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Abstract

During the early second trimester, the cortical plate, or “the developing cortex”, undergoes immensely complex and rapid
development to complete its major complement of neurons. However, morphological development of the cortical plate and
the precise patterning of brain structural covariance networks during this period remain unexplored. In this study, we used
7.0 T high-resolution magnetic resonance images of brain specimens ranging from 14 to 22 gestational weeks to manually
segment the cortical plate. Thickness, area expansion, and curvature (i.e., folding) across the cortical plate regions were
computed, and correlations of thickness values among different cortical plate regions were measured to analyze fetal
cortico-cortical structural covariance throughout development of the early second trimester. The cortical plate displayed
significant increases in thickness and expansions in area throughout all regions but changes of curvature in only certain
major sulci. The topological architecture and network properties of fetal brain covariance presented immature and
inefficient organizations with low degree of integration and high degree of segregation. Altogether, our results provide novel
insight on the developmental patterning of cortical plate thickness and the developmental origin of brain network
architecture throughout the early second trimester.
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Introduction
The developmental trajectory of the cerebral cortex is immensely
complex yet highly organized. Starting around the eighth week
of gestation, most neurons migrate from the ventricular and
subventricular zones to the cortical plate along the radially
oriented glial fiber (Rakic 1972, 2003; Sidman and Rakic 1973;
). The neuronal migration activity peaks between 12 and 20
week of gestation (Gressens 2000; Webb et al. 2001). The cortical
plate finishes its major complement of neurons cells by the end
of gestational age 20–21 weeks (Bystron et al. 2008).

Following exuberant synaptogenesis, dendritic sprouting,
and circuit formation, the cerebral wall of the second trimester
exhibits typical fetal laminar organization (Rados et al. 2006;
Kostovic and Vasung 2009). The marginal zone, the outermost
layer of the cerebral wall, could be visualized as a high signal
layer on high-resolution 7.0 T magnetic resonance imaging (MRI)
(Zhang et al. 2011). The cortical plate is characterized by low T2-
weighted (T2w) signal intensity due to the tight packing of cells.
The subplate, a transient zone located beneath the cortical plate,
is rich in extracellular matrix, and thus, appears hyperintense
on T2w images (Rados et al. 2006). The immature cortical plate
is the foundation for the future cerebral cortex, denoted as “the
developing cortex” (Dubois et al. 2008). The second trimester
of pregnancy, in particular, is a period of high vulnerability for
fetuses, and relatively minor disruptions may significantly alter
the structure and function of the mature brain and can pose
long-term neurological consequences (Miranda 2012).

During the early second trimester, differences in gene expres-
sion in the developmental cortical plate regions were investi-
gated using transcriptome analysis (Johnson et al. 2009; Kang
et al. 2011). Diffusion tensor imaging (DTI) also revealed distinct
fractional anisotropy (FA) values of cortical plate changes at
different cortical areas between 13 and 21 weeks of gestation
(Huang et al. 2013). The total thickness of the cortical plate and
subplate were measured together (Huang et al. 2009). However,
little is known about the morphological development of the
cortical plate during this period.

Construction of the human brain network or connectome
based on graph theoretical approaches opens new vistas on the
early stages of brain development (Doria et al. 2010; Cao et al.
2017; Zhao et al. 2019). More specifically, structural covariance
networks (SCNs) were used to characterize the inter-regional
covariation patterns of gray matter morphology (e.g., volume,
thickness, and surface area) across subjects (Zielinski et al. 2010;
Geng et al. 2017; Scheinost et al. 2017). The nonrandom modular
organization of covariance networks was observed in infants,
possibly explaining reciprocal maturational signaling between
two cortical regions that were connected. Furthermore, the seg-
regation of the SCNs was reinforced from birth to 2 years of age
(Fan et al. 2011; Nie et al. 2014). Differentially altered structural
covariance among brain regions was discovered in prematurely
born adolescents and young adults (Nosarti et al. 2011; Scheinost
et al. 2017). During the fetal period, small world architecture
and pronounced modular organization were observed at approx-
imately 20 gestational weeks (GW) with diffusion MRI (Song et al.
2017) and functional MRI (Thomason et al. 2014). However, early
configurations of developmental SCNs are not fully explored.

In clinical settings, in utero fetal MR scans can usually be
acquired after 19 GW (Bendersky et al. 2008). On the other hand,
because of difficulties associated with in utero imaging (e.g.,
fetal motion, presence of residual motion even after mater-
nal breath-holding, complicated image processing for image

reconstruction), the majority of existing connectome studies
analyzed preterm infants mainly after 25 GW (Brown et al.
2014; Batalle et al. 2017). Postmortem fetal specimens provide
an opportunity to study earlier brain development, which have
advantages in obtaining high spatial resolution and high signal-
to-noise ratio (SNR) images by allowing high-field-strength mag-
nets, using a smaller field of view, reducing slice thickness, and
increasing acquisition time.

In this study, using 7.0 T high-resolution MR images of fetal
specimens between 14 to 22 GW, we first manually delineated
the cortical plate and then calculated various morphological
measurements including cortical thickness, sulcal depth, sur-
face area, and mean curvature using a well-established surface-
based framework. Furthermore, we constructed the SCN using
the general linear model to explore early reciprocal cortico-
cortical interaction of neurodevelopment. To the best of our
knowledge and literature search, this is the first attempt to
explore the development of cortical plate morphology and the
fetal brain’s SCN as early as 14 to 22 GW. Our results expand our
understanding of the early developmental pattern of the cortical
plate and can be used as a reference for future studies.

