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a b s t r a c t
Functional and structural maturation of networks comprised of discrete regions is an important aspect of
brain development. The default-mode network (DMN) is a prominent network which includes the posterior
cingulate cortex (PCC), medial prefrontal cortex (mPFC), medial temporal lobes (MTL), and angular gyrus
(AG). Despite increasing interest in DMN function, little is known about its maturation from childhood to
adulthood. Here we examine developmental changes in DMN connectivity using a multimodal imaging
approach by combining resting-state fMRI, voxel-based morphometry and diffusion tensor imaging-based
tractography. We found that the DMN undergoes signiﬁcant developmental changes in functional and
structural connectivity, but these changes are not uniform across all DMN nodes. Convergent structural and
functional connectivity analyses suggest that PCC-mPFC connectivity along the cingulum bundle is the most
immature link in the DMN of children. Both PCC and mPFC also showed gray matter volume differences, as
well as prominent macrostructural and microstructural differences in the dorsal cingulum bundle linking
these regions. Notably, structural connectivity between PCC and left MTL was either weak or non-existent in
children, even though functional connectivity did not differ from that of adults. These results imply that
functional connectivity in children can reach adult-like levels despite weak structural connectivity. We
propose that maturation of PCC-mPFC structural connectivity plays an important role in the development of
self-related and social-cognitive functions that emerge during adolescence. More generally, our study
demonstrates how quantitative multimodal analysis of anatomy and connectivity allows us to better
characterize the heterogeneous development and maturation of brain networks.
© 2010 Elsevier Inc. All rights reserved.

Introduction
There is growing scientiﬁc interest in understanding large-scale
brain networks that underlie higher-level cognition in humans. The
default-mode network (DMN) is a prominent large-scale brain
network that includes the posterior cingulate cortex (PCC), medial
prefrontal cortex (mPFC), medial temporal lobes (MTL), and angular
gyrus (AG). The DMN is unique in terms of its high resting
metabolism, deactivation proﬁle during cognitively demanding tasks
(Raichle et al., 2001; Shulman et al., 1997), and increased activity
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during high-level social cognitive tasks (Harrison et al., 2008). The
precise functions collectively subserved by the DMN are still largely
unknown, but the individual brain regions comprising it are involved
in integration of autobiographical, self-monitoring and social cognitive functions (Spreng et al., 2009). The PCC is activated during tasks
that involve autobiographical memory and self-referential processes
(Buckner and Carroll, 2007), the mPFC is associated with social
cognitive processes related to self and others (Amodio and Frith,
2006), the MTL is engaged in episodic memory (Milner, 2005), and the
AG is implicated in semantic processing and attention (Binder et al.,
2009; Chambers et al., 2004). Regardless of the speciﬁc functions
subserved by each region of the DMN, it is noteworthy that dynamic
suppression of this network during cognitively demanding tasks
appears to be necessary for accurate behavioral performance (Kelly
et al., 2008; Polli et al., 2005; Weissman et al., 2006).
Most of our knowledge about the DMN has been based on brain
imaging studies in adults. In adults, the DMN can be reliably isolated
in virtually every individual, presumably because interactions
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between the core brain regions that comprise it have led to a stable
and mature network. Very little is currently known about the
functional maturation of the DMN from childhood to adulthood, and
less is known about structural changes that underlie the functional
maturation of the DMN. Notably, no study has examined white matter
within the DMN in children, using diffusion tensor imaging (DTI)
tractography. As a result, the relationship between DMN structure and
function in children is also not known. Examining the developmental
trajectory of the DMN is important not only for understanding how
structural brain changes during development impact development of
key functional brain circuits, but also for understanding the ontogeny
of cognitive processes subserved by the DMN. Additionally, the
putative functions of the DMN, as well as the maturation of cognitive
control mechanisms, are relatively late to develop in children, and are
often compromised in neurodevelopmental disorders such as autism
spectrum disorders and attention-deﬁcit/hyperactivity disorder
(Broyd et al., 2009).
Here we use resting-state fMRI in conjunction with DTI and
optimized voxel-based morphometry (VBM) to characterize functional, white matter, and gray matter changes within the DMN from
childhood to young adulthood. Speciﬁcally, we investigated developmental changes in functional and structural connectivity between key
nodes within the DMN. We additionally examined the relationship
between measures of functional and structural connectivity between
DMN regions. Previous structural neuroimaging studies have shown
that while gray matter volume follows a regionally speciﬁc inverted
U-shaped trajectory, white matter volume shows protracted increases
with development (Lenroot and Giedd, 2006). This principle suggests
that connectivity between different cortical regions matures at
different time points during development. We therefore hypothesized
that DMN maturation would be characterized by heterogeneous
changes in structural and functional connectivity with age. We further
hypothesized that weak long-range structural connections between
the PCC and the mPFC would have a signiﬁcant impact on functional
connectivity in children.

Materials and methods
Participants
Twenty-three children and twenty-two IQ-matched young-adult
subjects participated in this study after providing written informed
consent. For those subjects who were unable to give informed
consent, written informed consent was obtained from their legal
guardian. The study protocol was approved by the Stanford University
Institutional Review Board. The child subjects (10 males, 13 females)
ranged in age from 7 to 9 (mean age 7.95) with an IQ range of 88 to
137 (mean IQ: 112). The young-adult subjects (11 males, 11 females)
ranged in age from 19 to 22 (mean age 20.4) with an IQ range of 97 to
137 (mean IQ: 112). The subjects were recruited locally – children
from local schools and young-adult subjects from Stanford University
and neighboring community colleges. Eleven of the 23 child subjects
were 2nd graders; twelve of the child subjects were 3rd graders. The
young-adult subjects had received 13 to 16 years of education (mean
years of education 14.5, Table 1).

