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Intrinsic or resting state functional connectivity MRI and structural
covariance MRI have begun to reveal the adult human brain’s mul-
tiple network architectures. How andwhen these networks emerge
during development remains unclear, but understanding ontogeny
could shed light on network function and dysfunction. In this study,
we applied structural covariance MRI techniques to 300 children in
four age categories (early childhood, 5–8 y; late childhood, 8.5–11 y;
early adolescence, 12–14 y; late adolescence, 16–18 y) to characterize
gray matter structural relationships between cortical nodes that
make up large-scale functional networks. Network nodes identified
from eight widely replicated functional intrinsic connectivity net-
works served as seed regions to map whole-brain structural covari-
ance patterns in each age group. In general, structural covariance in
the youngest age group was limited to seed and contralateral ho-
mologous regions. Networks derived using primary sensory andmo-
tor cortex seeds were already well-developed in early childhood but
expanded in early adolescence before pruning to a more restricted
topology resembling adult intrinsic connectivity network patterns. In
contrast, language, social–emotional, and other cognitive networks
were relatively undeveloped in younger age groups and showed
increasingly distributed topology in older children. The so-called
default-mode network provided a notable exception, following a de-
velopmental trajectorymore similar to the primary sensorimotor sys-
tems. Relationships between functional maturation and structural
covariance networks topology warrant future exploration.
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Large-scale networks organize brain function (1), and defining
human network architecture has become a major goal of neu-

roscience research. Network-sensitive imaging tools have in-
vigorated these efforts, most notably resting state or intrinsic
connectivity network (ICN) functional magnetic resonance imag-
ing (fMRI). This technique, which correlates low frequency (<0.1
Hz) blood oxygen level-dependent (BOLD) signal fluctuations
across distributed regions, has delineated consistent, anatomically
predictable networks relating to sensory, motor, language, social–
emotional, and cognitive functions (2–9). Furthermore, ICN
connectivity strength has been shown to impact human behaviors,
whether those behaviors are measured inside (10, 11) or outside
(8) the scanner. Building on the ICN approach, several groups
have mapped whole-brain correlations in gray matter volume
across subjects (12–16). In our recent work in healthy adults (14),
these structural covariance networks (SCNs) were shown to re-
capitulate the canonical ICN topologies, suggesting that SCNs
might serve as a measure of network integrity for cross-sectional
group studies.
To date, most network mapping studies in humans have focused

on healthy or diseased adult populations, leaving much to be
learned about the assembly of large-scale networks during de-
velopment. The human brain undergoes profound global and re-
gional changes throughout childhood (17–19). Overall brain
volume achieves 80–90% of its lifetime maximum by 2 y of age
(20), whereas in many regions gray matter volumes peak in infancy
before undergoing variable rates of decline throughout adoles-
cence (21–23). In contrast, myelination continues to progress from
posterior to anterior throughout adolescence and well into young

adulthood (24, 25), and frontal myelination may continue beyond
this age (19). These considerations suggest that the anatomical
scaffolding for large-scale functional integration may not emerge
until adolescence, particularly for late-myelinating systems with
robust frontal connectivity. Using ICN approaches in infants,
Fransson et al. (26) documented five ICNs reminiscent of networks
seen in adults, although these infant ICNs seemed less robust and
extensive. Other work suggests that some ICNs remain rudimen-
tary in young children and undergo considerable subsequent
modification (27, 28). Recent graph theoretical analyses of ICN
and diffusion tensor imaging data suggest that children may move
through distinct connectivity milestones en route to a mature adult
pattern (29–31). Structural imaging data, although widely avail-
able, have been underused in the study of brain networks and
provide a potential window into childhood development. One pre-
vious developmental study used structural covariance approaches
(32) to show that cortical thickness in Broca’s area correlates with
thickness in superior temporal cortex. Moreover, this language
system structural correlation becomes stronger throughout the age
range of expected increases in language competency, suggesting
that SCN maturation may have functional significance. However,
to date, no study has explored the full complement of SCNs in
children or examined how SCNs evolve throughout distinct de-
velopmental stages.
In this study, we used SCN mapping to investigate eight large-