Materials and Methods
Materials

A total of 27 human fetal specimens of 14 to 22 GW were
included in the current study, which were partially used in our
previous fetal brain development studies of spatial–temporal
atlas and hippocampal formation (Zhan et al. 2013; Ge et al.
2015). All postmortem fetuses were collected from hospitals
in Shandong Province, China. A total of 16 specimens were
obtained after medically indicated abortions caused by stressful
intrauterine conditions, or unknown reasons of malformation
outside of the brain. A total of 11 specimens were acquired from
spontaneous abortions attributed to maternal systemic infec-
tion, pregnancy-induced hypertension syndrome, severe uterine
traumas caused by accident. The specimens were first examined
with ultrasound and 3.0 T MR prescans to ensure that the
development status of fetal brain structures (such as the cere-
brum, sulci, lateral ventricle, and corpus callosum) was anatom-
ically normal. Maternal pregnancy records did not include doc-
umented history of fetal chromosomal abnormality, maternal
genetic disease, excessive alcohol intake, smoking, and severe
undernutrition, as well as eclampsia seizures. The study demo-
graphics of the specimens are listed in Table 1. The GW of
the fetuses was estimated based on their crown-rump length,
head circumference, foot length, and/or pregnancy records and
expressed in weeks from the last menstrual period (Guihard–
Costa et al. 2002). All specimens were immersed in 10% formalin
for preservation without extracting the brain. The time inter-
val between the collection of specimens and the MR scanning
was within 2 months. This study was approved by the Internal
Review Board of the Ethical Committee at the School of Medicine,
Shandong University. Written informed consent for postmortem
research was obtained from each parent.

To compare network properties of SCNs in fetal brain
development with those in later neonatal development, we
also included 40 healthy term-born neonates scanned at 38–
42 GW, which was part of the Developing Human Connectome
Project (dHCP) dataset (http://www.developingconnectome.org)
(Makropoulos et al. 2018).

http://www.developingconnectome.org
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Table 1 Demographic information of the specimens

Gestational week Number of subjects (total of 27) Gender (male/female) Termination of pregnancy

14 1 1/0 SA
16 1 1/0 SIC
17 3 2/1 SA (2), UNK
18 3 1/2 SA (2), UNK
19 4 2/2 SA (2), SIC (2)
20 5 1/4 SA (2), SIC, UNK (2)
21 6 1/5 SA (2), SIC (1), UNK (3)
22 4 1/3 SIC (2), UNK (2)

Abbreviations: SA, spontaneous abortion; SIC, stressful intrauterine conditions; UNK, unknown reasons of malformation (not brain) detected by MRI.

MRI Data Acquisition

Fetal specimens were scanned by a 7.0 T Micro-MR scanner
with a maximum gradient of 360 mT (70/16 pharmaScan,
Bruker Biospin GmbH, Germany) at Zhongda Hospital of
Southeast University of China. A rat body coil with an inner
diameter of 60 mm was selected and the axial 2D T2-
weighted slice images (pixel size 0.23 mm × 0.23 mm, slice
thickness: 0.5 mm with no gap) were acquired with the
following parameters: TR/TE, 12 000/50 ms; field of view (FOV),
4.0 × 4.0 cm/5.0 × 5.0 cm/6.0 × 6.0 cm; matrix, 256 × 256; and
NEX, 4.

Methods

Segmentation of cortical plate
The automatic segmentation of the fetal brain is challenging
due to rapid morphological changes and inherently low contrast
between tissues even with high-resolution images. Therefore,
we manually segmented the cortical plate using Amira software
based on a histology atlas of second trimester fetal brains (Bayer
and Altman 2005) and previous MR studies (Kostović et al. 2002;
Rados et al. 2006; Habas et al. 2010a, 2010b). The axial plane was
mainly used for segmentation, with concurrent cross-check on
the coronal and sagittal planes. In the high-resolution T2w MR
images, the cortical plate was characterized by low intensity,
while the marginal zone and subplate appeared high intensity.
The inner and outer surfaces of the cortical plate were delin-
eated using intensity differences. As shown in Figure 1, most
of the primary sulci, such as the Sylvian fissure, central sulcus,
and calcarine fissure, started to appear during the early second
trimester.

The results of segmentation were checked and confirmed
by two experienced anatomists. To check the reproducibility
of our manual segmentation protocol, nine specimens were
randomly chosen and resegmented by the same person at least 2
months later. The intra-class reliability was excellent with Dice’s
ratios of 0.9527. Illustrations of manual segmentation of several
individual were shown in Figure S1.

Cortical morphological measurements: thickness, sulcation,
and expansion
The segmented cortical plate surfaces were processed with
CIVET MRI analysis pipeline developed at Montreal Neurological
Institute (MNI). The native MR image of each subject was
first corrected for nonuniformity using the N3 algorithm (Sled
et al. 1998) and registered into the stereotaxic space using 9-
parameter linear transformation (Collins et al. 1994). Inner and

Figure 1. Example of delineation of the fetal cortical plate at 20 GW. The bound-
aries of the cortical plate were delineated in the axial plane (A) and confirmed
in the sagittal (B) and coronal (C) planes to verify the segmentation accuracy. (D)

3D representation of reconstructed cortical plate. Abbreviations: (CF) calcarine
fissure; (CS) central sulcus; (SF) Sylvian fissure; (SP) subplate.

outer cortical plate surfaces were extracted from the segmented
images.

Then, cortical plate thickness, surface area, sulcal depth, and
mean curvature were extracted at 40 962 vertices per hemi-
sphere of the brain surface. Cortical plate thickness was com-
puted in native space using the linked distance (i.e., t-link)
(Lerch and Evans 2005) between the two surfaces. The vertex-
wise surface area is computed by averaging the areas of all the
triangles involving the given vertex (Winkler et al. 2012). Sulcal
depth was measured as a gyration/sulcation index using the
NEOCIVET pipeline (Kim et al. 2016). A brain hull model was first
overlaid on the cortical manifold to detect vertices on the gyral
crowns (Hill et al. 2010). The crowns were initialized with a depth
of zero. Sulcal depth was then calculated using the geodesic. The
measures were then blurred on the surface with a 5 mm kernel
due to the small brain size of fetal brain (Boucher et al. 2009;
Vasung et al. 2016) to increase SNR. Smoothing was performed
exclusively within the cortical area by masking non-cortical
structures.

