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During the preadolescent period, when the cerebral thickness, curvature, and myelin are constantly changing, the brain’s regionalization
patterns underwent persistent development, contributing to the continuous improvements of various higher cognitive functions. Using
a brain atlas to study the development of these functions has attracted much attention. However, the brains of children do not always
have the same topological patterns as those of adults. Therefore, age-specific brain mapping is particularly important, serving as a basic
and indispensable tool to study the normal development of children. In this study, we took advantage of longitudinal data to create the
brain atlas specifically for preadolescent children. The resulting human Child Brainnetome Atlas, with 188 cortical and 36 subcortical
subregions, provides a precise period-specific and cross-validated version of the brain atlas that is more appropriate for adoption in
the preadolescent period. In addition, we compared and illustrated for regions with different topological patterns in the child and adult

atlases, providing a topologically consistent reference for subsequent research studying child and adolescent development.
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Introduction

The preadolescent period is a critical time in the transition from
childhood to adolescence. The brains of preadolescent individuals
are usually >90% of the size of an adult brain (Dekaban and
Sadowsky 1978), the total surface area is approaching peak (Beth-
lehem et al. 2022), and macroscale cortical organization gradients
shift continuously in the period (Dong et al. 2021). However,
the most advanced cognitive abilities still undergo substantial
changes during development until adolescence or even adult-
hood (Bassett et al. 2011; Gu et al. 2015). The structure, function,
and connectivity of the brain have already undergone dynamic
changes throughout earlier childhood with each region across the
whole brain having a unique neurophysiological developmental
pace. These differences are particularly evident in the contrast
between the primary cortex and association cortex (Casey et al.
2005; Sydnor et al. 2021). Neuroanatomically, brain areas, espe-
cially the higher-order integrative association areas compared
with the primary cortex, show a pronounced tendency to increase
or decrease in number of synapses, neuronal density, number of
dendrites, and white matter volume, thereby forming the basis for
complex cognitive processing (Buckner and Krienen 2013).

Brain atlases that are based on structural connectivity can
reveal the interaction between parcels, reflect a biologically

meaningful pattern, and provide fundamental insights into
the organization and function of the human brain (Eickhoff
et al. 2018). In the past decade, extensive developments in
and applications of high-field scanners allowed researchers
to gain a deeper understanding of the brain microstructure.
Diffusion magnetic resonance imaging (dMRI) is an in vivo
neuroimaging technique that enables researchers to reconstruct
the tractography of white matter fiber tracts in the brain. Because
it is sensitive to the heterogeneity in long-range connections,
structural connectivity-based dMRI data have been extensively
used to parcellate the human brain (Johansen-Berg et al. 2005).
In addition, to a certain extent, structural connections constrain
the functional diversity of brain regions (Passingham et al. 2002).
Research also indicated that structural connectivity can predict
functional activations (Saygin et al. 2016). Because they provide
information at the intersection between microstructural and
connectivity maps, atlases based on structural connectional
architecture provide researchers with robust and biologically
plausible anatomical parcels and supply the foundation for brain
research.

The construction of the structural and functional networks
that engender multiple complex cognitions is not complete in
children’s brains (Betzel et al. 2014). In general, there is a tendency
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for brain function to progress from general to refinement through-
out development (Barrett 2012). In early life, some subregions that
are clearly divided in adults remain undifferentiated in children’s
brains, and the boundaries between functional areas tend to
become progressively more refined and distinct as development
progresses (Qin et al. 2012; Cadwell et al. 2019). Thus, there is
no doubt that significant differences exist in regional patterns
between children and adults. However, until now, most atlases
have focused on adults. The few existing child atlases, while
providing critical a priori knowledge of brain anatomy for later
studies of children, are mostly templates composed of structural
brain MR images (Jelacic et al. 2006; Fonov et al. 2009, 2011)
and do not contain partitioning information or contain insuffi-
ciently detailed partitions (Molfese et al. 2021; Zhu et al. 2021).
Whole-brain parcellation schemes based on structural connectiv-
ity information from age-specific children have not been made,
and systematic comparisons of the parcellation patterns of the
whole brain between childhood and adulthood have not been
investigated in studies involving brain parcellation. Therefore, a
child brain atlas for age-specific children with finer divisions
should receive significant interest and be helpful for researchers.

To fill this critical gap, we have completed a new children’s
version of the Brainnetome brain atlas for preadolescent children.
By taking advantage of an existing longitudinal dataset, in this
study we were able to investigate variations in the parcellation
patterns of the participants after 2 years of growth. To reveal
the variation in the timing of regionalization in different brain
regions in development, we compared the differences between the
child and adult atlases based on their arealization and structural
connections patterns. In addition, we explored the asymmetric
patterns of regionalization in the left and right hemispheres for
both the child and adult atlases. Compared with conventional
MRI-based child atlases, the new children’s version of the Brain-
netome brain atlas not only provides finer partitioning, but also
a structured connection pattern for each area. This new age-
specific atlas for children should assist in future research into
whether children have abnormal brain development as well as
aiding in interventional treatments of early psychosis.

