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1. Introduction

ABSTRACT

A number of behavioral changes occur between late childhood and adulthood, including maturation of
social cognition, reward receptivity, impulsiveness, risk-taking and cognitive control. Although some of
these abilities show linear improvements with age, some abilities may temporarily worsen, reflecting
both the restructuring and/or strengthening of connections within some brain systems. The current
study uses resting state functional connectivity to examine developmental differences between late
childhood and adulthood in task positive (TP) regions, which play a role in cognitive control functions,
and task negative (TN) regions, which play a role in social cognition, self-referential, and internally-
directed thought. Within the TP network, developmental differences in connectivity were found with
the left dorsolateral prefrontal cortex. Within the TN network, developmental differences in con-
nectivity were found with a broad area of the medial prefrontal cortex and the right parahippocampal
gyrus. Connections between the two networks also showed significant developmental differences.
Stronger anticorrelations were found in the TN maps of the adult group for the right anterior insula/
inferior frontal gyrus, bilateral anterior inferior parietal lobule, bilateral superior parietal lobule and an
anterior portion of the right posterior cingulate cortex. There was a significant brain-behavior
relationship between the strength of anticorrelation in these regions and inhibitory control perfor-
mance on two Go/No-go tasks suggesting that the development of anticorrelations between late
childhood and adulthood supports mature inhibitory control. Overall, maturation of these networks
occurred in specific regions which are associated with cognitive control of goal-directed behavior,
including those involved in working memory, social cognition, and inhibitory control.

© 2012 Elsevier Ltd. All rights reserved.

adulthood, however, overall RTs and alerting scores decrease during
this period (Rueda et al, 2004). These findings suggest that brain

Attention and control function undergoes marked development
throughout childhood and adolescence. Developmental improve-
ments occur in a number of goal-directed behaviors including:
basic speed of processing and response variability, sustained
attention, working memory, set shifting, and response inhibition
(Bedard et al., 2002; Crone, Donohue, Honomichl, Wendelken, &
Bunge, 2006; Crone, Wendelken, Donohue, van Leijenhorst, &
Bunge, 2006; Geier, Garver, Terwilliger, & Luna, 2009; Geier,
Terwilliger, Teslovich, Velanova, & Luna, 2010; Jazbec et al., 2006;
Rueda et al., 2004; Williams, Ponesse, Schachar, Logan, & Tannock,
1999). While some functions show relatively early maturation,
many continue to improve through adolescence. For example,
orienting and conflict scores do not change between childhood and
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systems supporting goal-directed behaviors may undergo specific
changes.

Over the course of development, brain regions supporting cogni-
tive control become more integrated within their networks and more
segregated from other networks. Decreased connectivity between
local, adjacent regions and increased connectivity between remote
regions supporting distributed mature networks has been well-
documented (Fair et al., 2008, 2009, 2007; Kelly et al., 2009). The
angular gyrus, which forms part of the default mode network (DMN),
and the adjacent inferior parietal lobule, which forms part of the
fronto-parietal network, are more strongly connected with each other
in children but are distinctly segregated into separate networks in
adults (Fair et al., 2009; Vogel, Power, Petersen, & Schlaggar, 2010).
Other long-range connections strengthen over the course of adoles-
cence, such as the one between the posterior cingulate cortex (PCC)
and the medial prefrontal cortex (MPFC), supporting integration of
the anterior and posterior portions of the DMN in adulthood (Supekar
et al,, 2010; Uddin, Supekar, Ryali, & Menon, 2011).
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These developmental changes contribute to the formation of
mature distributed networks seen in adults, and there is evidence
that the basic topology of some of these networks exists early in
development. Infants already have identifiable sensorimotor and
visual networks within the first year of life, however cognitive
systems such as the DMN and fronto-parietal network are at best
only partially present (Fransson, Aden, Blennow, & Lagercrantz,
2011; Fransson et al, 2009; Fransson et al., 2007). Network
maturation involves the strengthening of some preexisting connec-
tions, but the reshaping of other connections. Connectivity within
task positive and DMN regions increase over the course of devel-
opment (Anderson, Ferguson, Lopez-Larson, & Yurgelun-Todd,
2011; Fair et al., 2007) and the strength of voxel connectivity in
childhood, predicts how strongly that voxel will affiliate with other
voxels within its own network and how weakly that voxel will
affiliate with other voxels outside of its network (Anderson et al.,
2011). In addition to changes in the strength of network connectiv-
ity, there is evidence that specific restructuring also occurs.

Studies have found that task positive brain networks, which
support goal-directed response to external stimuli, undergo
reorganization during development. Fair and colleagues (2007),
found that nodes of the dorsal attention network and the cingulo-
opercular network change affiliation during adolescence. In addi-
tion, task-based studies have suggested that adolescents have less-
developed prefrontal regions, which may reduce behavioral control
and leave them more susceptible to risky behavior (Casey, Getz, &
Galvan, 2008; Casey, Jones, & Hare, 2008; Somerville, Hare, &
Casey, 2011). Both task-based and resting state functional con-
nectivity studies have found that children and adolescents have
immature medial prefrontal regions which may further affect their
control processing (Blakemore, den Ouden, Choudhury, & Frith,
2007; Kelly et al., 2009).

Developmental changes in cognitive control are likely related
to these maturational changes within task positive networks.
They may also result from increased anti-correlations between
task positive (TP) and task negative (TN) regions. Fox, Snyder,
Barch, Gusnard, and Raichle (2005) first noted that these two
networks, which show opposing activity during a variety of
attentionally-demanding and working-memory tasks, also show
opposing, anti-correlated time-courses at rest. Further examina-
tion has found that this opposing activity is behaviorally relevant
(Hampson, Driesen, Skudlarski, Gore, & Constable, 2006; Kelly,
Uddin, Biswal, Castellanos, & Milham, 2008; Mennes et al., 2010,
2011). In addition, the anti-correlations between these networks
increase over the course of development (Anderson et al., 2011).
However, it is not clear whether developmental behavioral
improvements are specifically related to connectivity changes
within TP network regions or whether they may also be related to
connectivity changes between TP and TN regions.

For the current study, we examined group differences in TP
and TN network connectivity between children (8-12 years old)
and adults (20-47 years old) and the association of these changes
with behavioral measures of cognitive control. We focused on
changes in developmental connections with those seed regions of
the TP and TN networks that are consistently (de-)activated
during attentionally-demanding tasks (Fox et al.,, 2005). This
allowed us to identify regions that are important for instantiating
mature task control. We examined changes in both positive and
negative connections to these two networks. In order to differ-
entiate between those developmental changes that result in
stronger connections within a network and those that result in
stronger anti-correlations between networks, separate TP and TN
network maps were compared between the two groups. Brain-
behavior relationships between those connections that show devel-
opmental differences and cognitive control on two Go/No-go tasks
were examined. One was a “Simple” Go/No-go task in which

working memory demands were minimized using a straightfor-
ward stimulus-response association (green=Go, red=No-go) and a
second “Complex” Go/No-go task in which response selection was
associated with higher working memory demand. We hypothesized
that regions within the TP and TN networks would show increased
connectivity with the seed regions in the adult group and that
certain TP and TN regions would become more anti-correlated with
the seed regions in the adult group. In addition, we hypothesized
that connectivity with these developing regions would be related to
cognitive control function as indexed by commission error rates on
the two Go/No-go tasks.

