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Abstract

Brain structural covariance networks (SCNs) composed of regions with correlated variation are altered in neuropsychiatric
disease and change with age. Little is known about the development of SCNs in early childhood, a period of rapid cortical
growth. We investigated the development of structural and maturational covariance networks, including default, dorsal
attention, primary visual and sensorimotor networks in a longitudinal population of 118 children after birth to 2 years old and
compared them with intrinsic functional connectivity networks. We found that structural covariance of all networks exhibit
strong correlations mostly limited to their seed regions. By Age 2, default and dorsal attention structural networks are much less
distributed compared with their functional maps. The maturational covariance maps, however, revealed significant couplings
in rates of change between distributed regions, which partially recapitulate their functional networks. The structural and
maturational covariance of the primary visual and sensorimotor networks shows similar patterns to the corresponding
functional networks. Results indicate that functional networks are in place prior to structural networks, that correlated
structural patterns in adult may arise in part from coordinated cortical maturation, and that regional co-activation in functional
networks may guide and refine the maturation of SCNs over childhood development.
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networks are much less distributed compared with their func-
tional networks. Results indicate that functional networks are
in place prior to structural networks and indicate that coordi-
nated functional activity in the cortex “sculpts” correlated
patterns of cortical thickness over childhood development.

Significance Statement

Patterns of correlated variation in cortical thickness are altered in
neuropsychiatric disease and are consistent with intrinsic func-
tional connectivity networks. Little is known about the develop-
ment of structural covariance networks in early childhood, a
period of rapid cortical thickness growth. We investigated struc-

tural and maturational covariance networks in children from
birth to age 2 years. Primary visual and sensorimotor networks
had similar structural and functional network patterns. Struc-
tural covariance of the higher order default and dorsal attention

Introduction

Individual differences in normal cognitive function, neuropsychi-
atric disease risk, and illness severity result in part from
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individual differences in brain structure (Pantelis et al. 2003; Kanai
and Rees 2011). For brain structure components such as gray mat-
ter volume or cortical thickness, it has been demonstrated that
there are structural covariance networks (SCNs) composed of
regions with highly correlated variation. SCNs change with age
(Chen, He, et al. 2011; Montembeault et al. 2012; Khundrakpam
et al. 2013; Li, Pu, et al. 2013), are heritable (Mechelli et al. 2005;
Schmitt et al. 2008) and are altered in neuropsychiatric disease
(Bassett et al. 2008; He et al. 2008; Seeley et al. 2009; Bernhardt
et al. 2011; Heinze et al. 2015). Recent studies indicate that
SCNs in adults partially recapitulate the intrinsic functional
connectivity networks estimated by resting-state functional
MRI (rsfMRI) (Seeley et al. 2009; Chen, He, et al. 2011; Kelly et al.
2012; Li, Pu, et al. 2013), and anatomical networks constructed
by white matter connectivity (Gong et al. 2012). Studies have
also revealed that brain regions with high structural covariance
in adults are often within systems responding to particular
cognitive or behavioral functions (Andrews et al. 1997; Wright
et al. 1999; He et al. 2007; Alexander-Bloch, Giedd, et al. 2013;
Evans 2013).

There has been greatinterest in how SCNs develop, as this will
provide important insights into the relationship of structural
development to cognitive function (Riska 1986; Lerch et al.
2006), the pathophysiology of neuropsychiatric disease (Bullmore
etal. 1997; Seeley et al. 2009; Heinze et al. 2014), as well as the bio-
logical meaning of the structural covariance (Riska 1986; Katz and
Shatz 1996; Alexander-Bloch, Giedd, et al. 2013). Studies of SCNs
estimated by gray matter intensity and cortical thickness in 5- to
18-year olds found that primary networks were well developed at
early ages, while networks involving higher cognitive functions
became more distributed and adult-like in later childhood (Zie-
linski et al. 2010; Khundrakpam et al. 2013). From late childhood
to young adults, SCNs estimated by cortical thickness share simi-
lar properties as the “maturational covariance” networks (MCNs)
defined by coupled developmental fluctuations between differ-
ent brain regions (Alexander-Bloch, Giedd, et al. 2013; Alexan-
der-Bloch, Raznahan, et al. 2013), and maturational covariance
maps in the default network had similar spatial patterns to its
resting-state functional connectivity network (rsFCN) and white
matter connectivity in adults (Raznahan, Lerch, et al. 2011). Raz-
nahan, Lerch, et al. (2011) noted that the main obstacle to study
the coordination of cortical development is the slow cortical mat-
urational rates. This is the case for late childhood and adoles-
cence, when annual changes in cortical thickness are on the
order of +0.5% (Raznahan, Shaw, et al. 2011). In contrast, cortical
development in early childhood is very rapid attaining an average
thickness of 97% of adult values by age 2 years (Lyall et al. 2015)
and represents an ideal time to study SCN development that may
be more informative than studies at later ages when the bulk of de-
velopment is over. Early childhood is also increasingly recognized
as important period for cognitive development and risk for psychi-
atric disease, such as autism (Courchesne et al. 2007; Gilmore et al.
2010; Hazlett et al. 2011). Thus, the study of SCN developmentin the
first 2 years of life will provide import insights into the development
of these networks in a time of rapid growth. The growth trajectories
of cortical structures, such as cortical gray matter volume and cor-
tical thickness, as well as white matter tracts, vary from regions to
region, exhibiting nonrandom patterns (Knickmeyer et al. 2008,
2010; Geng et al. 2012; Gilmore et al. 2012; Li, Nie, et al. 2013; Lyall
et al. 2015). For example, primary and secondary sensory cortices
tended to be slower growing, compared with some higher order as-
sociation areas in the first 2 years (Lyall et al. 2015). Resting-state
functional networks also develop rapidly in the first 2 years of
life, with sensorimotor and visual networks being present shortly