Materials and methods
Participants and image acquisition

The primary dataset used in this work was from a longitudinal
multisite project, the adolescent brain cognitive development
(ABCD) study. The brain scan images from 60 healthy partici-
pants (age: 9-10, 30 males) were collected on 3 tesla (T) Siemens
Prisma scanner platforms and passed ABCD’s extensive quality
control. Both the baseline scans imaging of the same participants
and the 2 years follow-up scan images were included in the
parcellation process. None of the subjects included in this study
had suffered from traumatic brain injury or any mental disease.
All participants and their parents provided verbal and written
consent/assent.

The 3D T1-weighted magnetization-prepared rapid acquisition
gradient echo scan was achieved using an isotropic voxel resolu-
tion of 1 x1x 1 mm?3, field of view (FOV) of 256 x 256 mm?, and
flip angle of 8°. The 3D T2-weighted fast spin echo with variable
tlip angle scan was achieved using the same voxel resolution and
FOV as the T1-weighted scan. They were both used to perform
registration between the multimodal data.

The diffusion imaging scan was achieved with high angular res-
olution, multiple b-values (b =500 s/mm? (6-dirs), b=1,000 s/mm?
(15-dirs), b=2,000 s/mm? (15-dirs), and b = 3,000 s/mm? (60-dirs)),

flip angle of 90°, isotropic voxel resolution of 1.7 x 1.7 x 1.7 mm?
and FOV of 240 x 240 mm?. The diffusion weighted images were
acquired to identify the white matter tracts and measure the
diffusion rate (Casey et al. 2018).

HCP-D dataset (Lifespan Human Connectome Project in Devel-
opment) was used to supplement the data for other age groups of
young people. The HCP-D Release 1.0 includes scan images from
655 subjects (323 males, age 5-21) acquired at 4 sites across the
United States. The T1w scans were acquired using magnetization-
prepared rapid gradient-echo (MPRAGE) (Van der Kouwe et al.
2008) sequence with a resolution of 0.8 mm, sagittal FOV of
256 x 240 x 166 mm, and flip angle of 8°. The diffusion protocol
involved sampling 185 directions on 2 shells of b=1,500 and
3,000 s/mm? along with 28 b=0 s/mm? images at a resolution of
1.5 mm and FOV of 210 x 210 mm? (Harms et al. 2018).

Data preprocessing

The ABCD dataset preprocessing process for the T1 and T2
weighted structural data included removing non-brain tissue,
segmenting the gray and white matter, and parcellating the
cerebral cortex to obtain the initial parcels based on the Desikan—
Killiany (DK) atlas (Desikan et al. 2006) using FreeSurfer v6.0
(http://surfernmr.mgh.harvard.edu/). Next, individual structural
images were registered to the asymmetric National Institutes
of Health pediatric database (NIHPD) pre-to-early puberty (7-
11 years) template (Fonov et al. 2009, 2011) using linear affine
registration and nonlinear deformations of the SPM12 (https://
www.fil.lon.ucl.ac.uk/spm/software/spm12/), and then averaged
to build the group template. The resulting transformation
matrixes were used to perform transformations of the template
space and individual T1 space. Utilizing the method in Fan et al.
(2016), the obtained initial parcels in each subject were then used
to create population probability maps that were binarized using a
threshold of 25% to obtain the initial regions of interest (ROIs)
for a more refined parcellation. The FMRIB Software Library
(FSL) (http://www.fmrib.ox.ac.uk/fsl/) was used to correct the
head motion and eddy currents of the diffusion MRI data. The
T1-weighted image of each subject was co-registered to the
corresponding non-diffusion-weighted images using SPM12, and
then the inverse transformation was performed to transform the
initial ROIs into seed masks of the diffusion space.

For the HCP-D dataset, the minimal preprocessing pipeline
was performed (Glasser et al. 2013; see https://github.com/
Washington-University/Pipelines) to preprocess the structural
and diffusion MRI data. To facilitate comparative analysis
between cohorts, the subjects were divided into 4 age groups,
preadolescence (8-10 years), early-adolescence (11-14 years),
middle-adolescence (15-17 years), and late-adolescence (18-
21 years; Hagan et al. 2017). Similarly, the initial parcels for
each age group were obtained after parcellation using FreeSurfer.
The diffusion data preprocessing included normalizing the
b0 intensity, eddy current correction, echo planar imaging
correction, head motion correction, and registering diffusion data
to structural space.

