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Abstract

Cortical surface templates are an important standardized coordinate frame for corti-

cal structure and function analysis in magnetic resonance (MR) imaging studies. The

widely used adult cortical surface templates (e.g., fsaverage, Conte69, and the HCP-

MMP atlas) are based on the Caucasian population. Neuroanatomical differences

related to environmental and genetic factors between Chinese and Caucasian

populations make these templates unideal for analysis of the cortex in the Chinese

population. We used a multimodal surface matching algorithm in an iterative proce-

dure to create Chinese (sCN200) and Caucasian (sUS200) cortical surface atlases

based on 200 demographically matched high-quality T1- and T2-weighted (T1w and

T2w, respectively) MR images from the Chinese Human Connectome Project (CHCP)

and the Human Connectome Project (HCP), respectively. Templates for anatomical

cortical surfaces (white matter, pial, midthickness) and cortical feature maps of sulcal

depth, curvature, thickness, T1w/T2w myelin, and cortical labels were generated.

Using independent subsets from the CHCP and the HCP, we quantified the accuracy

of cortical registration when using population-matched and mismatched atlases. The

performance of the cortical registration and accuracy of curvature alignment when

using population-matched atlases was significantly improved, thereby demonstrating

the importance of using the sCN200 cortical surface atlas for Chinese adult popula-

tion studies. Finally, we analyzed female and male cortical differences within the Chi-

nese and Caucasian populations. We identified significant between-sex differences in

cortical curvature, sulcal depth, thickness, and T1w/T2w myelin maps in the frontal,

temporal, parietal, occipital, and insular lobes as well as the cingulate cortices.
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1 | INTRODUCTION

Advances in magnetic resonance imaging (MRI) technologies have sig-

nificantly improved our understanding of the structure and function

of the human brain in vivo. In a typical group-level MRI analysis,

spatial normalization is usually an indispensable preprocessing step

used to reduce intersubject anatomical variability (Fischl, Sereno,

Tootell, & Dale, 1999; Friston et al., 1995; Van Essen, 2005). Thus, a

brain template, or an atlas, is required as a reference to provide a stan-

dard anatomical stereotactic coordinate space.
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There are currently two major types of standard brain templates:

Volumetric and surface templates. Volumetric templates of different

populations, namely, Chinese and Caucasian, were constructed, and

the differences between them were well studied (Evans, Janke, Col-

lins, & Baillet, 2012; Lancaster et al., 2007; Luo et al., 2014; Richards,

Sanchez, Phillips-Meek, & Xie, 2016; Shi et al., 2017; Tang et al.,

2010; Zhao et al., 2019). Furthermore, previous studies have shown

that adopting a population-matched volumetric brain template can

reduce the variability of spatial deformation during image registration

and help retain more characteristics of an individual brain (Xie,

Richards, Lei, Lee, & Gong, 2015; Yang et al., 2020; Yoon, Fonov,

Perusse, Evans, & the Brain Development Cooperative, 2009). Indeed,

several previous studies on the cross-cultural analysis of brain map-

ping have illustrated significant differences in brain functions across

populations (Ge et al., 2015; Jacob et al., 2019; Zhang et al., 2017).

However, these studies analyzed Asian participants based on the Cau-

casian brain template, inducing registration bias. Thus, to reduce this

bias, population-matched volumetric templates have been proposed

and constructed (Tang et al., 2010; Yang et al., 2020; Zhao

et al., 2019).

Compared with traditional volumetric analysis, surface-based

analysis using features of cortical areas improves the registration of

areas and helps in obtaining complex functional activation patterns as

reported in numerous fMRI studies that have included a wide variety

of behavioral tasks and analysis paradigms (Coalson, Van Essen, &

Glasser, 2018; Glasser et al., 2016). Ghosh et al. (2010) found that

surface-based registration provided significantly better alignment of

cortical landmarks than volume-based registration. Furthermore, in a

cortical morphometric analysis of population brain geometry, Fan

et al. (2015) reported that the geometry of the brain cortical surface

contains rich information about ancestry and further characterizes

variable regional patterns in the cortical folding and gyrification of the

human brain associated with different ancestral lineages. This finding

indicates that genetic and environmental factors induce different sur-

face geometry features in different populations. However, existing

adult cortical surface atlases are mostly based on the Caucasian popu-

lation (Lyttelton, Boucher, Robbins, & Evans, 2007; Van Essen, 2005).

Chinese adult cortical surface templates are not available, and the

effect of different populations on cortical surface templates remains

unclear. Here, we hypothesize and show that population-matched

cortical surface templates more reliably represent the individual brain,

that is, the Chinese cortical surface template more accurately repre-

sents the brains of the Chinese population.

Differences in morphology are present not only within

populations but also between males and females (Ritchie et al., 2018).

However, most studies that have investigated differences between

male and female brains used Caucasian datasets (Lotze et al., 2019;

Ritchie et al., 2018; Szalkai, Varga, & Grolmusz, 2019; Xin, Zhang,

Tang, & Yang, 2019). Lv et al. (2010) analyzed differences between

males and females in the Chinese population, but they focused only

on cortical thickness. To the best of our knowledge, there has been

no thorough analysis of male versus female differences of other corti-

cal features within the Chinese population.

This study contributes to two main findings. First, we are the first

to construct a population-specific cortical surface atlas for the Chi-

nese population and evaluate the effect of population differences in

cortical surface registration. Second, we performed a thorough analy-

sis of male and female differences in cortical features for the Chinese

and Caucasian populations.

