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Development of Anterior Cingulate
Functional Connectivity from Late
Childhood to Early Adulthood

Human cerebral development is remarkably protracted. Although
microstructural processes of neuronal maturation remain accessi-
ble only to morphometric post-mortem studies, neuroimaging tools
permit the examination of macrostructural aspects of brain
development. The analysis of resting-state functional connectivity
(FC) offers novel possibilities for the investigation of cerebral
development. Using seed-based FC methods, we examined the
development of 5 functionally distinct cingulate-based intrinsic
connectivity networks (ICNs) in children (n = 14, 10.6 = 1.5 years),
adolescents (n = 12, 15.4 + 1.2) and young adults (=14, 22.4 + 1.2).
Children demonstrated a more diffuse pattern of correlation with
voxels proximal to the seed region of interest (ROI) (“local FC"),
whereas adults exhibited more focal patterns of FC, as well as
a greater number of significantly correlated voxels at long
distances from the seed ROl. Adolescents exhibited intermediate
patterns of FC. Consistent with evidence for different matura-
tional time courses, ICNs associated with social and emotional
functions exhibited the greatest developmental effects. Our
findings demonstrate the utility of FC for the study of developing
functional organization. Moreover, given that ICNs are thought to
have an anatomical basis in neuronal connectivity, measures of
FC may provide a quantitative index of brain maturation in
healthy subjects and those with neurodevelopmental disorders.

Keywords: anterior cingulate, BA 25, development, functional connectivity,
self-regulation

Introduction

Neuronal Maturation and Cerebral Development

Histological and stereological post-mortem studies of human and
nonhuman primate brain have provided profound insights into
the microstructural processes of neuronal maturation and the
development of cerebral functional organization. These studies
suggest that postnatal cerebral development is marked by
a period of “exuberant” and redundant synaptic connectivity,
likely reflecting an overproduction of dendrites, dendritic spines,
and axons during the perinatal period (Huttenlocher et al. 1982;
LaMantia and Rakic 1994; Petanjek et al. 2008). This superabun-
dant connectivity is maintained throughout childhood, such that
synaptic density remains at higher-than-adult levels until about
the onset of puberty, from which time there is a net elimination
of synapses. As a result of such “pruning,” the density of syn-
apses declines by ~40% during adolescence, before reaching
a plateau in adulthood (Huttenlocher 1979; Huttenlocher
et al. 1982; Rakic et al. 1986; Bourgeois and Rakic 1993;
Bourgeois et al. 1994; Rakic et al. 1994). The rate at which
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pruning occurs varies across the cerebrum: the decline in
synaptic density appears to begin earlier in visual and
somatosensory cortex than in prefrontal cortex (Bourgeois
et al. 1994; Huttenlocher and Dabholkar 1997). Neuronal
myelination, another key process in postnatal neuronal matu-
ration, appears to follow a similarly protracted and regionally
specific time course. Though few studies have examined this
process in human brain, post-mortem analyses suggest that
myelination begins near the end of the second trimester of
fetal life, increases intensely during the first 2 decades of life,
then continues at a slower rate into middle adulthood, with
the most protracted development in the frontal and temporal
lobes (Yakovlev and Lecours 1967; Brody et al. 1987; Benes
et al. 1994).

That the nonlinear developmental pattern of synaptogenesis
and synaptic elimination is associated with concurrent functional
development of neuronal networks is suggested by the observa-
tion that neurotransmitter innervation and receptor density
follow a similar developmental trajectory throughout the cortex
(Goldman-Rakic and Brown 1982; Lidow et al. 1991; Lidow and
Rakic 1992; Rosenberg and Lewis, 1995; Lambe et al. 2000). Early
synaptic redundancy has been suggested as the basis for the
emergence of cognitive function in the infant (Goldman-Rakic
1987; Petanjek et al. 2008), as well as the synaptic plasticity that
characterizes children’s ability for learning and recovery from
injury (Changeux and Danchin 1976). Though associated with
the loss of this superabundant plasticity, synaptic pruning may
enable more efficient information transfer across spatially distal
regions in the brain, and may therefore underlie the development
of mature cognitive function (Changeux and Danchin 1976;
Goldman-Rakic 1987; Huttenlocher 1990; Paus et al. 1999).

Magnetic Resonance Imaging Studies of Cerebral
Development

The emergence of magnetic resonance imaging (MRI) and
more recently, diffusion tensor imaging (DTI) have permitted
the noninvasive examination of age-related structural changes
in vivo (e.g., Giedd et al. 1999; Paus et al. 1999; Sowell et al.
1999; Sowell et al. 2003; Gogtay et al. 2004). These studies have
been largely consistent with the human and nonhuman
morphometric data: the observed age-related increases in
white matter (WM) are primarily thought to reflect progressive
myelination, whereas age-related decreases in gray matter are
thought to reflect both synaptic pruning and myelination
(Bartzokis et al. 2001; Giedd 2004; Gogtay et al. 2004; Sowell
et al. 2004). Specifically, studies have observed that global WM
volume increases linearly between the ages of 4 and 22 years
(Giedd et al. 1999), with continued increases observed up to
the fifth decade of life (Bartzokis et al. 2001; Sowell et al. 2003).
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In contrast, gray matter volumes follow a nonlinear develop-
mental trajectory whereby peak volumes are attained at
approximately 10-12 years (Giedd et al. 1999), followed by
a significant decline throughout adolescence and adulthood
(Sowell et al. 2001, 2003). Consistent with regional differences
in the onset of declines in synaptic density (Bourgeois et al.
1994; Huttenlocher and Dabholkar 1997), several studies have
observed regional differences in the onset of gray matter loss,
which appears to occur earliest (at around the onset of
puberty) in the primary sensory and motor areas and latest
(at about the end of adolescence, and as late as ~30 years) in
lateral prefrontal and temporal cortices (Sowell et al. 1999,
2001, 2003; Gogtay et al. 2004).

DTI studies demonstrate a complementary pattern of results.
The most commonly reported measure in DTI studies is
fractional anisotropy (FA), which is thought to reflect the
diameter, density and myelination of WM fibers that connect
brain areas (Snook et al. 2005; Giorgio et al. 2008). Age-related
increases in FA have been observed both in whole-brain averages
and in several principal WM pathways, including the corpus
callosum, and the inferior fronto-occipital, superior longitudinal
and uncinate fasciculi, during late childhood, adolescence and
early adulthood (Olesen et al. 2003; Snook et al. 2005; Zhang
et al. 2005; Liston et al. 2006; Eluvathingal et al. 2007; Giorgio
et al. 2008). Finally, consistent with the idea that structural
changes in white and gray matter underlie maturation of
cognitive function, several studies have observed correlations
between structural changes thought to reflect myelination and
synaptic pruning and age-related improvements in measures of
cognitive functions such as working memory (Sowell et al. 2001;
Olesen et al. 2003; Nagy et al. 2004; Liston et al. 20006).

Age-related changes in measures of brain activation also
appear consistent with the reported structural changes. Using
positron emission tomography, Chugani et al. (1987) showed
that regional cerebral glucose metabolism increased from birth,
peaking at 1.4 times the final level at ~9 years, followed by
a decline to adult levels throughout the teenage years. A similar
result was observed in monkeys (Jacobs et al. 1995), supporting
the idea that the age-related changes in glucose metabolism
reflect the periods of synaptic and neurotransmitter excess and
subsequent elimination observed in anatomical studies (e.g.,
Huttenlocher 1979; Rakic et al. 1986). More recently, blood
oxygen level-dependent (BOLD) functional MRI (fMRI) studies
have shown that, relative to adults, young children typically
activate larger and more diffuse regions of prefrontal cortex
when performing tasks that require attentional control, such as
Go/NoGo or Flanker tasks (Casey et al. 1997; Bunge et al. 2002;
Tamm et al. 2002; Durston et al. 2006). The pattern of diffuse
activation is consistent with the idea that, in children, these
tasks activate immature and inefficient functional networks,
whereas the focal activations exhibited by adults may be
a functional consequence of synaptic elimination (Luna and
Sweeney 2004; Casey et al. 2005). Accordingly, studies have
shown that the BOLD activity that correlates with task
performance becomes more focal with age, whereas activity
not correlated with performance decreases with age (Brown
et al. 2005; Durston et al. 2000).