after birth, and default and dorsal attention networks becoming
adult-like by age 2 years (Gao et al. 2009, 2013).

We aimed to characterize the developmental patterns of
structural and maturational covariance of cortical thickness on
several large networks in the first 2 postnatal years with rapid
cortical maturational rate. With a relatively large longitudinal da-
taset, we examined SCNs and MCNs on several large-scale net-
works previously studied in older children and adults including
primary networks such as sensorimotor and visual networks
and high-order functional networks such as default and dorsal
attention networks (Corbetta and Shulman 2002; Fox et al. 2005;
Fair et al. 2008; Zielinski et al. 2010; Szczepanski et al. 2013). To
further investigate whether SCNs and MCNs reflect functionally
defined networks, we have reexamined and compared with the
rsFCNs on a subset of the same cohort, who had the rsfMRI
scans. We hypothesized that later maturing default and dorsal
attention networks would have incomplete SCNs, and their mat-
urational covariance would reflect their rsFCNs in this period of
rapid cortical development; while early maturing sensorimotor
and visual networks would exhibit adult patterns of structural
co-variance that would reflect functional connectivity.

Materials and Methods
Subjects

The study was approved by the Institutional Review Board of the
University of North Carolina (UNC) at Chapel Hill. Subjects were re-
cruited prenatally and scanned under 3T MRI scanner after birth
and at ages 1 and 2 years. Exclusion criteria were the presence of
abnormalities on fetal ultrasound or major medical or psychotic
illness in the mother. Additional exclusion criteria for this analysis
included spending >24 h in the neonatal intensive care unit after
birth, history of major medical illness, and major abnormality on
MRI. Children who had successful T;- or T»-weighted MRI scans
were included in this study. Three hundred high-quality scans are
available for 118 children including 115 neonates (2-4 weeks of age),
100 one-year olds, and 82 two-year olds. Demographic information
and distribution of scan availability are found in Tables 1 and 2.

Table 1 Demographic data

Gender

Male 61

Female 57
Gestational age at birth (weeks) 39.2+1.3
Gestational age at Scan 1 (weeks) 425+1.5
Gestational age at Scan 2 (weeks) 94.1+3.5
Gestational age at Scan 3 (weeks) 145.5+3.2
Birth weight (g) 3449.1+461.7
APGAR score (5 min) at Scan 1 8.9+0.5
Maternal education (total in years) 15.2+3.5
Table 2 Distributions of scan availability
Available scans N
Neonate + 1 year + 2 year 62
Neonate + 1 year 98
Neonate + 2 year 79
1 year +2 year 65
Neonate 118
1year 100
2 years 82
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Data Acquisition and Processing

