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Background and Hypothesis: Although large-scale neu-
roimaging studies have demonstrated similar patterns of 
structural brain abnormalities across major psychiatric 
disorders, the underlying genetic etiology behind these sim-
ilar cross-disorder patterns is not well understood. Study 
Design: We quantified the extent of shared genetic compo-
nents between cortical structures and major psychiatric dis-
orders (CS-MPD) by using genome-wide association study 
(GWAS) summary statistics of 70 cortical structures (sur-
face area and thickness of the whole cortex and 34 cortical 
regions) and five major psychiatric disorders, consisting of 
attention deficit hyperactivity disorder (ADHD), autism 
spectrum disorder (ASD), bipolar disorder (BD), major 
depressive disorder (MDD), and schizophrenia (SCZ). 
Cross-disorder analyses were then conducted to estimate 
the degree of similarity in CS-MPD shared genetic compo-
nents among these disorders. Study Results: The CS-MPD 
shared genetic components have medium-to-strong positive 
correlations in ADHD, BD, MDD, and SCZ (r = 0.415 
to r = 0.806) while ASD was significantly correlated with 
ADHD, BD, and SCZ (r = 0.388 to r = 0.403). These pair-
wise correlations of CS-MPD shared genetic components 
among disorders were significantly associated with corre-
sponding cross-disorder similarities in cortical structural 
abnormalities (r = 0.668), accounting for 44% variance. 
In addition, one latent shared factor consisted primarily 
of BD, MDD, and SCZ, explaining 62.47% of the total 
variance in CS-MPD shared genetic components of all 
disorders. Conclusions: The current results bridge the gap 
between shared cross-disorder heritability and shared struc-
tural brain abnormalities in major psychiatric disorders, 
providing important implications for a shared genetic basis 
of cortical structures in these disorders.
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Introduction

Major psychiatric disorders are a group of brain dis-
orders characterized by abnormal behaviors, thoughts, 
emotions, and cognitive impairments. Over the last three 
decades, the burden of major psychiatric disorders has 
been continuously growing and is now one of the major 
causes of morbidity and disability worldwide.1 Family and 
twin studies indicate that major psychiatric disorders are 
substantially heritable.2 Two recent large cross-disorder 
genome-wide association studies (GWAS) found that 
common genetic variants contribute to the genetic her-
itability and identified highly shared heritability among 
major psychiatric disorders,3,4 including ADHD, ASD, 
BD, MDD, and SCZ. Nonetheless, the biological under-
pinnings of these shared genetic components underlying 
major psychiatric disorders are largely unclear.

The human cerebral cortex performs higher cogni-
tive functions with its dysfunction considered as an 
underlying substrate for major psychiatric disorders. 
The Enhancing Neuroimaging Genetics through Meta-
Analysis (ENIGMA) consortium recently conducted 
large-scale structural magnetic resonance imaging (MRI) 
studies and reported consistent structural abnormalities 
in cortical surface area (SA) and thickness (TH) in major 
psychiatric disorders.5–9 Because cortical structures are 
highly heritable with genetic components explaining 31% 
to 91% of the phenotypic variation,10 they have been pro-
posed as an intermediate phenotype for understanding 
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the genetic mechanisms of major psychiatric disorders.11 
In addition, accumulating evidence has indicated an 
overlapping genetic basis between brain anatomy and 
major psychiatric disorders. For example, SCZ-risk copy 
number variants (CNV) are associated with reduced cor-
tical SA in healthy individuals,12,13 and cortical SA and 
TH have shared genetic loci with schizophrenia.14 Genetic 
risk variants of BD influence the longitudinal cortical 
thickness changes,15 and ASD-associated genes play roles 
in synapse function, cortical development, and cortical 
volume alterations.16,17

Recent large-scale evidence demonstrated that major 
psychiatric disorders have substantial similarities in the 
cortical structural abnormalities.18–20 Although shared 
genetic heritability across psychiatric disorders appears 
to correspond to these phenotype correlations in cortical 
structural similarities,18,19 the gap between cross-disorder 
genetic similarity and cross-disorder cortical structural 
similarities remains elusive. Given genetic components 
can shape the cortical development for psychiatric dis-
orders,21,22 we hypothesized that the commonality of 
shared genetic components between cortical structures 
and major psychiatric disorders (CS-MPD) may con-
tribute to the phenotype correlation in cortical structural 
abnormalities across these disorders.

