC seeds), a cingulate
cortex ROI was constructed using the Wake Forest Pickatlas (Lancaster et al., 1997, 2000;
Maldjian et al., 2003) and was inflated by 6mm to include surrounding white matter (such as
the cingulum); this ROI was used as a waypoint through which individual subject PCC-to-
mPFC tracts were required to pass. For executive control network, a corpus callosum ROI
from the Wake Forest Pickatlas was constructed and inflated by 6mm:; this ROl was used as
a waypoint through which individual subject right lateral PFC to left lateral PFC tracts were
required to pass. To eliminate unlikely white matter paths generated by the algorithm, all
obtained tracts were thresholded by 5% of the maximum connectivity value of the tract
(following Bennett et al., 2010). The resulting tracts were binarized and applied as masks to
the subject’s whole-brain FA map. These steps produced images for each subject that
contained only the FA values along the tracts between each of the two pairs of ROIs. The
mean FA value of all voxels within each white matter tract was computed for each subject.

The processing steps above yielded indices of anatomic (i.e., mean FA within white matter
tracts) and functional connectivity (i.e., temporal correlations) between the ROI pairs, for
each subject. First, we examined whether FA or functional correlations for the two networks
correlated with age. All correlations were below .3 (range: —.21 to .29) and did not reach
significance (ps > .24). Second, we examined the relationship between white matter integrity
and functional connectivity by computing the correlation between FA and temporal
correlation values (Fisher’s Z) for default mode (mPFC-PCC) and executive control (right
lateral PFC-left lateral PFC) networks. Third, as previous work has shown an absence of a
structure-function relationship in younger children (Supekar et al., 2010), we examined
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whether the relationship depended on age by conducting partial correlations of FA with
functional connectivity within each network using age as a covariate. Fourth, to examine the
relationship between white matter integrity/functional connectivity and behavior, we
specified a multiple regression model for each behavioral composite measure testing for
effects of DMN FA, DMN temporal correlation, executive control FA, and executive control
temporal correlation on the behavioral score. Thus, four multiple regressions were
conducted, each determining which of the neural measures significantly impacted the
behavioral measure, while accounting for effects of the other neural measures. We followed
up the statistically significant models with partial correlations to determine the direction,
magnitude, and statistical significance of each neural-behavior relationship within that
model.

Functional Connectivity

Results of the ICA analysis are shown in Figure 1. Inspection of the ICA results revealed
exactly one component matching the canonical DMN, which included clusters in posterior
cingulate cortex, ventral and dorsal medial prefrontal cortex (shown in Figure 1A), bilateral
angular gyrus, and bilateral lateral temporal lobe (cannot be seen in Figure 1A). The
executive control network was well described by two separate lateralized components: a
right executive control component including right dorsolateral prefrontal cortex extending
into inferior lateral prefrontal cortex, right lateral parietal cortex, and left lateral cerebellum;
and a left executive control component, including all of the contralateral homologue regions
of the right executive control component (Figure 1A). See Table 2 for voxels of peak
connectivity within these networks. Other components delineated by the ICA procedure
were tentatively identified as follows (Figure 1B): a language network with clusters in
bilateral ventrolateral prefrontal/orbital cortex, angular gyrus, posterior middle temporal
gyrus, and temporal pole; a dorsal attention network including clusters in bilateral inferior
parietal cortex; a salience network consisting of clusters in dorsal anterior cingulate cortex,
bilateral anterior insula, and bilateral middle frontal gyrus; a primary visual network
consisting of one large cluster in occipital cortex; an auditory network consisting of clusters
in bilateral auditory cortex extending into inferior postecentral gyrus and in medial
supplementary motor area; a visual orienting network consisting of clusters in bilateral
precuneus, middle occipital cortex, supramarginal gyrus, and posterior superior frontal gyrus
(possibly in frontal eye fields); a visualmotor network consisting of clusters in bilateral
middle occipital, superior occipital, and lateral premotor cortex; and a posterior cingulate
network consisting of a large posterior cingulate cluster extending into precuneus and
bilateral angular gyrus (but, notably, no cluster in medial prefrontal cortex).