Parcellation pipeline

First, FSL's BEDPOSTX was employed to estimate the orientation
and the associated uncertainties of the fibers in each voxel within
the brain mask. Next, to estimate the connectivity probability
between voxels in the whole brain, for every voxel in each seed
mask, 5,000 streamline fibers were sampled using the FSL package
(Behrens et al. 2007) with the angle threshold and the number of
steps per sample set to 0.2 and 2,000, respectively. The number
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of streamlines entering each voxel was then divided by 5,000 to
normalize the results across the whole brain. After applying a
threshold of 2/5,000 (Johansen-Berg et al. 2007; Makuuchi et al.
2009) to reduce the number of false positive samples, the whole-
brain connectivity profiles from the probabilistic tractography
were down-sampled to 5-mm isotropic and transformed into
an N x M anatomical connectivity matrix in which N was the
number of voxels in each seed mask and M was the number
of voxels in the whole brain. Then the anatomical connectivity
matrix was used to generate an N x N symmetric cross-correlation
matrix. The value in the cross-correlation matrix is the correla-
tion between the connectivity profiles of the voxels of the seed
ROL

Spectral clustering was used to generate 2-10 clusters using
the cross-correlation matrix as features. Maximum probability
maps were created across all the subjects for the whole brain.
However, when matching subregions based on the overlap rate
of voxels between subregions, some smaller subregions were
mislocated and labeled to the wrong ROI. In view of this limitation,
the similarity of fiber connection patterns was also taken into
consideration. Because there was no previous child brain atlas
with a sufficiently fine parcellation pattern of the whole brain,
the 72 major white matter tracts were applied as target areas in
each subject. These tracts were obtained by segmenting the white
matter tracts in fields of fiber orientation distribution function
peaks using a fully convolutional neural network (Wasserthal
et al. 2018). The steps for building the fiber connection matrix
were the same as described previously. The mislabeled subregions
were re-labeled based on the similarity of their fiber connection
patterns. The integrated pipeline of the parcellation is shown in
Fig. 1.

For each ROI, the appropriate number of partitions was care-
fully selected. Since structure, function, and connectivity change
throughout the entire human lifespan, the brain parcellation
patterns should not be the same in children and adults. The
number of partitions of the brain regions that are more variable
during individual development was carefully and thoughtfully
confirmed. Then, the topological consistency (TC) inside each sub-
region, the individual consistency (IC) of the connectivity patterns
between subjects, and the partition consistency (PC) between ages
were all taken into account when determining the number of
clusters of each ROI The silhouette coefficient (SI; Rousseeuw
1987), which measure how similar an object is to its own cluster
compared to other clusters, was used to measure the TC. A higher
mean SI for all voxels in the ROIindicates lower intra-regional dis-
similarity and higher inter-regional dissimilarity. The Dice index
(Dice 1945), normalized mutual information (NMI) index (Danon
et al. 2005; Lancichinetti et al. 2009), and Cramer’s V (CV; Cramér
1999) were all used to measure the IC. The reproducibility was
evaluated using cross-validation (Fan et al. 2016). The consistency
of the cluster partition patterns across the 2 data collections was
also taken into consideration as an important reference for decid-
ing the final partition number and was also measured by the Dice
index. These indexes were then normalized and compiled into an
aggregate index that was used to determine the final number of
partitions for each ROI, with higher local peaks in the aggregated
index suggesting a potentially better partitioning pattern. The
brain areas in which the children had a DN of partitions from the
adult atlas all belonged to the association cortex. To determine
the number of partitions for these areas, we not only needed to
depend on the performance of each index but also to integrate
information about the structural and functional changes in the
development of these areas. By taking all the indexes described
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above into consideration, the most proper number for each ROI
was determined for the children.

Comparison of different age groups

The partition patterns of each ROI were compared between the
baseline group and the follow-up group of children and between
the baseline children and the adults. Based on the partitioning
patterns, the children’s brain ROIs were divided into 2 groups.
Specifically, ROIs with the same number of subregions as the
adult partition were termed same-number (SN) ROIs, and ROIs
with different patterns between the children and adults were
named DN (different-number) ROIs. Importantly, just because
an ROI was in the SN group did not mean that the structure
and function of this ROI had not changed during the develop-
mental stage from childhood to adult but simply indicated that
the changes in structural connectivity were not sufficient to
drive changes in the regionalization patterns even if the func-
tion of each subdivision of the package was reorganized during
development.

The connectivity patterns of the ROIs in the DN group were
compared between the children and adults using their connection
fingerprints (Mars et al. 2016). The seed areas of the connection
fingerprints were each parcel in the ROIs from the DN group,
whereas the target areas of connection fingerprint were all the
parcels in the ROIs from the SN group. The probabilistic fiber
tracking process was the same as mentioned previously. After
removing the false positive connections (Roberts et al. 2017),
the connection matrix was obtained. After normalization, the
matrices were averaged and thresholded to a group matrix that
only retained fiber connections shared by >75% of the subjects.
Finally, the connectivity pattern for each ROI was expressed as
separate fingerprints and was used to determine the correspon-
dence between the child and adult labels.