Table 1
Demographic Information. The two groups did not differ on IQ or gender distribution.

Age
Gender
IQ
Years of education

Children (n = 23)

Young adults (n = 22)

7.95** (range: 7 to 9)
10 males, 13 females
112 (range: 88 to 137)
2.52** (range: 2 to 3)

20.40** (range: 19 to 22)
11 males, 11 females
112 (range:97 to 137)
14.5** (range: 13 to 16)

** Signiﬁcant group differences pbb0.01.
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Functional MRI
Data acquisition
For the task-free scan, subjects were instructed to keep their eyes
closed and try not to move for the duration of the 8 minute scan.
Functional Images were acquired on a 3 T GE Signa scanner (General
Electric, Milwaukee, WI) using a custom-built head coil. Head
movement was minimized during scanning by a comfortable
custom-built restraint. A total of 29 axial slices (4.0 mm thickness,
0.5 mm skip) parallel to the AC–PC line and covering the whole brain
were imaged with a temporal resolution of 2 seconds using a T2*
weighted gradient echo spiral in-out pulse sequence (Glover and Law,
2001) with the following parameters: TR = 2000 ms, TE = 30 ms, ﬂip
angle = 80°, 1 interleave. The ﬁeld of view was 20 cm, and the matrix
size was 64 × 64, providing an in-plane spatial resolution of 3.125 mm.
To reduce blurring and signal loss arising from ﬁeld inhomogeneities,
an automated high-order shimming method based on spiral acquisitions was used before acquiring functional MRI scans.
Data preprocessing
The ﬁrst 5 volumes were not analyzed to allow for signal
equilibration effects. A linear shim correction was applied separately
for each slice during reconstruction using a magnetic ﬁeld map
acquired automatically by the pulse sequence at the beginning of the
scan (Glover and Lai, 1998). Functional MRI data were then analyzed
using SPM5 analysis software (http://www.ﬁl.ion.ucl.ac.uk/spm).
Images were realigned to correct for motion, corrected for errors in
slice-timing, spatially transformed to standard stereotaxic space
(based on the Montreal Neurologic Institute (MNI) coordinate
system), resampled every 2 mm using sinc interpolation and
smoothed with a 6-mm full-width half-maximum Gaussian kernel
to decrease spatial noise prior to statistical analysis. Translational
movement in millimeters (x, y, z) and rotational motion in degrees
(pitch, roll, yaw) was calculated based on the SPM5 parameters for
motion correction of the functional images in each subject. No
participants had a range of movement greater than 3 mm translation
or 3 degrees of rotation. A two-sample t-test revealed that motion
parameters did not differ between children and young adults
(p b 0.01; Table 2).
Group ICA analysis
Each participant's smoothed, normalized images were concatenated across time to form a four dimensional matrix using FSL 3.3. This
four dimensional matrix was then analyzed with FSL 4.4 melodic ICA
concatenated across participants. This analysis was limited to output
only 25 components for the group. From these components, the
default mode network (DMN) was selected for subsequent analyses
using previously validated methods (Greicius et al., 2004). In addition
to the DMN, ﬁve other networks (salience network, right executive
control network, left executive control network (ECN), visual, and
sensorimotor network) were also selected based on their consistent
identiﬁcation across a number of research studies (Biswal et al., 1995;
Damoiseaux et al., 2006; De Luca et al., 2005; Greicius et al., 2003;
Seeley et al., 2007). All components were then binarized using SPM5

Table 2
Scanner movement parameters. The two groups did not differ on any of the six motion
parameters (x, y, z, pitch, roll, yaw).
Children
(n = 23)

Young adults
(n = 22)

p value

Translation (x, y, z):
0.335, 0.335, 0.99 0.267, 0.307, 0.39 0.41, 0.5, 0.39
range(in mm)
Rotation (pitch, roll, yaw): 0.021, 0.01, 0.01 0.01, 0.005, 0.006 0.19, 0.12, 0.20
range(in degrees)
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in order to create templates for choosing network components for
each individual (Greicius et al. 2003), as described below.
Individual subject analyses
Each participant's smoothed, normalized, four dimensional matrix
was analyzed with FSL melodic ICA version 12. The number of
components output by ICA was determined automatically by the PCA
process of the melodic software. For young adults, the number of ICA
components generated ranged from 23 to 93. For children, the
number of ICA components generated ranged from 45 to 74. Children
and young adults did not differ in the number of ICA components
generated. The templates created above for the six networks were
then applied to each participant's individual ICA components to select
the “best-ﬁt” network component. To do this, we developed a nonlinear template-matching procedure that involved taking the average
z-score of voxels falling within the template minus the average zscore of voxels outside the template and selecting the component in
which this difference (the goodness-of-ﬁt) was the greatest. Z-scores
here reﬂect the degree to which a given voxel's time series correlates
with the time series corresponding to the speciﬁc ICA component.
This method allowed us to select each individual's DMN, salience,
right ECN, left ECN, visual and sensorimotor network.
Group analyses
Within-group, between-group, and combined-group analyses
were performed using the individual best-ﬁt network components
for the DMN network. Individual t-statistics images were used to
determine group-level statistical maps using a one sample t-test as
implemented in SPM5. Between-group differences were determined
using a two sample t-test. The within-group analysis was masked with
a skull-stripped binary image of the standard MNI T1; the betweengroup analysis was masked with a positive only mask of the two
groups combined. Signiﬁcant clusters were determined using a voxelwise statistical height (p b 0.01) and extent (p b 0.01) thresholds,
corrected at the whole-brain level.
Regions of interest selection
ROIs were selected from combined-group clusters in the PCC,
mPFC, bilateral MTL, and bilateral angular gyrus. The PCC and mPFC
ROIs spanned both hemispheres. After visually selecting a voxel with
the highest z score within each cluster on the functional map, the ﬁnal
ROIs were constructed by drawing spheres with centers as the seedpoint and a radius of 8 mm. This ROI selection procedure is widely
used in extant resting-state functional connectivity studies (Fair et al.,
2008; Fox et al., 2005; Kelly et al., 2009).
Functional connectivity
The regional resting-state fMRI timeseries was computed for each
of the ROIs by averaging all the voxels within each region at each
timepoint in the timeseries, resulting in 235 time points for each of
the four DMN regions. Using a similar method, representative restingstate network (RSN) fMRI timeseries for the salience, right ECN, left
ECN, visual and sensorimotor networks were computed. These
regional and RSN timeseries were temporally ﬁltered using a
bandpass ﬁlter (0.0083 Hzbfb0.15 Hz). We used partial correlation
as a measure of strength of functional connectivity between brain
regions belonging to the DMN. Speciﬁcally, we computed functional
connectivity as partial correlations controlling for the inﬂuence of
other DMN nodes and ﬁve other major large-scale brain networks.
Partial correlation measures the degree of association between two
regions, controlling for the effect of other regions, and has been
widely used in task- and resting-state fMRI (Liu et al., 2008; Salvador
et al., 2005; Sun et al., 2004; van den Heuvel et al., 2008). As noted by
van den Heuvel et al. (2008), this partial correlation approach has
signiﬁcant advantages over the pure correlation approach employed
in previous studies. In particular, our analysis allows the investigation

