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Surface area of the human cerebral cortex expands extremely dynamically and regionally
heterogeneously from the third trimester of pregnancy to 2 y of age, reflecting the spa-
tial heterogeneity of the underlying microstructural and functional development of the
cerebral cortex. However, little is known about the developmental patterns and region-
alization of cortical surface area during this critical stage, due to the lack of high-quality
imaging data and accurate computational tools for pediatric brain MRI data. To fill
this critical knowledge gap, by leveraging 1,037 high-quality MRI scans with the age
between 29 post-menstrual weeks and 24 mo from 735 pediatric subjects in two com-
plementary datasets, i.e., the Baby Connectome Project (BCP) and the developing
Human Connectome Project (dHCP), and state-of-the-art dedicated image-processing
tools, we unprecedentedly parcellate the cerebral cortex into a set of distinct subdivi-
sions purely according to the developmental patterns of the cortical surface. Our discov-
ered developmentally distinct subdivisions correspond well to structurally and
functionally meaningful regions and reveal spatially contiguous, hierarchical, and bilat-
erally symmetric patterns of early cortical surface expansion. We also show that high-
order association subdivisions, where cortical folds emerge later during prenatal stages,
undergo more dramatic cortical surface expansion during infancy, compared with the
central regions, especially the sensorimotor and insula cortices, thus forming a distinct
central-pole division in early cortical surface expansion. These results provide an impor-
tant reference for exploring and understanding dynamic early brain development in
health and disease.
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The human brain development is a complex and long-lasting process that starts from
conception and lasts until the end of adolescence (1–3). Particularly, during the third
trimester of pregnancy and early postnatal stages, the human brain undergoes excep-
tionally intensive development of cortical volume and cortical folding (4–7), which are
associated with increases in both surface area and cortical thickness, each having dis-
tinct developmental patterns (8–10). In fact, in comparison to the development of cor-
tical thickness, cortical surface area expands much more dynamically and largely drives
the growth of the cerebral cortex during the perinatal and early postnatal stages (9, 11).
The early dynamic development of cortical surface area is critical for establishing cogni-
tive abilities and behaviors that could last an entire lifetime (12, 13).
For analysis of early brain development, increasing studies have been performed to

delineate the cortical parcellations of neonates and infants in recent years (14–28). For
example, based on anatomical information, several neonatal and infant cortical parcella-
tion maps have been created either on the volumetric atlases [e.g., JHU-neonate-SS
atlas (26), Melbourne neonatal atlas (27), and UNC Infant 0-1-2 Atlases (23)] or corti-
cal surface atlases [e.g., UNC 4D cortical surface atlases (18, 19, 21), dHCP surface
atlas (20), and surface-based Melbourne atlases (28)]. In addition, based on functional
connectivity patterns, infant-specific functional parcellations are also derived to define
functionally homogeneous regions (22). Moreover, integrated structural and functional
atlases of infant brains have been developed for better understanding coherent patterns
of early brain anatomical and functional development (29). However, the currently
available cortical parcellations in neonates and infants typically don’t take advantage of
the rich information in the dynamic development of the cerebral cortex during infancy,
which can help better define the developmentally distinctive cortical regions and under-
stand early brain developmental mechanisms. To address this issue, a prior investigation
has unveiled infantile developmental regionalization of cortical thickness (30), i.e., a spa-
tial layout of developmentally distinct regions during infancy, each of which is composed
of a set of codeveloping cortical vertices, differing remarkably from the conventional cor-
tical parcellations and reflecting the underlying cellular nonuniformities and their hetero-
geneous development. Compared with cortical thickness, cortical surface area has its
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distinct genetic and cellular mechanisms and growth patterns (9,
31, 32); it is thus natural to speculate that cortical surface area
will form its own distinct developmental regionalization. More-
over, the abnormal early development of cortical surface area
is closely linked to neurodevelopmental and neuropsychiatric
disorders, e.g., autism spectrum disorder and schizophrenia
(33–38). Therefore, investigating the developmental regionali-
zation of cortical surface area during early brain development
may provide important insights into normal brain developmen-
tal mechanisms and patterns and their deviations in neurodeve-
lopmental disorders, possibly guiding us to find the relevant
biomarkers and formulate targeted interventions.
However, the developmental regionalization of cortical surface