In the first part of this study, we constructed a Chinese cortical

surface atlas (sCN200) and a Caucasian cortical surface atlas (sUS200)

based on 200 MR images from the Chinese Human Connectome Pro-

ject (CHCP) and 200 MR images from the Human Connectome Pro-

ject (HCP), respectively. These two datasets were age-, sex- and

sample size-matched. We built the atlases using an unbiased cortical

surface template construction algorithm. The algorithm is based on a

multimodal surface matching (MSM) algorithm (Robinson et al., 2014;

Robinson et al., 2018) that employs an iterative procedure for atlas

refinement (Bozek et al., 2018). The sCN200 and sUS200 atlases

include averaged anatomical cortical surfaces (white matter, pial, and

mid thickness surface) and surface features (sulcal depth, curvature,

T1w/T2w myelin, thickness, and cortical labels). The sex-specific tem-

plates were also constructed using the CHCP and HCP datasets,

resulting in Chinese female (sCN100 (F)) and male (sCN100 (M)) tem-

plates and Caucasian female (sUS100 (F)) and male (sUS100 (M)) tem-

plates. The atlases were analyzed in terms of registration accuracy

when using population-matched or population-mismatched templates.

This analysis was performed according to the strength of areal distor-

tion indexes and curvature map alignment when using the sCN200

and sUS200 cortical surface atlases.

In the second part of our study, we analyzed and compared mor-

phological differences in terms of the spread across subjects between

females and males for the CHCP dataset, that is, the Chinese popula-

tion, and for the HCP dataset, that is, the Caucasian population.

2 | MATERIALS AND METHODS

2.1 | Participants and image acquisition

Both the CHCP and HCP datasets were used in this study. The

CHCP dataset included 250 (121 females, aged 19–37 years, mean

± SD: 21.5 ± 2.4 years) native Chinese healthy participants; all were

right-handed, and none of the participants reported a history of psy-

chiatric or neurological disorders. All participants provided written

informed consent, and the study was approved by the Institutional

Review Board of Peking University. The dataset was collected

through the Chinese Human Connectome Project, which aims to

build a public research database with a focus on studies of connec-

tions within the Chinese brain. MRI data were acquired using a 3 T

Siemens Prisma scanner. T1w images were acquired using a 3D

MPRAGE sequence with 0.8 mm isotropic resolution (TR = 2.4 s,

TI = 1 s, TE = 2.22 ms, flip angle = 8�, 224 axial slices,

FOV = 256 × 256 mm, and data matrix = 320 × 320). T2w images

were acquired using the Siemens SPACE sequence (Mugler et al.,

2000) with 0.8 mm isotropic resolution with the same matrix, FOV,
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and number of slices as used for the T1w images, TR = 3.2 s, and

TE = 563 ms.

The HCP dataset used in this study consisted of 250 Caucasian

participants (125 females, aged 22–35 years, mean ± SD: 22.8

± 3.2 years) from the HCP S1200, which is publicly available from

the Human Connectome Project (Van Essen et al., 2013). The local

institutional review board at Washington University approved the

protocol, and all participants provided written informed consent.

MR images from each participant were acquired using a Siemens 3 T

Connectome Skyra scanner. T1w images were acquired with a 3D

MPRAGE sequence with 0.7 mm isotropic resolution (TR = 2.4 s,

TI = 1 s, TE = 2.14 ms, flip angle = 8�, FOV = 224 × 224 mm, data

matrix = 320 × 320, slices = 256). T2w images were acquired using

the Siemens SPACE sequence with 0.7 mm isotropic resolution with

the same number of slices, matrix, and FOV as used for the T1w

images, TR = 3.2 ms and TE = 565 ms. The HCP is a multiethnic

study with a large number of 800 participants. However, it is impor-

tant to note that we controlled for ethnicity and selected only the

Caucasian population.

In the present study, we used two subsets from each dataset: A

subset with 200 cases for constructing an atlas and analyzing differ-

ences between males and females and a subset with 50 cases for test-

ing the registration accuracy. The subsets were matched in terms of

age and sex. Specifically, for constructing the Chinese adult cortical

surface atlas, we used 200 subjects from the CHCP dataset. Then, we

selected 200 Caucasian subjects that could be considered representa-

tive of the Caucasian population from the HCP dataset for the con-

struction of the Caucasian adult cortical surface atlas. Finally, we used

the remaining 50 subjects (25 males and 25 females), which were not

included in the cortical surface atlas construction, from both the

CHCP and HCP datasets as independent test sets for further investi-

gating the influence of different population atlases.

2.2 | Data preprocessing

For both the CHCP and HCP datasets, the “minimal preprocessing

pipelines” (Glasser et al., 2013) were used to preprocess all MR

images. This pipeline generates spherical, midthickness, white matter,

pial, inflated, and very inflated surfaces, as well as feature maps

describing sulcal depth, cortical thickness, mean curvature, cortical

T1w/T2w myelin, and cortical labels. Specifically, preprocessing was

performed using the following steps: (a) The intensity inhomogeneity

in each scan was corrected using bias field correction (Glasser & Van

Essen, 2011; Rilling, Glasser, Jbabdi, Andersson, & Preuss, 2011).

(b) Brain extraction was performed based on an initial linear (FLIRT)

and nonlinear (FNIRT) registration deformation field, which were

warped from the individual space to the ICBM152 template. This

deformation field is then inverted and used for bringing the template

brain mask back into the native space, thereby resulting in an individ-

ual brain mask, which was used to remove the skull. (c) The FreeSurfer

version 5.3 recon-all command was used to reconstruct the cortical

surface. It is important to note that the pipeline introduces several in-

between steps and stops the recon-all algorithm to correct the white

and gray matter surfaces using both high-resolution T1w and T2w

images. (d) All cortical surfaces were prealigned through the estima-

tion of a rigid transformation between the T1w native space and the

Montreal Neurological Institute (MNI) space to ensure that the corti-

cal surfaces of all subjects had the same orientation. (e) For each sub-

ject's surface, a rotation between the MNI space and the adult

Conte69 template was estimated and applied (Glasser & Van Essen,

2011; Van Essen, Glasser, Dierker, Harwell, & Coalson, 2012). This

step is similar to the approach in Van Essen et al. (2012), where a rota-

tion was estimated from the “fsaverage” space to the Conte69 space

for initial alignment.