of functional connectivity uncontaminated by activity in the nodes of
the ﬁve other major networks. To account for the non-normality of
partial correlations, a Fisher's r-to-z transform was applied.

Structural MRI
Data acquisition
For each subject, a high-resolution T1-weighted spoiled grass
gradient recalled (SPGR) inversion recovery 3D MRI sequence was
acquired to facilitate anatomical localization of functional data and for
performing anatomical morphometric analyses. The following parameters were used: TI =300 ms, TR =8.4 ms; TE=1.8 ms; ﬂip angle=
15o; 22 cm ﬁeld of view; 132 slices in coronal plane; 256 ×192 matrix; 2
NEX, acquired resolution =1.5 × 0.9× 1.1 mm. Structural and functional
images were acquired in the same scan session.

Voxel-based morphometry
Voxel-wise differences in brain anatomy within DMN regions were
assessed using the optimized voxel-based morphometry (VBM)
method (Good et al., 2001). This analysis was performed with the
VBM5 toolbox developed by Christian Gaser (University of Jena,
Germany, http://dbm.neuro.uni-jena.de/vbm). Prior to analyses, the
structural images were resliced with trilinear interpolation to
isotropic 1 × 1 × 1 voxels and aligned to conventional AC–PC space,
using manually identiﬁed landmarks, including the anterior commissure (AC), the posterior commissure (PC) and the mid-sagittal plane.
The resliced images were spatially normalized to the Montreal
Neurological Institute (MNI) stereotactic space. Spatial transformation was nonlinear with warping regularization = 1; warp frequency
cutoff = 25. The spatially normalized images were then segmented
into gray matter (GM), white matter (WM), and cerebrospinal ﬂuid
(CSF) compartments, with a modiﬁed mixture model cluster analysis
technique (Good et al., 2001) with the following parameters: bias
regularization = 0.0001, bias FWHM cutoff = 70 mm, sampling distance = 3, HMRF weighting = 0.3. As recommended by Gaser et al. for
children or elderly populations, we used no tissue priors for
segmentation. Voxel values were modulated by the Jacobian determinants derived from the spatial normalization such that areas that
were expanded during warping were proportionally reduced in
intensity. We used modulation for nonlinear effects only (while the
warping included both an afﬁne and a nonlinear component). When
using modulated images for performing subsequent group comparisons, the inference is made on measures of volume rather than tissue
concentration (density). The use of modulation for nonlinear but not
afﬁne effects ensures that the statistical comparisons are made on
relative (e.g. while controlling for overall brain size) rather than
absolute volumes.
The segmented (modulated) images for white and gray matter
were smoothed with an isotropic Gaussian kernel (10 mm full width
at half maximum). The size of the kernel for smoothing was chosen as
recommended by Gaser et al. for modulated images, since modulation
introduces additional smoothing. Between-group comparisons for
gray and white matter separately were performed in SPM5 as twosample t-tests on smoothed images. The results presented here were
visualized at height threshold of p b 0.001 (uncorrected), and nonstationary cluster extent threshold (Hayasaka et al., 2004) of p b 0.001
with family-wise error correction for multiple comparisons. The gray
matter results pertaining to the DMN were determined by masking
the gray matter results volume with the combined-group DMN ICA
maps. Similarly, white matter results pertaining to the DMN were
determined by masking the white matter results volume with the
cingulum ﬁbers volume extracted from the adult DTI atlas published
by the International Consortium of Brain Mapping (ICBM) (ICBM-DTI81 atlas, http://www.loni.ucla.edu/Atlases).