The nomenclature of each parcel in each ROI was mainly based
on anatomical and modified cytoarchitectonic descriptions, as
mentioned in (Fan et al. 2016), and the label correspondences were
based on both the overlap of each voxel and the overlap of its
structural connections. After naming all parcels, the connection
matrix with the whole-brain parcel as seed and the whole brain
as target was constructed as above. The sum of the connection
pattern similarities and voxel overlaps of the parcels in each ROI
were calculated to compare the parcellation patterns between the
2 age groups of the children as well as between the children and
adults. To limit the data to between 0 and 1, both the similarity
and overlap values were reduced by half. The significance of the
comparison of the voxel overlap was performed by a paired t-test
using Matlab. In addition, the voxel overlap of the parcels in Yeo’s
(Yeo et al. 2011) 7 networks was also calculated.

Asymmetry of the left and right hemispheres

To observe changes in the tendency toward lateralization of the
brain from childhood to adulthood, the parcellation patterns of
the left and right hemispheres were assessed for consistency
between the hemispheres. Here, areas in the right hemisphere
were aligned to the corresponding area in the left hemisphere
after the coordinates were flipped using FSL; and then the degree
of consistency was measured by the amount of voxel overlap.
Since the template we used was asymmetric, the flipping and
alignment process may have introduced some bias, but on the
other hand, this asymmetry reflects the asymmetry of the left
and right hemispheres. The asymmetry of the atlases based on
subjects from the baseline children in the HCP-D and from the
adults in the HCP-YA were calculated separately. Comparison of
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Fig. 1. The parcellation pipeline. The initial ROIs were produced by the FreeSurfer DK atlas using dMRI data. Then tractography-based connectivity
and similarity matrices were computed for the subsequent clustering. After parcellating the data from all the individuals, a re-labeling process was

performed to generate a group parcellation.

the symmetry between the child and adult atlases was performed
by calculating the difference between them. For each region, the
difference was defined as the adult left-right hemisphere topolog-
ical symmetry minus the child left-right hemisphere topological
symmetry after regressing out the differences in the regions of
interest.

Results

Connectivity-based parcellation using the ABCD
dataset

The cortical areas of the child atlas are shown in Fig.2 and
the subcortical regions are shown in Supplementary Fig. S1, see
online supplementary material for a color version of this figure.
Each hemisphere consists of 94 parcels in the cortex and 18
subcortical regions. The detailed partition numbers and names
are in Supplementary Table S1, and the indexes for choosing the
optimum number of partitions are listed in Supplementary Fig. S2
(see online supplementary material for a color version of this
figure) and Supplementary Table S2. The parcellation numbers
of the cortical ROIs in the child atlas that were identical to and
different from the adult atlas were 72 and 22, respectively, in
each hemisphere. The ROIs in the SN group of the child atlas
included the middle frontal gyrus (MFG), inferior frontal gyrus
(IFG), orbital gyrus (OrG), precentral gyrus (PrG), paracentral
lobule (PCL), superior temporal gyrus (STG), middle temporal

gyrus (MTG), fusiform gyrus (FuG), parahippocampal gyrus (PhG),
posterior superior temporal sulcus (pSTS), inferior parietal lobule
(IPL), precuneus (PCun), postcentral gyrus (PoG), medioventral
occipital cortex (MVOcC), lateral occipital cortex (LOcC), and
subcortical ROIs. Although these ROIs had the same number of
partitions in the children and adults, this only indicates that
the developmental changes were not sufficient to cause the
original subdivisions to split or integrate to form new subdivisions.
However, the function within each subregion may have shifted.

The ROIs in the DN group of the child atlas included the supe-
rior frontal gyrus (SFG), inferior temporal gyrus (ITG), superior
parietal lobule (SPL), insular gyrus (Ins), and cingulate gyrus (CG).
For these ROIs, we investigated in detail how each subregion in
a given child’s ROI corresponds to the subregions in the corre-
sponding adults’ ROI based on voxel overlap and the similarity
in connectivity patterns (Fig. 3).

We previously described the details of the SFG partition pattern
in childhood and obtained similar results in this current article in
that the A9 area in childhood segregated to the A9m and A9l areas
in adulthood (Li et al. 2022).

In the ITG, the rostral area 20 (A20r) was less variable during
development and corresponds to the A20r area in the Brain-
netome atlas. The intermediate lateral area 20 and caudolateral
area 20 corresponded mainly to the regions with the same name
in the adult atlas. Ventrolateral 37 in the child atlas consisted
of the extreme lateroventral area 37 and ventrolateral area 37
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Right hemisphere Left hemisphere

Ventral view

Fig. 2. The child Brainnetome atlas. In children, for ROIs that had the
same partitioning pattern as adults, each subregion was given the same
label and color as the adults; in contrast, in ROIs with dissimilar partition
patterns, the labels and colors were found to correspond best to voxel
overlap and connection patterns in the corresponding ROIs in the adults.
The results are presented using ITK-SNAP software (Yushkevich et al.
2006).

in the adult Brainnetome atlas. Ventral area 20 consisted of
the intermediate ventral area 20 and the caudoventral area 20
in the Brainnetome atlas. The latter 2 subregions in the child
atlas appear to have undergone developmental re-segregation
and integration to differentiate into more specific subregions in
adulthood.