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
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We mapped the relative cortical surface expansion on our
brain template as described in Garcia et al. (2018). The map of
cortical surface expansion was generated by pair-wisely dividing
the mean surface area of the brains at a given age (e.g., average
surface area among the fetuses in week) by the average surface
area of the brains that are 1 week younger (e.g., average sur-
face area among the fetuses in 18 week). We then computed
a scalar factor as the global average cortical expansion which
was computed as the mean of cortical surface expansion across
vertices. Finally, the relative cortical expansion, which was mea-
sured by dividing the cortical expansion by the global average
cortical expansion, was used to estimate which regions expand
more than global average and which regions expand less than
the global average. Garcia et al. (2018) demonstrated that brain
cortical regions showing a larger relative expansion also showed
more rapid folding in the third trimester. To investigate whether
such a pattern is also seen in the early second trimester, we
measured mean relative cortical expansions for five age groups:
from 14–17 weeks to 18 weeks, from 18 weeks to 19 weeks, from
19 weeks to 20 weeks, from 20 weeks to 21 weeks, and from
21 weeks to 22 weeks, and compared them to the slope of cortical
folding (mean curvature).

Template of the fetal brain
We constructed a surface template representing the age of our
brain dataset using SURFTRACC, a surface registration algorithm
included in CIVET (Robbins et al. 2004) and an unbiased tem-
plate construction framework (Lyttelton et al. 2007). In brief,
SURFTRACC first transposes individual sulcal depth maps into
icosahedral spheres. It then iteratively searches for local optimal
vertex correspondence between an individual and a template
sphere based on a matching of a given feature (in this case,
depth potential function (Boucher et al. 2009). On the cortical
plate surface at the early second trimester, major sulci, such
as the lateral and calcarine sulci, are only marked features
that display obvious depth to constrain alignment thus likely
raising concerns about alignment quality in the large interven-
ing regions, especially since they may not expand uniformly.
The deformation of the cortical areas with no marked sulcus
(depth < 0.5 mm) is governed by the smoothness constraint that
maintains the shape and size of triangles as regular and equal.
Mapping the deformed meshes back to the original cortical
surface coordinates allows a registration of the individual to
the template surface. Inclusion of a regularization step further
preserves local surface topology. This procedure was integrated
into a hierarchical framework that allows for registration from
coarse to fine scale. An initial template was created by a simple
averaging of vertices among the surfaces in each age group.
Thereafter, an iterative alignment proceeds from low dimen-
sional warping of all individuals to the initial template, and
toward higher dimensional warping to a new template that
is constructed from the previous warping cycle as described
in Lyttelton et al. (2007). Left and “flipped-right” hemispheres
from all subjects were pooled to avoid subject- and hemisphere-
specific bias in the evolution and averaging. For group analyses,
each individual thickness map was resampled onto the template
surface based on the transformation used to construct the final
template.

Because little information is provided regarding the spatial
distribution of sulcal depth features in fetal brains during the
second trimester, it is possible that the surface registration does
not work as well as it does on older brains. To validate the surface

registration, cortical folding in terms of mean curvatures was
also provided (Fig. 3A) for quality inspection.

Parcellation of cortical regions
The vertices on the brain surface were first grouped into 76
cortical regions based on the automated anatomical labeling
(AAL). Then the seven regions of interest (ROIs) were further
selected by combining the related ROIs into each of the large
seven cortical regions included in the study (central, insular,
frontal, parietal, occipital, temporal, and cingulate cortices). Due
to the difficulty in projecting the AAL atlas from the adult brain
template to fetal brains with smoother and simpler morphology,
we instead used the AAL surface atlas mapped on the template
representing 27–30 weeks of gestation (Kim et al. 2016). Finally,
to project the atlas to current fetal brains, we registered this
template to the fetal templates using SURFTRACC.

dHCP data processing
We used 40 brain MRI data of term-born neonates from dHCP
dataset. These data were used as a reference in order to quali-
tatively and quantitatively evaluate the degree of maturation of
our fetal brain data. The cortical surfaces of dHCP data were con-
structed using the NEOCIVET pipeline developed in our lab (Kim
et al. 2016; Liu et al. 2019). The pipeline began with general data
preprocessing, including denoising and intensity nonuniformity
correction. Then, the brain is extracted using a patch-based
brain extraction algorithm (BEaST) (Eskildsen et al. 2012) and
registered to the MNI-NIH neonatal brain template (http://www.
bic.mni.mcgill.ca/ServicesAtlases/NIHPD-obj2). Different types
of brain tissue (GM, WM, and CSF) were thereafter segmented by
an advanced label fusion based on a joint probability between
selected templates (Wang et al. 2013). Next, the corpus callosum
was segmented on the midline-plane and used to divide the
WM into hemispheres. A marching-cube based framework was
adopted to generate a triangulated mesh WM surface attached
to the boundary between the GM and WM. After resampled to
a fixed number of 81 920 surface meshes using the icosahedron
spherical fitting, this surface was further fitted to the sharp edge
of the GM-WM interface based on the image intensity gradient,
which preserves the spherical topology of the cortical mantle.
A CSF skeleton was then generated from the union of WM and
CSFs. The pial surface was constructed by expanding the WM
surface toward the skeleton as an intermediate pial surface. The
intermediate pial surface further underwent a fine deformation
to identify actual edges of sulcal CSF volumes using an intensity
gradient feature model. Finally, cortical thickness was estimated
based on the Euclidean distance between the white matter and
pial surface.

SCN construction
We used cortical plate thickness values to construct SCNs for
two groups of subjects corresponding to fetuses during the early
second trimester and term neonates. A general linear model
(GLM) was performed to calculate the statistical similarity in cor-
tical plate thickness between two vertices across subjects while
accounting for gestational age. A correlation matrix computed
across all 81 924 vertices is extremely computationally expen-
sive. On top of that, there is no digital fetal brain atlas which
can be referred to when parcellating the early fetal brain. Thus,
the study implemented a template-free approach, which was
validated in previous studies that evenly parcellated the cortex
into regions of similar size (Tymofiyeva et al. 2012; Meng et al.

http://www.bic.mni.mcgill.ca/ServicesAtlases/NIHPD-obj2
http://www.bic.mni.mcgill.ca/ServicesAtlases/NIHPD-obj2
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2015), avoiding any imposing anatomical bias. Thus, we uni-
formly sampled 1284 vertices for the two hemispheres, which
represented network nodes (Kim et al. 2020). An illustration of
node distribution was shown in Figure S2.