scale networks in 300 healthy children aged 5–18 y (Table 1),
drawing from a large pediatric MRI repository (33). We hypoth-
esized that childhood SCNs would reflect ICNs previously de-
scribed in children and adults and would emerge following distinct
age-related developmental trajectories. More specifically, we hy-
pothesized that SCNs related to late-myelinating rostral cortices,
including those subserving language, social–emotional, and exec-
utive control functions, would show the most protracted matura-
tion, continuing to develop through late adolescence.

Results
To survey the broad network landscape, including systems relating
to sensory, motor, language, social–emotional, and cognitive
functions, we used seed-based structural covariance analyses (14)
to map eight distinct SCNs across four age groups (Figs. 1–3).
Seeds (Materials and Methods) were chosen from networks widely
replicated in the ICN literature, including the primary visual, au-
ditory, and motor systems (2–4, 34), language-related networks
subserving speech and semantics (8, 14, 35), and integrative sys-
tems related to salience processing (8), executive control (4, 8), and
episodic memory [the so-called default-mode network (DMN)]
(4–7). SCNs resulting from the eight seed-based statistical para-

Author contributions: B.A.Z. and W.W.S. designed research; B.A.Z. and E.D.G. performed
research; B.A.Z., E.D.G., J.Z., and W.W.S. contributed new reagents/analytic tools; B.A.Z.,
E.D.G., and J.Z. analyzed data; and B.A.Z. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: wseeley@memory.ucsf.edu.

This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.
1073/pnas.1003109107/-/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.1003109107 PNAS | October 19, 2010 | vol. 107 | no. 42 | 18191–18196

N
EU

RO
SC

IE
N
CE

mailto:wseeley@memory.ucsf.edu
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003109107/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1003109107/-/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.1003109107


metric covariance analyses [P < 0.001, corrected for family-wise
error (FWE) across the whole brain] strongly mirrored canonical
ICNs. Qualitative comparisons showed age-dependent changes
within each network, and the spatial extent of each SCN was
quantified (total voxel count exhibiting significant correlationat the
P < 0.001, FWE-corrected threshold) to identify a developmental
trajectory signature for eachnetwork.These signatures clusteredby
functional domain, as described in the following sections.

Primary Sensory and Motor Networks. Seeds within primary visual,
auditory, and motor cortices produced SCNs with a distinctive
pattern of age-related change (Fig. 1A). The primary visual cortex
(right calcarine sulcus) anchored covariance maps that included
medial and lateral occipital cortices in groups 1 and 2 and ex-
panded to include inferotemporal, dorsal parietal, and lateral
frontal regions in group 3, suggesting emergent covariance with
downstream modality selective (ventral and dorsal visual streams)
and heteromodal association systems (36). Group 4 showed
a similar but much less distributed pattern compared with group 3,
suggesting that structural covariance arising in adolescencemay be
pruned during progression to adulthood. Primary auditory cortex
(Heschl’s gyrus) covaried with contralateral Heschl’s gyrus in

Groups 1 and 2 and underwent significant expansion in group 3 to
include bilateral supramarginal, inferior frontal, and superior pa-
rietal lobule regions as well as the precuneus. Group 4 again
showed persistence of this overall pattern with notable topo-
graphic restriction compared with group 3. Primary motor cortex
(right precentral gyrus) correlated with left precentral gyrus, bi-
lateral postcentral gyri, and medial supplementary motor cortex in
group 1 and persisted, with varying extent and significance, in
groups 2–4. Group 4 again showed a relative decrease in network
extent compared with group 3, although substantial covariance
along the more rostral frontal convexity was first evidenced at this
stage. In summary, we observed a common network trajectory
pattern across the primary visual, auditory, and sensorimotor sys-
tems (Fig. 1B). The findings suggest that these networks are pro-
visionally established by early childhood but undergo significant
expansion in early adolescence before contraction or pruning in
late adolescence.