The SPL area was divided into 3 subregions. From the rostrum
to the tail, the 3 subregions were the rostral SPL, which consists
of the postcentral area 7 and rostral area 7; the lateral SPL, which
consists of lateral area 5 and intraparietal area 7 (hIP3); and the
caudal SPL, which consists of caudal area 7 and part of rostral
area /.

The Ins area was divided into 3 parts, that is, the posterior, dor-
sal, and ventral insulae. Previous researchers have used resting-
state functional MRI (rfMRI) data to divide the insular lobe into 3
parts using a clustering approach, which yielded results that are in
good agreement with our results (Deen et al. 2011). The posterior
insula in the child atlas corresponds to regions that include
the hypergranular, ventral dysgranular and granular, and dorsal
granular insulae in the Brainnetome atlas. The dorsal insula in
the child atlas corresponds to regions including the dorsal dys-
granular and dorsal agranular insulae in the Brainnetome atlas.
The ventral insula in the child atlas corresponds to the ventral
agranular insula in the Brainnetome atlas.

The CG area was divided into 5 parts: anterior cingulate, ante-
rior mid cingulate, posterior mid cingulate, dorsal posterior cingu-
late, and ventral posterior cingulate cortices. These respectively
correspond to the subgenual area 32, pregenual area 32, caudal
area 23, dorsal area 23, and ventral area 23 in the Brainnetome
atlas.
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Interestingly, the number of subregions in the child ROIs that
belonged to the DN group was all fewer than the number in the
corresponding area of the adult atlas. This suggests that further
differentiation of the structural function of these brain regions
occurred during development, thus leading to the splitting of ROIs
into more specific subregions to participate in more subspecial-
ized tasks.

The parcellation patterns of ROIs in the DN group
using the HCP-D dataset

The parcellation patterns of the ROIs in the DN group are shown in
Fig. 4 for 4 age groups, and the consistency between the 2 datasets
of children are shown in Supplementary Fig. S3, see online sup-
plementary material for a color version of this figure. For the 2
batches of data from ABCD, the 5-partition pattern of the ITG
achieved 88.76% and 86.16% degree overlaps in the left and right
hemispheres, respectively, and performed the best of almost all
the intra-hemispheric partition models (the 2-partition pattern
was not fine enough to be taken into account). However, between
the different data sets at different ages, the ITG in the left hemi-
sphere showed a better consistency for the 4-partition pattern
than for the S-partition pattern, whereas the ITG in the right
hemisphere was good for either the 3- or 5-partition patterns.
These results suggest that the structural connectivity patterns of
the ITG change with age, perhaps affecting the regionalization
patterns during development. However, the focus of this study
was on preadolescent children, so the consistency between the
2 datasets of children was the main consideration. For the SPL
and Ins areas, the 4-partition pattern and the 3-partition pattern
achieved good performances across both ages and data sets. For
the CG area in both the left and right hemispheres, the 5-partition
model had the highest consistency between the 2 batches of data
in ABCD compared with other patterns. However, if the data are
extended to include the entire age range of development, the
4-partition pattern may be a better choice in the left hemisphere.

Comparison of atlas at different ages

The coincidence level between the cortical regions of the atlases
of the children’s baseline group and of the follow-up group are dis-
played in Fig. 5A. Given that the same subjects were used to build
both atlases and that the time between the 2 image acquisitions
was only about 2 years, most brain regions showed a relatively
high overlap between the 2 age groups. Among the regions in the
left hemisphere, the SFG, SPL, STG, MTG, PhG, and part of the
subregion in the PrG showed relative variability between ages.
In contrast, in the right hemisphere, only the MFG, PhG, and
PrG showed variability between ages. Interestingly, the IPL in the
different hemispheres exhibited different developmental trends
between ages, with larger differences in the left hemisphere and
fewer differences in the right hemisphere. This may be associated
with the rapidly developing lateralized attentional and spatial
perception abilities of children in this age range.

The levels of coincidence between the cortical regions of the
atlases of the children and adults are displayed in Fig. 5B, and
the subcortical regions are shown in Supplementary Fig. 54, see
online supplementary material for a color version of this figure.
Most of the regions with high consistency were in the primary and
unimodal cortices and involve sensory and motor functions. In
detail, the PCL is commonly thought to control motor and sensory
functions of the lower limbs and perineum (Baker et al. 2018), the
PoG is a significant brain region responsible for proprioception
(Kropf et al. 2018), and the MVOcC participates in the visual infor-
mation processing circuit. Although children and adults share
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Fig. 3. Consistency in the relationship between subregions in ROIs in the DN group. In each panel, the left subplot is a display of the parcels of the ROIs
in the child and adult atlas, respectively, the middle subplot is an overlap of the voxels and connections patterns of the parcels in that the ROI in the
left hemisphere in the child’s and adult’s partition patterns, and the right subplots are the overlap of parcels in that ROI in the right hemisphere. The
horizontal coordinates are for the adult subregions and the vertical coordinates are for the child subregions. The same color indicates the corresponding
area. A) The parcellation pattern of the SFG area and the corresponding relations of each parcel of the SFG in the child and adult atlases. B) The
parcellation pattern of the ITG area and the corresponding relations of each parcel of the ITG in the child and adult atlases. C) The parcellation pattern
of the SPL area and the corresponding relations of each parcel of the SPL in the child and adult atlases. Note that parts of the initial ROIs of SPL obtained
from FreeSurfer were located in the occipital lobe, which was circled in black solid circles in the figure. These regions were later corrected to the occipital
lobe when nomenclature was performed. D) The parcellation pattern of the Ins area and the corresponding relations of each parcel of the Ins in the
child and adult atlases. E) The parcellation pattern of the CG area and the corresponding relations of each parcel of the CG in the child and adult atlases.
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Fig. 4. Parcellation patterns of ROIs in the DN group and the degree of overlap within a data set and across different data sets. A), B), C), D), E) show the
parcellation patterns of the SFG, ITG, SPL, Ins, and CG, respectively. From left to right, the parcellation pattern are from preadolescence, early-adolescence,