Network Analysis

For graph-theoretical analysis, correlation matrices were first
binarized based on sparsity thresholding. Sparsity was defined
as the total number of edges in a graph divided by the maximum
possible number of edges. A fixed sparsity-specific threshold
(for instance, χ threshold implied χ of the topmost connections
preserved) assured the same number of edges for graphs of
different groups (Achard and Bullmore 2007). The 9% threshold
was chosen to ensure that all nodes connected to at least one
other node. To characterize the development of the topologi-
cal organization and SCNs from the early second trimester to
birth, the following characteristic graph theory metrics were
calculated:

Nodal properties
We first used the nodal degree centrality to explore age-related
changes in nodal properties between fetal and neonatal groups.
For a given node, its degree centrality indicated the number
of edges connecting it with all other nodes. Nodes with high
degrees (>mean + 2 SD) were defined as hubs, which exhibited
high connectivity to proximal nodes (likely in the same local
community) and remote nodes (in different communities) of the
brain (Cao et al. 2017). We compared the degree distributions of
nodes, the regional pattern of nodal degree, and the number of
hubs between fetal and neonatal groups.

Global network organization
To compare the global topological properties of the two groups,
we computed the clustering coefficient Cp, the shortest path
length Lp, and their normalized metrics (γ and λ, respectively)
after comparison with a set of randomized networks. Module
detection was performed to identify parcellations of the brain
network into different modules (Newman 2006), which indicated
subsets of nodes that were more highly interconnected but less
connected to nodes in different modules. The modularity was
defined as the largest value of modularity measures associated
with all possible configurations of modules, which could be
found by optimization algorithms (Newman and Girvan 2004).
The most representative and stable network partition was deter-
mined by consensus clustering in the networks (Lancichinetti
and Fortunato 2012; Bienkowski et al. 2018). We examined the
change of modularity across the two groups. We measured the
Euclidean distance between each pair of connected nodes. The
distance of each group was defined as the average distance of all
edges and normalized to remove the effect of different brain size.

Statistical Analysis

All statistical analyses were performed using SurfStat (http://
www.math.mcgill.ca/keith/surfstat/) for the analysis of cortical
plate thickness and Brain Connectivity Toolbox (https://sites.
google.com/site/bctnet/) for the analysis of covariance network.
Linear regression analysis was performed to measure the cor-
relation between the average thickness of the whole brain and
increasing gestational age. The vertex-based regression analysis
was also performed. A t-test was used to examine the thickness
differences between the left and right hemispheres.

To determine the statistical comparison in network proper-
ties between two groups, we used a nonparametric permutation
test procedure (He et al. 2008; Khundrakpam et al. 2017). In
order to test the null hypothesis that any observed group differ-
ences could occur by chance, each subject’s set of cortical plate
thickness values were randomly reallocated into two groups.
The number of subjects within each group was the same as
two groups in real conditions. Then, the correlation matrix was
constructed and binarized using the same sparsity threshold as
in the construction of real brain networks. Network properties
were then computed for each randomized group. The random-
ization procedure was repeated 1000 times and the 95 percentile
points for each distribution were used as the critical values for a
one-tailed test of the null hypothesis with a probability of type
I error of 0.05. In this study, the above procedure was used to
compare group differences in topological properties (normalized
cluster coefficient, normalized shortest path, modularity, and
mean European distance). The false discovery rate (FDR) proce-
dure was performed to correct the multiple comparisons at a q
value of 0.05.

Data Availability

All cortical surface features and the surface template utilized in
the current study can be found in https://github.com/bigting84/
fetus-surface. Our native MRI images will be made available on
request from any qualified investigator who provides a practi-
cable proposal, or for the purpose of replicating procedures and
results presented in the current study.

Results
Thickness of Cortical Plate

The thickness of the cortical plate increased significantly
throughout the whole brain during 14 to 22 GW (P < 0.001;
Fig. 2B). There was no significant difference in thickness
between left and right hemispheres (P > 0.1).

In addition, we provided the maps of mean cortical thickness
for each age group in Figure 2A. The thickness of the corti-
cal plate underwent uneven increases across different cortical
regions. It is clear that the cortical thickness trajectory is con-
sistent with what was found in the literature: cortical growth
starts from the central cortex and expands to both frontal and
parietal/temporal regions (Garcia et al. 2018). A standard devi-
ation (STD) map and STD-mean thickness ratio map for each
age group are also shown in Figure S3. The STD and STD-mean
ratio maps demonstrated that the regional variability among the
analyzed individual data was much smaller than the mean value
of cortical thickness for all the age groups. This suggests that the
cortical thickness feature we extracted from the high-resolution
ex vivo MRI was reliable and reflected reasonable cortical growth
after applying a proper smooth kernel size. An illustration of
cortical thickness for individual brains from 14–22 GW is shown
in Figure S4.

Sulcal Depth and Mean Cortical Curvature

Compared to cortical thickness, mean curvature and sulcal
depth did not show significant increases or decreases through-
out the period between 14 and 22 GW (P > 0.05), indicating
that a lack of consistent folding occurs in the early second
trimester. According to spatiotemporal maps of mean curvature
and sulcal depth shown in Figure 3A and B, it was clear that most

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
http://www.math.mcgill.ca/keith/surfstat/
http://www.math.mcgill.ca/keith/surfstat/
https://sites.google.com/site/bctnet/
https://sites.google.com/site/bctnet/
https://github.com/bigting84/fetus-surface
https://github.com/bigting84/fetus-surface
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
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Figure 2. Developmental pattern of the thickness of cortical plate during the early second trimester. Spatiotemporal maps of cortical plate thickness at 14–17, 18, 19, 20,

21, and 22 weeks displayed on the corresponding age-specific templates (left panel). The mean cortical plate thickness of left hemisphere (blue) and right hemisphere
(red) increased linearly with gestational weeks (right panel).