2. Materials and methods
2.1. Participants

28 healthy adults (12 male, 16 female) and 63 typically-developing children
(36 male, 24 female) participated in the study. All adults and 60 children were right-
handed. Two children showed mixed handedness (Edinburgh handedness score
between 0.5 and —0.5) and one child was left-handed. Adults were between 18 and
47 years old (mean=27.57, SD=6.22). All adults were screened for any history of
mental health or neurological difficulties, including a history of developmental
disabilities. Children were between 8 years 0 months and 12 years 11 months of age
(mean=10.20, SD=1.06). All children had normal Full Scale IQ on the Wechsler
Intelligence Scale for Children (mean=111.00, SD=10.54) with no history of
intellectual disability, developmental language disorder, reading disability, pervasive
developmental disorder, visual impairment, neurologic disorder nor psychiatric
diagnosis, as confirmed using the DICA-IV (Sala, Granero, & Ezpeleta, 2006). Only
subjects with movement of less than 3 mm translation and 3° rotation over the
course of the resting scan were included in the current sample.

For the examination of network group-differences, all 28 adults (12 male,
16 female) and 42 gender-matched children (18 male, 24 female, all right-handed)
were examined. For the brain-behavior correlations, 27 adults (12 male,
15 female) were included in the analysis. One adult was excluded for poor task
performance. This adult had > 50% omission error rate on the Complex Go/No-go
task and it was not clear whether the subject understood and/or was adequately
attending to the task. 25 children had completed the behavioral tasks. Of these,
one subject was excluded from further analyses for being left-handed. Twenty-
four remaining children were included in the brain-behavior correlation analyses
(11 male, 13 female). For this subgroup, mean age was 10.23 years (SD=1.07).

This study was approved by the Johns Hopkins Medical Institutional Review
Board. Written consent was obtained for all participants. For children, written
consent was obtained from a parent or legal guardian and verbal assent was
obtained from the participating child.

2.2. fMRI acquisition and processing

Images were acquired on a Philips 3T scanner. A high-resolution anatomical scan
(MPRAGE, 8-channel head coil, TR=7.99 ms, TE=3.76 ms, Flip angle=8°) was
acquired for image co-registration, segmentation and normalization processing
steps. Resting state scans were acquired in each participant for 5 min 20 s (D-SENSE
EPI, 8-channel head coil, TR=2500 ms, TE=30ms, Flip angle=70°). Participants
were instructed to relax and fixate on a center cross. Preprocessing of functional
images was performed using SPM5 and Matlab scripts. This included slice time
correction, motion correction, co-registration, segmentation, and normalization.
Nuisance variables were removed from each voxel, including cerebrospinal fluid
and white matter signals identified using the CompCor method, global mean signal,
and six motion parameters. Functional images were spatially smoothed using a
6 mm FWHM filter and then temporally filtered (bandpass 0.01-0.1 Hz).

2.3. Data analysis

6 mm-radius 3D seeds were centered at locations taken from a previous study
(Fox et al., 2005). These seeds were originally centered at peak coordinates for
regions showing consistent activation (task positive seeds) and deactivation (task
negative seeds) from task-fMRI studies of attention-demanding and working
memory tasks (Fox et al., 2005). Fox and colleagues had examined full-brain
connectivity of task-derived seeds to show that the same regions that show
opposing activation during task paradigms also form anti-correlated networks at
rest. Those seeds included three task-positive (TP) seeds: intraparietal sulcus (IPS,
talairach coordinates: —25, —57, 46), frontal eye field (FEF: 25, —13, 50), and a
middle temporal region (MT+: —45, —69, —2); and three task-negative (TN)
seeds: medial prefrontal cortex (MPFC: —1, 47, —4), posterior cingulate cortex
(PCC: —5, —49, 40), and lateral parietal cortex (LP: —45, —67, 36). The seed
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coordinates were converted to MNI space using the Lancaster transformation
(Lancaster et al., 2007).

For the current study, full-brain connectivity maps with these seed regions
were compared for the child and adult groups. The mean time-course for each
seed was extracted from each subject’s resting state scan and full-brain con-
nectivity maps were generated for each of the six seed time-courses. Within each
subject, the three TP connectivity maps were averaged to get one TP map and the
three TN connectivity maps were averaged to get one TN map. These maps were
then entered into second-level analyses. Within each group, one-sample t-tests
were performed separately for the TP and TN maps in SPM5 to determine regions
with connectivity that significantly differed from zero (both for those connections
that were significantly greater than zero and those connections that were
significantly less than zero). In addition, the single-subject TP and TN maps were
entered into separate two-sample t-tests in SPM5 to test for group differences.
Second-level group analyses were thresholded at a voxel-level of p <0.001 and
were multiple-comparisons corrected at a cluster-level threshold of p <0.05
according to random-field theory (Kiebel, Poline, Friston, Holmes, & Worsley,
1999). In addition to examining the group differences in the mean TP and TN
maps, conjunction analyses were also performed to determine whether the group
differences were consistent across all of the network seeds. For this analysis, group
differences in the full-brain connectivity maps for each seed region were found
using SPM5 and were multiple-comparisons corrected at a cluster-level of
p <0.05. Conjunction maps were made of those regions that were significant at
a cluster level for all three TP network seeds or for all three TN network seeds.

2.4. Masked brain-behavior relationships

2.4.1. Behavioral task procedure

Two Go/No-go tasks were performed in a separate scan session by the subset
of participants included in the brain-behavior analyses. For each trial, stimuli
were presented for 300 ms followed by a 1500 ms interstimulus interval. Twelve
second blocks of rest occurred at the beginning, end and four times throughout
each run. The proportion of Go:No-go trials was 3:1, with 78 Go trials and
26 No-go trials occurring in each run. Participants performed two runs each of the
two Go/No-go tasks. Each run was preceded by instructions and 20 practice trials.
Half of the participants performed the two Simple runs first and the other half
performed the two Complex runs first.

The Simple task paradigm utilized well-ingrained stimulus-response associa-
tions that minimized the need for working memory to guide response selection.
Go stimuli were green while No-go stimuli were red. The Complex task involved
inconsistent stimulus-response associations that required working memory to
guide response selection. Participants had to remember the color of the previous
stimulus color to determine the correct response. A change in the stimulus color
signaled a Go stimulus, while a repetition of the stimulus color signaled a No-go
stimulus. For this task, stimuli were either blue or yellow.