Images were acquired on a head-only 3T scanner (Allegra, Sie-
mens Medical Systems, Erlangen, Germany). All subjects were
scanned without sedation while asleep, fitted with ear protection
and with their heads secured in a vacuum fixation device. The 3D
MPRAGE sequence was used for T;-weighted MRI with the follow-
ing parameters: TR =1820 ms, inversion time =1100 ms, echo
time =4.38 ms, flip angle =7°, n = 144, spatial resolution =1 x 1x1
mm?®. T,-weight images were obtained with a turbo-spin echo se-
quence with TR =6200 ms, TE1 =20 ms, TE2 =119 ms, flip angle =
150°, and spatial resolution = 1.25 x 1.25 x 1.25 mm? voxel with
0.5 mm interslice gap. A “fast” T, sequence was done with a
15% decreased TR, smaller image matrix, and fewer number of
slices (5270 ms, 104 x 256 mm, 50 slices) for neonates who failed
or were deemed likely to fail due to difficulty sleeping; 57 T, fast
scans (14 singleton; 14 twins) were performed. There was no sig-
nificant difference of the mean cortical thickness difference be-
tween the 2 T, scan sequences (P =0.144). The rsfMRI was also
acquired for a subset of 50 subjects available at neonate, 1, and
2 years old from the population using a T,*-weighted echo planar
imaging (EPI) sequence with TR =2000 ms, TE =32 ms, spatial
resolution 4 x 4x4 mm?, and 150 volumes for time series images.

All scans were visually checked to exclude severe motion arti-
facts. Images were resampled to 1 x 1 x 1 mm?® and skull-stripped
with cerebellum removed (Shi et al. 2012). To get the inner and
outer boundaries of gray matter, a longitudinally guided level-set
method was applied onto T,-weighted images for neonates and
T;-weighted images for 1- and 2-year olds (Wang et al. 2013). The
longitudinally guided method helped to overcome the challenges
to segment neonatal images with low tissue contrast. Inner and
outer cortical surfaces were constructed, and cortical thickness
at each vertex was calculated as the shortest distance between
the 2 surfaces using method described in Li et al. (2014). Detailed
preprocessing steps can be found in Lyall et al. (2015). There were
around 40 000 vertices constructed for each hemisphere.

Functional data were preprocessed using FMRIB’s Software Li-
braries (FSL, v 4.1.9) (Smith et al. 2004; Jenkinson et al. 2012). The
preprocessing steps included discarding the first 10 volumes,
slice-timing correction, motion correction, and band-pass filter-
ing (0.01-0.08 Hz). Mean signal from white matter, cerebrospinal
fluid, the whole brain, and 6 motion parameters were removed
using linear regression. To further reduce the effect of motion
on functional connectivity measures, the global measure of sig-
nal change and frame-wise displacement (FD) were controlled
to be <0.5% signal and 0.5 mm, respectively, as proposed by
Power et al. (2012). A lower limit of >90 volumes remained after
this “scrubbing” process was set as one of the inclusion criteria.
To minimize potential biases induced by differences in brain
sizes across age groups, we utilized an adaptive approach to spa-
tial smoothing (Gao et al. 2015), applying a 4, 8.25, or 8.93 mm full
width at half maximum Gaussian kernel (calculated based on the
ratios of brain sizes across different age groups) to data from neo-
nates, 1-year olds, and 2-year olds, respectively.

Structural and Maturational Covariance Analyses

To perform vertex-based analysis, individual cortical surfaces of
younger age group were first warped to their corresponding older
scans and then warped to a standard surface space provided by
Freesurfer (Fischl and Dale 2000). The surface registration was
performed using the publicly released spherical demons registra-
tion method (https:/sites.google.com/site/yeoyeo02/software/
sphericaldemonsrelease).
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Four seed regions were selected to study the 4 networks in-
cluding PCC, IPS, left calcarine sulcus/primary visual cortex,
and central gyrus/primary motor cortex for default, dorsal atten-
tion, primary visual, and motor networks, respectively. The seeds
were centered at the coordinates of [-5, —49, 40], [-25, -57, 46],
[-10, -88, 5], and [-44, -8, 38| for the post cingulate cortex
(PCC), intraparietal sulcus (IPS), calcarine fissure (BA17 primary
visual cortex), and central gyrus (BA4 primary motor cortex), re-
spectively. Seeds of each network were chosen based on the
widely reported hub regions in the networks (Fox et al. 2005;
Fair et al. 2008; Gu et al. 2010; Gao et al. 2013). We first drew a
ball with radius of 6 mm in the 3D Talairach space, then projected
the volumetric seeds onto the outer surface to get the seed
patches, and manually edited the patches if they were slightly
off the desired gyrus position due to projection error. As the
seed of IPS falls in the sulcus, the projected surface area (424.8 =
24.2 mm?) is larger than the other seed areas (with mean areas of
293.8+19.5, 301.0+14.0, and 301.2+19.2 for PCC, visual, and
motor, respectively). To control the seed regions with similar
areas, we re-drew a ball with radius of 5.2 mm to get the IPS sur-
face area of 301.1+ 18.3 mm?. The cortical thickness of the seed
region was defined by averaging thickness values within the
seed region. Condition-by-covariate analyses on thickness were
conducted with age and gender as covariates to estimate structural
covariance between seed thickness and thickness of all other
vertices at each age group in each network. Similar condition-by-
covariate analyses were performed with age and gender as
covariates on the thickness growth rate to estimate maturational
covariance. The thickness changing rate over all cortex for the
first 2 years (difference between Year 0 and Year 2 normalized by
year 0), the first (difference between Year 0 and Year 1 normalized
by year 0), and second year (difference between Year 1 and 2 nor-
malized by year 1) were correlated with each seed region changing
rate, with age and gender as covariates. Significant correlations
were corrected for multiple comparison corrections using random
field theory (Worsley et al. 1999; Chung et al. 2010), between entire
cortical regions and the seed region. The vertex-based thickness
difference was calculated between 2 different age groups by
subtracting the corresponding thickness values on the warped sur-
faces. The growth rate between Time 1 and Time 2 was then calcu-
lated by taking the thickness difference between 2 time points
then divided by the thickness of the first time point.