middle-adolescence, and late- adolescence.

the same number of partitions in the OrG, part of the default
network, the overlay rate is relatively smaller than other ROIs in
SN ROIs group. Similarly in the STG and MTG, which are most
commonly related to processing auditory information (Giraud
and Price 2001) and encoding memory (Taing et al. 2021), also
underwent relatively large changes in partition patterns during
development. The above all belong to the higher-order, trans-
modal association cortices, which mature later with a protracted
plasticity compared to other regions in the unimodal cortices. It is
worth noting that the SPL in both the left and right hemispheres
showed considerable variation, implying that both sides of the
SPL undergo relatively large changes during development from
childhood to adulthood, although the timing of the changes may
not be the same on the 2 sides. Because of differences between the
atlases of the children and adults, the initial ROIs did not have
a good correspondence, resulting in a generally low overlap for
the subcortical regions. This low overlap is probably driven by the
unrefined functions associated with subcortical regions.

To better illustrate the importance of creating a child atlas, the
overlap levels between the baseline children and the follow-up
children (C-C) and between the baseline children and adults (C-A)
are exhibited in Fig. 5C. Compared with comparisons with adults,
comparisons between children (C-C) had significantly more con-
sistent results, with a regional mean overlap of 0.85, whereas

the regional mean overlap was 0.53 for the C-A. In the compar-
ison between the children’s atlases, all the networks achieved an
overlap rate of 0.85 or higher, except for the default network.
In contrast, the overlap between the child and adult atlas was
<0.8 for all networks and was particularly low for the ventral
attention network and limbic network. On the one hand, this
may be because comparisons between children were made using
the same group of subjects, whereas comparisons between the
children and adults were made with different subjects. On the
other hand, this result also implies that changes in the structure
and function of the developing child’s brain lead to large-scale
changes in partitioning patterns and suggests the irrationality of
applying an adult atlas in child studies.

Asymmetry of the left and right hemispheres

The asymmetry of cortical regions of child atlas and adult atlas
is illustrated respectively in Fig. 6A and B, in which darker colors
indicate higher asymmetry. A comparison of atlas asymmetry
in adults and children is shown in Fig. 6C, in which blue areas
indicate an increase in asymmetry through development and
orange indicates decreasing asymmetry. The asymmetry of the
subcortical regions is shown in Supplementary Fig. S5, see online
supplementary material for a color version of this figure. In
general, the child and adult atlases shared similar asymmetry
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Fig. 5. Degree of overlap of the atlases for different ages. The reference parcellation pattern is from the children’s imaging in the baseline scans. Darker
colors indicate less overlap. A) Comparison of parcellation patterns in children of 2 age groups. B) Comparison of parcellation patterns between children
and adults. C) ANOVA analyses of the degree of overlap between the child and adult atlases. Only significance with P < 0.01 is shown. D) ANOVA analyses
of the overlap degree between the 2 age groups of children based on the Yeo network. E) ANOVA analyses of the overlap degree between the child and

adult atlases based on the Yeo network.

patterns. More specifically, the PrG, PoG, STG, SPL, MVOcC, and
medial OrG exhibited clear asymmetry between the left and right
subregions. As seen in Fig. 6C, most regions showed asymmetry
that increased with development. This was particularly evident in
the MFG, SPL, IPL, STG, CG, and part of the Ins. Some regions, such
as part of the PrG, LOcC, MTG, and the posterior part of the SFG,
showed reduced asymmetry. The asymmetry in the parcellation
patterns might arise from the asymmetry of the templates used or
might be due to the structure and function of the lateralized brain.
Changes in structure and function during development as well as
the level of symmetry of the templates used for the child and adult
atlases may have contributed to the changes in developmental
asymmetry.