Functional Connectivity

Despite the progress made by these functional imaging studies,
the maturational changes occurring on the level of large-scale
functional networks have remained somewhat elusive. Func-

tional connectivity (FC) analyses of the brain’s spontaneous
activity may offer an alternative means to examine the devel-
opment of these networks. FC analyses, which detect temporal
correlations between “spatially remote neurophysiological
events” (Friston et al. 1993), reveal patterns of correlated
ultra-low frequency (<0.1 Hz) spontaneous BOLD activity
within a number of functionally distinct processing systems
(Greicius and Menon 2004; Damoiseaux et al. 2006; Fransson
2006; Margulies et al. 2007; Di Martino et al. 2008), in human
infants (Fransson et al. 2007), and in other species such as
chimpanzees, macaques and rats (Rilling et al. 2007; Vincent
et al. 2007; Kannurpatti et al. 2008). The networks detected
in these studies have been termed resting-state networks
(De Luca et al. 2006) or, more appropriately, intrinsic con-
nectivity networks (ICNs, Seeley et al. 2007), given their
detection across a variety of states, including task performance.
These networks show striking spatial correspondence to
known functional systems (Biswal et al. 1995; Damoiseaux
et al. 2006; Fox et al. 2006; Margulies et al. 2007), and patterns
of coactivation observed in task-based studies (Toro et al.
2008), suggesting that their spontaneous activity reflects
functionally relevant communications among neurons (Leopold
et al. 2003; Buzsaki 2000). It is increasingly thought that this
spontaneous activity may serve to maintain network integrity
by reinforcing the synaptic connections that subserve the
network’s typical functioning during awake states (Fox and
Raichle 2007; Pinsk and Kastner 2007). As such, FC approaches
may provide a novel way to quantify brain development and
maturation.

Although many studies have examined the structure and
organization of ICNs in adults, few have examined how ICNs
change with development. Fair et al. (2007) recently used
region-of-interest-based interregional FC and graphical meth-
ods in a large sample of children, adolescents and adults to
examine the development of 2 ICNs subserving cognitive con-
trol functions. Fair et al. demonstrated that maturation of these
networks involved both segregation (a reduction in short-range
local correlation strength) and integration (an increase in the
strength of long-range FC with other brain regions). In
a subsequent study using a seed-based approach, Fair et al.
(2008) also demonstrated increasing FC between components
of the default-mode network with age.

Anterior Cingulate FC and Development
Fair et al’s findings suggest that FC approaches may be fruitful
when applied to the examination of brain development and
maturation. Moreover, given that the ICNs detected using FC
analyses are thought to have an anatomic basis in neuronal
connectivity (Andrews-Hanna et al. 2007; Fox and Raichle
2007; Vincent et al. 2007; Greicius et al. 2008), measures of FC
may even provide a quantitative index of brain maturation.
Here, we explore this possibility, by examining the develop-
ment of 5 cingulate-based ICNs. The anterior cingulate cortex
(ACC) is at the center of the brain’s self-regulatory system,
integrating inputs from diverse sources in order to regulate
responses and guide behavior (Bush et al. 2000; Paus 2001,
Amodio and Frith 2006). As such, development of the
functional organization of anterior cingulate-based networks
is likely to be an essential step in the cerebral maturation that
underlies cognitive, social and emotional development.

In a recent resting-state fMRI study (Margulies et al. 2007),
we examined cingulate FC by eliciting the ICNs associated with
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16 seed regions of interest (ROIs) systematically placed
throughout the ACC in 2 arrays designated superior (S) and
inferior (I) (Fig. 14). Our findings were highly consistent with
anatomical and neuroimaging studies of functional differenti-
ation within the ACC. In the present study, we selected 5 of
those ACC seeds for examination in a developmental context,
maintaining the naming convention used by Margulies et al. to
refer to the ACC seeds. Seeds were selected so as to sample
5 principal functions associated with the ACC, and were placed
in caudal (S1), dorsal (S3), rostral (S5), perigenual (S7), and
subgenual (19) regions of the ACC. These regions are broadly
associated with 5 domains of self-regulatory control, namely,

motor control, attentional/cognitive control, conflict monitoring,
mentalizing and emotional regulation, respectively (see Fig. 14).

Cognitive developmental studies demonstrate that the pro-
cesses associated with these broad functional domains undergo
considerable change throughout childhood and adolescence,
but with differential rates of maturation. Functions associated
with motor control and less complex aspects of cognitive
control, such as inhibitory control and working memory
maintenance, are thought to develop rapidly during childhood
(Ridderinkhof et al. 1997; Rueda et al. 2004, 2005; Davidson
et al. 20006). In contrast, more sophisticated aspects of
attentional control, as well as many of the evaluative, social
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Figure 1. (A) Margulies et al. (2007), seeded the ACC at 16 coordinates along 2 separate rows: an inferior row (I), located 5 mm from the corpus callosum, startingaty = —10
(1), and spaced 10 mm apart along a curve traced parallel the corpus callosum; and a superior row (S), located 15 mm from the corpus callosum along radial axes extending from
each of the 7 inferior seeds. Here, we examined the ICNs elicited by 5 of those seeds: S1 (orange), S3 (blue), S5 (yellow), S7 (green), and 19 (red). Seed S1 (MNI coords: x = 5,
y = —10,z = 47), in the caudal ACC, was located in a region critically involved in movement execution and the control of motor behavior (Dum and Strick 1991; Carmichael and
Price 1995b; Paus 2001; Chouinard and Paus 2006). The dorsal ACC (dACC), the location of seed S3 (x = 5, y = 14, z = 42) is thought to play a central role in the top-down
control of attention, and is commonly activated during working memory, response selection and inhibition, and in response to task cues (e.g., Posner and Petersen 1990; Garavan
et al. 2002; Wager and Smith 2003; Hester et al. 2004; Milham and Banich 2005; Curtis 2006; \Weissman et al. 2006; Nee et al. 2007; Dosenbach et al. 2008). Seed S5 (x = 5, y
= 34,z = 28) was located in the rostral section of supragenual ACC, an area typically associated with more evaluative functions than dACC, including monitoring and signaling of
conflict or interference, response to errors, reasoning and decision making (Botvinick et al. 1999; Kiehl et al. 2000; Kroger et al. 2002; Garavan et al. 2003; Luo et al. 2003;
Botvinick et al. 2004;; Paulus and Frank 2006; Taylor et al. 2006; Lutcke and Frahm 2007). Seed S7 (x = 5, y =47, z = 11) was located in the perigenual ACC which has been
centrally implicated in social cognitive functions such as mentalizing and self-reflection (Johnson et al. 2002; Frith and Frith 2003; Ochsner et al. 2005; Amodio and Frith 2006).
Finally, seed 19 (x = 5, y = 25, z = —10) was located in the subgenual ACC, corresponding to BA 25, which is central to a limbic and paralimbic system that subserves
emotional responsiveness and regulation and the monitoring of rewarding or punishing outcomes (Drevets et al. 1997; Phan et al. 2002; Knutson et al. 2003; Phillips et al. 2003;
Mayberg 2006; Taylor et al. 2006). (B) The panels illustrate significant positive (green-red) and negative (blue-pink) connectivity for each ACC seed, for each group (child,
adolescent, adult), according to neurological convention (right is right), in Talairach space.
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and emotional functions associated with rostral and ventral
areas of the ACC continue to undergo substantial development
throughout adolescence and into adulthood (Nelson et al.
2003; Ernst et al. 2005; Steinberg 2005; Blakemore and
Choudhury 2006; Crone et al. 2006; Davidson et al. 20006;
Galvan et al. 2006; Thomas et al. 2007; Hare et al. 2008).

Based on the morphometric, structural and functional
evidence reviewed above, we hypothesized that each ACC
network would demonstrate age-related differences in FC.
Specifically, based on the evidence for net synaptic elimination
during adolescence, we predicted a gradual transition in the
pattern of correlated voxels, from one dominated by diffuse
local (short-distance) correlations in childhood, to one char-
acterized by more focal (spatially limited) local correlations in
adulthood. In addition, we expected to observe a greater
number of positively correlated voxels at long distances from
the seed ROI in adulthood, potentially reflecting the maturation
of large-scale functional networks underlying cognition. Finally,
we examined the prediction that measures of FC would reveal
regional differences in the time course of maturation across the
5 networks, with motor and cognitive networks showing more
rapid maturation than social and emotional networks.