Functional Connectivity Analyses

To compute functional connectivity map of each network, aver-
age time series were calculated from each seed region of each in-
dividual subject and correlated with all voxels in the whole brain.
The correlation coefficients were Fisher-Z transformed. Two-
tailed t-test was performed for each voxel to determine whether
it is significantly different from 0 (P <0.05 after false discovery
rate [FDR] correction; cluster size >10 voxels). Details can be
found in Gao et al. (2013).

Maturational Covariance Between Homologous Regions
and Gender Effect

To get the homologous vertices, the left hemisphere was warped
into the right hemisphere in the standard space. We computed
thickness growth rate correlations between each vertex in 1
hemisphere with the growth rate in its contralateral homolog to
derive a distribution of around 40 000 correlation coefficients. We
randomly sampled 40 000 contralateral vertex-vertex pairings to
form around 40 000 correlation coefficients and compared the
mean of these 2 distributions using Mann—-Whitney U test.
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Results

We used cortical thickness, a more direct measure of cortical
morphometry with subvoxel precision, to estimate the structural
and maturational covariance (Prothero and Sundsten 1984; Van
Essen et al. 1998; Fischl and Dale 2000). We first computed the
vertex-based mean thickness of 3 age groups: after birth, at
1-year, and 2-year old; and the vertex-based mean thickness
growth rate from neonate to Year 1, from Year 1 to Year 2, and
from neonate to Year 2. Seed-based analyses were then con-
ducted to map the SCN and MCN across all 3 age groups and
ranges of 4 distinct networks including default, dorsal attention,
primary visual, and sensorimotor networks. We also performed
the homologous test of structural covariance and maturational
coupling on each vertex over the entire cortex and the gender
test of the cortical thickness at each age group and the develop-
mental rate in each age range. FCNs of all 4 networks were also
estimated.

Mean Thickness and Thickness Growth Rate

The mean thickness over whole cortex is 2.026 +0.080 mm at
approximately 3 weeks, 2.611+0.0726 and 2.704 + 0.0690 mm at
1- and 2-year olds. The vertex-based cortical thickness map
(Fig. 1a—c) shows that the primary visual and sensorimotor corti-
ces always have thinner thickness compared with the average
thickness across the 3 age groups. The temporal pole, medial
frontal/prefrontal, and insular cortices have higher thickness
in neonates; these regions together with the bilateral temporal
cortex show higher thickness in the first and second years of age.

The average thickness change in the first 2 years is 34.51
6.08%; the thickness change in the first year is 30.43 +5.86%,;
and the change in the second year is 4.29 + 1.77%. There is region-
ally heterogeneous growth of cortical thickness. In the first 2
years, insular cortex showed higher thickness changes, followed
by medial frontal and temporal cortices compared with the aver-
age cortical thickness change; and sensorimotor and visual corti-
ces show slower thickness changes ( Fig. 1d—f). Yet, the first and
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second year have different growing patterns. The first year has
similar pattern as the first 2 years. In the second year, the sensori-
motor and fusiform regions show faster growing rate, while
the frontal and temporal cortices have slower growing rate. The
patterns of the vertex-based average thickness maps and the
thickness change maps show similar pattern as reported in our
previous ROI-based study (Lyall et al. 2015).

Structural Covariance, Maturational Coupling, and
Intrinsic Functional Connectivity Networks

We specifically chose the following cortical regions as seeds to
study the corresponding 4 networks: PCC, IPS, left primary visual
cortex (Vis), and left primary motor cortex (Motor), for default,
dorsal attention, primary visual, and sensorimotor networks, re-
spectively. For the calculation of the covariance maps, we have
limited the subjects to the ones with the mean measures (thick-
ness for SC maps and thickness changing rate for MC maps) with-
in 2 standard deviations, so that the regional structural and
maturational couplings are not dominated by the overall thick-
ness or maturational rates across each subject.