2.4.2. Brain-behavior analyses

Brain-behavior relationships were examined between those regions showing
developmental changes with the TN maps. To test whether the anti-correlations
between developing TN regions were associated with inhibitory control abilities,
inter-individual brain-behavior relationships examined the relationship between
the strength of connectivity in these regions and performance on two Go/No-go
tasks. For these analyses, masks were created for the regions showing significant
developmental differences in the TN contrasts. One mask was made for the

TN regions that had significantly greater connectivity in the adult than the child
group (i.e.,, TN+ mask, medial prefrontal and parahippocampal DMN regions).
A second mask was made for the regions that had greater anticorrelations with the
TN network in the adult than the child group (i.e., TN— mask, right IFC/insula,
bilateral IPL, and SPL regions). The mean time-course was then extracted for
each mask and the two time-courses were correlated to acquire one connectivity
(TN + connectivity) value per subject. Each subject’s TN + correlation value was
then Fisher z-transformed.

Twenty-seven adults and twenty-four TD children had performed the Go/No-
go paradigm in a separate scan session and were included for the brain-behavior
analysis. The Go/No-go paradigm included two runs each of the Simple and
Complex Tasks. For each subject, Go/No-go behavioral variables were examined
(the percentage of commission errors, Intra-Subject Variability and mean reaction
times). Brain—behavior relationships were analyzed using Analysis of Covariance
(ANCOVA) with the z-transformed correlation values between the TN+ and TN —
regions as the dependent variable, group as a factor, and the behavioral variable as
a covariate. This analysis examined inter-individual differences in brain-behavior
relationships, while accounting for group differences in the two measures. Since
the regions were defined based on group differences, it was important to account
for the group effect to ensure that it did not drive the brain-behavior relationship.

In addition to the brain-behavior relationship with developing regions, the
brain-behavior relationship with the entire TP and TN networks was examined.
For this analysis, two masks were created: one of the adult TP network and one of
the adult TN network. As described above, correlation values were obtained for the
time-courses between these two sets of regions. Group-by-behavioral covariate
ANCOVAs were performed to examine the relationship between behavior on the
Go/No-go tasks and the anti-correlation between the entire TP and TN networks.

2.5. Seed-pairwise brain-behavior relationships

To further examine whether TP-TN anticorrelations support inhibitory con-
trol, brain-behavior relationships were examined with an additional set of a
priori-defined response inhibition seeds and two DMN seeds: medial prefrontal
cortex (MPFC) and posterior cingulate cortex (PCC). This analysis examined
whether anticorrelations with regions commonly implicated in response inhibi-
tion are also related to inhibitory behavior. Seeds were placed at peak coordinates
found in a separate task-based fMRI study for the No-go contrast using the Simple
Go/No-go paradigm (unpublished data). These coordinates overlapped with those
regions found in a previous meta-analysis of response inhibition paradigms
(Simmonds, Pekar, & Mostofsky, 2008). 9 mm seeds were placed in the pre-SMA
(MNI coordinates: —6, 8, 54), right anterior insula/inferior frontal cortex (MNI
coordinates: 39, 20, 1), and right inferior parietal cortex (MNI coordinates: 60,
—32, 38). The latter three seeds overlapped with those regions showing significant
developmental differences in the TN— map. In addition, a right dorsolateral
prefrontal cortex (DLPFC) seed (MNI coordinates: 45, 25, 27) was examined, which
was active during the Complex Go/No-go task, but not the Simple version of the
task. For the DMN regions, seeds were placed at peak coordinates in the adult TN
maps. 9 mm seeds were placed at the Fox coordinates for the MPFC and PCC. For
these analyses, the pairwise z-transformed correlations were found between each
of the DMN and inhibitory seed pairs. Multivariate Analysis of Covariance
(MANCOVA) was used to determine whether the pairwise-region (anti)correlation
was consistently related to response inhibition performance across all of the
region-pairs examined. Separate ANCOVA analyses were performed to determine
whether the DLPFC (anti)correlations were significant in the Complex task.

Fig. 1. Task positive network group maps for adults (a) and children (b). Both positive (i.e., connections significantly greater than zero) and negative connections

(i.e., connections significantly less than zero) with task positive regions are displayed.
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3. Results
3.1. Within-group TP and TN network maps

Fig. 1 displays the significant TP regions for both the adults
and the children. Fig. 2 displays the significant TN regions for both
groups.

3.2. Group-differences in the TP network

Only one region, the left dorsolateral prefrontal cortex (DLPFC:
BA46), showed significant differences in TP network connectivity
between children and adults (Fig. 3). This region was more
strongly connected with the TP network in the adults than in
children. Examination of the conjunction map found no common
regions that showed significantly different connectivity across all
three TP seeds. Further examination of the individual seeds maps
revealed that stronger left DLPFC connectivity in adults was only
present in the IPS seed map.

3.3. Group-differences with the TN network

A number of medial frontal regions (BA 9 and 10: including
both dorsomedial prefrontal cortex and ventromedial prefrontal
cortex) showed significantly greater connectivity with the TN
network in adults than in children and were also present in the
TN conjunction analysis (Fig. 4). One right posterior parahippo-
campal cortex region also showed significantly increased con-
nectivity with the TN network in adults compared to children.
Examination of the individual seed maps revealed that connec-
tivity between this region and the PCC seed was specifically
increased in adults.

In addition to those TN regions that became more strongly
integrated with the TN network in adulthood, there were a number
of attention network regions that were more strongly anti-
correlated with the TN network in adults than in children (Fig. 5).
These regions included right insula/inferior frontal cortex (r[FC BA
13/44), left superior temporal/ premotor cortex (BA 22/6), bilateral
inferior parietal lobule (IPL BA 40), bilateral superior parietal lobule
(SPL BA 7) and a right posterior cingulate cortex region (rPCC, BA 31).
Although many of these regions were bilateral, the developmental
changes were stronger on the right side with greater Z-scores and
more extensive activation in the right-lateralized ROIs. Activation in
the anterior insula was only significant in the right hemisphere;

Fig. 3. Task positive network group differences. Regions showing stronger con-
nectivity in adults than children.

Fig. 4. Task negative network group differences. Regions showing stronger
connectivity in adults than children. The conjunction of those regions showing
significant group differences for all three of the individual task negative network
seeds are displayed in green. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

-104 0.0 306

N A

Fig. 2. Task negative network group maps for adults (a) and children (b). Both positive (i.e., connections significantly greater than zero) and negative connections

(i.e., connections significantly less than zero) with task negative regions are displayed.
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however, there was a small subthreshold region that localized to a
nearby premotor location in the left hemisphere with nearby sub-
threshold activation in the left anterior insula. Many of these regions
were also present in the conjunction analysis across all three TN
network seeds (i.e., rIFC/anterior insula, right IPL, and right SPL). The
left premotor/temporal and the mid-cingulate regions were present
in both the PCC and MPFC seed maps, while the left SPL region was
specifically present in the LP seed map.