area during early brain development remains largely unex-
plored, due to the huge difficulties in the acquisition of large-
scale, high-quality pediatric neuroimaging data and the lack of
tailored computational techniques capable of processing pediat-
ric brain imaging, typically with extremely low contrast and
dynamic appearances. Although few pioneering studies have
suggested region-specific surface area expansion during the first
and second years, they are intrinsically limited by very sparse
imaging time points (e.g., at 1 mo, 1 y, and 2 y of age), lack of
data before term birth, small cohorts, and low imaging resolu-
tions (9, 39). To fill this critical gap, in this paper, by combining
two highly recognized and complementary large-scale pediatric
neuroimaging datasets with a total of 1,037 high-resolution MRI
scans from 29 post-menstrual weeks to 2 y of age, i.e., the devel-
oping Human Connectome Project (dHCP) (40) and the
UNC/UMN Baby Connectome Project (BCP) (41), we precisely
reveal the developmental regionalization and patterns of cortical
surface area during perinatal and early postnatal stages. To this
end, we employ a data-driven algorithm, namely nonnegative
matrix factorization (NMF), to parcellate the cortex into differ-
ent regions according to the developmental patterns of the
surface area, without making assumptions of any linear or para-
metric relationships of growth patterns. For each discovered
region, which is composed of a set of vertices sharing a similar
developmental pattern, we further model the region-specific
explicit developmental trajectory and delineate the regions that
develop faster and lower than the whole cerebral cortex.

Results

In this study, we first arranged the surface area map of each
scan from BCP and dHCP datasets into a column to form a
large nonnegative data matrix. Next, the NMF method was
performed to group all cortical vertices into k regions, and the
appropriate region number k was determined based on the cri-
teria of silhouette coefficients and reconstruction errors. As our
research focused on the relatively large-scale and primary struc-
tures in developmental regionalization as in (32, 42), we set the
maximum k as 20. And finally, we applied the generalized addi-
tive mixed models (GAMM) (43) to model the developmental
pattern of surface area in each distinct region.

Developmental Regionalization of Surface Area. The discovered
developmental regionalization maps (Fig. 1) exhibit bilaterally
largely symmetric patterns across most of region numbers,
despite that NMF was performed on both hemispheres simulta-
neously, without imposing any constraint for hemispheric sym-
metry. Moreover, as the region number increases, many new
emerging regions tend to abide the boundaries of preceding
regions, thus generating hierarchically meaningful developmen-
tal regionalization maps of the surface area. Specifically, when

setting the region number as 2, we identified a distinct central-
pole partition, which separates the high-order association (lateral
prefrontal, temporal, and inferior parietal) and occipital cortices
from sensorimotor, auditory, insular, and medial cortices. When
increasing the region number to 3, the occipital cortex emerges as
a new distinct region. Two representative boundaries indicated
by green and orange arrows are continuously well preserved from
2 regions to 17 regions. Besides, the boundary between the supe-
rior temporal cortex and the middle temporal cortex (as indicated
by black arrows) appeared when the region number is 5 and is
well preserved till 17 regions. All these together suggest the mean-
ingfulness of our discovered regionalization.

We utilized both silhouette coefficients and reconstruction
errors to determine the appropriate region number. The local
maximums of silhouette coefficients are reached when k equals to
7 and 16 (Fig. 2A). Nevertheless, when k equals to 7, the recon-
struction error (Fig. 2B) is relatively higher; we thus adopted k = 16
regions as the appropriate developmental regionalization results
of cortical surface area. However, the region colored in blue is
composed of three spatially separated parts when the region
number is 16 (Fig. 1). Therefore, we further divided this heter-
ogenous region into three smaller, spatially continuous regions
and thus obtained the final developmental regionalization map
with 18 regions (Fig. 3A). It is worth to mention that all these
18 regions are bilaterally symmetric and largely correspond to
structurally and functionally meaningful regions according to
existing neuroscience knowledge (32,54). In accordance with
the numbers and colors labeled on figures, these regions
approximately cover (1) dorsal precentral, paracentral, and pos-
terior cingulate; (2) insula; (3) isthmus cingulate; (4) lateral
precentral and postcentral; (5) temporal pole; (6) inferior fron-
tal; (7) medial temporal; (8) superior temporal; (9) supra mar-
ginal; (10) dorsal superior frontal; (11) caudal middle frontal;
(12) precuneus; (13) superior parietal; (14) medial occipital;
(15) medial prefrontal; (16) dorsal prefrontal; (17) middle and
inferior temporal; and (18) lateral occipital.