2.3 | Template construction

Templates were constructed using an unbiased surface template

construction framework proposed by Bozek et al. (2018) based on

the MSM registration algorithm (Robinson et al., 2014; Robinson

et al., 2018; available from https://github.com/ecr05/MSM_HOCR)

and through multiple iterations. Briefly, as Figure 1a shows, the

preprocessed surfaces of each individual subject were initialized

through affine spherical alignment to the Conte69 template (Van

Essen et al., 2012). This matching was performed based on sulcal

depth maps, which reflect coarse-scale anatomical folding patterns.

Sulcal depth reflects the integrated distance each vertex moves dur-

ing the inflation process and is particularly useful for measuring cor-

tical shape because it provides information on the continuous

changes in coarse shape attributes (Fischl, Sereno, & Dale, 1999;

Van Essen, 2004).

A finer pattern of cortical folding is represented by curvature fea-

tures, which were used to drive the registration and to obtain a

refined template. Using the correspondence learned from sulcal depth

alignment, individual subject's curvature features were resampled

onto the Conte69 template sphere mesh based on a barycentric inter-

polation algorithm. These individual resampled curvature features

were averaged across all subjects to generate the initial curvature

template. Then, the template was refined via direct nonrigid MSM

alignment of all subject spheres to the averaged template over several

iterations (Figure 1b). At each iteration, averaged curvature features

obtained from previous iterations were used as the target features for

registering individual spherical meshes to the template spherical mesh.

The iterations were stopped when the variation of the curvature fea-

ture template converged.

Then, the corresponding transformation, which was learned dur-

ing spherical alignment of the curvature mapping in the final iteration,

was used to warp individual subject surfaces and average them across

all subjects to generate white matter, pial, and midthickness cortical

templates. Similarly, individual feature maps (sulcal depth, T1w/T2w

myelin maps, and thickness) were also resampled using a barycentric

interpolation algorithm to the template spherical mesh based on the

correspondences learned from curvature alignment in the final itera-

tion. These resampled feature maps were averaged across all subjects
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to generate their population average templates. Finally, the bias

induced by the Conte69 reference was eliminated by removing mean

scaling from the final template. For more detailed information, please

refer to Bozek et al. (2018).

We generated a set of Chinese and Caucasian atlases based on

the CHCP dataset and HCP dataset, respectively: (a) anatomical corti-

cal surface atlases for the white mater, pial, and midthickness sur-

faces; (b) feature templates for the mean curvature, sulcal depth

maps, cortical thickness and T1w/T2w myelin maps; and (c) sex-

specific cortical surface and feature templates.

2.4 | Construction of cortical labels for Chinese
and Caucasian templates

Cortical labels for sCN200 and sUS200 templates were also con-

structed. Briefly, for each individual subject from the CHCP and HCP

datasets, 35 (DK atlas) and 75 (Destrieux atlas; Destrieux, Fischl,

Dale, & Halgren, 2010) structures in each hemisphere were automati-

cally segmented using FreeSurfer. Then, individual label feature maps

were resampled onto the template mesh using the corresponding

transformation learned through the curvature-defined mapping. We

calculated probabilistic maps representing the overlap of these labels

across the subjects by averaging all resampled label feature maps.

Then, a maximum probability map across all subjects was created by

assigning each vertex to the most likely labels at this position. Finally,

we generated the population averaged cortical label templates,

namely, the sCN200 DK, sCN200 Destrieux, sUS200 DK, and sUS200

Destrieux atlases.

2.5 | Cortical surface registration to the Chinese
and Caucasian templates

We used the CHCP and HCP test sets to investigate the image regis-

tration performance by employing population-matched brain tem-

plates (i.e., registration of subjects from the CHCP test set to the

sCN200 surface template, and registration of subjects from the HCP

test set to the sUS200 surface template) and population-mismatched

brain templates (i.e., registration of subjects from the CHCP test set

to the sUS200 surface template, and registration of subjects from the

HCP test set to the sCN200 surface template).

First, to rule out the effect of global scaling, initialization of the

CHCP and HCP test sets was performed through affine registration to

the sCN200 and sUS200 brain templates (Zilles, Kawashima,

Dabringhaus, Fukuda, & Schormann, 2001). Following this, nonrigid

MSM registration of the subjects to templates was driven using mean

curvature features. Then, to evaluate the influence of the population-

matched and population-mismatched surface template registration, an

areal distortion map was computed for each subject. Areal distortion

F IGURE 1 Flowchart of the
unbiased surface template
construction framework. After data
preprocessing, the resulting data were
used as inputs into this framework to
construct a template. (a) For each
individual subject, rotated sulcal depth
maps were affinely aligned to the
Conte 69 template to generate

registered individual sulcal depth
maps. Then, individual native
curvature maps were resampled using
the deformation map generated during
sulcal depth map alignment, which
resulted in individual resampled
curvature maps. (b) Individual
resampled curvature features were
averaged across all subjects to
generate the initial curvature template
(Iteration 0). This was used as a
reference feature for registering
individual spherical meshes to the
template spherical mesh via direct
nonrigid MSM spherical alignment in
the next iteration. The iterations were
stopped when the variation of
curvature feature templates
converged. The final iteration result
was the cortical curvature template
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is defined as log2(Area1/Area2), where Area1 and Area2 are the areas

of the registered spherical surface tile and the original spherical sur-

face tile (Bozek et al., 2018). An absolute areal distortion value of zero

would be obtained when the source is the same as the target (e.g., a

surface registered to itself). The absolute areal distortion is an index

that reflects the strength of the distortion during the alignment

between the individual subject surface and the template, and it esti-

mates the biological plausibility of deformations. Although the exact

values of allowed distortions remain an open question, it is considered

that distortion less than fourfold expansion of compression is within a

biologically plausible range (Van Essen, 2005). For each individual, we

expect that the usage of the population-matched templates will

reduce areal distortion during image registration. A paired t-test was

performed to detect the statistical significance of the global absolute

areal distortion values when using population-matched and

population-mismatched templates.