Significant structural correlation maps of the 4 networks are
shown in (a-c) of Figures 2, 3, 4, and 5. The default network
shows correlation patterns mostly limited to the seed, posterior
and occipital regions at birth, Age 1 and Age 2. The SCNs at Age
1 showed small regions in right temporal and right prefrontal
areas, and the SCNs at Age 2 also include small patches in the
temporal cortex and mPFC. The dorsal attention network has
correlation patterns mostly limited to seed and posterior cortical
regions at birth, Age 1, and Age 2. At Age 1, the SCN of IPS showed
small regions in premotor and frontal eye field (FEF). The primary
visual network seed has significant correlations with mainly
medial occipital cortex in each age group. And the sensorimotor
network seed shows significant correlations with mainly pre-
and postcentral gyrus in each age group.

Significant maturational correlations are shown in (d-f) of
Figures 2 -5. The thickness growth rate in the first 2 years of
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Figure 1. Mean cortical thickness and cortical thickness growth in the first 2 years of life. Note: () has different min/max values compared with (d) and (f) to better show the

contrast of growth rate.
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Figure 2. SCN (a—c), MCN (d-f), and FCN (g-i) with posterior cingulate cortex (PCC) as seed region. Correlation coefficients are shown for only significant correlated regions.

PCC seed is significantly correlated with the growth of medial
frontal and prefrontal cortices, parietotemporal junction and
right lateral inferior frontal gyrus (IFG) are most correlated with
that of PCC seed. In the first year, the PCC seed MCN shows simi-
lar patterns as that in the first 2 years with 2 extra regions of right
temporal and left frontal cortices significantly coupled with PCC
seed. The 2-year MCN of IPS seed shows significant correlations
in bilateral FEFs (BA6) and right IFG (BA44). The first-year MCN
has similar patterns with slightly wider spread-out of each re-
gion. The maturational rate of the primary visual seed was corre-
lated with local occipital regions and primary motor regions from
birth to 1 year and was correlated with only occipital regions from
1 year to 2 years, and from birth to 2 years. The primary motor
seed was correlated with the pre- and postmotor cortices, supple-
mentary motor area, and the lateral occipital regions from birth
to 1year, and from birth to 2 years; only the surrounding primary
motor regions show correlations from 1 year to 2 years.
Significant functional networks are shown in (g-i) of Figures 2 -5.
For the default FCN, at neonate, only localized regions in parietal
cortex show correlations with PCC seed; starting from 1-year old,
medial prefrontal cortex (mPFC), bilateral temporal cortex, bilat-
eral inferior parietal cortex (IPL) or supramarginal gyrus (SMG),
and medial temporal (hippocampus/parahippocampus) show sig-
nificant connectivity with PCC. For dorsal attention network, the
correlation maps start from localized diffused blobs at neonate
and become to more distribute at 1-year and 2-year olds, including
bilateral anterior prefrontal cortex, FEFs, and inferior/middle

temporal cortex correlated with IPS seed. The primary visual func-
tional network shows connections mainly in occipital cortex at
neonate, 1 year and 2 years, where the pattern is more diffused
including small regions extended to parietal cortex at neonate.
The primary motor functional network shows more diffused con-
nections at neonate, and more spatialized connections at 1 year
and 2 years, where the 2 year network also include small scattered
regions in cuneus.

Figure 6 shows the regions of overlap between the matur-
ational and functional networks for each seed. Both PCC and
IPS maturational and functional networks show distributed over-
lappingregions in ages after the neonatal period. The PCC MCN in
the first year overlaps with the FCNs at 1 and 2 years in bilateral
parietotemporal junction, right temporal and medial frontal re-
gions; and the PCC MCN from neonate to year 2 is overlapped
with the FCNs at 1 and 2 years in bilateral parietotemporal junc-
tion and mPFC. The MCN of the IPS seed from neonate to Year 1is
overlapped with the FCN in Year 2 in right FEF, and the MCN of
the IPS seed from neonate to Year 2 is overlapped with the FCN
in Year 2 in left inferior temporal cortex and FEF. For the visual
and motor seeds, the overlap between MCNs and FCNs is mostly
surrounding the seeds, except for the motor MCN in the first year,
which overlaps in the supplementary motor area (SMA) with the
FCN in neonates and with the SMA and medial occipital regions
with the FCN at Year 2. The quantitative overlapping measures
(number of overlapping vertices) between the maturational net-
works and the structural and functional networks for each seed
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Figure 3. SCN (a—c), MCN (d—f), and FCN (g-i) with IPS as seed region. Correlation coefficients are shown for only significant correlated regions.