3.4. Brain-behavior relationships

3.4.1. Behavior

Children made significantly more commission errors for both
the Simple (t(49)= —6.38, p <0.001, child mean (SD)=36.54%
(24.90), adult mean (SD)=4.63% (6.75)) and Complex tasks
(8(49)=—11.78, p < 0.001, child mean (SD)=60.34% (19.20), adult
mean (SD)=11.75% (9.01). In addition, they had significantly
greater intra-subject variability in reaction time (SD of reaction
time/mean of reaction time) for both the Simple (t(49)= —3.20,
p=0.002, child mean (SD)=0.33 (0.22), adult mean (SD)=0.19
(0.06)) and the Complex tasks (t(49)=—4.93, p <0.001, child

Fig. 5. Task negative network group differences. Regions showing stronger antic-
orrelation in adults than children. The conjunction of those regions showing
significant group differences for all three of the individual task negative network
seeds are displayed in green. (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

mean (SD)=0.40 (0.14), adult mean (SD)=0.25 (0.054)). The
two groups were not significantly different in their mean RTs
for either the Simple (#(49)=-0.47, p=0.64, child mean
(SD)=381.59 (101.97), adult mean (SD)=368.33 (100.05)) or for
the Complex tasks (£(49)=1.16, p=0.25, child mean (SD)=410.07
(108.52), adult mean (SD)=447.78 (121.52)).

3.4.2. Developing regions

Regions that were more anticorrelated with the TN network in
adults are commonly implicated in response inhibition. In parti-
cular, right insula/IFC and right IPL are regions that are consis-
tently active during response inhibition paradigms. To test
whether inhibitory control function is related to the anti-
correlations between these two sets of developing regions,
ANCOVAs were performed. These analyses examined the effect
of group and response inhibition measures (i.e., % commission
errors during the Simple and Complex Tasks) on the z-transformed
TN + correlations. Fig. 6 shows the relationship between the TN +
(anti)correlation and inhibitory control performance on the two
tasks.

For the analysis examining Simple Task inhibitory control,
there was a significant effect of group (F(1,47)=18.6, p <0.001),
a significant relationship between percent commission errors and
the z-transformed correlation values between the TN+ and TN —
regions (F(1,47)=5.89, p=0.019), and significant relationship for
the group x commission rate interaction (F(1,47)=6.50, p=
0.014). Within each group, simple regression was performed to
determine whether there was a significant relationship between
Simple Task commission error rate and the TN + correlation. For
adults, there was a significant relationship (R=0.53, p=0.0043),
but the relationship did not hold for the children (R=0.041,
p=0.85).

For the analysis examining Complex Task inhibitory control,
there was a significant effect of group (F(1,47)=6.18, p=0.016) and
a marginal relationship between TN + correlation and percent
commission errors (F(1,47)=3.85, p=0.053). The group x TN +
correlation was not significant (F(1,47)=1.80, p=0.19). Within each
group, simple regression was performed to determine whether
there was a significant relationship between percent of Complex
task errors and the TN+ correlation. For adults, there was a
modest, but significant relationship (R=0.39, p=0.044), but the
relationship did not hold for the children (R=0.13, p=0.55).

The associations of these developing TN regions were also
examined for ISV since there were group differences in this
measure. For these analyses, group x behavioral covariate
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analyses were performed and the covariate associations are
reported. For Simple Task ISV, there was a significant effect of
group (F(1,47)=5.09, p=0.029), but no relationship between ISV
and the z-transformed TN + correlation values (F(1,47)=1.44,
p=0.24), and no relationship for the group x ISV interaction
(F(1,47)=0.25, p=0.62). For the Complex Task ISV, there was a
significant effect of group (F(1,47)=5.62, p=0.022), but no
relationship between ISV and the z-transformed TN + correlation
values (F(1,47)=0.015, p=0.90), and no relationship for the
group x ISV interaction (F(1,47)=0.53, p=0.40). Since there were
no ISV associations with the TN + correlation, the remaining
analyses focus on associations with commission error rate.

Age was also examined within each group separately to
determine whether connectivity and/or behavior may be corre-
lated. For these analyses, simple regression was performed within
each group to test for the association with age. For the children,
there was no association between age and TN+ correlation
(R=0.20, p=0.35) and there was also no association between
age and the measures of inhibitory control (Simple commission:
R=0.19, p=0.39; Complex commission: R=0.18, p=0.41). For the
adults, there were also no associations with age (TN +: R=0.21,
p=0.28; Simple Commission: R=0.34, p=0.18; Complex Com-
mission: R=0.27, p=0.13). Although the two groups had differing
connectivity values and differing commission error rates, age
within each group was not significantly associated with these
variables.

3.4.3. Entire TP and TN networks

Previous studies have found that the anticorrelation across the
entire TP and TN networks is behaviorally relevant and therefore
may reflect attention and control processing (Kelly et al., 2008).
To determine whether the relationship between inhibitory con-
trol is related more generally to anti-correlation across the TP and
TN networks, the time-courses for the entire TP network and for
the entire TN network were extracted. For this analysis, one mask
was created for the adult TP network and one mask was created
for the adult TN network. The mean time-course for each of these
masks was extracted for each subject and the two time-courses
were correlated.

Group x commission error rate analyses were performed for
both the Simple and Complex Tasks to determine whether these
were related to the TP-TN anti-correlation. For the analysis
with the Simple Task, there were no significant effects (group:
F(1,47)=2.30, p=0.14; commission rate: F(1,47)=0.78, p=0.38;
group x commission rate (F(1,47)=0.048, p=0.826). For the Com-
plex Task analysis, there, likewise, were no significant effects as
shown by ANCOVA (group: F(1,47)=1.29, p=0.261; commission
rate: F(1,47)=0.142, p=0.708; group x commission rate:
F(1,47)=0.026, p=0.872).

3.4.4. Pairwise seed correlations

To further examine the importance of TP-TN anticorrelations
for inhibitory control function, regions that are commonly impli-
cated in response inhibition (i.e., pre-SMA, right IFC, right IPL, and
the right DLPFC) were examined. The latter two regions overlap
with the regions showing stronger anti-correlation in adults than
children. An additional set of pairwise correlation analyses were
performed to determine whether the strength of anti-correlation
between inhibitory control and DMN regions is related to inhibi-
tory control performance and whether this relationship is con-
sistent for all pairwise connections between these inhibitory
control regions and both anterior and posterior nodes of the
DMN. For these analyses, the pairwise correlations were found
between each of the inhibitory control regions (pre-SMA, right
IFC, and right IPL) and each of the DMN regions (PCC and MPFC).