Furthermore, we examined the regional distributions of absolute

areal distortion maps. Specifically, based on the seven resting-state

networks atlas from Yeo et al. (2011), we performed a comparison of

absolute areal distortion maps in each network between registrations

to population-matched and population-mismatched templates. The

seven resting-state networks atlas is a cortical label feature map on

the fsaverage surface mesh. We used a nonrigid MSM algorithm to

register the fsaverage template to the sCN200 and sUS200 templates.

After obtaining the correspondences between the fsaverage template

and the sCN200 and sUS200 templates, the seven resting-state net-

works atlas was resampled using a barycentric interpolation algorithm

onto sCN200 and sUS200 templates. Then, each template's spherical

mesh was nonrigidly aligned to each individual subject's spherical

mesh using the MSM algorithm driven by curvature features. This

learned correspondence between the template and the subject was

applied to the seven-network atlas, which was resampled on the indi-

vidual subject's surface using barycentric interpolation, to obtain an

adjusted individual brain network. For each adjusted brain network,

we calculated the mean absolute areal distortion value in each individ-

ual and performed a paired t-test between the CHCP and HCP test

sets. Multiple comparisons were taken into account for the brain

regions using false discovery rate (FDR) correction at a 0.05 level of

significance (Genovese, Lazar, & Nichols, 2002).

2.6 | Evaluation of the template effects (sCN200
vs. sUS200) on the accuracy of curvature map
alignment

We further evaluated the effect of using different population tem-

plates, that is, using population matched versus population mis-

matched templates, through the accuracy of curvature map alignment.

Curvature maps represent the amount of cortical folding with positive

values at gyral crowns and negative values at sulcal fundi (Pantazis

et al., 2010). Using nonrigid MSM registration, driven using mean cur-

vature features, we registered individuals from the CHCP and HCP

test sets to the population matched and mismatched surface

templates. Then, the accuracy of the curvature map alignment was

calculated as the overlap of the individual registered curvature maps

with the curvature map of the corresponding template (generated in

section 2.3). Specifically, we thresholded the registered individual cur-

vature maps and template curvature maps by assigning a value of one

to curvature values less than zero and assigning a value of zero to cur-

vature values greater than zero, thereby creating binarized sulci maps

for calculating alignment accuracy. In this evaluation, we expected

that the usage of the population-matched templates would result in

better alignment of the curvature because they primarily represent

the folding patterns of the test set population, although the test sets

were not used for building the templates. We used the Dice coeffi-

cient (Dice, 1945) to reflect the strength of overlap to quantify the

accuracy of alignment between template curvature maps and individ-

ual registered curvature maps based on the binarized sulci maps. A

Dice coefficient near 1 indicates more accurate registration. A paired

t-test was performed on the Dice coefficients to investigate whether

using the population-matched atlas could significantly improve the

accuracy of the cortical curvature map alignment compared with the

population-mismatched atlas.

To investigate the template effect on the curvature map align-

ment accuracy for specific brain cortical regions, we examined the

regional distributions of the t statistic for the Dice coefficient and

compared population-matched and mismatched template effects on

the curvature map alignment accuracy for the CHCP and HCP test

sets. Specifically, based on the sCN200 DK and sUS200 DK atlases

(constructed in section 2.4), we performed a comparison of Dice coef-

ficient maps in each brain region between registrations to population-

matched and population-mismatched templates. For each brain, we

calculated the mean Dice coefficient value in each individual and per-

formed a paired t-test for the CHCP and HCP test sets. Multiple com-

parisons were taken into account for the brain regions using FDR

correction at a 0.05 significance level (Genovese et al., 2002).

2.7 | Evaluation of regional anatomical male and
female differences within Chinese and Caucasian
cohorts

We performed anatomical comparisons between male and female

subjects from Chinese and Caucasian cohorts (100 Chinese females

and 100 Chinese males, and 100 Caucasian females and 100 Cauca-

sian males used for creating the atlases) in terms of the spread of the

average feature values across subjects within each cortical region for

DK atlases (Desikan et al., 2006). In each subject, the mean value of

the features within each cortical region was averaged from individual

feature maps obtained from HCP “minimal preprocessing pipelines”

for both the Chinese and Caucasian cohorts. The features included

mean curvature, sulcal depth, thickness and T1w/T2w myelin maps.

Since the mean curvature and sulcal depth maps contain both positive

and negative values, we averaged the absolute values. The age and

brain size were regressed out using ordinary least-squares regression

(i.e., a general linear model, GLM). The brain size was calculated using
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the intracranial volume, which added the total volume of GM, WM

and CSF from the segmented images (Im et al., 2008). Next, a statisti-

cal comparison between the females and males for the CHCP and

HCP cohorts was conducted for each region in the feature map using

a two-sample t-test with the FDR correction at a 0.05 significance

level (Genovese et al., 2002).

3 | RESULTS

3.1 | Convergence of the template construction
algorithm in the Chinese and Caucasian adult atlases

Figure 2a shows curvature templates from several iteration steps and

their vertexwise absolute difference in adjacent iterations for the

sCN200 atlas construction. Figure 2b shows that around the 15-th

iteration, the global curvature difference converged and reached a

plateau. Similar characteristics of convergence processes were found

for both the CHCP and HCP cohorts.

3.2 | Cortical surface atlases for Chinese and
Caucasian adults

We generated anatomical cortical surface atlases for the white matter,

pial and midthickness surfaces for sCN200 and sUS200 (shown in

Figure 3 with Cartesian axes overlaid in a 1 cm grid). Visual inspection

indicated that the sCN200 cortical surface templates were shorter in

length and slightly greater in height than the sUS200 cortical surface

templates. Furthermore, minor differences in the morphological

F IGURE 2 (a) Initial (K = 0) curvature template for the sCN200 template and curvature templates after different numbers of iterations (K = 1,
5, 10, and 15; top row), and a map of the absolute vertexwise difference in curvature templates between subsequent iterations K and K + 1
(bottom row), where Diff is the mean of the absolute vertexwise difference across the map (left hemisphere, projected on the very inflated
sCN200 template). (b) Plot of Diff for the sCN200 and sUS200 templates for each hemisphere against K versus K + 1
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structures of the brain sulci and gyri are noticeable between these

two cortical surface atlases. Additionally, Figures 4 and 5 show sex-

specific cortical surface atlases for the Chinese and Caucasian

populations, including sCN100 (F), sCN100 (M), sUS100 (F), and

sUS100 (M). Final feature templates for the sulcal depth maps, curva-

ture, T1w/T2w myelin maps and cortical thickness for sCN200 and

sUS200 are shown in Figure 6. Chinese and Caucasian sex-specific

feature templates are shown in Figures 7 and 8. Finally, Figure 9

shows the constructed label atlases, including the sCN200 DK,

sCN200 Destrieux, sUS200 DK, and sUS200 Destrieux atlases.