K. Supekar et al. / NeuroImage 52 (2010) 290–301

Diffusion tensor imaging
Data acquisition
DTI data was obtained from 18 of the 23 children subjects and 15 of
22 young adults. The DTI pulse sequence was a diffusion-weighted
single-shot spin-echo, echo planar imaging sequence (TE = 70.8 ms;
TR= 8.6 s; ﬁeld of view= 220 mm; matrix size = 128 × 128; bandwidth = ±110 kHz; partial k-space acquisition). We acquired 63 axial,
2-mm thick slices (no skip) for 2 b values, b = 0 and b = approximately
850 s/mm2. The high b value was obtained by applying gradients along
23 different diffusion directions. Two gradient axes were energized
simultaneously to minimize TE. The polarity of the effective diffusionweighting gradients was reversed for odd repetitions to reduce crossterms between diffusion gradients and imaging and background
gradients. Although Jones (Jones, 2004) suggests that measuring more
diffusion directions would be a more efﬁcient way to reliably estimate
diffusion tensors of arbitrary orientation, our signal-to-noise ratio is
sufﬁciently high from our 4 repeats to produce very reliable tensor
estimates suitable for tractography.
Data preprocessing
DTI data were preprocessed using a custom program based on
normalized mutual information that removed eddy current distortion
effects and determined a constrained nonrigid image registration of
all the diffusion images (Bammer et al., 2002). The 6 elements of the
diffusion tensor were determined by multivariate regression (Basser,
1995; Basser and Pierpaoli, 1996). For each subject, the non-diffusionweighted (b = 0) images were coregistered to the T1-weighted 3-D
SPGR anatomical images using a mutual information 3-D rigid-body
coregistration algorithm from SPM5. Several anatomical landmarks,
including the anterior commissure (AC), the posterior commissure
(PC), and the midsagittal plane, were identiﬁed by hand in the T1
images. With these landmarks, we computed a rigid-body transform
from the native image space to the conventional AC–PC-aligned space.
The DTI data were then resampled to this AC–PC-aligned space with
2-mm isotropic voxels using a spline-based tensor interpolation
algorithm (Pajevic et al., 2002), taking care to rotate the tensors to
preserve their orientation with respect to the anatomy (Alexander
et al., 2001). The T1 images were resampled to AC–PC-aligned space
with 1-mm isotropic voxels. We conﬁrmed by visual inspection of
each dataset that this coregistration technique aligns the DTI and T1
images to within 1–2 mm in the brain regions of interest.
Tractography
Using custom DTI analysis software (available for download at
http://sirl.stanford.edu/software/), the tractography procedure was
initiated by whole-brain ﬁber tracking in native space that produced
many ﬁber paths. The spatially normalized PCC, mPFC, and bilateral
MTL ROIs obtained from the combined-group ICA DMN maps were
then warped back to each individual brain to be used for the
subsequent DTI tractography analyses. This was done by applying the
inverse of the spatial normalization transformation. As ﬁber tracking
becomes unreliable in gray matter, we ensured that our ROIs
extended 2–3 mm into the white matter. Tracts that did not end in
or pass through both ROIs were discarded. For the larger PCC and
mPFC ROIs, tracts were only kept if they ended in the ROI. Each ﬁber
tract was estimated using a deterministic streamlines tracking
algorithm (Basser et al., 2000; Conturo et al., 1999; Mori et al.,
1999) with a fourth order Runge–Kutta path integration method
(Press, 2002) and 1 mm ﬁxed step size. A continuous tensor ﬁeld was
estimated using trilinear interpolation of the tensor elements. Starting
from the initial seed point, ﬁber paths were traced in both directions
along the principal diffusion axis. Path tracing proceeded until the FA
fell below 0.15 or until the minimum angle between the current and
previous path segments was larger than 30°. To limit the number of

293

false positives, ﬁbers that were anatomically implausible were identiﬁed visually and removed.
Structural connectivity
For each subject, the density of the ﬁbers connecting the PCC to the
mPFC, PCC to MTL, and mPFC to MTL was measured, in native space.
The density of ﬁbers (number of ﬁbers per unit area) connecting two
regions u and v was computed as
fiber  density ðu; vÞ =

2
1
∑
Su þ Sv f ∈Fðu;vÞ lðf Þ

ð1Þ

where F(u,v) is a set of all the ﬁbers connecting u and v, l(f) length of
the individual ﬁber, Su and Sv are sizes of the ROIs (Hagmann et al.,
2008). The ﬁber density, a measure of structural connectivity,
describes the ﬁber tracts interconnecting the regions of interest.
Additionally, ﬁber mean fractional anisotropy (FA) was computed by
averaging FA values along the tract. FA is a measure of organization of
the underlying white matter (Beaulieu, 2002). Both ﬁber density and
mean FA have been used previously to quantify structural connectivity, particularly to characterize white matter integrity (Hagmann
et al., 2008; van den Heuvel et al., 2008). In our study, we used ﬁber
density and mean FA as a measure of the integrity of the ﬁber tracts
connecting DMN brain regions.
The structural connectivity analyses described above were repeated on an independent dataset of 10 healthy children (see Results
for details).
Results
Demographic data is shown in Table 1. Participant groups did not
differ on IQ (p = 0.93) or gender distribution (p = 0.75).
Comparison of ICA-derived DMN maps in children and young adults
We ﬁrst characterized the DMN in children and young adults using
ICA. ICA indicated that the DMN can be identiﬁed in both children and
young adults, and consists of nodes in the mPFC, PCC, the left and right
MTL, and the left and right AG nodes (Fig. 1). A two sample t-test
revealed that compared to young adults, children showed signiﬁcantly weaker DMN connectivity and decreased spatial extent
(p b 0.01, FDR corrected) in the mPFC but not in the PCC, MTL or the
AG. Compared to young adults, children did not show greater network
connectivity nor increased spatial extent in any brain region within
the DMN.
Comparison of functional connectivity within the DMN in children and
young adults
To further investigate group differences in ICA maps, we analyzed
regional connectivity between the PCC, mPFC, MTL and the AG nodes
of the DMN. Signiﬁcant functional connectivity between each of these
pairs of nodes was observed for both the child and young adult groups
(p b 0.001, FDR corrected). In particular, strong functional connectivity
between left and right MTL (rchildren = 0.53, radults = 0.58), and
between left and right AG (rchildren = 0.45, radults = 0.47) was observed
in both children and young adults. However, children showed
signiﬁcantly lower functional connectivity between the PCC and the
mPFC than young adults (p b 0.01, FDR corrected). Partial correlation
analysis revealed that this difference was signiﬁcant (p b 0.01, FDR
corrected) even after controlling for the inﬂuence of other nodes of
the DMN (bilateral MTL and bilateral AG) and ﬁve other consistently
detected large-scale brain networks—salience, right executive control,
left executive control, visual and sensorimotor network, as shown in
Fig. 2A. No other DMN nodes showed signiﬁcant group differences in
functional connectivity (Figs. 3A, 4A). Additionally, we compared
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Fig. 1. Weaker DMN activity in children. Default mode network (DMN) in (A) children, and (B) young adults. (C) shows results of a two-sample t test contrasting the DMN in young
adults vs. children. Both groups show activity in posterior cingulate cortex (PCC), medial prefrontal cortex (mPFC), medial temporal lobe (MTL), and angular gyrus (AG). Compared
to young adults, children showed reduced activity in the mPFC (p b 0.01). Compared to young adults, children did not show greater DMN activity in any brain region.