In addition, the relationship between right DLPFC and the DMN
regions was examined. It was hypothesized that this region would
be related to inhibitory control in the Complex Task, but not the
Simple Task. Multivariate analysis of variance (MANCOVA) was
performed to determine whether group and commission rate are
related to the strength of (anti)correlation across this set of
regions. The individual ANCOVA analyses were also examined to
determine whether the right DLPFC (anti)correlations were sig-
nificantly associated with commission rate in the Complex task.

For the Simple Task, there was a significant effect for group
(Wilkes Lambda=0.60, F(8,40)=3.21, p=0.045), a trend toward a
significant effect of commission rate (Wilkes Lambda=0.73,
F(8,40)=1.85, p=0.094), and a marginally significant group x com-
mission rate interaction (Wilkes Lambda=0.70, F(8,40)=2.15,
p=0.053). For the Complex Task, the effect of group was not
significant (Wilkes Lambda=0.76, F(8,40)=1.46, p=0.17), the effect
of commission rate showed a trend toward significance (Wilkes
Lambda=0.72, F8,40)=1.96, p=0.077), and there was a trend
toward a significant effect for the group x commission rate inter-
action (Wilkes Lambda=0.71, F(8,40)=2.01, p=0.070).

The relationship between right DLPFC (anti)correlation and
inhibitory control performance was specifically examined to
determine whether this relationship is task dependent. For this
analysis, group x commission rate ANCOVAs were performed for
both the PCC and MPFC connections. For the PCC-right DLPFC
connections, there was no significant effect of commission rate in
the Simple Task (F(1,47)=0.577, p=0.45), but there was a robust
effect in the Complex Task (F(1,47)=6.70, p=0.013). For the
MPFC-right DLPFC connections, there was also no significant
effect of commission rate in the Simple Task (F(1,47)=0.18,
p=0.67), and there was a trend toward a significant effect for
the Complex Task (F(1,47)=3.13, p=0.082).

3.5. Motion effects and global signal regression

Recent examination suggests that some of the connectivity
differences between children and adults may be an artifact due to
group differences in motion (Power, Barnes, Snyder, Schlaggar, &
Petersen, 2012; Satterthwaite et al., 2012; Van Dijk, Sabuncu, &
Buckner, 2012). To determine whether motion may influence
group differences in connectivity, four motion scores were gen-
erated for each participant. First, the maximum displacement
from the first scan over the course of the run was found for both
the absolute motion (difference from reference scan 1) and
differential motion (difference from previous scan). Second, the
mean of the six parameters (x,y,z in mm and roll, pitch yaw
rotation converted from ° to mm) over the course of the run was
found for both the absolute and differential motion. There were
significant group differences in the amount of motion for all of
these scores (max abs motion: t(1,68)= —3.80, p=0.0003; mean
abs motion: t(1,68)= —2.71, p=0.008; differential max motion:
t(1,68)= —3.24, p=0.002; differential mean motion: (t(1,68)=
—3.26, p=0.002).

Since the group differences in motion were robust, group-
x motion ANCOVAs were examined for each of the region pair
correlations to determine whether motion may be related to the
strength of (anti)correlation between the TN + regions. For these
analyses, ANCOVAs were performed in which group was a factor,
motion was a covariate, and the TN + (anti)correlation was the
dependent variable. For the absolute max motion, there was a
significant group effect (F(1,66)=7.25, p=0.009), but no signifi-
cant motion effect (F(1,66)=0.19, p=0.67) and no group x motion
interaction (F(1,66)=0.01, p=0.92). Likewise for the other motion
measures, there were significant group effects, but no significant
effects of motion and no group x motion interactions (absolute
mean motion: group (F(1,66)=6.89, p=0.011), motion (F(1,66)=



Table 1
(a) Regions that showed stronger positive correlations in the TN maps (i.e., within network connectivity) of Adults than Children. Comparison of 30 children with the highest movement versus adults on the left. Comparison of
30 children with the lowest movement versus adults on the right.

Adults-High movement children Adults-Low movement children
Region Side BA Significance Size (voxels) Peak Z x y z  Region Side BA Significance Size (voxels) Peak Z x y z
Medial prefrontal cortex/Superior frontal gyrus/Anterior cingulate B 10/8/9/32/11 0.000 3722 5.57 -16 42 50 Medial prefrontal cortex B 9/10 0.001 184 4,77 8 50 28
5.35 24 32 52 3.68 2 52 42
5.35 4 56 38 Superior frontal gyrus L 10 0.014 121 4.59 —-24 60 12
Middle temporal gyrus/Inferior temporal gyrus/Middle temporal pole L 21/20/38 0.000 322 4.95 -56 -2 -26
3.93 —44 6 —-34
3.8 -50 10 -26
Inferior temporal gyrus/Middle temporal gyrus R 21/20 0.000 358 4.78 52 -10 -20
4.57 60 —14 -24
3.89 44 -16 -30
Parahippocampal R 35/28 0.034 107 4.37 22 -24 -22
3.63 18 -8 -24
Hippocampus/Parahippocampal gyrus L 28/34 0.005 155 3.92 —-26 —-18 -22
3.86 —-28 -24 -16
3.69 -16 —-14 -20
PCC/Precuneus/Lingual gyrus/Mid cingulate B 31/30/23/29 0.000 461 424 10 -52 6
3.74 -4 —-62 24
3.72 -6 —-46 34

(b) Regions that showed stronger anticorrelations in the TN maps of Adults than Children. Comparison of 30 children with the highest movement versus adults on the left. Comparison of 30 children with the lowest movement versus
adults on the right.

High movement children-Adults Low movement children-Adults
Region Side BA Significance Size Peak X y 2z Region Side BA Significance Size Peak x y z
(voxels) Z (voxels) Z
Inferior frontal operculum/Anterior insula/Inferior frontal rolandic/ R 13/44/22/ 0.000 1434 5.84 38 6 4
Precentral gyrus/Temporal pole/Inferior frontal trigeminal 9/47/45
4.8 54 10 20
4.69 40 16 2
Anterior insula/Inferior frontal rolandic/Inferior frontal operculum/Superior L 22/13/6/  0.000 451 491 -56 2 6
temporal 44
426 —46 0 6
411 -28 2 6
Supramarginal gyrus/Inferior parietal/Superior temporal/Superior parietal/ R 40/7/2/3/ 0.000 2172 5.71 62 —32 38 Inferior parietal cortex R 40 0.019 115 428 30 —-42 40
Postcentral/Precuneus 22/42/5
5.41 64 —24 32 375 36 —44 48
4.95 62 —38 14  Superior parietal/ R 7/5 0.010 129 424 16 -54 68
Postcentral gyrus/
Precuneus
403 24 -50 66
385 34 -52 62
Supramarginal gyrus/Inferior parietal/Superior temporal/Postcentral L 40/2/42/1] 0.000 1498 528 —-62 —-28 24
gyrus 3/22