Methods

Participants

Children and Adolescents

Fourteen children (mean age:10.6 % 1.5 years; range: 8.7-12.7; 4 females)
and 12 adolescents (mean age: 154 * 1.2 years; range: 13.5-17.0;
5 females) were recruited from the local community. Absence of
DSM-1V Axis-I diagnosis was established based on parent interviews
using the Schedule of Affective Disorders and Schizophrenia for
Children—Present and Lifetime Version.

Young Adults

Fourteen young adults (mean age: 22.4 * 1.2 years; range: 19.7-24.0;
5 females) were recruited from the local community. All adults had no
history of psychiatric or neurological illness as confirmed by a
psychiatric clinical interview. Absence of known neurological or
chronic medical diseases was required of participants in all age groups.
Data from 9 of the adult participants were previously reported by
Margulies et al. (2007). The study was approved by the institutional
review boards of the New York University School of Medicine and New
York University. Signed informed consent was obtained from all
participants and their legal guardian (in the case of children and
adolescents) prior to participation. Participants received monetary
compensation.

Functional Imaging

Functional imaging data were acquired using a research-dedicated
Siemens Allegra 3.0 Tesla scanner, located at the NYU Center for Brain
Imaging. We obtained a brief (6 min 38 s) “resting-state” scan,
comprising 197 contiguous echo planar imaging whole-brain functional
volumes (time repetition [TR] = 2000 ms; time echo [TE] = 25 ms; flip
angle = 90, 39 slices, matrix = 64 x 04; field of view [FOV] = 192 mm;
acquisition voxel size = 3 x 3 x 3 mm). Coverage of the entire
cerebellum was not possible in all participants. During this scan
participants were asked to relax with their eyes open. A high-resolution
T -weighted anatomical image was also acquired using a magnetization
prepared gradient echo sequence (TR = 2500 ms; TE = 3.93 ms; inversion
time = 900 ms; flip angle = 8; 176 slices, FOV = 256 mm).

Image Preprocessing and Individual Analyses
Preprocessing steps of slice timing correction for interleaved acquisi-
tion (using Fourier interpolation), motion correction (by aligning each

volume to a “base” image using Fourier interpolation) and despiking
(detection and reduction of extreme time series outliers using an
hyperbolic tangent function) were performed using analysis of
functional neuroimages (AFNI, Cox 1996). All other data processing
was carried out using FSL (FMRIB Software Library, www.fmrib.ox.ac.uk).
Further image preprocessing comprised spatial smoothing (using a
Gaussian kernel of full width half maximum 6 mm), mean-based
intensity normalization of all volumes by the same factor, temporal
bandpass filtering (highpass temporal filtering: Gaussian-weighted least-
squares straight line fitting, with sigma = 100.0 s; Gaussian lowpass
temporal filtering half-width half maximum [HWHM] 2.8 s) and correction
for time series autocorrelation (prewhitening). As a final preprocessing
step, each individual’s time series was spatially normalized by registration
to the MNI152 template (Montreal Neurological Institute), with 1-mm?
resolution, using a 12 degrees-of-freedom affine transformation.

Movement Parameters

Root-mean-square (rms) movement in each of the cardinal directions
(x, 9, and 2), and rotational movement about 3 axes (pitch, yaw, and
roll) was calculated for each participant, and the relationship between
mean rms movement and age was examined. Data were also visually
inspected for movement-related artifacts.

FC: ROI Selection and Seed Generation

Following the methods outlined in Margulies et al. (2007), we
examined the FC of 5 seed ROIs located along the ACC (Fig. 14).
Each spherical seed covered 123 voxels in 1 x 1 x 1 mm space with
a radius of 3.5 mm. For each participant, we calculated the mean time
series of each seed ROI by averaging across all voxels within the seed.

FC: Nuisance Signals

Several nuisance covariates were included in our analyses to control for
the effects of physiological processes (such as fluctuations related to
cardiac and respiratory cycles) and motion. Specifically, we included
9 additional covariates that modeled nuisance signals from WM and
cerebrospinal fluid (CSF), the global signal, as well as 6 motion
parameters. The global signal regressor was generated by averaging
across all voxels within the brain. To extract the nuisance covariate
time series for WM and CSF, we first segmented each individual’s high-
resolution structural image, using the FSL’s FAST segmentation program
provided by FSL. The resulting segmented WM and CSF images were
then thresholded to ensure 80% tissue type probability. These
thresholded masks were then applied to each individual’s time series,
and a mean time series was calculated by averaging across all voxels
within the mask. Finally, the 6 motion parameters were generated by
the AFNI motion correction program 3dvolreg.

FC: Statistical Analysis

For each participant, and for each seed ROI, we performed a multiple
regression analysis (as implemented in the FSL program FEAT), which
included the ACC seed time series and the 9 nuisance covariates as
predictors. Time series for the seed ROI were orthogonalized with respect
to the nuisance covariates (global signal, CSF, WM, and motion covariates).
This analysis produced subject-level maps of all voxels that were
significantly positively or negatively correlated with the seed time series.

GrouprLevel Analyses

Group-level analyses and group comparisons were carried out using
a mixed-effects model as implemented in the FSL program FLAME.
Corrections for multiple comparisons were carried out at the cluster
level for each of the 5 networks using Gaussian random field theory
(min Z > 2.3; cluster significance: P < 0.05, corrected). This group-level
analysis produced thresholded Z-score maps (“networks”) of positive
and negative FC for each seed RO, for each group separately and for all
subjects combined. To test for significant age-group-related differ-
ences, direct voxelwise group comparisons were performed using
group-level contrasts. These contrasts computed the voxelwise
statistical significance of mean group differences in FC, and produced
thresholded Zscore maps of those voxels that showed significant
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age-related changes in FC with the seed ROL We divided these changes
into 2 classes, based on the group means of parameter estimates
representing FC between the seed ROI and the cluster in question.
Monotonic age-related changes reflected a unidirectional increase or
unidirectional decrease in FC across the groups (i.e., children >
adolescents > adults, or children < adolescents < adults, as revealed by
the contrasts 1, 0, -1, or -1, 0, 1). Changes that were not unidirectional
were classified as nonmonotonic. Group variances were modeled
separately in these analyses.

We identified peaks of FC for each network, using the group-level
thresholded Z-score maps for all subjects combined. Using the peak
detection algorithm provided in the AFNI program 3dMaxima, we
specified a minimum significance threshold of Z = 2.3, and minimum
distance between peaks of 10, 2-mm isomorphic voxels. For consis-
tency with the literature, peaks were converted to Talairach
coordinates using a nonlinear transformation (Brett et al. 2002).
Group-level results were registered to the Talairach brain (Talairach
and Tournoux 1988) for presentation purposes.

Voxel Distance Calculations

In addition to voxelwise group comparisons, we conducted a further
analysis aimed at elucidating the differences in local (short-range) and
distal (long-range) positive FC between groups. For each network, and
for each age group, we computed the Euclidean distance between the
center of the seed ROI and every other voxel that reached significance
in the group-level thresholded Z-score map of positive FC (i.e., Z > 2.3,
cluster significance: P < 0.05). These data were separated into 4-mm
bins for visualization (see Fig. 4). To confirm any differences observed
at this group-map level, we applied the same method at the individual
level, and computed the number of significant voxels at specific
distances (from 0 to 140 mm in 20-mm bins, see Fig. 5) from the seed
ROI for each individual. The number of voxels within a given distance
range from a given seed that were significantly correlated with that
seed can be viewed as a binomial random variable, for which the
“success probability” varies from subject to subject. We therefore
regressed the number of such voxels on age group using logistic
regression allowing for overdispersion (Collett 2003). The reduction in
deviance for such a model compared with the null model can be
referred to as a chi-square distribution to test for an overall effect of age
group. In addition we fitted separate models to each of the 3 pairs of
groups, which allowed us to test pairwise group differences.