Language-Related Speech and Semantic Networks. Across the four
age groups, language-related networks showed progressive increa-
ses in regional extent and distribution, consistent with the view that
speech and semantic functions continue to mature throughout

Table 1. Group demographics

Group no. 1 2 3 4

Male:female 34:41 34:41 34:41 34:41
Mean age, SD (y) 6.48 (0.77) 9.88 (0.59) 13.15 (0.63) 16.92 (0.56)
Age range (y) 4.88–7.84 8.48–11.22 12.06–14.18 15.95–17.98

Fig. 1. Age-related differences in primary sensory and motor networks. (A) Statistical maps depict brain regions in which gray matter intensity covaried
with that of the seed region of interest (ROI; listed at left) in each group. Structural covariance networks seem spatially well-developed from early ages, with
relative persistence in topology across all time points except for a notable expansion in spatial distribution in group 3. Structural covariance MRI (scMRI) data
are z-statistic maps (P < 0.001, FWE-corrected) displayed on the custom average T1 template of all subjects. The left side of the image corresponds to the
right side of the brain. (B) Plots of voxel counts by group indicate a covariance burst in group 3 before restriction in group 4. The y-axis scale is voxel number
(x × 104) from associated statistical maps. CalcS, calcarine sulcus; HG, Heschl’s gyrus; PreCG, precentral gyrus; R, right.

18192 | www.pnas.org/cgi/doi/10.1073/pnas.1003109107 Zielinski et al.

www.pnas.org/cgi/doi/10.1073/pnas.1003109107


childhood (Fig. 2A). The left inferior frontal gyrus, pars opercularis
(IFGo; containing Broca’s area) seed anchored bilateral IFGo and
ipsilateral dorsal anterior insula covariance in group 1, which ex-
panded to include bilateral dorsal anterior insulae in group 2, ex-
panded further to include dorsolateral prefrontal cortex in group 3,
and expanded further still to includemore extensive frontal regions,
posterior superior temporal gyrus (Wernicke’s area), and fronto-
parietal sensorimotor and cingulate motor areas in group 4. A left
temporal pole seed, chosen to map a network related to semantic
knowledge (37, 38), covaried in group 1 with ipsilateral amygdala,
contralateral temporal pole, and bilateral inferior temporal cortex.
This pattern expanded to include bilateral insular regions in group 2
and contralateral amygdala, anterior cingulate, medial and lateral
orbitofrontal, and frontopolar regions in group 3. Group 4 showed
extensive inferior, mesial, and superior temporal and bilateral amyg-
dalar, insular, orbitofrontal, and cingulate covariance, reflecting a
previously identified adult ICN/SCN (14). Together, these findings
suggest that language-related speech and semantic networks un-
dergo continued expansion throughout childhood, with increasingly
long-range covariance in early adolescence that progresses through-
out the teenage years. The language-related patterns were reflected
quantitatively by similar stage-wise increases in the number of sig-
nificantly correlated voxels (Fig. 2B).

Salience, Executive Control, and Default-Mode Networks. To assess
networks associated with nonlinguistic social–emotional and cog-
nitive functions, we measured structural covariance within an an-
terior cingulate-frontoinsular (FI) network related to salience
processing (8), a dorsolateral fronto-parietal network critical for
executive control and working memory (8), and a posterior cin-
gulo-temporo-parietal DMN related to episodic memory, visual
imagery, and mentalizing (7). Strikingly, the salience network and
executive control network showed limited covariance patterns
throughout initial stages of childhood, with far more distributed
structural covariance in late adolescence (Fig. 3A). Specifically,
the right frontoinsula (a major node within the salience network)
anchored covariance maps that included bilateral frontoinsular