474 —42 —46 54
458 64 -32 36

Anterior cingulate cortex/Supplementary motor area B 24/32 0.000 288 4.83 10 8 38
423 -6 -4 42
4.06 6 2 44
Superior frontal gyrus/pre-SMA R 6 0.004 165 4.29 20 -8 70
3.91 14 -16 64
33 28 -6 64
Precuneus/Superior parietal/Mid cingulate gyrus L 7/31/5/40 0.000 519 473 —12 -48 58

437 —22 -48 58
436 —-14 -56 62

Cuneus/Precuneus R 7/19 0.001 215 4.36 14 —80 38 Precuneus/Cuneus R 7/19 0.002 168 394 10 -74 40
34 12 —66 44 0.013 123 394 62 -32 36
335 52 -22 38
Mid cingulate cortex/Paracentral lobule R 31/5 0.005 159 4.52 12 —-32 42  Mid cingulate cortex R 31 0.014 121 451 16 —-34 42
408 10 -28 38
Inferior frontal trigeminal/Middle frontal gyrus R 46/10 0.000 270 4.69 46 38 10
3.8 38 48 24
Inferior frontal trigeminal/Middle frontal gyrus L 46/10 0.000 318 442 —-48 36 16
44 —-34 42 28

419 —44 42 24
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0.02, p=0.89), group x motion interaction (F(1,66)=0.34, p=0.56);
differential max motion: group (F(1,66)=21.84, p < 0.001), motion
(F(1,66)=0.09, p=0.76), group x motion interaction (F(1,66)=0.007,
p=0.93); differential mean motion: group (F(1,66)=9.98, p=0.002),
motion (F(1,66)=1.26, p=0.26), group x motion interaction
(F(1,66)=0.04, p=0.95). For the region pair correlations between
each of the inhibitory control regions and the DMN nodes, there
were likewise, no significant relationships between either of the
motion scores and any of the region pair correlations.

In addition to the examination of motion as a covariate, we
examined the group differences in TN network connectivity for
low-movement and high-movement children separately. For this
analysis, the full group of 60 right-handed subjects were divided
into two groups based on their mean differential movement. The
30 low movement children had similar movement to that of
adults (£(1,56)=0.26, p=0.60), while the 30 high movement
children had significantly greater movement than adults
(¢(1,56)=6.93, p<0.001). The network connectivity in the TN
maps was compared with that of adults for each of these move-
ment subgroups. Table 1 displays the group differences for each of
these movement subgroups. Both groups show developmental
group differences in a similar set of regions; however, the
differences are more robust and extensive within the high-
movement group than within the low-movement group. If high-
movement caused interference in network connectivity, then we
would expect less robust group differences in the high-movement
group or more evidence of distance effects in the high-movement
group (i.e., more short-range connectivity and less long-range
connectivity in high-movement children than adults). Instead, the
high-movement group has more robust group developmental
connectivity differences in general, suggesting that these con-
nectivity differences reflect neurological immaturity, rather than
disrupted connectivity due to movement itself.

To determine whether the increased TN + (anti)correlations
found in the adult group were an artifact of global signal
regression, the TN group analyses were performed without the
use of global signal regression. For these analyses, the same set of
regions had reduced correlations in the adults compared to the
children. In addition, many of the TP-TN connections were still
anti-correlated. Examination of the TN + correlations found that
these were on average anti-correlated in adults even without the
use of global signal regression mean (SD)= —0.15 (0.39) and these
values were significantly less than zero ({(26)=2.10, p=0.046);
while in children the TN + correlations were on average positive
(mean(SD)=0.40(0.35). Examination of the individual regions
revealed that the right anterior insula/IFG, bilateral inferior
parietal lobule, and a portion of the right superior parietal lobule
had connections that were negatively correlated with the original
TN seeds in adults while the other regions showing reduced
connectivity with the TN seeds in adults were on average,
positively correlated.

4. Discussion

In the current study, we identified developmental differences
in resting state connectivity that occur both within and between
task positive (TP) and task negative (TN) networks. Whole brain
connectivity mapping using separate TP and TN seeds revealed
that, in comparison to school-aged children (8-12 years), adults
(20-47 years) showed discrete changes in connectivity that
occurred between circumscribed regions rather than general
increases or decreases in connectivity across the networks. These
changes, therefore, are likely to support particular cognitive
control functions. Follow-up brain-behavior analyses found a
relationship between response inhibition performance and the

strength of (anti)correlation between those regions that showed
developmental differences in the TN maps. Therefore, the matura-
tion of these antagonistic connections appears important to
achieving mature inhibitory control. Overall, the developmental
changes identified in the current study are likely to contribute to
improvements in task maintenance, cognitive control, social
cognition and self-regulation that occur between late childhood
and adulthood.

4.1. Developmental changes in connections within the TP network

Adults showed increased connectivity of the left DLPFC (BA 46)
within the TP network as compared with school-aged children.
The conjunction analysis and examination of the individual TP
seed maps revealed that increased connectivity with the left
DLPFC was specific to the IPS seed region. These findings suggest
that TP development occurs within fronto-parietal regions. The
DLPFC forms part of the TP network at rest, and more specifically
has been implicated in a fronto-parietal network (Power et al.,
2011; Vincent, Kahn, Snyder, Raichle, & Buckner, 2008) critical to
working memory and goal directed behavior. Animal studies have
found that cells within this region maintain information across a
delay, even in the presence of intervening, distracting stimuli
(Miller, Erickson, & Desimone, 1996). In humans, the DLPFC, along
with inferior parietal regions, has consistently been implicated in
working memory tasks (Barch et al., 1997; Braver et al., 1997;
Cohen et al., 1997; Courtney, Ungerleider, Keil, & Haxby, 1997;
D’Esposito, 2007). Although these regions are connected with the
TP network at rest, they may change affiliation depending on the
nature of the task. During visuospatial planning, the fronto-
parietal network is activated along with the dorsal attention
network, but during autobiographical planning tasks, it is acti-
vated along with default mode network regions (Spreng, Stevens,
Chamberlain, Gilmore, & Schacter, 2010). The current findings
suggest that the increased connectivity of the DLPFC with the
dorsal attention seeds may promote better goal-directed atten-
tion in adults.

Abnormal maturation of DLPFC connections during late child-
hood and adolescence may contribute to impaired development
of control processes and may also play a role in the pathophysiol-
ogy of neuropsychiatric disorders with onset around this devel-
opmental period. In schizophrenic patients, the DLPFC shows
atypical resting state connectivity with a number of task positive
regions and abnormalities are already present at first episode in
young adults with the disorder (Zhou et al., 2007; Zhou et al,,
2007). Given that onset often occurs at late adolescence or early
adulthood, disrupted development of DLPFC-TP connections dur-
ing adolescence may play a role in occurrence of the disorder.