Results

Movement Parameters

All but one participant exhibited minimal movement ( <1-mm
rms, see Supplementary Table 1 for summary statistics), a level
comparable to other studies comparing adults and children
(e.g., Kang et al. 2003; Wenger et al. 2004; Thomason et al.
2005; Fair et al. 2007; Church et al. 2008). Data were also
visually inspected for movement-related artifacts. The one
participant who exhibited excess movement, as indicated by
mean rms displacement and rotational movement >1 mm, and
visual identification of movement-related artifact, was excluded
from further analyses. To reflect the loss of this participant,
revised details for the analyzed children are as follows: 7 = 13,
mean age 10.5 = 1.5 years, range: 8.7-12.7, 3 females.

Even though movement was minimal, across the entire group
there was a significant negative correlation between movement
(measured in terms of rms) and age (7 = 39, r=-0465, P <0.01),
as well as rotation and age (7= 39, r=-0.588, P < 0.001). When
correlations were performed in each group separately, only the
young child group showed a significant negative correlation
between rms rotational movement and age (7 = 13, »=-0.569,
P=0.042). At this within-group level, no significant correlations
were observed for mean rms of displacement. Despite minimal
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participant movement, motion regressors were included as
covariates in the GLM to account for any possible effects of
motion on FC.

Functional Connectivity

Overall, the FC maps for each of the 5 ACC ROIs differed
systematically from one another, as we expected from the
previous FC analysis of Margulies et al. (2007). The patterns of
FC observed were also consistent with the broad literature on
functional differentiation within the ACC (e.g., Elliott et al.
2000; Braver et al. 2001; Paus 2001; Frith and Frith 2003;
Botvinick et al. 2004; Amodio and Frith 2006; Taylor et al
2007). The results for the adult group were almost identical to
those observed by Margulies et al. despite sharing only 9 subjects
and comprising a smaller number of participants overall. Most
striking, however, were the eftects of development on FC, which
are described in detail below.

Motor Control—Caudal ACC (S1)

Positive FC. In adults, caudal seed S1 was positively correlated
with a bilateral network of posterior frontal, parietal and
subcortical regions associated with sensorimotor processes and
motor control, including pre- and postcentral cortex, putamen,
and thalamus (Paus 2001; Chouinard and Paus 2006) (Figs 1B
and 2). Peaks of FC (for the map resulting from all 3 groups
combined) are provided in Supplementary Table 2. Children
and adolescents exhibited patterns of FC that were highly
similar to that of the adult group, and voxelwise comparisons
revealed a monotonic increase in FC with right superior
temporal cortex from childhood (when the correlation is
negative) to adulthood (Table 1; see Fig. 2, shown in yellow),
but no other significant group differences. A plot of the mean
FC between seed S1 and this superior temporal cluster is
shown in Figure 3.

Voxel distance calculations. Figure 4 displays the number of
voxels that were significantly positively correlated with each
seed ROI, in intervals of 4 mm (Euclidean distance) from the
center of the seed. These data were computed on the basis of
the group-level thresholded Z-stat maps (min Z > 2.3; cluster
significance: P < 0.05, corrected). We then computed the
number of significantly positively correlated voxels at specific
distances (from 0 to 140 mm in 20-mm bins, see Fig. 5) from
the seed ROI for each individual (on the basis of their
thresholded Z-stat map). To examine group differences in
these distance data, we regressed the number of voxels at each
interval on age group using overdispersed logistic regression
and compared the resultant model to the null model using
a chi-square test. We did this for all 3 groups (testing an overall
effect of age group), and for all 3 pairings of the groups, to test
pairwise group differences. The results of these tests, for each
seed ROI and each distance interval, are displayed in Table 2.
This test did not reveal any significant overall or pairwise group
differences for seed S1.

Negative FC. In adults, seed S1 showed a negative relationship
with activity in ventromedial prefrontal cortex (PFC), posterior
lateral parietal cortex, posterior cingulate and precuneus, the
caudate and superior cerebellum. Children and adolescents
demonstrated a slightly different pattern of negative relation-
ships, which also included areas of temporal cortex, the lingual
gyrus, and ventromedial PFC. Peaks of negative FC (across all
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Table 1

Location of clusters of connectivity (both positive and negative) that differed significantly between groups, for each of the 5 ACC seeds

Cluster size (uL) BA Center of mass
X y z
Children > adults
Positive connectivity
Seed S3 Bilateral (BL) superior/middle/medial frontal gyri/caudate/putamen™ 58 192 6/8/9/46/32 -6 —19 34
Seed S5 BL superior/middle frontal gyrus/ACC* 53 288 6/9/46/24/32 8 -29 25
Right (R) precentral gyrus/insula 5592 6 42 -5 8
Seed S7 R superior/middle/inferior/medial frontal gyrus/ACC 14 200 44/45/9/10/24 —26 -33 14
Left (L) superior/medial frontal gyri/ACC * 14 144 9/10/24/32 17 -39 9
Seed 19 BL inferior frontal gyrus/medial/orbital PFC/ACC * 51 152 45/47/12/13/24/25 9 =31 1
Negative connectivity
Seed S3 L superior/middle temporal gyrus 9952 21/22 44 31 -8
R superior/middle temporal gyrus 18 832 21/22 —48 26 —4
Seed S5 BL culmen 4952 0 50 —16
L middle temporal/parahippocampal gyrus 6416 21 38 57 23
R inferior parietal lobe/angular gyrus/posterior cingulate cortex 17 224 39/40/31 —24 51 26
L inferior parietal lobe/angular gyrus 5272 40/39 34 26 -1
Seed S7 R caudate/IPL 6232 40 —28 26 23
R brainstem/culmen 5912 =5 38 =21
Adults > children
Positive connectivity
Seed S1 R superior temporal gyrus/lingual gyrus* 25 600 21/22/18 —40 48 —1
Seed S7 R inferior parietal lobe/angular gyrus 4784 39/40 —46 62 27
L inferior parietal lobe/angular gyrus 4640 39/40 49 62 27
BL posterior cingulate/precuneus™ 15 528 23/31/7 -2 51 25
Seed 19 BL inferior parietal/angular gyrus/precuneus/posterior cingulate cortex* 49 488 23/31/7/39/40 -9 45 23
Negative connectivity
Seed S1 BL precuneus 6024 7 42 58 37
L posterior parietal 5112 7 —4 68 38
Children > adolescents
Positive connectivity
Seed S3 R precentral gyrus 6192 6 10 =21 37
BL superior/middle/medial frontal gyrus/caudate 18 920 6/8/9/46 -30 -6 27
Seed S5 BL middle frontal gyrus/ACC 20 296 9/46/24/32 17 =31 22
Seed S7 Left medial PFC/ACC 5992 10/24/32 16 —38 7
Seed 19 Left inferior frontal gyrus/medial/orbital PFC/ACC 19 544 47/12/13/24/25 14 =31 3
Negative connectivity
Seed SH R inferior parietal lobe/angular gyrus 5248 39/40 —42 56 36
L inferior parietal lobe/angular gyrus 4144 39/40 37 59 28
Adolescents > children
Positive connectivity
Seed S3 R postcentral gyrus 4280 1/2/3 -5 30 59
Seed S7 BL midcingulate cortex 5296 23 —15 20 26
Negative connectivity
Seed S1 BL superior frontal gyrus 8264 8/9 2 -32 43
Seed S3 L middle/inferior temporal gyrus 4696 21/22 42 43 -6
Seed 19 R thalamus/caudate/parahippocampal gyrus 5544 -29 4 10
L inferior parietal lobe/lingual gyrus 8568 40 23 48 21
Adults > adolescents
Positive connectivity
Seed S1 R precentral Gyrus 13 936 6/4 -2 83 15
Negative connectivity
Seed S1 L superior Parietal Lobe 6832 7 —6 12 14
BL caudate/putamen/thalamus 10 856 36 60 37
Adolescents > adults
Positive connectivity
Seed S7 L anterior insula/inferior frontal gyrus 4632 44/47/12 31 -17 -7
Seed 19 BL medial precentral cortex 4480 6 6 16 51
Negative connectivity
Seed S1 BL cuneus/middle occipital gyrus 5264 18/19 —51 12 34
Seed S3 BL parahippocampal gyrus/cuneus 3608 18/19 14 59 2
R cuneus 4648 18/19 —22 82 20
Seed Sb BL parahippocampal gyrus/lingual gyrus 9648 18/19 4 49 -3

Note: Coordinates are reported in Talairach space. Positive coordinates denote right, anterior and superior. *Indicates the clusters plotted in Figure 3. BL, bilateral.

subjects) are provided in Supplementary Table 3. A significant
age-related increase in negative FC with parietal areas—left
inferior and superior parietal cortex and precuneus—was

observed (Fig. 2, shown in cyan; Table 1).