Figure 3. Developmental pattern of mean curvature and sulcal depth of cortical plate during the early second trimester. Spatiotemporal maps of mean curvature and
sulcal depth of cortical plate at 14–17, 18, 19, 20, 21, and 22 weeks displayed on the template (left panel). Scatter plots showing the correlations between mean curvature

and sulcal depth of two hemispheres and gestational age in weeks (right panel).

cortical regions did not show a significant folding trajectory,
other than folding occurring in major sulci, such as Sylvian
fissure, cingulate sulcus, and calcarine sulcus. Furthermore,
significantly decreased folding was found in the cingulate cortex
area. There was no significant difference in mean curvature and
sulcal depth between left and right hemispheres (P > 0.05). An
illustration of mean curvature for individual brains from 14–22
GW was shown in Figure S5.

Cortical Growth Rate

We further analyzed growth rates in terms of cortical thickness,
surface area, and mean curvature. Developmental trajectories
and spatiotemporal maps of cortical thickness, surface area, and
mean curvature are displayed in Figure 4. To quantify changes
over time, local growth rates (n = 27 subjects) were plotted over
different gestational weeks in seven typical cortical regions by
averaging each of the cortical features for all the vertices within

each ROI per hemisphere (left: blue, right: red, Fig. 4A). The seven
ROIs selected were central, insular, frontal, parietal, occipital,
temporal, and cingulate cortices (Fig. 4 top row). We further
showed an illustration of seven ROIs for individual brains from
14–22 GW in Figure S6. We observed that for cortical thickness
and surface area, all cortical regions displayed significant trends
in growth rate (corrected P < 0.05). For mean curvature, however,
only the central cortex and occipital cortex showed significantly
increased folding over time. In addition, the cingulate cortex
also exhibited a significantly decreased folding trajectory. Linear
regression analysis indicated that for cortical thickness, the
growth rates in the frontal cortex (average β = 0.061 mm/week)
and cingulate cortex (average β = 0.049 mm/week) were
slightly faster than those of other cortical regions (mean β =
0.040 mm/week) due to the faster growth of cortical regions
near the medial superior frontal cortex. For surface area, the
insula (average β = 0.015 mm2/week) and cingulate cortex
(average β = 0.015 mm2/week) expanded faster than other

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
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Figure 4. The developmental trajectory of mean cortical thickness, surface area, and mean curvature of left hemisphere (blue) and right hemisphere (red) in central

cortex, insula, frontal cortex, parietal cortex, occipital cortex, temporal cortex, and cingulate cortex (left panel). The growth rate of cortical thickness, surface area, and
mean curvature of cortical plate from 14 to 22 GW was, respectively, mapped on the template (right panel).

areas (mean β = 0.009 mm2/week). For mean curvature, all
areas generally fold slowly in this period of development.
However, the central cortex (average β = 0.004 mm−1/week)
and occipital cortex (average β = 0.004 mm−1/week) exhibited
relatively faster folding, which were significant (mean β =
0.001 per week on other ROIs), representing the emergence
of sulci in the motor and primary visual cortices during the
second trimester. In addition, the cingulate cortex (average β =
−0.015 mm−1/week) exhibited significantly decrease of folding,
representing the de-sulcation process in the cingulate cortices
during the second trimester.

Cortical Expansion

We found that the regions showing a relatively large expansion
overlapped or were proximal to regions showing a fast-folding
trajectory (Fig. 5). These regions include main sulci, such as the
Sylvian fissure, and central, parietooccipital, and calcarine sulci,
which are prominent folding features in this developmental
period.

Structural Covariance Network

Nodal degree distribution
Due to the effects of the differences in the MRI field strength
(7 T vs 3 T) and scanner, as well as the difference in tissue
segmentation approaches (manual segmentation vs. automated
segmentation), it is noteworthy that there may be inaccurate
results when conducting a direct statistical comparison between
fetal brain data and neonatal data. Hence, we only provide a
qualitative description of the results here but document the
statistical comparisons separately in the Supplementary section
(Fig. S7) for readers’ information and interest.

The exploration of the nodal degree centrality demonstrated
that the nodal degree in fetal group exhibited an uneven dis-
tribution with one short tail fading to the right side (Fig. 6A).
The distribution curve also showed that almost equal number

of nodes in the early second trimester exhibited a nodal degree
between 3% and 15%, which suggested the brain development
in early second trimester does not generate a topologically
well-organized network as found in adult brains; the term-
born neonatal group displayed a skewed and heavy-tailed node
degree distribution, which tended to follow an exponentially
truncated power law. Compared to fetal brain, the distribution
curve in term neonates exhibited a larger number of hubs (very
high nodal degree) and a larger number of leaves (very low nodal
degree; Fig. 6A), which is more like the network in adult brain.
This reflected in term-born neonates, the node roles in brain
network start to differentiate in comparison to fetal brain, i.e.,
some nodes became increasingly influential as hubs, whereas
other nodes became increasingly insignificant throughout brain
development.

It is shown that the numbers of low-degree nodes (connected
to <3% nodes of the network) and high-degree nodes (connected
to >20% nodes of the network) were greater in the term group
compared to the fetal group, while the number of moderate-
degree nodes (connected to 5%–15% nodes of the network) was
greater in the fetal group (Fig. 6A). The number of hubs in the
fetal group (N = 76) was observed to be fewer than that in the
term group (vs. N = 112, Fig. 6B). We further mapped hub regions
for both the second trimester and term group (Fig. 6C) for qual-
itative evaluation. We found that in the early second trimester,
hubs were found mainly in frontal, parietal, and temporal lobes;
the SCN hubs for term-born neonates were found primarily
distributed in insular and inferior frontal regions.