are presented in Tables 3-6. The overlap between the MCNs and
the corresponding FCNs are larger compared with that between
the MCNs and the corresponding SCNs, mainly due to the distrib-
uted patterns of the PCC and IPS FCNs in contrast to their isolated
SCNs, as well as the slightly wider spread of the visual and motor
FCNs compared with their SCNs. Table 7 shows the overlapping
measures between PCC and IPS MCNs. By comparing Tables 3,
4, and 7, we found that even though the PCC and IPS MCNs are
distributed, they overlap more with their corresponding FCNs
compared with the overlaps of MCNs of other seeds.

Maturational Covariance Between Homologous Regions
and Gender Effect

Results from Mann-Whitney U test show that the correlation in
thickness and thickness growth between homologous vertices
was significantly higher than that between nonhomologous pair-
ings. Gender effect has been tested in the cortical thickness at
each age group, and thickness growth rate in the first 2 years,
the first and second year, and no gender effect on cortical thick-
ness nor the maturation rate was found in each case.

Discussion

We have analyzed the structural covariance and maturational
coupling of 4 networks in the first 2 years of life, a period of
very rapid cortical thickness development, and found important

contrasts to patterns described in older children and adolescents.
From birth to age 2 years, structural covariance of all networks
exhibits strong correlations mostly limited to their seed and sur-
rounding regions. By age 2 years, default and dorsal attention
SCNs are much less distributed compared with their rsFCNs.
The maturational covariance maps, however, revealed signifi-
cant couplings between distributed regions. Moreover, the pat-
terns of most correlated regions in the default and dorsal
attention MCNs partially recapitulate the functional networks
defined by rsFC. The structural covariance and maturational
coupling of the primary visual and sensorimotor networks
show similar patterns to the corresponding FCNs.

Our findings of localized default and dorsal attention SCNs
and distributed rsFCNs in the first 2 years indicate that their func-
tional networks are in place much earlier than their SCNs. Dis-
sociable large-scale networks, task negative or default network,
and task positive or dorsal attention network have been revealed
by rsfMRI studies (Raichle et al. 2001; Fox et al. 2006) and are
shown to be temporally anti-correlated with each other (Fox
et al. 2005). Our previous study of these 2 networks using rsFC
in early childhood shows that both networks start from an iso-
lated region in neonates, and evolve to distributed networks at
1-year old and are further enhanced at 2 years old (Gao et al.
2009, 2013). In this study, we confirmed similar developmental
patterns of their rsFCNs. The expansion of the attention network
from in the isolated region to the distributed regions including
FEF and IPS in the first year may reflect the emergence and
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Figure 4. SCN (a—c), MCN (d—f), and FCN (g-i) with primary visual cortex (Vis) as seed region. Correlation coefficients are shown for only significant correlated regions.

development of some attentional functions during the first years
of life, such as the ability to sustain a vigilant state was present in
infants younger than 1-year old (Colombo 2001). In contrast, their
SCNs show localized patterns throughout the first 2 years of life.
The isolated default SCN in early age is in line with Zielinski
etal.’s (2010) work, which reported that the structural covariance
measured by gray matter volume had localized patterns in child-
hood, and that younger age group of 4.9-7.8 years showed more
localized topology compared with older age group from 8.5 to
14.2 years. As a signature of the “resting” brain under passive or
undirected mental state (Raichle et al. 2001), default network
constructed by structural covariance has similar patterns com-
pared with that estimated by rsFC in adults (Seeley et al. 2009;
Chen, He, et al. 2011). All evidence above suggests that the distrib-
uted patterns of the higher order SCNs may emerge in later ages,
whereas their rsFCNs are in place as early as Age 2.

Unlike the completely different patterns of the higher order
networks, the SCN and rsFCN of primary visual and sensorimotor
networks show similar spatial patterns. For these networks, their
SCNs were very similar to that observed in older children and
adults, suggesting that the SCN is established early in life. The
primary visual SCN included mainly medial occipital cortex,
and the sensorimotor SCN showed significant correlations with
pre- and postcentral gyrus in each age group. The primary visual
rsFCN showed connected regions mainly in occipital cortex in the
first 2 years, with a slightly more diffused pattern extending to
parietal cortex at neonate. The primary sensorimotor rsFCN

also had more diffused connections at neonate followed by
more restricted connections at 1 and 2 years, and the main con-
nections are overlapped with its SCN. The primary networks
show different properties compared with the higher order net-
works, indicating that brain networks develop following func-
tional specific patterns in the early years of life.