Direct assessment of functional connectivity using temporal correlational analyses between
the clusters in our networks of interest revealed that the mean connectivity (Z-transformed
correlation coefficients) within the DMN was .64 (SD = .37) across subjects, while the mean
connectivity within the executive control network was .57 (SD = .22). A post-hoc paired t-
test comparing these Z-transformed correlation coefficients indicated that functional
connectivity of the two networks did not differ significantly (p = .51).

Structural Connectivity

DTI tractography identified the cingulum tract between mPFC and PCC ROls (five
representative subjects shown in Figure 2). In 12 of 18 subjects, this tract was found in
bilateral cingulum, while in the remaining 6 subjects the tract was only detected in the
cingulum in one hemisphere. Post-hoc t-tests revealed no differences between subjects with
bilateral or unilateral tracts in age, 1Q, functional connectivity within the default mode,
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mean FA within the cingulum, or any composite behavioral measure (ps >.2). The tracts
between bilateral lateral PFC ROIs coursed through the body of the corpus callosum and
crossed the superior corona radiata and superior longitudinal fasciculus (five representative
subjects shown in Figure 3). These tracts were quite variable in appearance, with some
extending primarily dorsally to the superior frontal gyrus, some extending directly laterally
to posterior middle frontal gyrus, and others extending caudally to anterior middle frontal
gyrus. As large portions of these interhemispheric tracts extruded into prefrontal white
matter, in which FA is likely to be low due to crossing fibers from the anterior-posterior
oriented superior longitudinal fasciculus (Mori et al., 2005), we restricted further analysis of
these tracts to the portion of each tract within the corpus callosum by masking the tract with
the corpus callosum ROI used previously as a waypoint. For further analyses, FA was thus
averaged only within the corpus callosum portion of this tract (Figure 3, in blue).

Across subjects, the average FA value within the mean cingulum tract connecting nodes of
the DMN was .39 (SD = .03), while the average value within the corpus callosum portion of
the tract connecting executive control network nodes was .60 (SD =.03). A post-hoc paired
t-test comparing these values indicated that mean structural integrity was higher for the
colossal portion of the executive control network tract than for the cingulum bundle within
the DMN, t (17) = 18.71, p < .001.

Correlation between Structural and Functional Connectivity

There was a significant positive correlation between functional connectivity and mean FA in
the DMN, r (17) = .48, p = .045 (Figure 4A), indicating that greater functional connectivity
was associated with higher white matter microstructural integrity. There was no equivalent
relationship between FA and functional connectivity in the executive control network (r (17)
= —.08; Figure 5)1.

Effect of age on structure-function relationship

We found that when a partial correlation was conducted accounting for effects of age, the
relationship between DMN functional connectivity and mean FA became stronger (r (15) =.
57, p=.016), suggesting that this relationship differs by age. To examine this effect in more
detail, we divided the group into a younger (n=9, age range = 9.1 to 11.0) and older group
(n=9, age range = 11.4 to 12.9) based on a median split for age. Examination of the two
groups separately showed that the correlation between DMN functional connectivity and FA
was weak and statistically nonsignificant in the younger group (r (8) = .48, p =.19; Figure
4B), but stronger and statistically significant in the older group (r (8) = .73, p = .027; Figure
4C). Thus, it appears that this structure-function relationship emerges robustly later in
childhood. This result was not due to differential motion in the two groups, as maximal
motion did not differ between the age groups in any of the three dimensions (ts < 1.7, ps > .
1). By contrast, age did not moderate the relationship between functional and structural
connectivity in the executive control network, which remained weak when age was included
as a covariate (r (15) = —.17).