Global network properties
Global network properties of our fetal brain data as well as
neonatal data are shown in Table 2 as reference. Again, we
provide the results of statistical comparisons in these prop-
erties separately in Supplementary data (Fig. S7) for readers’
information. Qualitatively, the fetal brain data analyzed in the
current study generally displayed a less integrated (longer global

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
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Figure 5. Gradients of cortical expansion (top) and folding slope (bottom). The upper panel shows the average of all five cortical expansions representing the expansion
pattern over the entire age range. Areas with a negative folding slope present sulcation, whereas those with a positive slope present gyration (or sulcal flattening found

in the cingulate cortex). Cortical expansion partially overlapped with the regions that have apparent folding features in this developmental period (lower panel).

path length) and more segregated (higher normalized clustering
coefficient, larger modularity) network compared to dHCP term
neonates.

Moreover, we calculated the mean Euclidean distance (nor-
malized to same brain template) between pairs of connected
nodes for the two groups. The mean distance of the neonatal
group was higher than that of the fetal group (Dterm= 34.12 mm,
D2nd= 27.13 mm). Results suggested that the strongest con-
nections in the fetal brain were predominantly characterized
by short-range connections, signifying anatomical proximity. A
greater proportion of strongest connections were established
between long-distance brain regions in newborn babies.

We further compared the distribution of nodal mean shortest
path length by averaging the shortest path length from each
node in network to all the others. The changing patterns of nodal
path length were similar to those of the nodal degree (Fig. 6A
and D). That is, the numbers of nodes with shorter mean path
lengths (1.5 ≤ L ≤ 1.7) and longer mean path lengths (L > 2.8)
were found to be increased in the term group, while the number
of nodes with moderate mean path lengths (1.8 < L ≤ 2) was
increased in the fetal group (Fig. 6D).

Younger (<20 weeks) vs. older group (≥20 weeks)
To assess possible temporal changes of SCNs in the early sec-
ond trimester, we further divided the fetal subjects into two
groups: younger group (< 20 GW) and older group (≥ 20GW),
and constructed SCNs for the two groups. Network properties
between the two groups had no significant differences with
detailed results provided in the Supplemental Table S1.

Discussion
In the present study, we reported the morphological develop-
ment of the cortical plate during the early second trimester and
explored the SCN from the early second trimester to birth. The
cortical plate displayed significant increases in thickness and
expansions in area throughout all regions from 14 to 22 GW.
The analysis of mean curvature and sulcal depth showed that
other than folding occurring in major sulci, such as the Sylvian
fissure, cingulate sulcus, and calcarine sulcus, most cortical

regions did not present significant folding trajectory throughout
the period. Moreover, when comparing network properties of
the fetal group with the neonatal group, we showed that the
topological architecture of the SCN changed as the brain devel-
oped. In the fetal group, the network was characterized by a
similar node-degree, similar average shortest path length, phys-
ically short connections between nodes, and higher modularity.
By contrast, the neonatal group exhibited a right-tailed degree
distribution, the emergence of shorter and longer average short-
est path lengths, and increasing Euclidean distances between
pairs of connected nodes. Such findings may suggest that the
brain network was still in its primitive state during the early
second trimester. The covariance of cortical thickness in the
early second trimester may not be differentiated sufficiently to
a biologically meaningful biomarker that fully represents brain
network organizations. On the contrary, structural covariance at
term newborns may represent biologically meaningful commu-
nications between pairs of brain regions, which indicates a more
sophisticated, integrated, and efficient network system.

Cortical Plate Thickness

During the early fetal period, neurons are generated in the
ventricular and subventricular zones and migrate toward the
cortical plate along the radial glial fibers. Once neurons reach
their destination in the cortical plate, they begin to extend their
axonal, dendritic, and synaptic projections (Rakic 1972, 2003;
Kwan et al. 2012). The majority of neurons finish their migratory
activity by the end of gestational age 20–21 weeks (Bystron et al.
2008). A previous study showed that the cortical plate thickness
increased from 0.86 to 2.6 mm during the late second trimester
of gestation (20–26 GW) (Corbett-Detig et al. 2011). Using ex
vivo high-field 7 T MRI, the current study had an ability to
demonstrate that the average thickness of the cortical plate
linearly increased approximately from 0.6 to 1.1 mm during the
early second trimester (14–22 GW), providing evidence that the
early fetal cortical growth originated from an earlier period of
neurodevelopment than previous studies observed.

Based on our findings on surface area and thickness (Fig. 4),
the insula, the primary visual cortex, orbitofrontal cortex, and

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
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Figure 6. Distributions of nodal degree and nodal mean shortest path length of SCNs for brains scanned at early second trimester and at term. (A) Normalized
distribution curve of node degree for the two groups, normalized by number of nodes in networks. (B) Number of hubs significantly increased in the term-born
group. (C) Regional distribution of hubs for the two groups. (D) The distribution curve of nodal mean shortest path length for the two groups.

cingulate showed relatively high growth rate. Previous stud-
ies reported that neurogenesis and cortical plate maturation
occurred earliest in areas close to the insula (Sidman and Rakic
1982; Smart et al. 2002; Afif et al. 2007). In addition, we found
faster development in the cingulate cortex, which belongs to
the limbic system (the “visceral brain”). In our previous study,

the fetal hippocampus, as a main part of the limbic system,
developed earlier than other brain regions during the same
stages investigated (Ge et al. 2015). Our results were also con-
sistent with those of morphological development after 20 GW.
Rajagopalan et al. (2011) found that regions near the insula,
cingulate, and orbital sulcus were characterized with above-
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Table 2 Global network properties of structural covariance networks for fetal and neonatal groups

Clustering
coefficient Cp

Normalized Cp Path length Lp Normalized path
length Lp

Modularity Normalized
distance

Second trimester 0.543 3.735 2.106 1.416 0.301 27.13 mm
Term born 0.577 1.511 2.001 1.376 0.172 34.12 mm

average growth rate of volume between 20–24 and 24–28 GW.
Xia calculated brain surface area of normal fetuses at 26–29
GW and found that orbitofrontal and anterior cingulate regions
of the two hemispheres presented relatively low growth rate
of surface area (Xia et al. 2019). Garcia et al.’s (2018) corti-
cal expansion study of preterm infants (28–38 postmenstrual
weeks) found lower relative expansion at the medial frontal and
insular regions.