Attentional/ Cognitive Control—Dorsal ACC (S3)

Positive FC. Consistent with studies of cognitive control
(Braver et al. 2001; Milham et al. 2001; Dosenbach et al. 2006;
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Figure 2. Significant positive (red) and negative (blue) right-hemisphere connectivity for each ACC seed, for each group (Children, Adolescents, Adults), and across all subjects
combined (All Groups). Regions of age-related monotonic decreases in positive connectivity are indicated in orange and age-related monotonic decreases in negative connectivity
are indicated in green (on the children’s maps). Age-related monotonic increases in positive connectivity are indicated in yellow and age-related monotonic decreases in negative
connectivity are indicated in cyan (on the Adults” maps). Surface maps were generated using SUMA (Saad et al. 2004) in Talairach space.

646 Development of ACC Functional Connectivity -« Kelly et al.

220z 1snbny oz uo 1sanb AQ v0/¥E€1/019/€/6 L /2191148/100189/u0d dNnoo1wapede//:sdijy woly papeojumoq



S1: Superior Temporal Cortex

0.4 r T

© Children
0.3 [ © Adolescents .

® Adults ..
0.2 4

©

0.1t

Regression Coefficient (Beta)
(=]

Age

S53: MediallLateral PFC and Basal Ganglia §5: MediallLateral PFC

0.6 . . 045 —5— : :
@ Children o) @ Children
0 O Adolescents 0.4 ° O Adolescents
Sl e ® Adults T 5 ® Adults
© 0.35
0.4+t -

0.3
0.25
0.2
0.15
0.1

Regression Coefficient (Beta)
Regression Coefficient (Beta)

0.05

Left PFC §7: Posterior Cingulate Contex
0.7 . : - ‘ 0.5 . ; . ‘ - . .
@ Children @ Children ®
o O Adolescents = O Adolescents L]
% S ® Adults | % 041 o Aduits 2 .' 1
Q Q
= 05¢ 1 = 03
o K]
G o
£ 04r g 02
3 3
g g "
17} L 7]
@ 0.2 EU-; 0
o [=)]
g o1} 2 .01
5] [0} o]
0 -0.2 L 1 L 1 L s L
8 10 12 14 16 18 20 22 24 8 10 12 14 16 18 20 22 24
Age Age
19: LateraltMedial Inferior PFC 19: LateraliMedial Parietal Cortex
0.5 - . - . . - - 0.2 T T T T - - —&
(o} @ Children @ Children 2
) 4 O Adolescents T 015 | O Adolescents &
004 = ® Adulls 1 © ® Adults o
e Q @/ Y
° ]
€ 03¢} 1 € .
2 0
e 5
% 0.2+ %
8 S
c 01t c
2 S
] @
g 0f 8
9 2
o -0.1¢ o
-0.2 L . L L . L . .
10 12 14 16 18 20 22 24 8 10 12 14 16 18 20 22 24
Age Age

Figure 3. The plots display the mean regression coefficient (reflecting FC) between each seed ROl and an example cluster that demonstrated significant group differences in
connectivity. The specific clusters plotted are indicated by a * in Table 1.
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Figure 4. The histograms display, in intervals of 4 mm (Euclidean distance) from the center of the seed ROI, the number of voxels that were significantly correlated with the seed
ROI, for each network and for each group. These distance data were computed on the basis of the group-level thresholded Z-stat maps (min Z > 2.3; cluster significance: P <

0.05, corrected).

Nee et al. 2007) the dorsal seed (S3) exhibited positive FC with
bilateral areas of superior medial PFC (including dorsal ACC
and presupplementary motor area/supplementary motor area),
lateral PFC (dIPFC, vIPFC, premotor), insula and inferior parietal
cortex (supramarginal gyrus) in adults (Figs 1B and 2; peaks of
FC are listed in Supplementary Table 4). In children, a greater
degree of FC with other prefrontal regions proximal to the
S3 seed was observed, particularly with regions in the left
hemisphere (see Fig. 1B). Direct voxelwise comparisons
revealed an age-related monotonic decrease in FC between
S3 and areas of superior and anterior medial and superior
lateral PFC, bilaterally, extending into the caudate and putamen
(Fig. 2, in orange; Table 1). The mean FC between seed S3 and
this prefrontal/basal ganglia cluster is plotted in Figure 3.

Voxel distance calculations. Testing for group differences in
the distance between the center of seed S3 and every other
significantly positively correlated voxel revealed a significant
overall effect of age group at short distances only (0-20 mm
and 21-40 mm; see Table 2, Figs 4 and 5). Direct pairwise
comparisons suggest that although the differences between
children and adults, and between children and adolescents
(for the shortest distance only) were significant, there were
no significant differences between adolescents and adults
(Table 2).

648 Development of ACC Functional Connectivity - Kelly et al.

Negative FC. In adults, there was a negative relationship
between the S3 seed and a number of regions broadly
recognizable as the default-mode network. The negative
networks for children and adolescents were similar to those
of adults but less clearly delineated; additional negative
relationships between S3 and regions in the superior temporal
and lateral occipital cortices were observed. Peaks of negative
FC (across all subjects) are provided in Supplementary Table 5.
Voxelwise comparisons revealed a decrease in negative FC
between S3 and bilateral temporal areas, bilaterally, with age
(Fig. 2, in green; Table 1).

Conflict Monitoring—Rostral ACC (S5)

Positive FC. In line with studies of conflict monitoring and
decision making (Paulus et al. 2002; Botvinick et al. 2004), the
rostral seed S5 was positively correlated with bilateral regions
of medial PFC, frontal pole, midcingulate cortex and insula, and
right dIPFC, vIPFC and right inferior parietal cortex (angular
gyrus) in adults (Figs 1B and 2; for peaks of FC, see
Supplementary Table 6). Children showed a diffuse pattern of
FC with almost all areas of lateral and medial PFC and anterior
insula, but no significant FC with midcingulate and inferior
parietal areas. Adolescents showed an intermediate pattern of
FC, sharing aspects of the patterns shown by both children and
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Figure 5. The histograms display, in intervals of 20 mm (Euclidean distance) from the center of the seed ROI, the number of voxels that were significantly correlated with the
seed RO, for each network. These data were computed by calculating the number of significantly correlated voxels in each distance bin, for each individual (min Z > 2.3; cluster
significance: P < 0.05, corrected). Significant effects of group are indicated on the histogram with a star: *P < 0.05; **P < 0.01. P values are uncorrected for multiple

comparisons.

adults. Voxelwise comparisons revealed a monotonic decrease
in FC between the S5 seed and areas of superior and anterior
medial and lateral PFC, particularly in the left hemisphere
(Fig. 2, shown in orange; Table 1). A plot of the mean FC
between seed S5 and this prefrontal cluster is shown in Figure 3.

Voxel distance calculations. There was a significant overall
effect of group on the distance between the center of seed S5
and all other significantly positively correlated voxels for short
distances only (0-20 mm and 21-40 mm; see Table 2, Figs 4
and 5). Pairwise comparisons again suggest that although the
differences between children and adults, and between children
and adolescents were significant, there were no significant
differences between adolescents and adults (Table 2).

Negative FC. In adults, the S5 seed elicited well-defined
negative correlations with bilateral superior parietal lobe and
cuneus, bilaterally. Additional negative relationships were
observed between S5 and sensorimotor cortex (pre/postcentral
gyri), and middle and inferior temporal and fusiform gyri.
Children and adolescents showed a similar pattern of negative
FC, but more diffuse and comprising more extensive regions of
the parietal, occipital and temporal lobes (Figs 1B and 2). Peaks
of negative FC (across all subjects) are listed in Supplementary
Table 7. Voxelwise comparisons revealed age-related decreases

in negative FC between S5 and bilateral lateral parietal and
posterior cingulate areas and the superior cerebellum (Fig. 2,
shown in green; Table 1).