and orbitofrontal regions in group 1 and bilateral insular, anterior
cingulate cortex, and frontopolar regions in group 2. This SCN
underwent significant extension in group 3 to include most of the
medial frontal wall and bilateral insular cortex. In group 4, a robust
and nearly contiguous SCN emerged comprised of extensive lat-
eral and medial frontal, anterior cingulate, and anterior temporal
cortices as well as bilateral amygdala. A seed in right dorsolateral
prefrontal cortex (DLPFC; a major node within the executive
control network) produced arguably the latest-maturing SCN, with
only seed autocorrelation in groups 1 and 2 and contralateral
DLPFC covariance in group 3. A much more extensive bifrontal
covariance emerged in group 4, however, extending to dorsal an-
terior cingulate cortex, ventrolateral prefrontal cortex, and pre-
motor areas. Right angular gyrus, a seed used to derive the DMN
(14), showed limited covariance with contralateral angular gyrus in
groups 1 and 2 with the addition of lateral temporal regions in
group 3. More extensive bilateral lateral temporal and posterior
cingulate covariance emerged in group 4. Somewhat unexpectedly,
the DMN showed a peak voxel count in group 3 (Fig. 3B), re-
sembling the pattern seen in the primary sensory and motor net-
works (Fig. 1B).

Statistical Validation of Observed SCN Trajectory Profiles. Noting
distinct domain-related SCN trajectories (Figs. 1–3), we sought
additional statistical support for these observations by modeling
peak and prune and cumulative growth trajectory patterns for each
of our SCNs (Materials and Methods). These follow-up analyses
identified brain regions whose seed-based covariance conformed
to each of the two trajectory patterns across age groups (Table S1).
Overall, primary sensory and motor seeds showed covariance with
several regions that significantly followed a peak and prune
covariance trajectory model but few regions that significantly fol-
lowed a cumulative growth trend. Conversely, seeds for the lan-
guage-related, social–emotional, and executive control networks
significantly covaried with numerous regions fitting the cumulative
growth model, but only one region in one network conformed to
a peak and prune trajectory. Only the DMN defied these catego-

Fig. 2. Age-related differences in language-related speech and semantic networks. (A) Statistical maps depict brain regions in which gray matter intensity
covaried with that of the seed ROI in each group. Structural covariance networks seem less well-developed at early ages, with subsequent persistent ex-
pansion throughout childhood to a peak level of large-scale distribution in group 4. scMRI data are z-statistic maps (P < 0.001, FWE-corrected) displayed on
the custom average T1 template of all subjects. The left side of the image corresponds to the right side of the brain. (B) Plots of voxel counts by group indicate
covariance expansion throughout childhood. The y-axis scale is voxel number (x × 104) from associated statistical maps. IFGo, inferior frontal gyrus, pars
opercularis; L, left; TPole, temporal pole.
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rizations, possibly reflecting the complex architecture of this net-
work (Discussion). Importantly, the observed network trajectory
signatures (Figs. 1B, 2B, and 3B) proved robust to experimental
variations in statistical thresholding (Fig. S1).

Laterality and Sex Effects on SCNs. Recent studies suggest that
structural hemispheric asymmetries may emerge during specific
phases of child development (18, 19, 22, 24, 39). Although the
present study was not designed to address laterality effects, we
performed a preliminary investigation of these issues by generating
SCNs and voxel counts using seeds contralateral to those first
analyzed (Figs. 1–3). The contralateral seeds produced SCNs that
largely mirrored our main findings, resulting in consistent SCN
trajectory signatures (Fig. S2).
Reported sex differences in childhood brain maturation (40, 41)