3.3 | Population-matched templates produce
lower absolute areal distortion

Figure 10a shows the average absolute areal distortion mapped onto

the very inflated surfaces, including the averaged absolute areal dis-

tortion maps obtained through the registration of subjects from the

CHCP test set to the sCN200 template, from the CHCP test set to

the sUS200 template, from the HCP test set to the sUS200 template,

and from the HCP test set to the sCN200 template. Figure 10b shows

violin plots of the global mean absolute areal distortion. The nonrigid

MSM registration using the population-matched brain template

induced smaller absolute areal distortion, that is, the population-

matched template induces lower biological deformations of the

cortical folding of the individuals registered to it and may suggest a

more accurate registration. As demonstrated by paired t-tests, for

both the CHCP and HCP test sets, significant differences were

observed between the population-matched and population-

mismatched brain templates (all p values <.001).

Furthermore, Figure 11 shows the regional distribution of the

absolute areal distortion maps resulting from the registration of

the CHCP and HCP test sets to the sCN200 and sUS200 templates.

The absolute areal distortion values were averaged across regions

defined by seven resting-state networks. Figure 11a,b show the spa-

tially distributed regional t-map and bar plots of the CHCP test set,

demonstrating that regions that exhibit the highest level of absolute

areal distortion include the somatomotor, limbic and default networks

(FDR corrected p < .05, t > 2.2, and t < −2.2). Similarly, Figure 11c,d

show the regional t-map and bar plots of the HCP test set, illustrating

that the regions with the highest level of absolute areal distortion

include the somatomotor, frontoparietal and default networks (FDR

corrected p < .05, t > 2.2, and t < −2.2).

3.4 | Population-matched templates improve
curvature maps alignment accuracy

Figure 12a shows the accuracy of the curvature map alignment

between the proposed sCN200 and sUS200 feature templates

F IGURE 3 Chinese (sCN200) and
Caucasian (sUS200) anatomical
cortical surface atlases, including white
matter, pial and midthickness surface
atlases (left and right hemispheres,
lateral and medial views). The axes
(1 cm grid) in the sCN200 and sUS200
templates are centered on the origin
(anterior commissure)

YANG ET AL. 2501



F IGURE 4 Chinese female
(sCN100 (F)) and male (sCN100 (M))
anatomical cortical surface atlases,
including white matter, pial and
midthickness surface atlases (left and
right hemispheres, lateral and medial
views). The axes (1 cm grid) in the
sCN100 (F) and sCN100 (M) templates
are centered on the origin (anterior

commissure)

F IGURE 5 Caucasian female
(sUS100 (F)) and male (sCN100 (M))
anatomical cortical surface atlases,
including white matter, pial and
midthickness surface atlases (left and
right hemispheres, lateral and medial
views). The axes (1 cm grid) in the
sUS100 (F) and sUS100 (M) templates
are centered on the origin (anterior
commissure)
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evaluated using two independent test sets. For both the CHCP and

HCP test sets, the regional distributions of the t statistic for the Dice

coefficient show that using the population-matched template

improved the curvature alignment in most brain regions (73% DK

regions for the CHCP test set, 71% DK regions for the HCP test set,

FDR corrected p < .05, t > 3, and t < −3). Figure 12b shows bar plots

that demonstrate a significantly higher Dice coefficient for use of the

population-matched atlases than for use of the population-

mismatched atlases for the curvature alignment of both the CHCP

and HCP test sets (t test, p < .001).

3.5 | Regional anatomical differences between
females and males in the Chinese and Caucasian
cohorts

We performed a regional anatomical comparison between the female

and male subjects and computed, within each cortical region, the

average values of curvature maps, sulcal depth maps, cortical thick-

ness and T1w/T2w myelin maps for Chinese and Caucasian cohorts

that were used for building sCN200 and sUS200 atlases, respectively.

All t values were corrected using the FDR procedure at the spe-

cific p < .05.

3.5.1 | Female versus male differences in the
Chinese cohort

The mean curvature between the females and males in the Chinese

cohort showed almost no differences, as shown in Figure 13 (top left,

FDR corrected p < .05, t > 3.7, and t < −3.7). The only observed dif-

ference was larger left rostral anterior cingulate in females than in

males.

The sulcal depth differences between the females and males are

shown in Figure 13 (top right, FDR corrected p < .05, t > 2.7, and t <

−2.7). Females showed larger sulcal depth in the bilateral superior

F IGURE 6 Chinese (sCN200) and
Caucasian (sUS200) cortical surface
feature atlases, including sulcal depth,
curvature, thickness and T1w/T2w
myelin maps (left and right
hemispheres, lateral and medial views;
data projected on a very inflated
surface)
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temporal sulcus, the right insula and the right precuneus cortex. Males

showed a larger sulcal depth in the bilateral inferior temporal gyri, the

right inferior parietal gyrus, and the right medial orbito-frontal gyrus.

The significant regional differences in cortical thickness between

females and males are shown in Figure 13 (bottom left, FDR corrected

p < .05, t > 2.8, and t < −2.8). The most significant cortical thickening

in males appeared extensively in the bilateral frontal, left temporal

and right parietal lobes. Females did not exhibit thicker cortical

regions than males across the whole brain.