Social Processing—Perigenual ACC (S7)

Positive FC. In adults, perigenual seed S7 was positively
correlated with extensive bilateral regions of ventro- and
dorsomedial PFC, superior PFC, temporoparietal cortex (angu-
lar gyrus), inferior temporal cortex, the posterior cingulate and
precuneus, and the dorsal and ventral striatum (Supplementary
Table 8), consistent with areas identified in studies of
mentalizing (Frith and Frith 2003). As Figures 1B and 2
illustrate, children demonstrated a striking lack of the posterior
components of this network, while also demonstrating more
diffuse FC in frontal areas proximal to seed S7. Voxelwise
comparisons revealed age-related monotonic increases in FC
between S7 and bilateral regions of inferior parietal cortex and
precuneus (Fig. 2, shown in yellow), whereas monotonic
decreases in positive FC between S7 and orbital, dorsolateral,
ventrolateral, and dorsomedial portions of PFC, bilaterally, were
also observed (Fig. 2, shown in orange; see Table 1). Figure 3
plots the mean FC between seed S7 and 2 of the clusters that
showed age-related changes in FC: the left prefrontal and
posterior cingulate clusters.
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Table 2

Chi-square and P values for models testing for the overall effect of age group, and pairwise group comparisons, on the number of significantly positively correlated voxels at specific distances (from 0 to

140 mm in 20-mm bins) from the seed ROI

Distance from center of seed ROI

0-20 mm 21-40 mm 41-60 mm 61-80 mm 81-100 mm 101-120 mm 121-140 mm
Overall effect of Group (xz with df = 2)
S1: motor control 2.87 (0.24) 0.48 (0.78) 1.15(0.56) 1.58 (0.45) 0.73 (0.69) 0.06 (0.97) —
S3: cognitive control 10.4 (0.005) 9.01 (0.011) 1.6 (0.45) 0.73 (0.69) 1.1 (0.58) — —
S5: conflict monitoring 13.1 (0.001) 8.31 (0.016) 421 (0.12) 0.38 (0.82) 4.39 (0.11) 6.66 (0.036) —
S7: social/mentalizing 4.17 (0.12) 4.07 (0.13) 1.92 (0.38) 0.29 (0.86) 3.38 (0.18) 6.76 (0.034) 7.5 (0.023)
19: emoational regulation 6.16 (0.046) 18 (0.0001) 3.7 (0.157) 0.24 (0.886) 7.62 (0.022) 5.27 (0.072) 1.12 (0.572)

Significant (P < 0.05) pairwise comparisons (x2 with df = 1)

S1: motor control — — —

S3: cognitive control Children > adults; Children > adults —
Children > adolescents
Children > adults;
Children > adolescents
Children > adults — —
Children > adults Children > adults; —

children > adolescents

S5: conflict monitoring Children > adults —

S7: social/mentalizing
19: emotional regulation

Adolescents > children —

Adults > children Adults > children
Adolescents > children ~ —

— Adults > children
— Adults > children;
Adolescents > children

Note: P values are uncorrected for multiple comparisons.

Voxel distance calculations. There was a significant overall
effect of group on the distance between the center of seed S7 and
all other significantly positively correlated voxels at both short
(0-20 mm) and long distances (101-120 mm and 121-140 mm;
see Table 2, Figs 4 and 5). In direct comparisons only the dif-
ferences between children and adults were significant (Table 2).

Negative FC. As observed previously (Margulies et al. 2007), the
§7 seed was negatively related to activity in regions that were
positively related to the caudal and dorsal seeds (S1 and S3),
including lateral prefrontal and premotor cortices, dorsal ACC,
and lateral parietal and medial occipital cortices, areas typically
thought to subserve higher order motor and attentional control
processes (see Supplementary Table 9 for peaks of negative FC,
across all subjects). Voxelwise comparisons revealed mono-
tonic decreases in negative FC between S7 and subcortical
areas; caudate, brainstem, and cerebellum (Fig. 2, shown in
green, see Table 1), whereas monotonic increases in negative
FC were observed between S7 and superior occipital cortex
(Fig. 2, shown in cyan, see Table 1).

Emotional Regulation—Subgenual ACC (19)

Positive FC. In line with studies of emotional processing and
regulation (Drevets et al. 1997; Ochsner and Gross 2005), seed
19, located in the subgenual ACC region corresponding to
Brodmann’s area (BA) 25, was associated with an extensive
pattern of correlated activity in bilateral limbic and paralimbic
structures, including the amygdala, regions of the medial
temporal lobe including the hippocampus, the orbitofrontal
cortex (OFC), as well as the ventral striatum, superior
frontal cortex, posterior cingulate, precuneus, and the angular
gyrus (Figs 1B and 2; Supplementary Table 10). As with the
more superior seed S7, children lacked the posterior compo-
nents of this network, while also demonstrating increased local
FC. Voxelwise comparisons revealed monotonic increases in
FC between 19 and lateral parietal cortex, the precuneus and
posterior cingulate (Fig. 2, in yellow, see Table 1), and
monotonic decreases in FC between the 19 seed and regions
of PFC, primarily medial and lateral orbitofrontal regions (Fig. 2,
shown in orange; see Table 1). The mean FC between seed 19
and these 2 clusters is plotted in Figure 3.

650 Development of ACC Functional Connectivity -« Kelly et al.

Voxel distance calculations. There was a significant overall
effect of group on the distance between the center of seed 19
and all other significantly positively correlated voxels at both
short (0-20 mm and 21-40 mm) and long distances (81-100 mm,
see Table 2, Figs 4 and 5). In direct comparisons the differences
between children and adolescents, and children and adults
were significant, but there were no significant differences
between adolescents and adults (Table 2).

Negative FC. In adults, the 19 seed showed a pattern of negative
FC that was highly similar to S7, and was negatively correlated
with a network of regions that is broadly considered to support
attentional and motor control (see Supplementary Table 11 for
peaks of negative FC). Children and adolescents exhibited
a more extensive pattern of negative correlations than adults,
and voxelwise comparisons revealed that there was a mono-
tonic decrease in negative FC between 19 and the precentral
gyrus with age (Fig. 2, shown in green, Table 1).

Nonmonotonic changes in FC. In addition to the monotonic
increases and decreases in FC, several nonmonotonic changes
were revealed in the direct contrasts between children and
adolescents, and adolescents and adults. A nonmonotonic
relationship was observed for FC between S1 and right
precentral cortex. Although both children and adults demon-
strated positive FC with this area, adolescents showed no
significant FC. Conversely, adolescents demonstrated greater
positive FC between S1 and the putamen and thalamus,
bilaterally, relative to children and adults, and with bilateral
medial lingual gyrus, relative to adults.

For seed S3, adolescents demonstrated increased positive FC
with right sensorimotor cortex, relative to children and
a pattern of negative FC with bilateral regions of the cuneus,
and the fusiform and parahippocampal gyri that was not
present for either children or adults. A similar pattern of
increased negative FC with parahippocampal and middle
temporal areas in adolescents was observed for S5.

Discussion

We examined the development of 5 functionally distinct
cingulate-based ICNs from late childhood (8-12 years) through
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adolescence (13-17 years) to early adulthood (19-24 vyears).
These networks were associated with 5 domains of self-regulatory
control: 1) motor control, 2) attentional/cognitive control,
3) conflict monitoring and error processing, 4) mentalizing and
social processing, and 5) emotional regulation. The patterns of
FC associated with each of the ACC seeds were consistent with
the extant literature examining these functions and their
underlying neural bases (e.g., Drevets et al. 1997; Elliott et al.
2000; Braver et al. 2001; Milham et al. 2001; Paus 2001; Garavan
et al. 2002; Frith and Frith 2003; Phillips et al. 2003; Botvinick
et al. 2004; Ochsner et al. 2005; Amodio and Frith 20006;
Taylor et al. 2007).

Across the 5 networks, children demonstrated a pattern of
diffuse correlations with voxels proximal to the seed ROI (i.e,,
local FC), whereas adults exhibited more focal patterns of local
FC. Furthermore, adults exhibited a greater number of
significant correlations between the seed ROI and distal voxels,
relative to children. Adolescents exhibited an intermediate
pattern of FC that shared characteristics of the patterns of both
adults and children. Overall, these developmental patterns are
consistent with morphometric and structural neuroimaging
evidence suggesting that the adolescent period is marked by
a significant net decline in the density of synapses across the
brain (Huttenlocher 1979; Huttenlocher et al. 1982; Rakic et al.
1986; Bourgeois and Rakic 1993; Bourgeois et al. 1994; Rakic
et al. 1994; Giedd et al. 1999; Sowell et al. 2003). These data are
also consistent with functional neuroimaging studies that have
demonstrated an age-related shift from diffuse to focal task-
evoked activation patterns (Durston and Casey 2006; Durston
et al. 2006). Furthermore, our findings are consistent with
2 recent developmental studies of FC (Fair et al. 2007, 2008),
which reported that maturation of ICNs reflects a reduction in
short-range local correlation strength and an increase in the
strength of long-range FC.