prompted us to consider similar differences in SCN development.
Therefore, wedivided each age group by sex, generated sex-specific
SCN maps, and plotted corresponding voxel count trajectories for
three SCNs, one from each of the three broad functional domains
(Fig. S3). We chose the speech (L IFGo) and salience (R FI) net-
works in light of the view held by some authors that these cognitive
domains may mature earlier in females (42–44), and we included
the primary auditory [R Heschl’s gyrus (HG)] network without
specific a priori predictions. In general, voxel plot trajectory graphs
(Fig. S3) depict earlier network expansion in females, particularly
for speech (IFGo) and salience (FI) networks. Direct statistical
contrasts between males and females at each age suggested more

nuanced sex differences (Table S2), underscoring the need for fu-
ture studies designed to address this issue. Overall, however, these
data suggest subtle but compelling network topology and trajectory
differences between males and females, consistent with the existing
literature (40–42).

Discussion
This study characterized eight SCNs in children at distinct de-
velopmental stages. Seed gray matter regions drawn from known
ICNs anchored discrete SCN topologies, revealing structural
covariance among regions that make up large-scale functional
networks. As shown previously in adults (14), SCNs in children
strongly recapitulated the consistent adult ICNs from which the
seed regions were derived. Moreover, age-related changes within
each network suggested that SCNs follow distinct developmental
trajectories that depend, at least in part, on the broad functional
domain subserved by the network. The findings build on previous
work (18, 32), which identified system-specific cortical thickness
trajectories throughout childhood. In contrast, we used network
analyses to show how neural systems build large-scale structural
covariance during development. The findings suggest that SCN
approaches provide a powerful tool for understanding human
brain maturation.
Our data can be viewed against the backdrop of previous ICN

fMRI studies in children, which suggest that rudimentary ICNs
emerge at early ages (26–28), whereas more robust large-scale
functional coherence may not develop until adolescence as the

Fig. 3. Age-related differences in salience, executive control, and default-mode networks. (A) Statistical maps depict brain regions in which gray matter
intensity covaried with that of the seed ROI in each group. Structural covariance networks seem poorly developed at early ages, with early covariance largely
restricted to autocorrelation and contralateral homotopic regions. Subsequent persistent expansion continued throughout childhood, with expansion in
adolescence within salience and executive control networks. The default-mode network (DMN) shows significant expansion in group 3 before restriction in
group 4, similar to the pattern seen in primary sensory and motor networks. scMRI data are z-statistic maps (P < 0.001, FWE) displayed on the custom average
T1 template of all subjects. The left side of the image corresponds to the right side of the brain. (B) Plots of voxel counts by group indicate volume expansion
throughout childhood, with noted late contraction within the DMN. The y-axis scale is voxel number (x × 104) from associated statistical maps. ANG, angular
gyrus; DLPFC, dorsolateral prefrontal cortex; FI, frontoinsula; R, right.
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brainmatures from a local tomore distributed covariance topology
(29, 30, 45). Specifically, Fransson et al. (26) reported well-
developed primary sensory and motor ICNs in infants, but only
a sparse DMN-like ICN was identified at this age. Another study
(28) reported a partial DMN-like ICN at 2 wk of age that de-
veloped into a more mature network by 2 y of age. Using more
quantitative indices of ICN strength, however, Fair et al. (27)
reported markedly less well-developed DMN connectivity in 7- to
9-y-old children compared with adults, especially within hallmark
posterior regions. Although ICN and SCN results should only be
compared with caution, the late childhood SCNmaturation shown
here suggests that distributed SCNs may not be an inherent
property of the human brain but instead may arise after a period of
functional coactivation.
Our data further suggest that a network’s developmental tra-