Relationship with neuropsychological battery

Results of the multiple regression testing for effects of FA and functional connectivity in
both networks on each behavioral measure were as follows: 1) Motor Speed. The effect of

IThese results did not change substantially if FA was averaged within the entire tract connecting executive control network nodes
rather than just within the portion in the corpus callosum. Within the entire tract, mean FA was .46 (SD = .03), which was significantly
lower than the mean FA within the corpus callosum portion of the tract (t (17) = —17.99, p < .001), but still significantly higher than
the mean FA within the cingulum (t (17) = —7.87, p <.001). FA within this entire tract still did not correlate with functional
connectivity in the executive control network (r (17) = .08).
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the neural measures on motor speed was not significant (p = .15). 2) Cognitive Speed. The
effect of the neural measures on cognitive speed was significant (F (4,11) = 4.97, p = .016).
Post-hoc partial correlations showed that faster cognitive speed correlated with higher
corpus callosum FA (r = .75, p=.003), as well as with higher executive control functional
connectivity (r = .57, p =.042). 3) Fluency. The effect of the neural measures on fluency
was significant (F (4,12) = 10.59, p = .001). Post-hoc partial correlations showed that
superior fluency correlated with higher corpus callosum FA (r = .85, p<.001), and correlated
at trend level with higher executive control functional connectivity (r = .52, p = .056). 4)
Switching. The effect of the neural measures on switching ability was significant (F (4,12) =
5.59, p = .009). Post-hoc partial correlations showed that superior switching scores
correlated with higher corpus callosum FA (r = .69, p=.006), as well as with higher
executive control functional connectivity (r = .73, p =.003). DMN functional and structural
connectivity did not influence any behavioral measure significantly (ps > .10). Further, none
of these results changed when age was included as a covariate, suggesting that the reported
relationships did not differ by age.

Discussion

We examined the relationships between the strength of intrinsic neural activity during rest
and microstructural integrity of the underlying white matter tracts in the DMN (mPFC-PCC)
and executive control network (bilateral lateral PFC) in 9-13 year old typically developing
children. Consistent with our hypothesis, the strength of functional connectivity of the DMN
was positively related to the integrity of the underlying cingulum bundle. However, this
relationship was moderated by age such that it was stronger and statistically significant in
older but not younger children. In contrast, interhemispheric frontal lobe functional
connectivity was not associated with underlying white matter microstructure, and this
relationship was not influenced by age. Regarding relationships with behavior, functional
and structural connectivity of the executive control network predicted cognitive speed,
fluency, and set-switching measures but not motor speed. In contrast, neither structural nor
functional DMN connectivity related to any behavioral measure. Together, these results
show that the functional relationship within medial nodes of the DMN depended upon the
underlying structural connection, more strongly for older than younger children, but that
these measures did not predict behavioral performance. In contrast, the functional
relationship within the bilateral frontal nodes of the executive control network did not relate
reliably to the underlying structural connection, but did predict indices of cognitive
performance.

Our study is the first to use DTI to measure the integrity of white-matter microstructure in
two white matter tracts that underlie functional networks in late childhood. DTI measures
the directional coherence of water diffusion in white matter tracts, with higher FA values
reflecting tracts with thicker, more myelinated, and more consistently organized fibers
(Basser, 1995; Pierpaoli & Basser, 1996). As the tract connecting bilateral lateral PFC
courses through the corpus callosum, the largest and most consistently organized white
matter fiber bundle in the brain, FA within this tract is likely to be higher than that of the
cingulum bundle within the cingulate gyrus. Indeed, the FA within the corpus callosum
potion of this tract was much higher than the FA within the entire tract, and was also higher
than FA within the cingulum bundle. As Figure 3 shows, paths of this tract differed widely
across individuals. The lack of consistency in tract definition likely results from immaturity
of frontal cortex in late childhood, as well as from methodological constraints of
tractography in lateral frontal regions that include multiple crossing fibers such as the lateral
fibers radiating out of the corpus collosum and the anterior-posterior fibers within the
superior longitudinal fasciculus (Mori et al., 2005).
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Our results showed that the more organized the cingulum fiber bundle is (i.e., higher FA),
the more efficient the communication (i.e., higher functional connectivity) between its
interconnected regions. During development, higher FA is an index of white matter
maturation (van der Knaap et al., 1991; Klingberg et al., 1999; Barnea-Goraly et al., 2005;
Hermoye et al., 2006), while increased DMN functional connectivity is an index of stronger
functional organization (Fair et al., 2007, 2008; Thomason et al., 2008). Thus, the
association of higher FA with higher DMN functional connectivity in the present study
indicates that the increased maturation of the cingulum bundle is related to more efficient
communication between mPFC and PCC. Our findings extend the positive correlation
between DMN and cingulum FA observed in young adulthood (van den Heuval et al., 2008)
and in normal aging (Andrews-Hanna et al., 2007) to an earlier period of development. Our
correlation coefficient was higher (r = .48) than those in the adult studies (r = .29 in young
adults and r = .33 in older adults, controlled for age), perhaps due to a greater range of
functional and structural connectivity in children resulting from variable maturation rates,
particularly of fiber tracts connecting association cortices. This greater range may have
served to increase the strength of the linear relationship between structure and function.