To further explore the hierarchical relationship between these
18 regions, the dendrogram was leveraged for its advantage in
illustrating the hierarchical organization as employed in previous
studies (32, 42, 45). Specifically, the surface area of each region
of each scan was first normalized based on its corresponding total
surface area. Next, the correlations of the normalized surface area
between any two regions across all scans were estimated. Finally,
a dendrogram based on the correlations was formed to demon-
strate the hierarchical relationship between regions (Fig. 3B). We
found that the 18 regions can be classified into three hierarchical
groups: (1) dorsal precentral, paracentral, and posterior cingulate
(region 1); insula (region 2); isthmus cingulate (region 3); and
lateral precentral and postcentral (region 4), (2) temporal pole
(region 5); inferior frontal (region 6); medial temporal (region 7);
superior temporal (region 8); supra marginal (region 9); dorsal
superior frontal (region 10); caudal middle frontal (region 11);
precuneus (region 12); superior parietal (region 13); medial
occipital (region 14); and medial prefrontal (region 15), and (3)
dorsal prefrontal (region 16); middle and inferior temporal
(region 17); and lateral occipital (region 18). Note that dorsal
precentral, paracentral, and posterior cingulate (region 1);
insula (region 2); and isthmus cingulate (region 3) are more
similar with each other than with lateral precentral and post-
central (region 4) in group 1. Dorsal prefrontal (region 16) and
middle and inferior temporal (region 17) are more similar with
each other than with lateral occipital (region 18) in group 3.

Additionally, to investigate the change of the organization
among developmental regions along the time, we divided the
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two datasets (dHCP and BCP) into three age groups: age group 1
(dHCP from 29 to 45 post-menstrual weeks), age group 2
(BCP from 0.3 to 12 postnatal months), and age group 3
(BCP from 12 to 24 postnatal months). For each age group,
we delineated the organization among the developmental
regions based on the discovered 18 regions from the combined

dHCP and BCP datasets, with results shown in Fig. 3 C–E.
For age group 1, the developmental organization of surface area
exhibits two major distinct components, which contain (1) the
medial cortices, occipital cortex, and insula cortex and (2) the
temporal, lateral frontal, and parietal cortices. For age group 2,
the organization among developmental regions demonstrates
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Fig. 2. Criteria for determining the appropriate region number. (A) Silhouette coefficients. (B) Reconstruction errors. The black arrows indicate the appropri-
ate region number with a high silhouette coefficient and a relatively low reconstruction error.
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Fig. 1. Developmental regionalization maps of cortical surface area on the left and right hemispheres from 29 post-menstrual weeks to 2 y of age, with the
region numbers k increasing from 2 to 17. Arrows point to some well-preserved regional boundaries when the region number increases.
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three different parts: (1) the anterior frontal and insular corti-
ces, (2) the posterior parietal and temporal cortices, and (3) the
posterior occipital cortex. For age group 3, the cerebral cortex
can be roughly divided into three parts: (1) the temporal and
occipital cortices, (2) the prefrontal-parietal cortices, and (3)
the cortices around the sylvian fissure (e.g., insula, superior
temporal, lateral precentral and postcentral, supramarginal, and
caudal middle frontal cortices).

Developmental Pattern of Each Discovered Region. Based on
the discovered 18 regions, we applied the GAMM method to
model the developmental pattern of surface area in each region.
The overall developmental trajectories on both left and right
hemispheres in the same region are largely similar (Fig. 4 and
SI Appendix, Fig. S2). All regions exhibit dramatic expansion in
surface area, with each region showing a distinct developmental
trajectory. Moreover, the growth rate of surface area in the ear-
lier stage is much higher than that in the later stage. Significant
gender differences after controlling of the total brain surface
area appear only in a few regions (SI Appendix, Table S1) of

both hemispheres, with males having larger surface area than
females. Specifically, for the left hemisphere, in the caudal mid-
dle frontal (region 11), medial prefrontal (region 15), and infe-
rior temporal (region 17), significant gender differences present
between 3.8 and 6.5 postnatal months, while a little later in the
isthmus cingulate (region 3), with significant gender difference
starting at 20.9 postnatal months. As for the right hemisphere,
significant gender differences exist in the posterior cingulate
(region 1), isthmus cingulate (region 3), and the dorsal superior
frontal (region 10), with the starting ages at 6.5, 9.3, and 5.7
postnatal months, respectively.