jectory depends on its functional specialization. For example,
consistent with earlier primary sensory and motor system ontog-
eny, relatively mature SCNs anchored by primary visual, auditory,
and motor cortex seeds were present in 5- to 7-y-old children. In
early adolescence, these networks exhibited a burst of more dis-
tributed covariance before pruning in late adolescence to an adult-
like ICN pattern. In contrast, language-related, salience, and ex-
ecutive control networks blossomed later, continuing to expand
through late adolescence, a time when frontal myelination begins
to mature and children approach readiness for independent sur-
vival. Unexpectedly, the DMN’s trajectory most closely resembled
the patterns seen among primary sensory and motor systems.
Nonetheless, even in late adolescents, the emerging posterior
DMN elements (bilateral angular gyrus, middle temporal gyrus,
and posterior cingulate cortex) lacked covariance with ros-
tromedial frontal regions that form a major node within ICN
renderings of the DMN in adults (5–7, 46) and inconsistently in
children (26–28). This finding may relate to the DMN’s complex
composition, perhaps made up of multiple subnetworks (46, 47),
including an anterior subsystem not detected in our analyses. Fu-
ture studies are needed to resolve howDMN subnetworks differ in
their developmental trajectories.
Although not designed to address laterality- or sex-based dif-

ferences in SCN development, this study suggests that SCN tech-
niques may provide important insights into these issues. Overall,
seed laterality exerted little influence on network ontogeny, per-
haps reflecting the largely symmetric, distributed patterns seen in
adult ICN and SCN renderings (2, 4, 5, 14). Primary visual cortex
provided a notable exception, with the left calcarine sulcus-derived
SCN blossoming later than its right hemisphere counterpart,
a finding that converges with the late adolescent emergence of
leftward visual system cortical thickness asymmetry (39). Sex
contrasts were underpowered in the present study because of
sample size constraints, and resulting sex differences should be
interpreted with caution. Nonetheless, the SCN approach revealed
earlier expansion of frontally seeded language and social–emo-
tional network covariance in females, consistent with previous
suggestions that females mature earlier in these domains (39).
Future studies may help clarify whether SCNs show the age-de-
pendent sexual dimorphism suggested by previous work using
different measures (41, 44).
Little is known about the biological relationships between ICN

and SCN architectures. We have speculated that SCNs reflect
shared long-term trophic influences within functionally synchro-
nous systems, common neurodevelopmental blueprints for axo-
nal guidance and neuronal migration, or a combination of these
factors (14). Recent studies have begun to explore the structural
underpinnings of ICNs using white matter diffusion tractography
to identify anatomical connections between functionally corre-
lated regions (48, 49). Future studies combining functional and
structural correlation approaches may help clarify the inter-
dependence of these forms of network covariance. Multimodal
analyses could delineate the timing of ICN vs. SCN ontogeny,

whereas longitudinal studies may help clarify how network co-
variance relates to the emergence of core competencies during
childhood.
Whether age-specific structural covariance patterns enable or

simply reflect human network functioning remains unknown.
Previous studies have documented age-dependent patterns of re-
gional cortical thickness in healthy children (18, 50), and structural
changes have been associatedwith practice and learning (51–53) as
well as with aging and disease (54, 55). A comprehensive, data-
driven approach to human connectomicmapping (56)may provide
a framework for understanding normal childhood development as
well as neurodevelopmental (31) and age-related disorders (14)
that impact network function.

Methods
Subjects and MRI Methods. Deidentified data were obtained from the Na-
tional Institutes of Health (NIH) MRI Study of Normal Brain Development’s
Pediatric MRI Data Repository (33). This multisite study includes T1 MRI scans
of 432 normal children between the ages of 4.5 and 21 y (no older than 18 y
at enrollment). Further details regarding MRI methods, demographics, in-
clusion and exclusion criteria, and other technical specifications have been
published (33). Briefly, MR images were acquired using standard 1.5 T MRI
scanners (GE; Siemens). Whole-brain T1-weighted image datasets were ac-
quired using standard techniques (time to repetition median = 23 ms, time to
echo median = 10 ms, matrix median = 256 × 256 × 124, and median voxel
volume = 1.32 mm3). We used all nonduplicate high-quality scans available in
the database from right-handed subjects to select our study sample. Based
on estimates of statistical power from previous structural covariance MRI
(scMRI) studies (8), we constructed four sex-matched groups (n = 75, 34 males
and 41 females) by first selecting the 75 oldest (group 4) subjects. We then
selected the 75 youngest (Group 1) subjects, matching for sex. We divided the
remaining subjects into two equally sized groups before selecting 75 non-
duplicate subjects surrounding the respective groupmeans, again matching for
sex (groups 3 and 4). Resulting group characteristics are shown in Table 1.