A prior work by Vasung et al. (2016) also investigated cortical
plate and subplate thicknesses and volumes from postmortem
brain specimens and analyzed structural correlations between
regions. Their work based on ex vivo 3 T MRI with a large age
range of 13–40 weeks of gestation, a high image resolution,
surface-based morphometric analysis using cortical thickness
and area, and cortico-cortical correlation of these measure-
ments has a common with the current study. Yet, there are
numerous differences between two studies, making both works
unique to enlarge our knowledge of fetal neurodevelopment.
Our study was based on 7 T MRI with a higher image resolution
(0.5 mm isotropic for 15 GW or older vs. 0.23 × 0.23 × 0.5 mm).
We also analyzed the covariance of cortical thickness using
graph theory approaches. On the other hand, Vasung and
colleagues’ work included histology data for the analysis of
different cytoarchitectures. It is also noteworthy that while
Vasung and colleague’s work focused on the difference in
maturation between thee cortical plate and subplate, we
focused on the various aspects of maturation in cortical
plate by analyzing various morphological measurements
and SCN.

Cortical Folding

For cortical folding, or more specifically mean curvature, the
central and occipital cortex exhibited faster cortical curving
or increasing cortical folding, representing the emergence of
sulcus in the motor and primary visual cortex during the early
second trimester. Particularly, the Sylvian fissure, central sulcus,
calcarine fissure, and the parieto-occipital sulcus emerge. In
our analysis, we also found cortical folding in the central and
occipital cortex, which is in accordance with previous studies
(Huang et al. 2009), although some prior studies also reported
that the main sulcus appears starting from around 20 gestation
weeks (Chi et al. 1977). Due to the small sample size, the differ-
ence might be caused by individual differences due to genetic or
epigenetic factors i.e., environmental effects, disease pathology,
or hereditary effects, etc. (Zhang et al. 2013).

It is also worth noting that in the cingulate cortex, a positive
developmental trend of curvature was observed, indicating that
cortical folding is decreasing during this period. This peculiar
morphological change of the cingulate gyrus has already been
documented in histological sections (Bayer and Altman 2005)
(Fig. S8) and is visually well recognized in our MRI data (Fig. S9).
The cingulate gyrus is one of the main parts of the limbic
system, which regulates visceral activities and belongs to the

archicortex and paleocortex in evolution criteria. Phylogeneti-
cally older cortical areas, such as the cingulate cortex, mature
earlier than newer cortical regions. It is possible that the rapid
development of cingulate cortex and decreases in volume of
the lateral ventricle cause the decrease in the depth of the
cingulate gyrus during the early second trimester. The real
sulcation process of cingulate cortex starts after 22 GW from
the late second trimester, forming the adult-like cingulate sulcus
(Bayer and Altman 2003).

Cortical Expansion

Garcia et al. (2018) demonstrated that the highest cortical expan-
sion occurs in areas that undergo the most dramatic folding
in the third trimester. We found that regions showing a larger
relative expansion overlapped or were proximal to the regions
showing faster folding trajectory. These regions include main
sulci, lateral and calcarine sulci, which are prominent folding
features in this developmental period. These consistent findings
on the relationship between cortical expansion and cortical
folding suggest that the physical expansion of the cortex leads to
mechanical instability and folding in different areas at different
times (Garcia et al. 2018). In addition, we found that many
areas are not fully accordant (Fig. 5 lower panel), suggesting
that the expansion of cortical area does not result solely from
gyration/sulcation but also from other factors such as regional
growth volume.

Structural Covariance Network

We observed that the degree distribution of the network nodes
changed from an uneven distribution with one short tail at the
early fetal period to a right-tail shape at birth (Fig. 6A). In previ-
ous studies, the exponentially truncated power-law distribution
of node degrees was found at preterm around 30 GW and at term
(Ball et al. 2014; van den Heuvel et al. 2015). The changing pattern
of nodal mean path length was similar to that of degree distri-
bution (Fig. 6D). In the fetal group, most nodes exhibited similar
mean shortest path lengths, while in the neonatal group, nodes
exhibited both shorter and longer path lengths. Nodes with a
shorter path length may indicate the presence of more hubs.
Some nodes had increased path lengths, which were representa-
tive of leaf nodes in the network, or even the leaf of leaf nodes in
the network. At the early state of covariance network formation,
most nodes were characterized by similar degrees and shortest
path length. As the fetal brain structural covariance connectivity
underwent reorganization throughout development, the broad-
scale distributions of node degrees and shortest path lengths
emerged in the neonatal network. The connectome was char-
acterized by sparsely connected nodes with longer mean path
lengths and densely connected nodes with shorter path lengths.
Additionally, the number of hubs increased throughout brain
network development from the early second trimester to birth
(Fig. 6B). Because hubs indicate high functional connectedness

https://academic.oup.com/cercor/article-lookup/doi/10.1093/cercor/bhab123#supplementary-data
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to other regions of the brain, the increasing presence of hubs
by term age suggests that the early developing brain grows as a
system with increasing integration and efficiency, forming the
foundation for various aspects of complex cognitive function.
Given that the nature of fetal brain hubs rapidly reshapes in
terms of their location, role, and number, the fetal brain may be
highly vulnerable to insults and abnormal connectivity (Crossley
et al. 2014; Aerts et al. 2016), thereby urging important clinical
attention on the spatiotemporal pattern of network proper-
ties throughout brain development. In the term-born neonates
group, node with high degree was found mostly distributed in
insula and inferior frontal cortex (Fig. 6C). Ball et al. (2014) also
found that the hub regions mainly expand into those two regions
from 30 to 40 GW. The reorganization of topological distribu-
tion suggested the differentiation of node roles in the network.
Some nodes became increasingly influential as hubs, whereas
other nodes became increasingly insignificant throughout brain
development. With the increasing formation of distinct hub
architecture, the fetal brain network may be preparing for higher
order cognitive functioning that manifests in later adolescence.