To further compare the developmental paces of surface area
in the discovered 18 regions, each fitted curve was normalized
by its value at the term-born post-menstrual age of 40 wk (Fig.
5 A and B). Though the surface area of each region exhibits
dynamic increase with age during perinatal and early postnatal
stages, the developmental paces vary dramatically across regions.
By performing the K-means clustering based on the differences
of normalized surface areas between each region and the whole
brain at 24 mo (Fig. 5), regional developmental trajectories can
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Fig. 3. Organization among developmental regions from different ages. (A) Discovered cortical developmental regionalization map with 18 regions based on
the developmental patterns of surface area from 29 post-menstrual weeks to 24 postnatal months of age. (B) The dendrogram of the 18 regions in our dis-
covered developmental regionalization map. (C) The dendrogram among the 18 discovered regions from dHCP with age between 29 and 45 post-menstrual
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the 18 discovered regions from BCP with age between 12 and 24 postnatal months of age. The color scale encodes the correlations between regions.
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be divided into three categories: (1) regions exhibiting much
slower development than the whole cerebral cortex, including
dorsal precentral, paracentral, and posterior cingulate (region 1);
insula (region 2); and isthmus cingulate (region 3), (2) regions
having developmental paces similar with the whole cerebral cor-
tex, including regions 4–15, and (3) regions exhibiting much
faster development than the whole cerebral cortex, including
regions 16–18. Using the stratified bootstrap (46) for longitudi-
nal data with 1,000 times of resampling, we found that the nor-
malized surface area of each region in category 1 is significantly
smaller (P < 1e�16) than the normalized whole brain, while
each region in category 3 is significantly larger (P < 1e�16)
than the normalized whole brain. All the P values are after Bon-
ferroni correction for all 36 regions from both hemispheres. The
three different developmental categories are exhibited with three
different types of lines (Fig. 5 A and B). We also mapped the
categories onto both hemispheres to show their spatial distribu-
tion on the cortical surface (Fig. 5C); the faster developing
regions are colored in red, while the slower developing regions
are colored in blue.

Discussion

Several studies have been performed to investigate the develop-
ment of surface area in early ages. However, they were based on
small-sample data from very sparse imaging acquisition ages either
in prenatal stages (42, 47–49) or postnatal stages (36, 39, 50, 51),
thus cannot well characterize the dynamic and complex early
brain development. In this paper, leveraging two complementary
high-quality datasets, which cover both prenatal and early post-
natal periods with high imaging resolution and dense time points
in longitudinal designs and are carefully processed and aligned
into the same space, we revealed the developmental regionaliza-
tion of surface area from 29 post-menstrual weeks to 2 y of age.
We found that the discovered regions are bilaterally relatively
symmetric, despite that all the distinctive regions were naturally
formed on two hemispheres independently and simultaneously
without imposing any restrictions for hemispheric symmetry.
Therefore, our results suggest that the development of surface
area during this period is bilaterally symmetric. Moreover, the
developmental patterns of cortical thickness during infancy (30),
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genetic patterns of surface area in adults (32, 45, 52), and the
cortical functional parcellation (53, 54) all demonstrate bilater-
ally relatively symmetric patterns. The underlying mechanism
causing such hemispheric symmetries could be the regulation of
genes or the communication between symmetric brain regions.
We found that the region number k = 2 leads to a distinct

separation between central and pole regions as well as between
lateral and medial regions. Specifically, the first cluster includes
the lateral prefrontal, temporal, and occipital regions, which
exhibit faster development of surface area, while the second
cluster contains sensorimotor, insula, and medial cortices, which
exhibit slower development of surface area. This is in line with
the fact that the cortical folds in the second cluster are typically
formed earlier during fetal brain development (55) and thus are
more developed and established before birth and undergo less
expansion during infancy, compared with the lateral prefrontal,
temporal, and occipital regions. Indeed, during the first 2 post-
natal years, the high-order association cortices (lateral prefrontal
and temporal) exhibit high growth of cortical local gyrification,
while the sensorimotor regions show low growth of cortical local
gyrification (56). The mechanisms of this spatially heterogeneous
cortical surface expansion are not sufficiently understood, but it
likely relates to remarkable cellular, functional, and genetic nonun-
iformities varying during different developmental periods (57–59).
In our discovered cortical developmental regionalization map

with 18 regions, several regions are consistent with previous
genetic clustering maps of surface area in adults (32, 45). For