The regional differences in the T1w/T2w myelin maps are shown

in Figure 13 (bottom right, FDR corrected p < .05, t > 2.6, and t <

−2.6). We observed a significantly larger myelin map in females in the

left insula, the left superior temporal sulcus, the left precentral gyrus

and the right superior parietal. Males showed a larger T1w/T2w mye-

lin map in the bilateral postcentral gyri, the right inferior temporal, and

the left pars opercularis.

3.5.2 | Female versus male differences in the
Caucasian cohort

In the Caucasian cohort, there were no significant differences

between females and males in the mean curvature maps, as shown in

Figure 14 (top left, FDR corrected p < .05, t > 3.3, and t < −3.3).

The significant differences in sulcal depth between females and

males are shown in Figure 14 (top right, FDR corrected p < 0.05,

t > 2.7, and t < −2.7). Females have significantly larger sulcal depth in

the left parietal lobe, the left superior temporal gyri, the left rostral

middle frontal gyri, and the right superior frontal gyri. Males showed

larger sulcal depth in the right inferior temporal gyri, the right

precuneus and the right pars triangularis.

The cortical thickness difference between females and males is

shown in Figure 14 (bottom left, FDR corrected p < .05, t > 3.2, and

t < −3.2). Females showed thicker cortex at the right caudal anterior

F IGURE 7 Chinese female
(sCN100 (F)) and male (sCN100 (M))
cortical surface feature atlases,
including sulcal depth, curvature,
thickness, and T1w/T2w myelin maps
(left and right hemispheres, lateral and
medial views; data projected on a very
inflated surface)
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F IGURE 8 Caucasian female
(sUS100 (F)) and male (sUS100 (M))
cortical surface feature atlases,
including sulcal depth, curvature,
thickness, and T1w/T2w myelin maps
(left and right hemispheres, lateral and
medial views; data projected on a very
inflated surface)

F IGURE 9 The labeled atlases
include the sCN200 DK, sCN200
Destrieux, sUS200 DK, and sUS200
Destrieux atlases
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F IGURE 10 Absolute areal
distortion maps were obtained
following registration of the test sets
from the CHCP and HCP datasets to
the sCN200 and sUS200 cortical
surface templates. (a) The averaged
absolute areal distortion maps for the
CHCP (top) and HCP (bottom) test sets
after registering to the sCN200 and

sUS200 templates (projected on very
inflated surfaces). (b) Violin plots of the
global mean absolute areal
distortion. (*p < .001)

F IGURE 11 Absolute areal distortion maps of the CHCP and HCP test sets were compared when registering to population-matched and
population-mismatched brain templates using two-sample t-tests in seven resting-state networks. (a) The t-map of regional areal distortion
differences for the CHCP test set and (b) bar plots of the group average areal distortion in each resting-state network in the CHCP test set.
(c) The t-map of regional areal distortion differences for the HCP test set and (d) bar plots of the group average areal distortion in each resting-
state network in the HCP test set. (*p < .001)
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cingulate. Males showed thicker cortex at the right insula, the right

isthmus cingulate cortex, and the left lateral orbitofrontal gyri.

Finally, the significant differences in the T1w/T2w myelin map

between females and males are shown in Figure 14 (bottom right,

FDR corrected p < .05, t > 2.6, and t < −2.6). Females showed a

greater amount of myelin in the bilateral insula, the right postcentral

gyrus, the right rostral middle frontal gyrus, the right lateral occipital

gyrus, and the left pars-opercularis. Males showed a greater amount

of myelin in the right superior temporal gyrus, the left lingual gyrus,

and the left medial orbitofrontal gyrus.

F IGURE 12 Accuracy of the
curvature map alignment for two
independent samples (CHCP and HCP
test sets) after their registration to the
sCN200 and sUS200 feature
templates. (a) Regional distributions of
the t statistic for the Dice coefficient,
which measures the effect of
population-matched and population-

mismatched templates based on the
curvature map overlap accuracy for
the CHCP and HCP test sets. (b) Bar
plots for the Dice coefficient of the
curvature map overlap accuracy
averaged over the whole brain when
using population-matched atlases and
population-mismatched
atlases. (*p < .001)

F IGURE 13 t-maps of the cortical
regions of interest based on the DK
atlas in each hemisphere for the
Chinese cohort. The mean values of
the features (curvature, sulcal depth,
thickness and T1w/T2w myelin map)
were calculated within each cortical
region for each subject. A paired t-test
was performed in each region to
detect the differences between
females and males with FDR
correction at a 0.05 significance level
(greater t values and warmer colors
indicate larger feature values for
females than males; smaller t values
and cooler colors indicate smaller
feature values for females than males)
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4 | DISCUSSION

In the present study, we constructed a Chinese cortical surface atlas

(sCN200) and a Caucasian cortical surface atlas (sUS200) using large

samples of 200 MR images from the CHCP dataset and 200 MR

images from the HCP dataset, respectively. The sCN200 and sUS200

atlases included anatomical cortical atlases of the white matter, pial

and midthickness surface, surface feature atlases of sulcal depth, cur-

vature, T1w/T2w myelin and thickness, and cortical labels. We also

constructed sex-specific brain templates for both Chinese and Cauca-

sian cohorts. Our results showed that using the proposed Chinese

adult sCN200 atlas for registering Chinese subjects from the CHCP

test set significantly improved the performance of the brain cortical

registration and the accuracy of the curvature alignment compared

with the usage of a population mismatched Caucasian sUS200 atlas.

Finally, direct comparisons of cortical curvature, sulcal depth, cortical

thickness, and T1w/T2w myelin maps between females and males in

the Chinese (from the CHCP dataset) and Caucasian (from the HCP

dataset) populations revealed significant differences in the frontal,

temporal, parietal, occipital, and insular lobes as well as the cingulate

cortices.