We observed that the modularity became lower from the
early second trimester to birth. From Thomason et al.’s (2014)
study, the modularity of functional brain network existed as
early as approximately 20 GW and decreased with increasing
gestational age. Therefore, structural and functional systems
may be rather independent of each other in the early period
of fetal development, which is characterized by highly modular
and local networks. Such local community networks evolve
rapidly with a significant decrease in modularity during prena-
tal and postnatal development (Tymofiyeva et al. 2013; Huang
et al. 2015). In particular, the strengthening of inter-modular
connections combined with the weakening of intra-modular
connections results in the decrease of modularity, representing
the growth of network integration capacity.

We found that the mean Euclidean distance between pairs
of connected nodes was significantly higher in the term neona-
tal group. In previous studies, long-range association pathways
were also observed to increase with fetal age using DTI tractog-
raphy method (Kostovic and Jovanov-Milosevic 2006; Takahashi
et al. 2014) and functional connectome (Thomason et al. 2015).
The increasing proportion of long-distance thickness covariance
connections, combined with the change of module distribution,
indicates the evolution of a local-to-distributed brain network
architecture during early fetal and neonatal development. Such
trends are also supported in other modal connectivity studies, as
functional and structural brain networks develop from a local to
more distributed organization (Fair et al. 2009; Yap et al. 2011).

As largely discussed in literature (Alexander-Bloch et al.
2013a; Evans 2013), it has been widely accepted that the SCNs
in developing brains is related to the functional organization
of the brain rather than the structural connectivity. Accordingly,
the regional variability of cortical morphology largely implicates
functional organization and segregation in pediatric and
adult brains (Fischl et al. 2008; Glasser and Van Essen 2011).
However, the biological meaning of the SCNs at the second
trimester of gestation remains unclear. Given that neurons
actively proliferate, then migrate from the periventricular
germinal matrix to the cortex along the radial pathway
throughout the second trimester and beyond, the correlation
of cortical thickness between two cortical regions revealed
in our data might account for the reciprocal relationship
among actively forming cortical plates, which is governed by
the rate of neural proliferation and migration (Gressens 2000;

Hirota and Nakajima 2017). In other words, the two regions
displaying a high correlation in thickness likely explain
their synchronous cortical structural maturation led by the
aforementioned neural development process. However, it is
noteworthy that this reasoning is inconclusive and limited by
our data’s relatively macroscopic resolution (sub-millimetric)
and the morphological metric that is not specific to the dynamic
changes reflecting either the neural migration or proliferation.

Limitations and Future Directions

There are several limitations to our study. First, our sample size
is relatively small with few subjects representing each gesta-
tional week, especially for the younger weeks of the second
trimester. This is a common problem in fetal specimens imaging,
given that fetal specimens are extremely difficult to obtain
(Huang et al. 2009; Vasung et al. 2016). Second, there could be
minor tissue degradation caused by formalin fixation, which is
also a common problem in postmortem studies (Stan et al. 2006)
and may slightly affect thickness measurements. In order to
mitigate such problems, this study acquired MR images of the
brain inside the skull, and the time interval between the collec-
tion of specimens and MRI scanning was less than 2 months.
Third, unlike networks derived from white matter pathways or
functional correlation, SCN is a statistical construct that only
indirectly represents theoretic pathways of maturational infor-
mation transfer. Despite its limitations, however, anatomical
covariance likely reflects synchronized development of brain
structure and function, while providing complementary charac-
teristics of brain connectivity (Evans 2013). Moreover, covariance
network analyses were scientifically favored and widely used
to characterize trophic pathways of the developing brain where
morphological growth was vigorous (Fan et al. 2011; Alexan-
der-Bloch et al. 2013b; Nie et al. 2014; Geng et al. 2017). Previous
studies of SCNs mostly focused on neurodevelopmental pat-
terns of postnatal children and adults, in which cortical thick-
ness maps were used to show robust regional variability relating
to functional organization (Geng et al. 2017; Scheinost et al.
2017). To what extent that structural covariance represents func-
tional connectivity, or even anatomical connectivity, in the early
second trimester, needs to be further investigated. Reinterpreta-
tion of the current study’s findings may be needed if functional
relationships were found. To our knowledge, our study repre-
sents the first attempt to construct SCNs for fetuses at extremely
early development stages, which may lay the foundation for
future works that combine cellular-level immunohistochemistry
with in vivo neuroimaging to evaluate the reproducibility or
interpretations/hypotheses proposed by our work. Lastly, due
to the absence of fetal data during the late second and third
trimesters, a longitudinal study continuing throughout those
periods are not able to be executed. In the future, more fetal data
should be collected to better characterize early development of
the brain and covariance networks of the prenatal period.

Conclusion
With 7.0 T high-resolution MR images of fetal brains from 14 to
22 GW, we quantified the morphological development patterns
of cortical plate and constructed SCNs. The cortical plate dis-
played significant increases in thickness and expansions in area
throughout all regions but changes of curvature in only certain
major sulci. Though the fetal brain structural network exhibited
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modularity property during the early second trimester, this net-
work was still considered to be in a primitive form compared to a
more efficient and well-integrated neonatal network. Ultimately,
the brain connectome experienced rapid development and reor-
ganization throughout the prenatal period toward the healthy
newborn brain. As many neurological disorders manifesting
later in life may originate in the prenatal neurodevelopmental
period, our findings are thereby importantly pertinent to the
urgent clinical and scientific demand in characterizing fetal
brain development.

Supplementary Material
Supplementary material can be found at Cerebral Cortex online.
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