Data Analysis. We created customized image analysis templates by normal-
izing, segmenting, and averaging T1 images using SPM5 according to a re-
cently proposed processing pipeline (57, 58). First, images were transformed
into standard space using a 12-parameter affine-only linear transformation
and segmented into three tissue classes representing gray matter, white
matter, and cerebrospinal fluid. Smoothly varying intensity changes as well
as artifactual intensity alterations as a result of the normalization step were
corrected for using a standard modulation algorithm within SPM5. The
resulting segmented maps were then smoothed using a 12-mm full-width at
half-maximum Gaussian kernel. To study network structural covariance, we
derived gray matter intensities using 4-mm-radius spherical seed regions of
interest (ROIs) chosen using previously published ICN peak foci from the
adult ICN literature and adjusted to our childhood template using relevant
anatomical landmarks to avoid seed placement too near the pial surface.
Seed ROIs were selected within right calcarine sulcus (primary visual cortex)
(59), right Heschl’s gyrus (primary auditory cortex) (60), right precentral
gyrus (primary motor cortex) (61), left inferior frontal gyrus, pars opercularis
(Broca’s area) (14), left temporal pole (14), right frontoinsular cortex (14),
right dorsolateral prefrontal cortex (8), and right angular gyrus (14). These
regions anchor the visual, auditory, sensorimotor, speech, semantic, salience,
executive control, and default-mode networks, respectively (4, 7, 8, 14). We
performed separate condition-by-covariate analyses for each seed region in
which the mean seed gray matter intensity was the covariate of interest and
age group was the grouping variable. This design enabled us to determine
the whole-brain patterns of seed-based structural covariance in each age
group. Resulting correlation maps were thresholded at P < 0.001, corrected
for FWE, and displayed on the normalized pediatric brain template to allow
qualitative comparisons between age groups. To quantify differences in
developmental trajectory across networks, we calculated the total number
of significant ipsilateral, contralateral, and whole-brain voxels and plotted
these by age group (Figs. 1–3).

Follow-up analyses sought statistical support for the domain-related voxel
plot trajectories observed in Figs. 1B, 2B, and 3B by modeling the proposed
primary sensory and motor trajectories as peak and prune (−1 − 1 + 3 − 1)
contrasts and the language-related and cognitive trajectories as cumulative
growth (−1 − 0.5 + 0.5 + 1) contrasts (Table S1). Both contrasts were applied
to each seed to identify regions that significantly conformed to each model
(P < 0.001, uncorrected). These analyses were inclusively masked by the largest
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group map (group 3 for peak and prune and group 4 for cumulative growth
contrasts), with the mask thresholded more generously (P < 0.01, FWE-cor-
rected) to avoid overly constraining the search volume.

Additional analyses using contralateral seeds (Fig. S2) were performed by
changing the sign on each seed’s x coordinate and following otherwise
identical procedures to those used in generating the results shown in Figs. 1–
3. Likewise, sex effects were examined by dividing each group by sex within
otherwise identical statistical models. Sex-specific group SCNs were derived
for voxel plot trajectories (Fig. S3) using a less-stringent statistical threshold

given the lower sample sizes (P < 0.01, FWE-corrected). Linear group con-
trasts sought regional head-to-head sex differences in seed covariance at
each age (P < 0.001, uncorrected, inclusively masked to the group average
map at P < 0.05, uncorrected) (Table S2).
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