When constructing a surface brain template, the criterion for

choosing the number of subjects is critical. As demonstrated by Lyttel-

ton et al. (2007), even a smaller sample size between 30 and 50 sub-

jects can generate a stable brain surface template. In this study, we

used a large number of subjects for the construction of Chinese and

Caucasian atlases (n = 200) and sex-specific atlases (n = 100), thereby

obtaining atlases that are highly representative of brain morphological

features and ensuring strong statistical power of the results.

Several different strategies have been proposed for constructing

cortical surface templates (Bozek et al., 2018; Lyttelton et al., 2007;

Van Essen, 2005). Here, we choose an unbiased iterative procedure

based on the MSM cortical surface registration algorithm for the con-

struction of the sCN200 and sUS200 cortical surface atlases. The

MSM algorithm is a spherical registration approach that provides flexi-

ble and accurate registration of surfaces and improves map sharpness

of a variety of different features (Robinson et al., 2018); this algorithm

has been widely used in cortical surface registration and is driven by

an extensive variety of features, such as cortical sulcal depth, cortical

myelination, cortical thickness, and resting-state network maps

(Coalson et al., 2018; Glasser et al., 2016; Harrison et al., 2015; Robin-

son et al., 2014). The MSM algorithm has the advantage of improving

alignment and generating smooth distortions, especially in areas that

have significant feature variance attributable to population variability

(Robinson et al., 2018). Thus, we chose this approach and combined it

with our high-quality MRI data to create Chinese and Caucasian brain

cortical surface atlases.

The current study has four main strengths compared with previ-

ous studies. First, we used large sample sizes for both the Chinese

and Caucasian cohorts, which were based on the CHCP and HCP

datasets, to improve the statistical power of group comparisons. Sec-

ond, extending previous studies of the group-level comparison of cor-

tical morphological features between populations, we investigated the

effect of population-matched and mismatched templates on surface

F IGURE 14 t-maps of the cortical
regions of interest based on the DK
atlas in each hemisphere for the
Caucasian cohort. The mean values of
the features (curvature, sulcal depth,
thickness, and T1w/T2w myelin map)
were calculated within each cortical
region for each subject. A paired t-test
was performed in each region to

detect the differences between
females and males with FDR
correction at a 0.05 significance level
(greater t values and warmer colors
indicate larger feature values for
females than males; smaller t values
and cooler colors indicate smaller
feature values for females than males)
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registration by assessing cortical curvature alignment accuracies.

Third, we constructed sex-specific brain atlases for the Chinese and

Caucasian populations. Fourth, we performed an analysis of differ-

ences in cortical features between females and males for the Chinese

cohort as well as for the Caucasian cohort.

Areal distortion maps and Dice coefficients of curvature align-

ment can be used for assessing the performance of registration

methods and the cortical registration accuracy (Bozek et al., 2018;

Pantazis et al., 2010). Here, we used these measures to assess the

cortical registration and accuracy of cortical alignment when using the

sCN200 and sUS200 templates, either as population-matched or

population-mismatched templates. Our analysis showed that

population-matched templates produced lower absolute areal distor-

tions and improved cortical alignment accuracy. These findings further

demonstrate the importance of constructing a Chinese adult cortical

surface atlas.

Previous studies have reported significant cortical surface mor-

phology differences (e.g., gray matter cortical volume, cortical surface

area, and cortical thickness) between Chinese and Caucasian brains

(Chee, Zheng, Goh, Park, & Sutton, 2011; Kochunov et al., 2003; Tang

et al., 2018). Visual assessment of our results showed that the

sCN200 cortical surface templates are shorter in length and slightly

greater in height than the sUS200 cortical surface templates, which is

consistent with previous studies that reported differences between

Chinese and Caucasian volumetric measures (Tang et al., 2010; Yang

et al., 2020). Furthermore, the default network exhibited the greatest

differences in the absolute areal distortion in both test sets when the

CHCP and HCP test sets were respectively registered to the

population-matched and population-mismatched brain templates. Pre-

vious volumetric brain template studies have shown that the anatomi-

cal differences between the Chinese and Caucasian volumetric

templates are largely located in parts of Wernicke's and Broca's areas.

Moreover, Yang et al. (2019) found that the default network was cen-

tral and most pervasively related to discourse comprehension and that

the language network overlapped with the default network. Thus, the

absolute areal distortion results in the present study, which showed

that the greatest differences were in the default network, are some-

how matched with those in previous studies and indicated that the

Chinese and Caucasian template differences in the language network

may also exist in brain cortical surface morphology.

Prior volumetric template studies note the template variability

across populations (Yang et al., 2020; Zhao et al., 2019). In our previ-

ous volumetric templates study (Yang et al., 2020), the volumes from

all subjects that were used to construct the Chinese template were

rigidly aligned to the ICBM152 space. Using only rigid alignment for

the initialization retained the Chinese global shape in the final tem-

plate and removed the bias toward the ICBM152 space. We further

analyzed both the linear and nonlinear registration effects by

employing population-matched and population-mismatched brain

templates. The morphological template comparisons included the

global shape differences and nonlinear registration differences, which

were performed after excluding the linear affine effect. However, in a

study by Zhao et al. (2019), each scan was linearly transformed (nine-

parameter affine transformation) to ICBM152 space, which resulted

in the global shape of the final brain template representing the shape

feature of the templates of the Caucasian population. Thus, although

they pointed out differences in brain anatomical features, they did not

perform a global shape comparison between the Chinese and Cauca-

sian templates. They calculated the anatomical differences between

the Chinese and Caucasian atlases using the mean square difference

(MSD) and normalized cross-correlation (NCC), which did not estimate

the global shape effect. Notably, Im et al. (2008) found that as the

brain size increases, the cortex thickness only slightly increases but

the sulcal convolution increases dramatically, indicating that human

cortices are not simply scaled versions of one another. Thus, the

transformation from individual Chinese subjects to Caucasian popula-

tion space might induce bias in brain morphological measurements. In

the present study, to maintain the global shape of the Chinese surface

template, we removed the bias induced by the affine registration of all

Chinese subjects to the Conte69 atlas during the initialization of tem-

plate construction using the approach proposed in Kuklisova-

Murgasova et al. (2011). Specifically, all individual affine transforma-

tions were averaged, and their inverse was applied to the template

obtained in the final iteration to obtain the final unbiased Chinese sur-

face template.