Currently, genetic correlation is the prevailing measure 
to qualify shared genetic components between two traits 
by using raw genotypes or GWAS summary statistics.23 
Despite many GWAS significant SNPs being associated 
with both cortical structures and psychiatric disorders,14 
a recent GWAS of cortical SA and TH found low or 
non-significant genetic correlations (rg) with psychiatric 
disorders by utilizing linkage disequilibrium score re-
gression (LDSC).10 Because these pairwise genetic correl-
ations have very small average |rg| < 0.06, most of these 
LDSC analyses have insufficient statistical power based 
on the current GWAS sample sizes and SNP heritability 
(h2SNP) for cortical SA (h2SNP ranges from 0.08 to 0.34) 
and TH (h2SNP ranges from 0.01 to 0.13).10,24 As a wide-
spread pleiotropy for genes (63%) and SNPs (31%) in 
human complex traits,25 the assessment of shared genetic 
components between two traits at gene level may be an 
alternative to genetic correlation. By leveraging gene-
analysis statistical tools, such multi-marker analysis of 
genomic annotation (MAGMA),26 GWAS summary sta-
tistics can be used to compute gene-level association sta-
tistics, providing better statistical performance. Actually, 
gene-level association statistics have already been applied 
to assess the shared genetic components by using the 
powerful Rank–rank hypergeometric overlap (RRHO)27 
approach and can elucidate shared genetic architecture 
among brain disorders.28

In the current study, we estimate the extent of shared 
genetic components at gene level between cortical struc-
tures and five common major psychiatric disorders, con-
sisting of ADHD, ASD, BD, MDD, and SCZ by using 

the RRHO approach.27 Next, we assess the cross-disorder 
similarities in CS-MPD shared genetic components and 
evaluate whether these similarities influence the corre-
sponding phenotype correlations in brain structural ab-
normalities. Furthermore, we conducted an exploratory 
factor analysis to assess the unique and shared patterns 
in CS-MPD shared genetic components among these 
disorders.

Methods

GWAS Summary Statistics

We used the largest and latest GWAS summary statistics 
for five major psychiatric disorders and cortical struc-
tures. The GWAS summary datasets for ADHD (20 183 
cases and 35 191 controls),29 ASD (18 381 cases and 27 
969 controls),30 BD (41 917 cases and 371 549 controls),31 
MDD (170 756 cases and 329 443 controls),32 and SCZ 
(69 369 cases and 236 642 controls)33 were download 
from the Psychiatric Genomics Consortium (PGC) web-
site. The GWAS summary statistics for 70 cortical struc-
tures (33 992 individuals) were generated by ENIGMA 
Consortium on SA and TH of the whole cortex and 34 
regions of the Desikan–Killiany atlas.10 The sample in-
formation of GWAS datasets is briefly summarized in 
Table S1 and Supplementary Materials.

Functional Mapping-based MAGMA (F-MAGMA) 
Gene and Gene-set Analysis

To assess the gene-level shared genetic components be-
tween cortical structures and five major psychiatric dis-
orders, we modified the MAGMA approach to aggregates 
SNP association statistics into the gene association sta-
tistics. In brief, GWAS SNPs were first assigned to genes 
by incorporating positional, expression/splicing quanti-
tative trait loci (eQTL and sQTL), and chromatin inter-
action mappings. Multi-SNP association statistics were 
then aggregated to gene-level association statistics by util-
izing the MAGMA software.26 In this analysis, exonic and 
promoter SNPs were positionally mapped to the cognate 
genes based on Gencode v26 coordinates34 while intronic 
and intergenic SNPs were assigned to genes based on 
SNP-gene pairs derived from brain eQTL,35 sQTL,36 and 
Hi-C data28,35 (Supplementary Materials). Genome-wide 
significant genes at a threshold of Bonferroni-corrected 
P-value < 0.05 predicted by F-MAGMA were defined 
as risk genes for each trait. To evaluate the performance 
of F-MAGMA, we then compared it with Hi-C coupled 
MAGMA (H-MAGMA),28 a well-advanced MAGMA ap-
proach that incorporates chromatin interaction profiles.28