In contrast to the isolated SCNs, our study revealed distribu-
ted MCNs in the first 2 years of life, and the MCNs partially over-
lapped with the corresponding rsFCNs, though not identical to
the pattern as shown in later ages (Raznahan, Lerch, et al.
2011). For the default and dorsal attention networks, the MCN
from birth to Age 1 was consistent with the expanding FCN at
Age 1. From birth to Age 1, default functional network expanded
to include medial prefrontal/frontal, parietotemporal, temporal,
and lateral superior prefrontal regions. Each of these regions, ex-
cept for the medial and lateral prefrontal regions, overlapped
with the MCN from birth to Age 1. In a similar way, from birth
to Age 1, the dorsal attention functional network expanded to in-
clude inferior temporal, dorsolateral prefrontal, and parietal
regions, as well as the inferior temporal and dorsal frontal corti-
ces that were part of the MCN. There were also many regions of
the MCN for both default and dorsal attention networks that
did not correspond to expanded regions of the corresponding
functional networks. While there was not much change in the
structural and functional networks, the primary visual and sen-
sorimotor MCNs showed more distributed patterns from birth to
Age 2. The primary visual MCNs of the first and second year
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Figure 5. SCN (a-c), MCN (d-f), and FCN (g-i) with primary motor cortex (Motor) as seed region. Correlation coefficients are shown for only significant correlated regions.

included sensorimotor cortex. The sensorimotor MCN included a
broader region of the sensorimotor cortex and visual cortex,
although its functional network became more refined from
birth to Age 2 years.

Thus, coordinated functional activity is associated with sev-
eral patterns of relationship with the MCN—1) regions of the
MCN with clear associations with expanding FCNs, 2) regions of
the MCN associated with no change in the corresponding FCN,
3) regions of FCN development with no corresponding regions
in the MCN, and 4) for the sensorimotor network, regions of the
MCN that corresponded with a loss of participation in the FCN.
The relationship of MCN and FCN in the first 2 years of life are
complex and likely dependent on the specific network and the
overall stage of maturation (primary vs. higher order), as well
as overall patterns of very rapid growth that may result in
MCNs that do not correspond with FCNs.

The mass growth of cortical thickness from birth to Age 2
years does not predict the development of the SCNs either.
While there is significant growth, overall adult patterns are pre-
sent at birth (Lyall et al. 2015), and there is no apparent change
in the SCN for any of the networks studied from birth to Age 2
years. Further study is needed, but it is apparent that the close re-
lationship between SCN, MCN, and FCN described in older child-
hood does not exist in early childhood. It has recently been
shown that amygdala functional connectivity is abnormal in
neonates with prenatal maternal depression (Qiu et al. 2015), in-
dicating that functional network abnormalities associated with

psychiatric disorders are present at birth, before the bulk of cor-
tical thickness and surface area growth. This suggests that abnor-
mal functional networks are present very early and that
abnormal SCN associated with psychiatric illness develop sec-
ondary to the abnormal functional network.

Little is known about the biological relationships between net-
works defined by different measures such as rsFC, structural, and
maturational covariance. Several studies suggested that SCNs re-
flect shared recruitment or common neurodevelopmental effects
within functionally coactive regions (Seeley et al. 2009; Zielinski
et al. 2010; Alexander-Bloch, Giedd, et al. 2013; Clos et al. 2014).
Our findings support this speculation. There are different topo-
logical patterns of maturational coupling and structural covari-
ance of higher order networks including default and dorsal
attention networks in the first years of life. Starting with isolated
structural networks, their MCNs exhibit distributed patterns
partially overlapped with the rsFCNs by age 2 years. And the func-
tional networks by Age 2 already exhibit similar patterns as ob-
served in adults, indicating a delayed onset of the structural
networks. On the other hand, Alexander-Bloch, Raznahan et al.
(2013) revealed that in children and adolescence, the maturational
and structural covariance maps are highly correlated across brain
regions, and their networks are topologically similar. Moreover,
the structural networks also reflect with functional networks in
adults (Seeley et al. 2009; Gong et al. 2012; Clos et al. 2014). All
above suggest that the distributed structural covariance in adults
may result from synchronized current and earlier maturation in
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Figure 6. The overlapping regions between the MCN and FCN for each seed. The purple color patches show the overlaps between the networks for the (a) PCC, (b) IPS, (c)

Visual, and (d) Motor seeds.

regions that co-activate serving for some specific functional
processing.