within hemisphere connectivity in each group. In children and young
adults, no differences between PCC-right MTL and PCC-left MTL
functional connectivity were observed (pchildren = 0.38, padults = 0.83).
Similar results were observed when PCC-right AG and PCC-left AG
were compared in each group (pchildren = 0.12, padults = 0.34).

(Fig. 2C) as well as left cingulum “hippocampus” tract, which connects
the PCC and left MTL (Fig. 3C). No group differences were found in the
right cingulum tract connecting the PCC and right MTL (Fig. 4C).
Children did not show lower gray matter or greater white matter
volumes in any brain region examined.

Comparison of gray and white matter within the DMN in children and
young adults

Comparison of DTI connectivity within the DMN in children and young
adults

VBM revealed greater gray matter and lower white matter volume
in children compared to young adults in several brain areas. DMNrelated gray matter differences were observed in the PCC and mPFC
(Fig. 2B). White matter differences were observed in the dorsal
cingulum “cingulate gyrus” tract, which connects the PCC and mPFC

White matter tracts connecting the PCC to the mPFC and the MTL
were detected in individual participants, as shown in Fig. 5. Tracts
connecting the PCC and mPFC were detected in all 33 participants for
whom DTI data was available. PCC to right MTL tracts were detected in
all 15 young adults and in 17 out of 18 children. PCC to left MTL tracts
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Fig. 2. Maturation of DMN: PCC-mPFC connectivity. (A) Functional connectivity between PCC and mPFC was signiﬁcantly weaker in children, compared to young adults (p b 0.01,
indicated by **). Functional connectivity was assessed using partial correlation between speciﬁc nodes of the default mode network (DMN) after controlling for the inﬂuence of other
nodes of the DMN and ﬁve non-DMN brain networks. (B) Greater gray matter volume in the PCC and mPFC was observed in children, compared to young adults. (C) Lower white
matter volume was observed in children within the cingulum (cingulate gyrus), which connects the PCC and mPFC. (D) DTI tractography of ﬁber tracts connecting PCC to mPFC (blue
tracts). Fiber density, the number of ﬁbers per unit area between the PCC to mPFC, was signiﬁcantly lower in children, compared to young adults (p b 0.001, indicated by **). The mean
FA of the PCC-mPFC ﬁbers was signiﬁcantly lower in children compared to young adults (pbb 0.0001, indicated by **). (E) Functional connectivity, assessed using partial correlations
between the PCC and mPFC, and structural connectivity, assessed using DTI-based measures of ﬁber density showed positive correlation in young adults (r = 0.57; p b 0.05, indicated
by **) but not in children (r = 0.21; p = 0.4). A similar relationship between PCC-mPFC functional connectivity and structural connectivity was observed when mean FA was used as a
measure of structural connectivity instead of ﬁber density (data not shown).

296

K. Supekar et al. / NeuroImage 52 (2010) 290–301

Fig. 3. Maturation of DMN: PCC-left MTL connectivity. (A) No signiﬁcant group difference in functional connectivity between PCC and left MTL was observed. Functional connectivity
was assessed using partial correlation between speciﬁc nodes of the default mode network (DMN) after controlling for the inﬂuence of other nodes of the DMN and ﬁve non-DMN
brain networks. (B) Greater gray matter volume in the PCC but not the left MTL was observed in children, compared to young adults. (C) Lower white matter volume was observed in
children within the left cingulum (hippocampus), which connects the PCC and left MTL. (D) DTI tractography of ﬁber tracts connecting PCC to left MTL (yellow tracts). Fiber density,
the number of ﬁbers per unit area between the PCC to left MTL, was signiﬁcantly lower in children, compared to young adults (p b 0.001, indicated by **). The mean FA of the PCCleftMTL ﬁbers was signiﬁcantly lower in children compared to young adults (p b 0.001, indicated by **). (E) No signiﬁcant correlation between functional connectivity, assessed using
partial correlations and structural connectivity, assessed using DTI-based measures of ﬁber density between the PCC and left MTL was observed in either group. A similar relationship
between PCC-left MTL functional connectivity and structural connectivity was observed when mean FA was used as a measure of structural connectivity instead of ﬁber density (data
not shown).
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Fig. 4. Maturation of DMN: PCC-right MTL connectivity. (A) No signiﬁcant group difference in functional connectivity between PCC and right MTL was observed. Functional
connectivity was assessed using partial correlation between speciﬁc nodes of the default mode network (DMN) after controlling for the inﬂuence of other nodes of the DMN and ﬁve
non-DMN brain networks. (B) Greater gray matter volume in the PCC but not the right MTL was observed in children, compared to young adults. (C) No white matter volume group
differences were found in the right cingulum (hippocampus), which connects the PCC and right MTL. (D) DTI tractography of ﬁber tracts connecting PCC to right MTL (yellow tracts).
No signiﬁcant group differences in the density of ﬁbers connecting PCC to right MTL were observed. No signiﬁcant group differences in the mean FA of PCC-right MTL ﬁbers were
observed (E) No signiﬁcant correlation between functional connectivity, assessed using partial correlations and structural connectivity, assessed using DTI-based measures of ﬁber
density between the PCC and right MTL was observed in either group. A similar relationship between PCC-right MTL functional connectivity and structural connectivity was observed
when mean FA was used as a measure of structural connectivity instead of ﬁber density (data not shown).