example, region 7 (medial temporal), region 12 (precuneus),
region 13 (superior parietal), region 16 (dorsal prefrontal), and
region 17 (middle and inferior temporal) correspond well to their
cluster 8, cluster 11, cluster 10, cluster 2, and cluster 7, respec-
tively. Since the development of surface area undergoes complex
and dynamic genetic and environmental influences across life-
span (50), such consistency may suggest that these regions are
subject to strong genetic influences, leading to the formation
of fixed genetic patterns at early ages. As for the inconsistent
regions, they may be less genetically influenced while suffering
from strong environmental influences during development. Of
note, the genetic clustering maps of surface area were obtained
in adults; for rigorous comparison and understanding genetic
and environmental influences on surface area, longitudinal stud-
ies from infancy to adulthood should be performed in future.

We found large differences between our developmental
regionalization and available infant cortical parcellations, indi-
cating developmental boundaries are not confined by the infant
structural and functional parcellation boundaries. As these
infant structural and functional parcellations didn’t consider
and leverage rich cortical developmental information, such dif-
ferences between conventional parcellations and our develop-
mental regionalization are inevitable. In addition, we found
that the developmental regionalization of surface area is very
different from that of cortical thickness during infancy (30),
suggesting that surface area and cortical thickness indeed have
highly distinct developmental patterns and mechanisms.
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We observed the organization patterns among developmental
regions of surface area changes with age. In age group 1 (29–45
post-menstrual weeks), the development pattern of surface area
approximately indicates a lateral-medial division. Previous stud-
ies on neonates (11, 60) also show the nonuniform cortical
expansion after birth, with the lateral temporal, parietal, and
frontal regions expanding much more than the insular and
medial regions (11), in line with our finding. As in age group
2, adjacent cortices or within-lobe cortices exhibit more similar
developmental patterns of surface area. A previous study indi-
cates that large parts of the frontal and insula cortices exhibit
different surface expansions compared with the parietal, tempo-
ral, and occipital lobes during the first postnatal year (39),
largely supporting our results. In age group 3, the synchronized
expansion patterns of surface area among regions might be
related to the establishment of coordinated functions in this age
period. For example, the cortical regions around the Sylvian fis-
sure, which are mainly related to language function (e.g., Bro-
ca’s area and Wernicke’s area), demonstrate a synchronized
development of surface area in our results, likely indicating the
established connections of functionally specialized regions dur-
ing the second year. Further structural and functional network
analyses are needed to confirm our speculations.
Our results also suggest that the developmental patterns of

surface area were variable across different time periods during
early brain development. In the early age from 29 to 45 post-
menstrual weeks, surface area expands almost linearly at a high
speed. With the age increasing, surface area continues to
expand dramatically, but the developmental pace gradually
decreases. This is in accordance with previous studies demon-
strating that surface area in the first year develops much faster
than that in the second year (9, 39), based on their sparse data
points at 1 mo, 1 y, and 2 y of age. Besides, the developmental
rate of surface area in the first 2 y is much larger than that in
older children and adolescents (10). Furthermore, before con-
trolling the total brain surface area, we found gender differences
of surface area (males > females) exist in all regions from the
starting age in our study, i.e., 29 post-menstrual weeks. How-
ever, after controlling the total surface area, only a few regions
have greater surface area in males than females. These results
are in line with the previous studies, which indicate that gender
differences exist in surface area and males have greater uncon-
trolled surface area in infants (33, 61) but the differences are
greatly reduced after controlling for global covariates (9, 61).

Limitations. Although our discovered developmental regionali-
zation of surface area reveals neurobiologically meaningful
regions with hierarchical and bilaterally symmetric patterns,
certain limitations still exist in this study. First, we combined
two complementary pediatric datasets acquired from different
scanners with different imaging protocols, which may have
influence on the results. Nevertheless, we processed these data-
sets carefully using dedicated tools and utilized the cortical sur-
face area for discovering developmental regionalization, which
is a relatively robust cortical feature and much less sensitive to
imaging protocol than other cortical features, e.g., cortical
thickness. From the overlapping age ranges of these datasets,
we can also see their developmental trajectories are very similar.
Second, our regionalization map was obtained only based on a
single cortical feature, i.e., surface area. Since each cortical fea-
ture has its unique neurobiological mechanisms, a single corti-
cal feature absolutely cannot comprehensively characterize the
cortical developmental regionalization. In the future, we will
take multiple distinct cortical features into account to jointly

characterize the cortical developmental regionalization. To this
end, we may need to do harmonization of cortical features
from multisite datasets as described in (62).