Our results provide some insight into developmental differences in the maturation of the
DMN and its association with the integrity of the cingulum bundle. While age did not
correlate with either FA or functional connectivity, it moderated the strength of the
structure-function relationship, such that this relationship was stronger in 11-13 year-old
children than in 9-11 year-old children. These results extend those of Supekar et al. (2010),
who reported a weak, nonsignificant relationship between structure and function of the
DMN in 7-9 year old children. The present finding suggests that this relationship emerges
after age 9 but is more reliable as children enter the preadolescent years. Interestingly, DMN
functional connectivity was not lower in younger than in older children, despite the
weakness of the structure-function relationship. Similarly, previous studies have
demonstrated that while functional connectivity within the DMN is lower during
development than in adulthood, it is still relatively robust (Fair et al., 2008; Kelly et al.,
2009; Supekar et al., 2010), even at young ages when the cingulum is quite undeveloped
(Dubois et al., 2008). This converging evidence suggests that in early childhood, while the
cingulum is relatively immature, DMN functional connectivity may be supported by other
structural connections besides the cingulum. One possibility is that communication may be
mediated by structural connections through the medial temporal lobe, a component of the
DMN. The hippocampal formation matures early, with volume increasing rapidly until age 2
years and slowly thereafter (Utsunomiya et al., 1999), and it is structurally connected to both
the anterior and posterior nodes of the DMN. In macaques, direct monosynaptic connections
exist between the posterior cingulate and retrosplenial cortex and the medial temporal lobe
(Suzuki & Amaral, 1994; Morris et al., 1999; Lavenex et al., 2002; Kobayashi & Amaral,
2003), while the uncinate fasciculus is known to connect the medial temporal lobes to the
ventral medial prefrontal cortex (Carmichael & Price, 1995; Petrides & Pandya, 2007).
Future work with younger children ought to investigate whether communication between
PCC and mPFC may depend on the medial temporal lobe.

The executive control network in the present study was identified as two separate lateralized
components, consistent with past ICA studies (Beckmann et al., 2005; Habas et al., 2009;
Kiviniemi et al., 2009; Smith et al., 2009; Stevens et al., 2009). In contrast with the DMN,
functional connectivity between the lateral prefrontal nodes of the executive control network
had no relationship with FA within the corpus callosum. It is possible that this relationship
did not emerge because of the highly variable paths of the tracts connecting these nodes.
Unlike the cingulum within the DMN, there is no single large, coherent tract connecting
lateral prefrontal cortex to its contralateral homologue; thus, the connecting tracts detected
using probabilistic tractography are more likely to vary across subjects. Thus, we restricted
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FA measurement to the corpus callosum portion of the tract in order to increase the
consistency of the tract’s anatomical location across subjects. Still, this portion within the
corpus callosum was not uniform across subjects, which might increase the noise in our
measured FA values and thus reduce our ability to detect a structure-function relationship.
Alternately, it is possible that the corpus callosum might not be the only pathway for
communication between lateral prefrontal nodes of the executive control network.
Interhemispheric resting state functional connectivity in bilateral networks is not eliminated
in cases of corpus callosum agenesis (Quigley et al., 2003) or even complete
commisurotomy (Uddin et al., 2008), suggesting that subcortical structures might also
mediate interhemispheric communication (Uddin et al., 2008). Such an indirect
communication pathway obviates the strict dependence of bilateral functional connectivity
on direct callosal structural connections, which in this study would reduce our ability to
observe correlations between functional and structural connectivity.