were detected in all 15 young adults, but in only 7 of 18 children. No
tracts directly connecting the mPFC to the MTL were detected in either
group.

The ﬁber density (number of ﬁbers per unit area) of the PCC-mPFC
tracts was signiﬁcantly lower in children compared to young adults
(p b 0.001), as shown in Fig. 2D. Compared to young adults, children
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Fig. 5. Individual subject ﬁber tracts between DMN regions in children and young adults. Representative single-subject DTI tractography in four children and four young adults
showing ﬁber tracts linking the PCC (shown in red), mPFC, and left (purple) and right MTL (green). Both children and adults showed ﬁber tracts from the mPFC that enter the more
rostral aspect of the PCC (shown in blue), and tracts from the MTL that enter the more caudal aspect of the PCC (shown in yellow). Only half of the children showed tracts between
PCC and left MTL. There were no tracts connecting the mPFC to the MTL.

also showed signiﬁcantly lower ﬁber density in the PCC-left MTL
tracts (p b 0.001) (Fig. 3D). This difference was signiﬁcant even after
excluding the subjects in which the PCC-left MTL tracts were not
detected. There were no group differences in the ﬁber density of PCCright MTL tracts (Fig. 4D).
The mean FA value also showed similar differences between the
two subject groups. The mean FA of the PCC-mPFC tracts was
signiﬁcantly lower in children compared to young adults (p b b
0.0001) (Fig. 2D). Compared to young adults, children also showed
signiﬁcantly lower mean FA along the PCC-left MTL tracts (p b 0.01)
(Fig. 3D). There were no group differences in the mean FA of the PCCright MTL tracts (Fig. 4D).
Replication and robustness of structural connectivity ﬁndings within the
DMN in children
To determine if our novel structural connectivity ﬁndings, particularly the laterality effects observed in PCC to MTL ﬁber tracts in
children, were robust (reproducible across datasets) we repeated the
DTI analyses described in the main text on an independent dataset.
This dataset was comprised of 10 subjects (5 males, 5 females)
ranging in age from 7 to 9 (mean age 8.1) with an IQ range of 91 to 131
(mean IQ: 114). These subjects did not differ from the 23 children
used in the original analyses, in age or IQ. Each subject underwent a
structural, DTI, and resting-state fMRI scan. The parameters used for
these scans were identical to those used for scanning participants that
were examined in the original analyses. Results obtained from
analyzing DTI data obtained from these 10 children were consistent
with the original analyses: the PCC to mPFC ﬁber tracts were readily
detected in all the children, the PCC to right MTL ﬁber tracts were
detected in all but one children, while less than half the children (3
out of 10) showed PCC to left MTL ﬁber tracts.