Discussion

In this study, we developed an innovative age-specific atlas of
the child brain. Selecting age-specific subjects facilitated our
ability to capture the topographical patterns of brain structure
specific to each age group, and the longitudinal data allowed
us to track changes in the developing brain of the same subject
cohort more credibly. In line with previous studies, we found
that the developmental trajectories of the ROIs across the whole
brain are heterogeneous. When we compared the child and adult
atlases, the primary cortex, including the sensory, visual, and
motor cortexes, showed low variability between the children and
adults in this study. In contrast, the association cortex, espe-
cially the multimodal association cortex, showed considerable
topographic variability during development as well as signifi-
cant variations in their connectivity profiles. For ROIs in the
DN group, the progressive refinement and formation of sharp
boundaries between the subregions, expressed as an increase in
the number of partitions, could be considered as a projection of
the transformation of subregion function from generalization to
specialization (Cadwell et al. 2019). Interestingly, the trend that
emerged when comparing the child atlas with the adult atlas,

A
CHILD
0.363 0.792
—
B
ADULT
0.762

=

-0.405_ -0.100/0.100 0.394
e——

Fig. 6. Asymmetry between hemispheres. A) and B) respectively represent
the symmetry of the child atlas and the adult atlas. Darker colors indicate
low asymmetry. C) Change in symmetry during the development from
childhood to adulthood. Blue indicates areas of increased asymmetry in
development, whereas orange represents areas of increased symmetry.
Only areas with absolute values >0.1 are displayed. To obtain a better
contrast of the display, the range of values displayed in the 3 figures was
limited to between 4% and 96% of the full value.

ie. less variation in development in the unimodal cortex and
greater variation in the multimodal cortex, did not appear when
the 2 child age atlases were compared. This further indicates that
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the structural reorganization of various brain regions does not
occur simultaneously; instead changes in each area occur in its
own time.

The differential changes in topographical patterns across
brain areas are probably attributable to asynchronous structural
changes during development. Cortical volume and cortical
thickness both tend to increase in childhood and then decrease
in adolescence. However, the timing of this tendency is regionally
variable in that the primary areas show earlier peaks in volume
and thickness than the higher-order association areas (Lenroot
and Gledd 2006; Wierenga et al. 2014), suggesting that the
structural and functional framework of the primary areas had
already been established. The remodeling of gray and white
matter continues into the third decade of life (Lenroot and
Giedd 2006), hence the resulting arealization may continue
into adulthood. In addition, rapid myelin changes occur during
adolescence, with differences in timing in different brain areas
(de Faria et al. 2021). These differences may directly contribute
to changes in structural connectivity, constrain changes in
functional connectivity, and ultimately affect the maturation of
regionalization (Yakovlev et al. 1967; de Faria et al. 2021).

Interestingly, the IPL areas of the left and right hemispheres
of the brain showed significant differences between the 2 age
groups of children. Considering that the time interval between
the 2 brain image acquisitions was about 2 years, it is interesting
that even such a short period could cause a distinct difference
between hemispheres from a regionalization perspective; in other
words, this short period led to obvious changes in structurally
connectivity. Previous studies showed that the parietal lobe under-
goes a period of continuous high growth in childhood and that
this process lays the foundation for the growth of children’s
language skills and the ability to understand spatial relations
(Thompson et al. 2000). As part of a left-hemisphere-lateralized
semantic system (Binder et al. 2009), the process of asynchronous
inter-hemispheric regionalization in the IPL also suggests a lat-
eralization of language functions during development. Children
face increasingly more challenging information processing tasks
that enhance their reading ability with respect to information
and comprehension (Loveless 2020); this enhanced ability in turn
promotes the development of brain physiological structures. Fur-
thermore, this result implies the necessity for research that can
lead to age-specific atlases, especially during childhood when
brain structure and function are rapidly changing. An atlas made
using subjects of multiple ages can confound subtle differences
in development at different ages; such subtle differences are
particularly critical in children’s studies.

Regionalization patterns of ROIs in the DN group exhibited
considerable variations between the atlases of the children
and adults. The subregions with greater refinement reflect the
growing maturity of the children’s structures and functions.
Among these ROIs, the ITG is a higher-order association area
that is involved in processing visual information (Lafer-Sousa and
Conway 2013) and exhibits a specific pattern of late maturity. It
is also considered to be the most recent evolutionarily. According
the functions of the ventrolateral area 37 and ventral area
20, segregation within these areas may potentially reflect a
refinement of the function of the visual numeral response
(Shum et al. 2013). The SPL is mainly involved with sensorimotor
integration and spatial orientation (Gardner 2008). As a major
component of the dorsal attention network, the borders of the SPL
are systematically refined during development. During childhood,
changes in individual topographic variability may herald further
functional maturation (Cui et al. 2020), providing evidence for the
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rapid development of working memory and short term learning,
which involve the SPL (Koenigs et al. 2009; Ossmy and Mukamel
2016). The 3 subregions in the insular lobe, posterior insula, dorsal
insula, and ventral insula were involved in distinct functions.
The first 2 subregions are further differentiated in adults to
generate more specific subregions that may respond to more
refined cognitive tasks or tasks that process sensory information
(Cereda et al. 2002; Cerliani et al. 2012; Cloutman et al. 2012;
Nomi et al. 2016; Ghaziri et al. 2017). As part of the limbic
system, the CG is involved in many vital neural circuits and is
considered a connecting hub for multiple functions (Jumah and
Dossani 2019). A functional connectivity study indicated that
the functions of the anterior cingulate subregions, which are
associated with cognition, undergo considerable changes during
childhood and adolescence and that each subregion matures at
different times depending on the specific division of functions
(Kelly et al. 2009). Longitudinal studies of these ROIs will make it
easier to track the different maturation times of related functions,
and to understand the underlying processes of microstructural
maturation and developmental psychopathology.