Conclusion. In this study, we leveraged two large complementary
datasets, which seamlessly cover the most intensively and dynami-
cally developmental periods of the human brain, to unprecedently
discover the developmental patterns and regionalization of corti-
cal surface area from 29 post-menstrual weeks to 2 y of age. We
revealed the bilaterally symmetric and hierarchical organization of
the developmental regionalization of cortical surface. Based on
the discovered regions, we explicitly fitted their distinct develop-
mental trajectories, revealed the gender differences starting from
early postnatal stages, and illustrated the fast and slow developing
regions of surface area located in the high-order associate cortices
and central regions, respectively. These discoveries provide funda-
mental insights for understanding both normal and abnormal
early brain development. In future, we will further extend the age
range of our study, e.g., including earlier prenatal stages.

Materials and Methods

Informed Consent and Institutional Review Board. The Institutional
Review Boards at The University of North Carolina at Chapel Hill approved this
study. Informed consent for experiments was obtained prior to imaging.

Participants. Two complementary high-quality and public imaging datasets on
early brain development, i.e., the dHCP and the BCP, were included in this study
(SI Appendix, Fig. S1 and SI Appendix, Table S3). The dHCP dataset used in this
study contains 549 MRI scans acquired from 500 (279 males/221 females)
healthy neonates with scan age from 29 to 45 post-menstrual weeks (40). MR
images were acquired on a Philips 3T scanner (St. Thomas Hospital, London, UK)
with a 32-channel neonate-dedicated head coil (63). The BCP dataset used in this
study contains 488 longitudinal MRI scans from 235 (108 males/127 females)
healthy, term-born infants with the scan age between 0.3 mo and 24 mo. Images
were collected on 3T Siemens Prisma MRI scanners using a Siemens 32-channel
head coil at The University of North Carolina (UNC) at Chapel Hill and University
of Minnesota (41). See full methods in SI Appendix, SI Materials and Methods.

Revealing the Developmental Regionalization of Surface Area. To reveal
the developmental regionalization of the dynamic cortical surface area expansion
during pregnancy and infancy, we employed a data-driven method, i.e., NMF
method, to partition the cortical surface into a set of distinct regions based on the
developmental patterns of surface area via clustering cortical vertices with similar
developmental patterns into the same region. Specifically, a nonnegative data
matrix V was first constructed by organizing each data sample into one column.
Then, the NMF was employed to decompose V into the base/component matrix
W and coefficient matrix H, i.e., V ≈W × H: The nonnegative factors in each
column of W intrinsically corresponded to a set of cortical vertices with similar
developmental pattern and thus can be considered as a meaningful subregion in
developmental regionalization (30, 44). To evaluate the quality of the discovered
regionalization results with different region numbers and subsequently discover
the appropriate region number, we jointly utilized the silhouette coefficient (64)
and reconstruction error. The appropriate region number was obtained with a
high silhouette coefficient and a low reconstruction error. See full method in
SI Appendix.

Statistical Analysis. First, considering the nonlinear and dynamic nature of
the development of cortical surface area during infancy, we adopted the non-
parametric GAMM to explicitly model the developmental trajectory of each
region. Then, to test the significant gender differences of surface areas in each
region, we constructed 95% Bonferroni simultaneous confidence intervals with
correction for k regions and the whole brain following the methods in (65, 66).
Age ranges with significant gender difference were determined when the confi-
dence intervals did not include zero. The above steps were carried out with the R
package itsadug. Next, for each of the k regions and the whole brain, we calcu-
lated the normalized surface area based on their corresponding values at 40
post-menstrual weeks. Based on the differences of normalized surface area
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between each region and the whole brain at 24 mo of age, the K-means clus-
tering algorithm was adopted to classify the k regions of both left and right
hemispheres into three clusters, respectively. Finally, by leveraging stratified
bootstrap for data (46) with 1,000 times of resampling, we test the significant
difference of normalized surface area between each region in the three clusters
and the whole brain at 24 mo. See full method in SI Appendix, SI Materials
and Methods.

Data Availability. All data used to draw the conclusions in our work were
detailedly described in the article and/or SI Appendix. The dHCP dataset is
publicly available at the Developing Human Connectome Project reposi-
tory: http://www.developingconnectome.org/ (67). The BCP dataset is

publicly available in NIMH Data Archive: https://nda.nih.gov/edit_collection.
html?id=2848 (68).
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