Comparison of function–structure relationships within the DMN in
children and young adults
Next, we examined the relationship between functional and
structural connectivity within the DMN. We found that resting-state
functional connectivity and ﬁber density between the PCC- and the
mPFC were signiﬁcantly positively correlated in young adults
(r = 0.57; p b 0.05) but not in children (r = 0.21; p = 0.4), as shown
in Fig. 2E. This correlation was signiﬁcant for the two groups
combined (r = 0.5; p b 0.05). No signiﬁcant correlation between
functional connectivity and ﬁber density between the PCC and left
or right MTL was observed in either group (Figs. 3E, 4E). This
correlation was insigniﬁcant even after excluding the subjects in
which the PCC-MTL ﬁbers were not detected.
A similar relationship between DMN resting-state functional
connectivity and structural connectivity was observed when mean
FA was used as a measure of structural connectivity instead of ﬁber
density. Speciﬁcally, we found that resting-state functional connectivity and mean FA between the PCC- and the mPFC were signiﬁcantly
positively correlated in young adults (r = 0.62; p b 0.05) but not in
children (r = 0.26; p = 0.28). This correlation was signiﬁcant for the
two groups combined (r = 0.53; p b 0.05). No signiﬁcant correlation
between functional connectivity and mean FA between the PCC and
left or right MTL was observed in either group. This correlation was
insigniﬁcant even after excluding the subjects in which the PCC-MTL
ﬁbers were not detected.
Discussion
The human brain undergoes protracted structural and functional
development (Barnea-Goraly et al., 2005; Sowell et al., 2003; Supekar
et al., 2009). Most previous studies have focused on local changes in
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gray and white matter (Sowell et al., 2003), thus less is known about
the maturation of functional circuits in the developing human brain.
The DMN is a core network implicated in self-referential mental
activity and social cognition, and understanding its developmental
trajectory is important for clarifying how cognitive functions
associated with this network mature with age. We found that the
DMN undergoes signiﬁcant developmental changes in functional and
structural connectivity between childhood and adulthood. Our study
pinpoints which speciﬁc DMN links are structurally and functionally
mature by ages 7–9 and which links show a more protracted
developmental trajectory. Importantly, our results also show that
functional connectivity in children can reach adult-like levels even in
the presence of weak structural connectivity. Convergent structural
and functional connectivity analyses suggest that PCC-mPFC connectivity along the cingulum bundle is the most immature link in the
DMN of children.
Maturation of functional connectivity within the DMN
Recent developmental functional neuroimaging studies have suggested that the posterior nodes of the DMN, most notably the PCC, can be
identiﬁed in infants as young as 2 weeks of age; this is followed by the
emergence of other DMN nodes such as the mPFC and MTL (Fransson
et al., 2007; Gao et al., 2009). Our results suggest that in 7- to 9-year-old
children—like in adults—the DMN is comprised of nodes within PCC,
mPFC, bilateral MTL and bilateral AG. Direct comparison of DMN maps
derived using ICA showed that children had reduced network connectivity and the spatial extent of the connected mPFC node was
smaller. Partial-correlation analysis conﬁrmed that functional connectivity between mPFC and PCC was signiﬁcantly weaker in children even
after discounting the effects of other DMN regions. These results are
broadly consistent with previous ﬁndings of Fair and colleagues (Fair
et al., 2008) but methodologically, it is worth noting here that in our
study we computed functional connectivity as partial correlation
controlling for the inﬂuence of other DMN nodes and ﬁve other major
large-scale brain networks. As noted by van den Heuvel et al. (2008),
this partial correlation approach has signiﬁcant advantages over the pure
correlation approach employed in previous studies. In particular, our
analysis allows the investigation of functional connectivity uncontaminated by other confounding nodes and networks. Our use of continuous
resting-state fMRI data, rather than resting-state data extracted from
inter-task rest periods, also reduces potential contamination by cognitive
tasks. There were no developmental changes in functional connectivity
between any of the other DMN regions. Of note, there were no group
differences in functional connectivity between mPFC and AG, although
the anatomical distance between these nodes is greater than that
between mPFC and PCC. Thus, while long-range functional connectivity is
typically weaker in children (Fair et al., 2007; Supekar et al., 2009), our
results demonstrate that this is not uniformly the case within all nodes of
the DMN. These results indicate that PCC and mPFC is the only DMN link
that undergoes signiﬁcant developmental changes in functional connectivity between childhood and young adulthood. More generally, with the
observed resting-state functional connectivity differences between IQmatched groups and recent evidence suggesting a strong association
between patterns of resting-state functional connectivity and IQ (van den
Heuvel et al., 2009b), future research investigating this association in
development will provide additional insights into the complex relationships between brain connectivity and cognitive performance. We note,
however, that analyses along the lines of van den Heuvel et al. (van den
Heuvel et al., 2009b) failed to ﬁnd any relation between IQ and DMN
activity in both adults and children.
Maturation of structural connectivity within the DMN
Mirroring the developmental changes in functional connectivity,
the density of ﬁber tracts connecting PCC and mPFC was also lower in
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children than in young adults. Our ﬁnding of consistent white matter
tracts along the cingulum bundle in adults is similar to previous DTI
tractography studies (Greicius et al., 2008; van den Heuvel et al., 2008,
2009a). Here we show that children also showed reliable, yet fewer
tracts linking the PCC and mPFC along the cingulum bundle. Immature
structural connectivity in PCC-mPFC tracts in children may reﬂect
continued myelination and structural organization of axonal tracts,
which begins early in development and lasts well into adulthood
(Gogtay et al., 2004; Thompson et al., 2005).
Although children did not show decreased functional connectivity
between PCC and MTL in either hemisphere when compared to adults,
we found signiﬁcant lateralized differences in structural connectivity
between these regions. Children showed signiﬁcantly reduced ﬁber
density between PCC and MTL in the left, but not right, hemisphere.
This is the ﬁrst report of lateralized differences in structural
connectivity between PCC and MTL. To our knowledge, structural
connectivity of the MTL and PCC has not been previously examined in
children. Because of the novel and unexpected results, we sought to
replicate the ﬁndings in an independent dataset. Replicating our
original result, the majority of children did not show ﬁber tracts
between PCC and left MTL whereas PCC to mPFC and PCC to right MTL
were detected in all children. The functional implications of weak
PPC-MTL connectivity in the left hemisphere remain to be investigated. Importantly, however, our results suggest that functional
connectivity within this DMN link reaches adult-like levels even in the
presence of weak structural connectivity. Additional analysis indicated that the left and right MTL are strongly coupled functionally in both
children and adults, and further suggest that interhemispheric
interactions (Stark et al., 2008) may contribute to the observed
functional connectivity of the PCC and left MTL in children.
Maturation of function–structure relationships within the DMN
As discussed above, both functional and structural connectivity
between PCC and mPFC were signiﬁcantly weaker in children compared
to young adults. Analysis of the relationship between structural and
functional connectivity provides further insights into the maturation of
the DMN. In young adults, functional connectivity, assessed using partial
correlations, was signiﬁcantly correlated with structural connectivity,
assessed using both ﬁber density and FA. Children showed a weak, but
non-signiﬁcant positive correlation between functional and structural
connectivity. This suggests that function–structure relationships between the PCC and mPFC nodes of the DMN become more stable with
development. The emergence of structure-function relationships along
the PCC-mPFC link in adults further suggests that the maturation of its
functional connectivity depends on the maturation of white matter
tracts within the cingulum bundle.
Despite the lack of structural connectivity as identiﬁed by DTI
between PCC and left MTL in most children, functional connectivity as
identiﬁed by resting-state fMRI between these regions was not
weaker in children. Such intact functional connectivity may arise from
the strong interhemispheric functional connectivity between right
and left MTL. Previous resting-state fMRI (Stark et al., 2008) and
intracranial EEG studies (Nir et al., 2008) have shown that homotopic
regions in the two cerebral hemispheres tend to have a high degree of
correlated activity. Consistent with this interpretation, we found that
functional connectivity between left and right MTL was equally high
in both children and adults. Furthermore, computer simulations and
lesion studies both suggest that indirect connections can account for
intact functional connectivity in the absence of direct structural
connectivity (Honey et al., 2009; Uddin et al., 2008). Taken together,
these ﬁndings suggest that functional maturation of connectivity
within the PCC-MTL link can precede maturation of its structural
connectivity. This, however, is not the case with PCC-mPFC connectivity, which showed both weak structural and functional connectivity
in children.
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More generally, our ﬁndings critically inform our understanding of
how function–structure relations evolve with development. In spite of
the increasing number of studies using resting-state functional
connectivity methods, there exists controversy regarding the exact
origin of this connectivity in adults (Cordes et al., 2001; Morcom and
Fletcher, 2007; Shmueli et al., 2007). Recent studies have suggested
that resting-state connectivity reﬂects underlying neural coupling and
is not an artifact (Nir et al., 2007). Other studies have reported that
resting-state functional connectivity observed in the human brain
reﬂect underlying anatomical structure (Damoiseaux and Greicius,
2009; Greicius et al., 2008; Hagmann et al., 2008; Honey et al., 2009;
Margulies et al., 2009; Skudlarski et al., 2008; van den Heuvel et al.,
2008, 2009a). This association between function and structure has
been observed to be most signiﬁcant within the DMN (Hagmann et al.,
2008; Skudlarski et al., 2008). Our ﬁndings provide further evidence
regarding the existence of a strong relationship between function and
structure between the PCC and mPFC nodes of the DMN in young
adults and provide novel evidence that this relationship is immature
in children.
Maturation of gray and white matter within the DMN
In order to further investigate anatomical changes underlying the
development of the DMN, we examined gray and white matter
differences within and between each node of the DMN. VBM analyses
revealed prominent gray matter differences in both the PCC and the
mPFC, with children having greater gray matter volume compared to
young adults. In conjunction with this ﬁnding, the dorsal cingulum
bundle connecting these regions showed decreased white matter. Our
ﬁnding of increased gray matter within PCC and mPFC shows a
pattern similar to that observed in other polysensory and association
cortices (Shaw et al., 2008). Greater gray matter in children likely
reﬂects exuberant synaptic connectivity, which is reduced by synaptic
pruning during development (Thompson et al., 2005). Our ﬁnding of
decreased white matter volume in the dorsal cingulum bundle
connecting PCC and mPFC in children is remarkably consistent with
our ﬁnding of decreased ﬁber density and mean FA along this pathway
measured by DTI and more generally, with previous reports of delayed
white matter maturation in children (Barnea-Goraly et al., 2005;
Gogtay et al., 2004). These observations suggest that pruning of local
circuits in PCC and mPFC, as well as macrostructural and microstructural changes in white matter tracts linking them, contribute to
development of the DMN.
In addition to anatomical differences in the PCC and mPFC, we also
observed white matter volume differences in the tracts linking the
PCC with the MTL. Consistent with our ﬁndings of decreased ﬁber
tracts linking PCC with left, but not right MTL, we found that only left
MTL tracts in children showed decreased white matter volume. The
convergence of DTI and VBM results provides further evidence of
delayed maturation of PCC-MTL structural connectivity deﬁcits in
children. Our combined analysis of tractography and morphometric
measures provides additional conﬁrmation of decreased white matter
integrity in children along ﬁbers connecting PCC, mPFC and left MTL
nodes of the DMN.
Limitations
The main limitation of this study is that current methodological
shortcomings of DTI do not allow reliable ﬁber tracking through
regions with a high number of crossing ﬁbers. While the functional
connectivity between all DMN regions can be easily measured using
resting-state fMRI, examining white matter tracts connecting these
regions, particularly those linking the AG to other DMN nodes, is
challenging. AG tracts connecting to the medial nodes of the DMN are
likely to cross other larger tracts such as the superior longitudinal
fasciculus and the arcuate fasciculus, and resolving crossing ﬁbers