Functional connectivity within the DMN was not associated with processing speed in the
present study. This association has been observed in healthy adults (Hampson et al., 2006)
and in normal aging (Andrews-Hanna et al., 2007; Sambataro et al., 2010). Perhaps this lack
of a relationship in the present study resulted from our not using a simple reaction time
measure of cognitive speed. Our measure, time taken for trail-making with letter or number
sequences, required maintenance of the alphabetic/numeric sequences within working
memory and constant monitoring of the position within those sequences—functions
commonly associated with executive control processes. Indeed, post-hoc cross-correlations
of the cognitive measures revealed that the cognitive speed, fluency, and switching measures
were all inter-correlated (all rs > .68; all ps < .01), but that no behavioral measure correlated
with motor speed (ps > .1). Thus, the cognitive processing speed measure may not have been
“process-pure”, but rather may have required some executive functions, which helps explain
both its association with connectivity within the executive control network and its lack of
association with functional connectivity within the DMN.

As hypothesized, we observed that functional connectivity between lateral frontal cortex and
the structural integrity of the corpus callosum connecting them was associated with two
measures of executive function, fluency and set-switching. Furthermore, these connectivity
measures also correlated with cognitive speed but not motor speed. The strong inter-
correlations between the cognitive speed, fluency, and switching measures suggests these
behavioral measures likely all tapped into a single non-motor aspect of cognition which
depends on structural and functional connections within the executive control network, but
not the DMN. These findings are consistent with others showing that colossal volume
correlated with functions supporting higher order interhemispheric functions (e.g., language,
inhibition) but not interhemispheric sensory integration (Clarke & Zaidel, 1994). Higher
order interhemispheric integration is thought to depend upon interconnection of homologous
association cortices, such as the bilateral prefrontal regions investigated in the present study.
It is important to note that while both colossal structural integrity and functional
connectivity of homologous lateral frontal cortices correlated with the three measures of
cognitive function, the interhemispheric functional connectivity did not depend upon the
structural integrity of the connecting corpus callosum. Thus, our findings suggest that the
concerted functioning of bilateral frontal cortices, which is important for cognitive
functioning, can be supported by sources other than a direct bilateral structural connection.

In summary, the present study provides the first evidence for a relationship between
functional connectivity within resting-state networks and the maturity of the structural tracts
connecting those networks in late childhood. However, our sample size was somewhat
small, especially to evaluate age differences. In addition, our sample had relatively high 1Q
scores, which may limit the generalizability of our findings. Finally, ROIs were based upon
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group ICA results in order to have a common starting point for structural and functional
connectivity analysis across all subjects. In past studies, ROIs for DMN have been based
upon loci reported in the literature (e.g., Fair et al., 2008) or task-evoked group average of
de-activation (e.g., Hampson et al., 2006). Thus, it will be important to replicate our finding
of a stronger structure-function association within the DMN with increasing age with larger
and more intellectually heterogeneous samples, as well as with other ROI selection methods.
Our findings indicate that the structural maturity of the cingulum bundle is important for the
efficiency of communication between the midline nodes of the DMN, particularly as
children enter preadolescent years. In contrast, communication between nodes of the
bilateral frontal network does not appear to be supported by the structural integrity of the
corpus callosum, although integrity of both the functional and structural connections is
important for cognitive functioning. Future research should not only extend these findings in
different developmental age ranges, but should also examine how these observed
relationships might be disrupted in developmental disorders such as ADHD and Autism.
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Default mode
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Figure 1.