4.2. Developmental changes in connections within the TN network

Adults showed increased connectivity of the right parahippo-
campal gyrus and a broad area of the MPFC within the TN
network as compared to children. These regions make up part
of the DMN and have been implicated in social cognition and self-
reflective thought (Blakemore, 2008; Blakemore et al., 2007;
Santos et al., 2010). In addition to social cognition, the parahip-
pocampal gyrus has also been implicated in memory encoding
and retrieval (Eichenbaum, Yonelinas, & Ranganath, 2007;
Viskontas, Knowlton, Steinmetz, & Fried, 2006) and therefore
may support improved memory function during development.

The MPFC is involved in self-regulation, mentalizing, and
reward valuation (Frith & Frith, 1999; Van Overwalle & Baetens,
2009; Walter, Abler, Ciaramidaro, & Erk, 2005). This area is
activated during a range of social cognition and mentalizing tasks
(Amodio & Frith, 2006; Blakemore, 2008; Gilbert et al., 2006). A
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number of studies show that the long-range connections between
the posterior cingulate cortex (PCC) and MPFC develop over the
course of adolescence and serve to integrate the anterior and
posterior portions of the DMN (Supekar et al., 2010; Uddin et al.,
2011). The current results corroborate these previous findings and
confirm that the MPFC becomes more integrated with the DMN
during adolescent and early adult development. The current study
found that MPFC connections were increased with all TN seeds,
suggesting that the development of these connections occurred
across the DMN and was not specific to PCC-MPFC connections.
Developmental differences occurred mainly within the dorsal
MPFC, with some extension into the more ventral part of the
MPFC, including orbitofrontal cortex, suggesting that they support
improved social cognition and may also contribute to reduced
impulsivity and risk-taking in adulthood.

Reduced connectivity between these two regions has also been
implicated in neurodevelopmental disorders such as attention
deficit hyperactivity disorder (ADHD) and autism (Castellanos
et al., 2008; Uddin, 2011; Uddin et al., 2008). In ADHD, it has been
proposed that pathology arises from delayed development of
these systems. Fair et al. (2010) found reduced connectivity
within the DMN in young adults with ADHD and the pattern of
altered connections were consistent with that of younger chil-
dren. In autism, it has been proposed that abnormal function
within the MPFC contributes to impairments in social cognition
(Uddin, 2011). Autism is characterized by abnormal social respon-
sivity and introspective thought (Frith, 2001; Pelphrey & Carter,
2008). Atypical development of TN correlations may, therefore,
contribute to impulsivity, social cognition and reward processing
problems observed in these disorders.

4.3. Developmental changes in (anti) correlations between TP and
TN networks

A series of TP regions showed stronger anticorrelation in the
TN maps of adults than those of children. These regions form
distributed sections of the TP network and spatially correspond
with several previously-identified sub-units within the TP net-
work (Power et al., 2011). The areas showing overlap with TP
network subunits include: the right anterior insula and bilateral
IPL/supramarginal gyrus with the cingulo-opercular network
(CON), the bilateral SPL/precuneus with the dorsal attention
network (DAN), and the right anterior insula/IFC and right IPL
with the ventral attention network (VAN). This correspondence
with previously-defined functional “sub-networks” suggests that
the development of stronger anticorrelations between late child-
hood and early adulthood may be associated with the maturation
of cognitive control functions related to these specific “sub-
networks”.

Subunits of the TP network have been identified using
both resting state functional connectivity and task-based
methods (Dosenbach, Fair, Cohen, Schlaggar, & Petersen, 2008;
Dosenbach et al., 2007; Fair et al.,, 2007; Fox, Corbetta, Snyder,
Vincent, & Raichle, 2006; Fox et al., 2005; Power et al., 2011). The
CON has been implicated in the instantiation and maintenance of
task information (Dosenbach et al., 2008, 2007; Fox et al., 2005).
The current results suggest that the relationship between this set
of regions and the DMN becomes more competitive in adulthood.
This competition may contribute to more focused goal-directed
behavior during attentionally-demanding tasks, and may reduce
distraction from self-reflective thoughts.

Although the current set of regions showed correspondence
with a number of CON regions, the right anterior insula/IFC region
also overlapped with the ventral attention network (VAN). The
peak coordinate of the right IFC seed identified as part of the VAN
(Fox et al., 2006) showed close correspondence with the region

identified in the current study. The VAN has been identified across
a number of task activation studies during the identification of
task-relevant, infrequent stimuli and is thought to be involved in
the detection of rare events (Corbetta, Patel, & Shulman, 2008;
Corbetta & Shulman, 2002). This network includes both the right
IFC and the right temporo-parietal junction (TPJ) and resting state
studies have found that these regions also form a right-lateralized
network at rest (Fox et al., 2006; Power et al., 2011). The current
set of regions show strong overlap with the right anterior insula/
IFC; however, they do not overlap with the peak TP] coordinates
previously identified as part of the VAN. Instead, a slightly more
anterior region of the IPL is activated in the current study.
Although this region does not overlap with the peak TPJ coordi-
nate of the VAN, there may still be some overlap with the extent
of TPJ connectivity during resting state as well as the extent of
activation during visual attention studies. Some evidence that TPJ
may be functionally-related to the anterior IPL comes from a
study in which resting-state functional connectivity was used to
functionally-parcellate the TP] (Mars et al.,, 2011). This study
found that the anterior portion of the TPJ] was strongly connected
with both the anterior portion of the IPL as well as the anterior
insula.

In addition to its role in detecting rare events, the right IFC
has also been implicated in response inhibition and retrieval of
task relevant information (Levy & Wagner, 2011; Petrides &
Pandya, 2009). Both the right IFC and the right IPL identified in
the current study overlap with regions recently identified
during a response inhibition task. For this reason, brain-
behavior relationships were examined to determine whether
(anti)correlations between these regions and parts of the DMN
were related to inhibitory control function. First, the relation-
ship with inhibitory control performance was examined
between the set of regions showing developmental changes
within the TN network (i.e., the MPFC and parahippocampal
gyrus, which had increased connectivity with TN regions in
adults, and the entire set of regions that showed greater antic-
orrelation with TN regions in adults). Across both groups,
inhibitory control performance was related to the strength of
(anti)correlation between these two sets of regions, although
this relationship was stronger within the adult group.

In addition to establishing that TP-TN (anti)correlations
within developing regions are associated with inhibitory control
function, we were also interested in determining whether (anti)
correlation across a set of regions, which are commonly implicated
in inhibitory control, is likewise important for inhibitory control
function. These regions included pre-SMA, right anterior insula/IFC
and right anterior IPL, which are involved in basic response
inhibition, as well as the right DLPFC, which is recruited during
conditions when working memory is necessary to guide response
inhibition (Mostofsky et al., 2003; Simmonds et al., 2008). To
determine whether (anti)correlations in this set of regions were
consistently related to response inhibition, MANCOVA analyses
were performed to relate the strength of (anti)correlation
between these regions with inhibitory control behavior. The
current findings show that connectivity between this set of
regions and both the anterior and posterior nodes of the DMN
are related to inhibitory control performance on two Go/No-go
tasks. Further, connectivity with the right DLPFC was specifically
related to response inhibition on the Complex version of the Go/
No-go task, which recruited working memory in addition to
inhibitory control functions.