using current tractography methods is difﬁcult. Future studies that
use innovative tractography methods (Behrens et al., 2007) that allow
better resolution of crossing ﬁbers, are required for a more
comprehensive analysis of structural connectivity between all nodes
of the DMN.
Conclusion
Each of the major nodes (PCC, mPFC, AG, MTL) of the DMN could
be consistently detected in 7- to 9-year-old children. We found that
children had signiﬁcantly weaker functional and structural connectivity between the anterior (mPFC) and posterior (PCC) nodes of the
DMN. Both the PCC and the mPFC also showed gray volume
differences, as well as prominent macrostructural and microstructural
differences in the dorsal cingulum bundle that links these regions.
Notably, functional connectivity was not uniformly weaker in
children, as other DMN nodes did not show any functional deﬁcits.
One novel ﬁnding of this study is that structural connectivity between
the PCC and left MTL was signiﬁcantly weaker in children, even
though functional connectivity did not differ from that of adults. We
suggest that in this case, strong inter-hemispheric interaction
between the left and right MTL may mitigate the effects of weak
structural connectivity. Based on our ﬁndings, we hypothesize that
maturation of the DMN, and in particular maturation of structural and
functional connectivity between PCC and mPFC, plays an important
role in the development of self- and social-cognitive functions that
emerge during adolescence. Future longitudinal studies relating
changes in structural and functional connectivity measures with
changes in behavioral and cognitive assessments are needed to test
this hypothesis.
More generally, our study demonstrates how quantitative analysis
of functional and structural anatomy and connectivity allows us to
characterize the heterogeneous development and maturation of
functional brain networks. Such multimodal imaging analysis will
be important for better understanding how local and large-scale
anatomical changes shape and constrain typical and atypical cognitive
development.
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