Development of FC did not follow a uniform trajectory
across all functional networks. The perigenual (S7) and
subgenual (I9) networks associated with complex social and
emotional processing exhibited the greatest number of long-
range connections in adults. The ICNs associated with these
seeds also exhibited the greatest developmental effects in
terms of both monotonic increases in long-range FC and
monotonic decreases in diffuse local FC. The differential time
course of maturation among the 5 cingulate networks is
consistent with empirical evidence of an extended develop-
mental course for social and emotional functions, relative to
functions related to motor and attentional control (Nelson et al.
2003; Ernst et al. 2005; Blakemore and Choudhury 2006; Crone
et al. 2006; Galvan et al. 2006; Thomas et al. 2007).

Local and Long Distance FC

We observed 2 primary patterns of developmental change in
ACC FC that are consistent with morphometric and structural
neuroimaging studies of the development of cerebral func-
tional organization. The first developmental change we
observed was with regard to what we defined as local FC, that
is, the pattern of correlations between the seed ROI and
proximal voxels (<40 mm). Although the ICNs of children
were characterized by widespread (diffuse) FC between the
seed ROI and proximal voxels, the ICNs of adults demonstrated
a more focal (spatially limited) pattern of FC. This type of
developmental transition has previously been termed “segre-
gation” by Fair et al. (2008, 2007), and can be observed in

Figure 1B and 2 (see regions colored orange), as well as in the
histograms displayed in Figures 4 and 5. The second de-
velopmental change we observed was a significant increase in
the number of significantly correlated voxels at long distances
(>70 mm) from the seed ROI (see regions colored yellow in
Fig. 2, and see also Figs 4 and 5). Fair et al. (2008, 2007) termed
this type of change in FC “integration,” to describe the in-
corporation of additional regions into an ICN with increasing age.

These patterns of age-related change are consistent with
evidence that the adolescent period is marked by a significant
net decline in the density of synapses across the brain
(Huttenlocher 1979; Huttenlocher et al. 1982; Rakic et al.
1986; Bourgeois and Rakic 1993; Bourgeois et al. 1994; Rakic
et al. 1994). Although synaptic pruning may correspond most
closely to the transition from diffuse to focal FC, the micro-
structural changes associated with synaptic pruning, together
with neuronal myelination, are also likely to underlie the
increases in long-distance FC, as these processes are thought to
enable efficient information processing and information transfer
across distal regions in the brain (Changeux and Danchin 1976;
Goldman-Rakic 1987; Huttenlocher 1990; Benes et al. 1994; Paus
et al. 1999; Casey et al. 2005). Also consistent with this
suggestion is the observation that FA, as measured by DTI,
shows continued increases during adolescence and early adult-
hood within a number of WM tracts that subserve communica-
tion between distal regions of cortex, including the inferior
fronto-occipital, superior longitudinal and uncinate fasciculi
(Olesen et al. 2003; Snook et al. 2005; Zhang et al. 2005; Liston
et al. 2006; Eluvathingal et al. 2007; Giorgio et al. 2008).

However, we agree with Fair et al. (2007, 2008) in
acknowledging that WM structural changes alone are likely
not sufficient to explain these results. Instead, given that the
interregional correlations that form the basis for ICNs are
thought to reflect a long-standing history of neuronal/regional
coactivation (Dosenbach et al. 2007; Fair et al. 2007; Pinsk and
Kastner 2007), age-related changes in ICN FC may reflect
experience-related changes in the patterns of regional coac-
tivation elicited by evoked (cognitive-, sensory-, and motor-
driven) activity in large-scale functional networks. Such evoked
activity is thought to play a central role in determining which
synaptic connections persist and which are eliminated during
development (Changeux and Danchin 1976; Rakic et al. 1994;
Innocenti and Price 2005). Thus, evoked activity impacts upon
both the structural and functional organization of the brain, and
this mutual influence may be reflected in the organization of
ICNs detected using FC analyses. Without the ability to directly
examine the links between these microstructural, macrostruc-
tural and functional observations, these suggestions are
speculative. Nonetheless, future studies, particularly longitudi-
nal studies in nonhuman primates, may provide support for
these speculations.

Developmental Changes in Default Mode FC

The developmental changes in FC were most striking for seeds
§7 and 19; whereas strong positive correlation between these
seeds and the posterior cingulate/precuneus and temporopar-
ietal cortex was evident in adults, they were not observed in
children. Ventromedial PFC, posterior cingulate, precuneus and
temporoparietal cortex are core nodes of the “default-mode”
network, an ICN that has received considerable recent
attention (Raichle et al. 2001; Fox and Raichle 2007), due to
its high metabolic activity at rest and its implication in social
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cognitive processes (e.g., Gusnard et al. 2001; Uddin et al.
2007). The absence of significant anterior-posterior connec-
tions within this network in children is consistent with the
findings of Fair et al. (2008, 2007), and with Fransson et al.
(2007) who demonstrated that a sample of preterm infants also
lacked anterior-posterior FC within the default-mode network.
Other recent studies have also demonstrated that FC between
the anterior and posterior nodes of the default-mode network
is reduced in elderly, relative to young adults (Andrews-Hanna
et al. 2007; Damoiseaux et al. 2007). Together, these findings
suggest that anterior-posterior FC of the default-mode network
follows an inverted-U-shaped developmental trajectory, whereby
FC increases from childhood to adulthood but subsequently
declines in old age. Furthermore, Hampson et al. (2000) recently
found that accuracy in a working memory task was correlated
with the strength of anterior-posterior FC within the default-
mode network, suggesting that maturation of this network may
impact cognitive, as well as social cognitive performance,
a suggestion that merits further examination.

Caudal-Ventral Gradient of Developmental Changes
Cognitive developmental studies suggest that more sophisticated
aspects of cognitive, emotional and social cognitive processing
continue to undergo substantial development throughout
adolescence and into adulthood (Nelson et al. 2003; Ernst et al.
2005; Steinberg 2005; Blakemore and Choudhury 2006; Crone
et al. 2006; Davidson et al. 2006; Galvan et al. 2006; Thomas et al.
2007; Hare et al. 2008). In particular, cognitive and emotional
functions, such as those involved in mood regulation, decision
making and reward processing, appear inherent to behaviors
which can become problematic in adolescence (e.g., substance
abuse, risk-taking, mood disorders) (Dahl 2004; Steinberg 2005;
Casey et al. 2008; Steinberg 2008). Such behaviors are thought to
reflect immature functioning of cognitive, social and emotional
networks (Steinberg 2005; Casey et al. 2008; Hare et al. 2008). In
line with these studies, we observed a gradient of development,
such that caudal and dorsal seeds (S1 and S3) showed less
marked differences across the age groups, suggestive of more
rapid maturation, than the ventromedial seeds (S7 and 19; see
Figs 1 and 2), which showed significant monotonic changes in FC
from childhood, through adolescence, to adulthood. The overall
effects of age group on long-distance correlations (Figs 4 and 5
and Table 2) also support the gradient of development observ-
able in the voxelwise results. The ICNs elicited by seeds S7 and 19
comprised a number of cortical and subcortical regions (e.g.,
subgenual cingulate/BA 25, ventral striatum and amygdala)
central to the cognitive and emotional domains implicated in
behaviors and disorders that onset during adolescence. For
example, both major depressive disorder and substance abuse are
extremely rare in childhood but increase sharply in incidence
during adolescence (Angold et al. 1998; Costello et al. 2003).
In addition to task-based functional imaging studies which
suggest a protracted developmental time course for emotional
and social cognitive networks, there is also anatomical
evidence for continued neuronal maturation of limbic and
paralimbic systems into adulthood. For example, Benes et al.
(1994) observed a 95% increase in the area of myelin staining in
the superior medullary lamina of the hippocampus between
the first and second decades of life, and continued myelination
of this brain area was observed into the sixth decade.
Interestingly, based on the anatomy of neuronal connections
in the area, Benes et al. suggest that some of the myelinating
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axons in that region of the hippocampus may originate in the
cingulate gyrus (likely the subgenual area—Carmichael and
Price 1995a; Johansen-Berg et al. 2007). Finally, consistent with
our suggestions, Benes et al. noted that the extended time
course of myelination parallels the protracted development of
emotional regulation.