ICA results. (A) Networks of interest: DMN and executive control networks. Networks are
thresholded at voxelwise probability of inclusion in the network > .999. Seeds for
connectivity analysis were constructed on the activity clusters circled in green. (B) Other
networks detected by the ICA analysis.
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Figure 2.
Cingulum tracts traced by the probabilistic tractography procedure in five representative

subjects. Tracts are displayed on subjects’ anatomical images.
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Figure 3.

Interhemispheric tracts between lateral PFC clusters traced by the probabilistic tractography
procedure in five representative subjects. The portion of the tract outside the corpus
callosum is shown in red, while the portion within the corpus callosum (from which FA
statistics were calculated) is in blue. Tracts are displayed on subjects’ anatomical images.
Note the substantial variations in tract location, as demonstrated by the different Y
coordinates at which the tracts emerged.
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(A) Correlation between functional connectivity observed within DMN and mean FA within

children aged 11.4 to 12.9 years
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the cingulum tracts connecting PCC and mPFC. (B) Weak correlation between DMN
functional connectivity and cingulum FA in younger children aged 9.1 to 11 years (C)
Stronger correlation between DMN functional connectivity and cingulum FA in older
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Figure 5.

Correlation between functional connectivity within the executive control network and mean
FA within the corpus callosum portion of the tracts connecting left and right lateral
prefrontal cortex.
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Partial correlation plots between connectivity measures and behavioral composite measures.
Each column of plots represents a multiple regression testing for effects of the four neural
measures on that behavioral composite. Each plot shows a partial correlation of the neural
measure with the behavioral measure, with the other three neural measures accounted for as
covariates. T = p<.10; * = p<.05; ** = p<.01; *** = p<.001.
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Behavioral Measures and Scores

Table 1

Subtest

Raw Scores + SD

Composite Measure

Trail-Making Test: Motor Speed

28.2 +£10.0 sec

Motor Processing Speed

Trail-Making Test: Letter Sequence

34.4 £8.8sec

Trail-Making Test: Number Sequence

38.5+11.6 sec

Cognitive Processing Speed

Verbal Fluency Test: Letter Fluency Total Correct

30.7 £ 10.2 items

Design Fluency: Switching Total Correct

5.9 + 3.1 designs

Verbal Fluency Test: Category Fluency Total Correct 35.6 + 9.8 items Fluency
Design Fluency: Filled Dots Total Correct 8.9 + 3.5 designs
Trail-Making Test: Number-Letter Switching 100.2 + 48.5 sec
Verbal Fluency Test: Category Switching Total Correct 12.0 £ 3.0 items Switching
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Table 2

Voxels of peak connectivity within networks of interest in ICA analysis

Cluster location

Cluster size (voxels)

Peak Z-score

MNI location of peak voxel

Default Mode Network

Medial Prefrontal Cortex 998 13.85 [2, 46, —16]
Posterior Cingulate Cortex 223 11.23 [-2, —58, 28]
Right Angular Gyrus 23 5.82 [54, —62, 24]
Left Angular Gyrus 141 8.75 [—46, —74, 36]
Right Anterior Temporal Lobe 29 6.81 [58, —2, —24]
Right Temporal Pole 24 6.23 [38, 22, —40]
Right Executive Control Network

Right Lateral Prefrontal Cortex 812 9.67 [38, 58, —4]
Right Lateral Parietal Cortex 381 13.29 [46, —54, 52]
Right Posterior Temporal Lobe 80 6.83 [62, —46, —4]
Left Lateral Cerebellum 97 7.39 [-46, =70, —48]
Left Executive Control Network

Left Lateral Prefrontal Cortex 587 9.79 [-50, 14, 36]
Left Lateral Parietal Cortex 332 9.66 [—38, =70, 44]
Left Posterior Temporal Lobe 112 8.04 [-58, =54, —12]
Right Lateral Cerebellum 53 6.91 [38, =70, —44]
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