The current results suggest that TP-TN (anti)correlations
among these regions are important for inhibitory control. In a
previous study, it was found that anticorrelation between the TP
and TN networks was not uniform across all regions, and was
stronger between particular TP and TN regions (Anderson et al.,
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2011). The authors noted that the anterior insula was one region
that exhibited some of the strongest anti-correlations with both
the anterior and posterior nodes of the DMN. Given that this
region also had displayed robust developmental changes in the
current study, it may be that the establishment of anti-correlation
between this region and the DMN is particularly important for
mature cognitive control.

Task activation and resting state connectivity studies have
found altered TP-TN connectivity in a number of studies includ-
ing patient populations. There is less suppression of the DMN
during task performance and less TP-TN anticorrelation during
rest in autistic patients (Kennedy & Courchesne, 2008; Kennedy,
Redcay, & Courchesne, 2006). Castellanos et al. (2008) found that
adults with ADHD have reduced anticorrelation between TP and
TN regions. In addition, reduced deactivation of DMN regions has
been found during inhibitory control in children with ADHD
(Liddle et al., 2011). Response inhibition problems are a common
finding in ADHD patients (Suskauer et al.,, 2008) and may be
related to the altered development of these TP-TN connections.

4.4. Potential limitations

Recent examination has found that participant motion over
the course of the scan session produces non-uniform changes in
resting state correlations across the brain (Power et al., 2012,
2011; Satterthwaite et al., 2012; Van Dijk et al., 2012). These
changes may reduce precision in localizing network boundaries
(Power et al, 2011), and may also lead to spurious group
differences between clinical or developmental populations with
differing amounts of motion (Power et al., 2012; Satterthwaite
et al.,, 2012; Van Dijk et al., 2012).

In the current study, four motion scores (mean and max
absolute motion and mean and max differential motion) were
significantly greater in the children than in the adults. Therefore,
group differences in motion may have contributed to the
observed developmental differences in connectivity. Although
motion may have influenced the current connectivity differences
between the two groups, there is evidence that these differences
are due to actual changes in functional coupling rather than just
motion-induced artifact. First, developmental increases in long-
range connectivity between the MPFC and PCC have been repli-
cated in a number of studies and these developmental changes
coincide with developmental increases in white matter tracts
between these two regions (Supekar et al., 2010; Uddin et al,,
2011). In addition, Van Dijk et al. (2012) found that the strength
of connectivity between these two DMN regions is related to age,
even after accounting for subject motion. Second, for all pairwise
connections that were examined in the current study, there were
no significant relationships between strength of connectivity and
participant motion. Third, previous studies found that greater
movement may result in stronger short-range connectivity and
disrupted long-range connectivity, thereby obscuring true devel-
opmental changes (Satterthwaite et al.,, 2012). The conjunction
analyses performed in the current study show that there is strong
overlap in the group differences found for each of the individual
TN seed maps, and therefore these connectivity differences are
not due to connection distance. Third, the separate examination
of developmental group differences with a low-movement group
of children and a high-movement group of children found good
correspondence in the regions identified, suggesting that group
differences are not merely an artifact of motion.

The brain-behavior associations in the current study may be
limited by the large group differences in the mean and variability
of the behavioral measures. However, there are several reasons to
believe that these associations are valid. First, ANCoVA models,
which included a group effect, were used. This allowed for testing

of brain-behavior relationships that were not just driven by
group differences in performance. Second, these relationships
were examined in the two groups separately and a consistent
brain-behavior relationship was found in the adult group
between commission error rate and connectivity between the
two sets of developing regions. This establishes that connectivity
in these regions is related to response inhibition abilities in
adults. Third, there is close anatomical correspondence between
the regions showing greater anticorrelation with the TN network
in adults and regions that are active during response inhibition
tasks. Fourth, the brain-behavior relationships were specifically
associated with commission error rate and did not generalize to
intra-subject variability, which also showed group differences.

Another potential limitation for the current study is the inter-
pretation of anticorrelations at rest. While TP and TN networks
might have an inherently antagonistic relationship; it may also be
the case that the use of global signal regression artificially causes
this opposing relationship. Murphy, Birn, Handwerker, Jones, and
Bandettini (2009) found that examination of the full-brain con-
nectivity with a PCC seed shifts the correlation distribution so that
the correlations are no longer mostly positive and are instead
centered around zero. Although this commonly used method does
cause a shift in the distribution of correlations, there are several
reasons to believe that TP-TN anticorrelations are biologically
plausible. First, the TP and TN seeds selected by Fox et al. (2005)
were chosen based on their activity patterns during task fMRIL
These two sets of regions show opposing activity during task (i.e.,
TP regions were activated by attentionally demanding and working
memory tasks while TN regions were deactivated by the same
tasks). This opposing task-related activity was found in the absence
of any global signal regression, suggesting that it is behaviorally
relevant. In addition, this activity has been found to be parame-
trically modulated based on task demands (i.e., TP regions were
more active during more demanding conditions and TN regions
were more deactive during demanding conditions). Fox et al. (2005)
seeded these task-derived regions in resting state (using global
signal regression) and found that these regions also form anti-
correlated networks at rest. In the current study, the sets of
regions that were found to become more anti-correlated in adult-
hood, were also related to response inhibition abilities, suggesting
that these anti-correlations are behaviorally-relevant and not just
artifactual. In addition, a previous study (Fox, Zhang, Snyder, &
Raichle, 2009) specifically examined the effect of global signal
regression on the anticorrelations between TP and TN regions and
found that it is unlikely that the relationship is artifactual. In the
present study, follow-up analyses showed that the TN + correla-
tions were reduced in adults even when the analyses were re-run
without global signal regression. These findings confirm that the
developmental differences were not the result of global signal
regression and that many of these between-network connections
were still anticorrelated in adults even without global signal
regression.

4.5. Future directions

The current study identified a number of developmental
changes in connections that have previously been implicated in
psychopathology. Further examination of brain-behavior rela-
tionships may help to establish whether the atypical development
of these connections is related to behavioral deficits, such as
inhibitory control in ADHD and social cognition in autism. Better
understanding of the developmental trajectories and behavioral
outcomes that arise from abnormal development of connectivity
may lead to more targeted interventions for these disorders.

The current cross sectional approach does limit the interpret-
ability of the findings. Future research on network development
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may include intermediate age ranges to characterize non-linear
connectivity changes that occur during adolescence. Studies
using age as a continuous variable or a longitudinal design,
will provide a better characterization of the trajectory of devel-
opment. This type of approach may be useful in answering a
number of questions such as whether early maturation may
account for improved behavioral performance in children,
whether early maturation results in better performance in adult-
hood, and whether there are certain developmental windows that
are important for typical development of specific behavioral
abilities.
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