Development of Laterality

Reduced lateralization of task-related activations in children
and adolescents, relative to adults, has been observed in
a number of attentional tasks (e.g., Bunge et al. 2002; Moses
et al. 2002; Booth et al. 2003), and studies of language-related
function (Holland et al. 2001; Szaflarski et al. 2006). Our data
were consistent with these observations; for the ICNs
associated with seeds S3 and S5, we observed strongly bilateral
FC between the seed ROIs and lateral frontal regions in
children, but increasing lateralization of these frontal correla-
tions with age. Given that many functional networks, particu-
larly those associated with aspects of language function,
attention and cognitive control, are highly lateralized in adults
(e.g., Aboitiz et al. 1995; Coull and Nobre 1998; Garavan et al.
1999; Corbetta and Shulman 2002; Toga and Thompson 2003),
the age-related increases in lateralized FC strongly support our
suggestion that measures of FC can provide an accurate
reflection of maturational changes in functional networks.
Interestingly, this developmental progression also mirrors the
pattern of change seen in elderly adults, in whom decreasing
lateralization of task-evoked activity is often observed (Cabeza
2002; Cabeza et al. 2002; Dolcos et al. 2002), consistent with
the notion that brain functional organization demonstrates an
inverse-U-shaped developmental trajectory across the lifespan.

Monotonic Changes in FC and Negatively Correlated
Networks

Changes in brain functional organization during adolescence
are assumed to reflect the transition between immature
organization and efficient communication and collaboration
among brain regions (Luna and Sweeney 2004). Our data were
consistent with this interpretation. With few exceptions, the
developmental changes in FC we identified were monotonic
for the broad age groups we examined. Nonmonotonic changes
in FC, whereby a different pattern was observed for the
adolescent, relative to the adult and child groups, were most
frequently observed in the negatively correlated networks,
which appeared to undergo the most reorganization from
childhood to adulthood. Although the functional importance of
the negative relationships between networks remains un-
known (Fox et al. 2005; Fox and Raichle 2007), the de-
velopmental sensitivity of these networks may represent a clue
to their physiologic significance. Further, different patterns of
task-evoked activity in adolescents, relative to children and
adults, have been observed in several studies (McGivern et al.
2002; Galvan et al. 2006; Hare et al. 2008), and have been
interpreted as reflecting some of the cognitive and emotional
changes specific to adolescence (Casey et al. 2008). How such
an interpretation relates to adolescent-specific patterns of FC
merits further investigation.

Implications for Clinical Conditions
Perturbations of the maturational processes of synaptic pruning
and myelination have been proposed to underlie developmental
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pathologies, particularly autism (Piven et al. 1990; Courchesne
et al. 2004, 2005; Hazlett et al. 2005) and schizophrenia
(Feinberg 1982; McGlashan and Hoffman 2000; Thompson et al.
2004; Gogtay et al. 2007; Gogtay 2008). These theories are
supported by neuroimaging data. For example, findings from
a number of studies support the suggestion that neuronal
connectivity in autism is characterized by a predominance of
local neuronal connectivity and a lack of long-range connec-
tions between brain regions (Just et al. 2004, 2007; Courchesne
et al. 2005, 2007). Similarly, Shaw et al. (2007) showed that
attention-deficit/hyperactivity disorder was associated with
a delay in cortical maturation, measured in terms of cortical
gray matter thickness trajectories. This delay was most evident
in prefrontal regions, including the ACC. These findings suggest
the potential applicability of FC analyses, and specifically the
methods outlined here, to the study of clinical populations. The
acquisition of resting-state data from pediatric and clinical
populations is less effortful, and less prone to confounding
effects (such as floor, ceiling and practice effects), relative to
task-based fMRI studies.

More generally, the current findings also raise an important
caveat for FC studies in psychiatric populations. Given that the
ICNs detected in children may differ considerably from those
detected in adults, group differences robustly present in adult
samples may be absent in a pediatric group. Thus researchers
should exercise caution in the application of FC findings that
are based on adult samples to the investigation of develop-
mental psychopathologies.

Limitations and Future Directions

Although the basis of correlated low-frequency fluctuations in
fMRI BOLD remains poorly understood, there is a growing
consensus that at least some of the patterns of coherent
spontaneous activity track real anatomic connections between
neurons (both mono- and polysynaptic), and reflect functional
communications among neurons and neuronal assemblies that
may serve to organize and coordinate their activity (Leopold
et al. 2003; Buzsaki 2006; Raichle and Mintun 2006; Buckner
and Vincent 2007; Fox and Raichle 2007; Pinsk and Kastner
2007; Raichle and Snyder 2007; Cohen et al. forthcoming). In
the present study, we have observed that developmental
changes in FC may represent an index of microstructural
processes of brain maturation. Of course, as Rapoport and
Gogtay (2008) noted, MRI does not give us direct access to
such cellular changes, but the field of developmental neuro-
science has developed a “shorthand” of interpreting the
changes observed using MRI in terms of the purported
underlying microstructural processes of synaptic production
and elimination. Clearly, considerable further work is required,
particularly in animals, to bolster our claim that FC analyses of
resting-state BOLD data can provide a good indirect measure of
these processes.

One step in that direction will be relating FC measures to
indices of behavior and individual differences (Hampson et al.
2006; Fox et al. 2007; Seeley et al. 2007; Kelly et al. 2008).
Several studies have already observed correlations between
age-related changes in structural measures thought to reflect
myelination and synaptic pruning and age-related improve-
ments in cognitive functions such as working memory (Sowell
et al. 2001; Olesen et al. 2003; Nagy et al. 2004; Liston et al.
20006). The investigation of links between cognitive develop-
ment and FC measures represents an exciting avenue for future

research, particularly in light of hypotheses concerning
immature cognitive and emotional networks and problem
behavior in adolescence (e.g., Steinberg 2005; Casey et al.
2008).

In the present study, we were able to identify significant
voxelwise age-related differences in FC despite the small
sample employed. This suggests that the effects observed are
likely robust. Nonetheless, the true test of the present findings
will be confirmation within a longitudinal design. More generally,
determining the quantitative reliability of FC measures remains
a high priority. Although the spatial organization of ICNs, such
as the default-mode and “task positive” networks, is highly
replicable across samples (Beckmann et al. 2005; Damoiseaux
et al. 2006; De Luca et al. 2006; Fox et al. 2006), the temporal
stability of specific patterns of FC has not yet been demon-
strated. Finally, application of these methods to the study of
clinical populations will allow for the investigation of their
ability to detect patterns of hyper- and hypoconnectivity that
have been hypothesized on the basis of structural MRI findings
(Just et al. 2004; Liang et al. 2006; Garrity et al. 2007; Just et al.
2007; Kennedy and Courchesne 2007; Koshino et al. 2007).

Concluding Remarks

We examined the development of FC within 5 functionally
distinct cingulate-based ICNs from late childhood through
adolescence to early adulthood. Over this period we observed
a significant age-related shift in the patterns of FC associated
with each ACC seed. Although children demonstrated a pattern
of diffuse correlations with voxels proximal to the seed ROI (i.e,,
greater local FC), adult ICNs were characterized by more focal
patterns of local correlations and a greater number of significant
correlations between the seed ROI and distal voxels. We suggest
that this developmental trajectory is consistent with the patterns
of age-related changes in the brain’s structural and functional
organization as demonstrated by post-mortem histological
studies and structural and functional neuroimaging studies.
Our data are also consistent with cognitive developmental
studies that suggest an extended developmental time course for
social cognitive and emotional functions, relative to aspects of
motor and attentional control. Consequently, we suggest that
measures of FC may represent an index of brain maturation,
allowing us to track the purported underlying processes of
microstructural maturation, with utility for the investigation of
development, as well as developmental psychopathologies.
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