Recent adult studies using a twin design have found that cor-
tical thickness has up to 12 regional clusters of genetic correla-
tions that were bilateral symmetric (Rimol et al. 2010; Chen
et al. 2013), which are consistent with genetic regionalization in
rodents (Chen, Panizzon, et al. 2011). While genetic correlations

of cortical regionalization studies have not been performed at
young ages, different patterns of SCN and MCN in early life com-
pared with adulthood suggest that patterns of genetic regional-
ization are not consistent with SCN or MCN in early childhood.
We did not find gender effect of the early development of
SCNs and MCNs. Several studies revealed some cognitive func-
tions including speech and salience maturing earlier in females
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Figure 6 Continued

(Lenroot et al. 2007; Blakemore 2008). We therefore postulate
that the gender maturational differences may not exist in early
brain development but appear until late childhood or early
adolescence.

One limitation of the current study lies in the well-known fact
that the “white matter” tissue before 6 months of old represents
different image contrast compared with later ages, and therefore,

o
@

ol TN W

the cortical thickness estimation of neonate might be less con-
sistent with that of 1-year old compared with the estimation be-
tween 1 year and 2 years old. To minimize the possible biased
estimation of cortical thickness caused by the biological “incon-
sistency,” in our work, we utilized the longitudinal information to
guide the early brain tissue segmentation to improve the consist-
ency. Although the “disjunction” of the thickness calculation at



Structural and Maturational Covariance in Early Brain Gengetal. | 1805

Table 3 Similarity measures calculated by the number of overlapping vertices between MC and FC maps, overlap between MC and SC, FC maps of
the PCC seed

PCC SC at Neo SC at1year SC at 2 years FC at Neo FC at 1 year FC at 2 years
MC of 0-1year 1161 1968 1228 3237 3926 3713
MC of 1-2 years 874 1179 970 1439 1660 1521
MC of 0-2 years 937 1253 1189 2514 2837 3007

Table 4 Similarity measures calculated by the number of overlapping vertices between MC and FC maps, overlap between MC and SC, FC maps of
the IPS seed

IPS 0.3 SC at Neo SCat 1 year SC at 2 years FC at Neo FC at 1 year FC at 2 years
MC of 0-1 year 1167 1520 1218 3981 4533 4793
MC of 1-2 years 1071 1274 1141 2390 2363 2349
MC of 0-2 years 937 1251 1062 2464 2742 2873

Table 5 Similarity measures calculated by the number of overlapping vertices between MC and FC maps, overlap between MC and SC, FC maps of
the Visual seed

Visual SC at Neo SC at1year SC at 2 years FC at Neo FC at 1 year FC at 2 years
MC of 0-1 year 2085 2787 2608 2990 3639 3123
MC of 1-2 years 1737 2073 1839 2948 2924 2754
MC of 0-2 years 1346 1415 1417 1512 1490 1381

Table 6 Similarity measures calculated by the number of overlapping vertices between MC and FC maps, overlap between MC and SC, FC maps of
the Motor seed

Motor SC at Neo SCat1year SC at 2 years FC at Neo FC at 1 year FC at 2 years
MC of 0-1 year 3506 5460 2161 11245 4898 5820
MC of 1-2 years 1964 2398 1595 2660 2056 2022
MC of 0-2 years 3075 3587 1890 4310 3202 3060

many neurodevelopmental and neuropsychiatric disorders may
reflect abnormal functional connectivity that is present early in
childhood and “sculpting” later developing SCNs. Future studies,
such as directly testing the “sculpting” model by conjunction

Table 7 Similarity measures calculated by the number of overlapping
vertices between MC and FC maps, overlap between the PCC MC maps
and the IPS MC maps

03 1PS 0-1 year IPS 1-2 years IPS 0-2 years analyses between the FCNs and SCNs over time, will need to bet-
PCC 0-1 year 2614 422 1966 ter delineate the relationships between developing functional
PCC 1-2 years 650 89 425 and structural networks in both typically developing and high-
PCC 0-2 years 467 284 1363 risk children.

Funding

neonate and 1 and 2 years exists, the surface extraction and
therefore the thickness calculation of neonatal thickness depend
on the local distributions of image intensities, meaning thatif the
contrasts in 2 distributed regions follow similar patterns, then
the thickness estimated in the 2 regions will have similar values
even the absolute values may not be accurate. Therefore, itis rea-
sonable to assume that the covariance maps may be affected less
by the inconsistent contrasts between 2 age groups.

Together with findings from studies in older populations, our
finding of isolated SCNs and distributed MCNs that partially over-
lap with rsFCNs suggests that structural networks develop later
than functional networks and that the region-specific co-activa-
tion of functional networks may guide the maturation of SCNs
and refine SCNs over many years during childhood development.
Therefore, the altered patterns of cortical thickness observed in
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