The analysis of differences between males and females showed

some interesting results. Regional anatomical comparison of curvature

maps showed almost no difference between females and males in

both the Chinese and Caucasian cohorts. Among all analyzed cortical

features, the T1w/T2w myelin maps showed the most obvious differ-

ences between females and males. This was consistent with a previ-

ous study of sex differences in cortical features based on the HCP

dataset (Luo, Hou, Wang, & Hu, 2019). The myelin content is closely

correlated with neuronal cell density, cortical expansion, and primate

evolution. Previous studies have found that the key factor that

induces myelin content differences might be the density of neurons,

which could lead to an increased density of exiting myelinated axons

or of tangential fibers relative to the more heavily myelinated deep

layers (Glasser & Van Essen, 2011). Thus, the present findings

suggested that there could be significant differences in the intensity

of neurons across the cortical surfaces of females and males. Further-

more, genetic factors have been indicated to be significantly corre-

lated with the mean variation in cortical myelination (Schmitt,

Raznahan, Liu, & Neale, 2019). Several studies have explained female

and male differences across multiple imaging phenotypes based on

the hypothesis of the “female-protective” mechanism, which involves

the effects of the X chromosome (Johnson, Carothers, & Deary, 2009;

Reinhold & Engqvist, 2013). These findings suggest that the primary

reason for the differences in myelin content between sexes in the pre-

sent study may be regulated by genes. However, since such explana-

tions are speculative at present, we recommend that further work

should aim to uncover the mechanism of the influence of genes on

the cortical myelin content differences between sexes. The sulcal

depth maps showed moderate differences between females and males

in both the Chinese and Caucasian cohorts, which is consistent with

the findings of Luo et al. (2019) using the HCP dataset. It is interesting
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to note that our analysis showed that males have a thicker cortex than

females. This finding is not consistent with some previous studies

(Im et al., 2006; Lv et al., 2010; Ritchie et al., 2018; Sowell et al.,

2007). The reason why our results differ from those of previous stud-

ies may be that we used the HCP “minimal preprocessing pipeline”. As

stated in section 2.2, the pipeline uses high-resolution T1w and T2w

images to improve the surface extraction of white matter and pial sur-

faces. These high-resolution images are used to eliminate partial vol-

ume effects, and T2w images, which have very different gray matter

intensities, are used to remove the dura and blood vessels for cor-

recting the pial surface. Finally, these corrected white and pial sur-

faces were used to calculate cortical thickness (Glasser et al., 2013).

Thus, these corrections can be used to obtain more accurate measure-

ments of cortical thickness and can cause differences in cortical thick-

ness between males and females, inconsistent with previous studies.

In the future, to validate this contradictory finding, we will investigate

the cortical thickness between the different sexes based on the post-

mortem method, which is considered the “gold standard” in cortical

morphological analysis. Overall, the regional anatomical comparisons

of the sex effect showed various distributions across the whole brain

between the Chinese and Caucasian populations in the sulcal depth

maps, cortical thickness and T1w/T2w myelin maps. These findings

suggest that there exist interactions between the sex effect and the

population effect.

Recently, the Chinese Imaging Genetics (CHIMGEN) study

established the largest Chinese neuroimaging genetics cohort, which

prospectively collected genomic, neuroimaging, environmental, and

behavioral data from more than 7,000 healthy Chinese Han partici-

pants aged 18–30 years (Xu et al., 2019). CHIMGEN can remarkably

enhance cross-ethnic and cross-geographic brain research and

uncover genetic and environmental factors and their interactions,

including neuroimaging and behavioral phenotypes. Our Chinese sur-

face templates will produce more accurate image registration in Chi-

nese cortical surface-based mapping analysis, which would promote

an explosion of precise and novel insights into the cross-ethnic and

genetic-neuroimaging research field.

Several limitations related to this study should be noted. First,

our Chinese cortical surface atlas could be used in the analysis of

Chinese structural, functional, and diffusion MR images. However,

cortical folding-based registration is not optimal when registering

functional data due to the differences in functional and anatomical

variability across subjects (Conroy, Singer, Guntupalli, Ramadge, &

Haxby, 2013; Tootell et al., 1995; Watson et al., 1993). Previous

studies have found that using functional registration based on neu-

ral activity, for example, resting-state networks, improves inter-

subject registration accuracies and increases the sensitivity of group

statistical analysis (Robinson et al., 2014; Sabuncu et al., 2010).

Thus, future work will focus on optimizing the template construc-

tion framework and constructing a brain template using functional

alignment. Second, the CHCP and HCP datasets were collected at

different sites, which could induce nonbiological variability and

exert a serious impact, especially in studies of rare disorders or sub-

tle effects in diverse populations (Dansereau et al., 2017; Han et al.,

2006; Keshavan et al., 2016; Yu et al., 2018). Furthermore, based on

a large population of subjects, even the tiniest of systematic differ-

ences between populations is likely to be statistically significant.

Thus, we did not perform a direct comparison between Chinese and

Caucasian cohorts but focused the analysis on the effect of using

population-matched and mismatched templates on cortical registra-

tion and alignment accuracy; we analyzed differences between

females and males only within each population, not between

populations.

5 | CONCLUSION

In conclusion, our proposed atlas represents the first Chinese cortical

surface atlas based on high-quality MR images of the adult Chinese

population (both sCN200 and sUS200 atlases are available at https://

www.nitrc.org/projects/scn200_sus200/). This study found significant

improvements in brain cortical registration and the accuracy of curva-

ture alignment for the use of population-matched templates, which

demonstrates the importance and necessity of having population-

matched cortical surface templates. Furthermore, we compared a

wide variety of features on the cortical surface, and the presented

results showed significant differences between females and males in

Chinese and Caucasian cohorts.
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