The symmetry of the regionalization patterns between the
left and right hemispheres showed similar patterns in the child
and adult atlases. In both children and young adults, asymme-
try of regionalization was consistently observed between the 2
hemispheres in the PrG, PoG, STG, SPL, MVOcC, and medial OrG
areas, whereas the degree of asymmetry was relatively low in
children. These asymmetries are supported by the structural
basis of the brain. Previous research reported greater leftward
thickness asymmetry patterns in the PrG (Luders et al. 2006) and
significant leftward asymmetry patterns of the surface area of
the PoG (Koelkebeck et al. 2014). Significant rightward asymme-
try in the somatosensory motor area was also reported (Liang
et al. 2021). The asymmetry in the frontal and occipital lobes
may be attributable to geometric distortion of the brain hemi-
spheres, termed the Yakovlevian anticlockwise torque, in which
the right frontal region is often wider than the left and the left
occipital pole is often wider than the right (Renteria 2012). The
lateralization of the visual network may also be associated with
the right-dominance of visual functions, as previously reported
(Gracia-Tabuenca et al. 2018). In addition, as part of the higher
language areas, the STG increasingly shows a leftward asymmetry
in development and grows slowly with language learning process
until it forms a pattern of intra-hemispheric language in adults
(Tzourio-Mazoyer 2016). Hand preference is also associated with
structural and functional asymmetries in language-processing
structures, especially in the temporal lobe (Toga and Thompson
2003). Heschl’s gyrus, which is located in the STG, is typically
larger in right handers on the left side (Penhune et al. 1996)
and may contribute to the asymmetry of the STG. The most
pronounced region of developmental asymmetric growth between
the left and right sides occurs in the parietal lobe, implying that
aging brings structural and functional changes that promote an
increasingly pronounced division of function between the left and
right hemispheres of the parietal lobe. In the dominant hemi-
sphere, this is reflected in improved calculation and language
skills and, in the nondominant hemisphere, in improved sensory
visuospatial processing skills and understanding of spatial ori-
entation and navigation (Corbetta and Shulman 2002; Brownsett
and Wise 2010; Friederici 2017). Abnormal asymmetries have been
reported that that are associated with a range of psychiatric disor-
ders, such as attention deficit hyperactivity disorder (ADHD; Shaw
et al. 2009), autism spectrum disorder (ASD; Herbert et al. 2005),
and dyslexia (Leonard et al. 2006). Investigating the asymmetries
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of brain regionalization can facilitate our understanding of the
physiological mechanisms behind them and enable early inter-
ventions for treatment.

However, there are limitations in this study. Although the track-
ing algorithms produce tractograms containing 90% of the ground
truth bundles, many false positive results have also been reported
(Maier-Hein et al. 2017) due to the presence of crossing fibers and
to gyral bias (Eickhoff et al. 2018). Although multiple strategies
have been used to reduce false connections in our study, we
cannot rule out the possibility of residual false positive connec-
tions. In addition, overproduction and developmental remodeling,
including a substantial elimination of synaptic spines, continues
beyond adolescence (Petanjek et al. 2011). Differentiation and
maturation of neuronal circuitry may also be influential factors
that lead to differences in brain arealization between children and
adults (Petanjek et al. 2019). In summary, it is important to com-
plement tractography results with a combination of histological
or neurophysiological methods to obtain more accurate structural
connectivity results. Data from as many modalities as possible
should be combined in future studies for a more comprehensive
analysis to increase the certainty of the conclusions.

In summary, in this study, we used longitudinal data for the
first time to create a whole brain atlas oriented toward age-
specific children and explored the changes in the regionalization
patterns of the developing brain as well as how they differ from
those of adult regionalization patterns. For ease of use in future
studies, we divided the ROIs into 2 groups based on the similarities
and differences in regionalization patterns. The process of mat-
uration of different regions of the brain in response to specific
tasks in developmental processes can be better understood by
considering the groups determined by partitioning. In addition,
the developmental trends in inter-hemispheric lateralization of
the brain also warrant more attention in future studies. Finally,
if the maturation process in the highly dynamic connectivity
patterns of childhood development not only increases functional
plasticity but also increases the potential for experiencing psychi-
atric disorders (Cao et al. 2017), then an age-specific child brain
atlas may contribute to a more detailed understanding of the
biological mechanisms of developmental disorders and facilitate
the implementation of early interventions.
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