Rank–rank Hypergeometric Overlap (RRHO) Analysis

We used a threshold-free algorithm RRHO to as-
sess the shared genetic components at gene level 
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between cortical structures and major psychiatric 
disorders (CS-MPD). Here, the RRHO algorithm 
determines the degree of  CS-MPD shared genetic 
components at gene level by stepping through two 
gene lists ranked by the gene-level association 
statistics from F-MAGMA outcomes and meas-
ures the statistical significance of  the number of 
overlapping genes by using the hypergeometric dis-
tribution.27 The Benjamini-Yekutieli method was 
used for adjusting multiple hypergeometric tests in 
each RRHO analysis.37 The maximum Benjamini-
Yekutieli corrected −log10(P-value) was used as 
RRHO summary statistic to denote the strength of 
overlap between these pairs of  gene lists.37 Analyses 
were conducted with the R packages RRHO (ver-
sion 1.32.0). P-values of  the RRHO result were 
converted into Z-scores by using the following 
formula: Z-score = qnorm(10^(-P values), lower.
tail = FALSE).28 Then, RRHO results were evalu-
ated by comparing with corresponding genetic cor-
relations with LDSC analyses (version 1.0.1)38,39 
(Supplementary Materials).

Cross-disorder Analysis of CS-MPD Shared Genetic 
Components

We assessed the cross-disorder similarities in CS-MPD 
shared genetic components by using Pearson’s correla-
tion analysis. To assess whether these similarities may 
potentially account for the corresponding similarities in 
cortical structural abnormalities, we further computed 
pairwise Pearson’s correlation of cross-disorder simi-
larities in CS-MPD shared genetic components against 
cross-disorder similarities of cortical structural abnor-
malities (Cohen’s d) for each pair of disorders. For this 
analysis, Cohen’s d of  standardized mean differences 
(SMDs) in cortical SA and TH for ADHD,5 ASD (only 
thickness),8 BD,7 MDD,6 and SCZ9 were collected from 
the ENIGMA consortium (Table S2). Since the Cohen’s d 
values for cortical SA in ASD were unavailable, only cor-
tical TH data were included in the comparison between 
ASD and other disorders.

Next, we explored the signatures of CS-MPD shared 
genetic components across five major psychiatric dis-
orders by using exploratory factor analysis with oblique 
rotation. Then, we further assess the extent and regional 
distribution of shared and unique variance in CS-MPD 
shared genetic components for each disorder by using 
linear regression analyses as described previously.20 In 
brief, linear regression analysis takes shared factor scores, 
identified by exploratory factor analysis, as independent 
variable while taking the regional effect size of CS-MPD 
shared genetic components as dependent variable. For 
each regional cortical trait, the regression residual rep-
resents the deviation of observed effect size and the pre-
dicted effect size based on the shared latent factor score.

Results

F-MAGMA Gene Analyses

We utilized F-MAGMA to perform gene analyses of 
GWAS summary statistics for major psychiatric disorders 
and cortical structures. In this analysis, F-MAGMA iden-
tified 26 ADHD risk genes, 14 ASD risk genes, 324 BD 
risk genes, 212 MDD risk genes, and 1401 SCZ risk genes. 
In addition, 0 to 98 risk genes were identified among 70 
cortical structures (Table S3). To evaluate the perfor-
mance of F-MAGMA, we compared it with H-MAGMA 
in the application of GWAS summary statistics for five 
major psychiatric disorders. We found that F-MAGMA 
can detect slightly more risk genes than H-MAGMA 
(Figure S1). Most of the identified genes (ranging from 
94% to 100%) from H-MAGMA can be detected by 
F-MAGMA, implying that risk genes discovered from 
F-MAGMA are confident and reliable.

CS-MPD Shared Genetic Components

We applied an unbiased and threshold-free RRHO algo-
rithm for assessing the degree of CS-MPD shared genetic 
components at gene-level (Figure S2). RRHO analyses 
revealed significant overlaps for genes in average cor-
tical TH of whole cortex with SCZ (maximum Fisher’s 
exact test (FET) padj < 1.0E-34), BD (maximum FET 
padj < 1.0E-28), MDD (maximum FET padj < 1.0E-17), 
total cortical SA with SCZ (maximum FET padj < 1.0E-

26) and ASD (maximum FET padj < 1.0E-19). In addi-
tion, a weak but significant gene overlaps in ASD with 
cortical SA and TH from superior temporal gyrus (max-
imum FET padj < 1.0E-35 and 1.0E-19) and transverse 
temporal gyrus (maximum FET padj < 1.0E-29 and 1.0E-

20) were observed.

CS-MPD LDSC Genetic Correlations

We then conducted LDSC analyses to estimate the degree 
of CS-MPD genetic correlations at SNP-level. LDSC 
analyses detected weak genetic correlations for ADHD 
with 10 cortical structures, ASD with 3 cortical struc-
tures, BD with 5 cortical structures, MDD with 7 cortical 
structures, and SCZ with 3 cortical structures (Figure S3). 
After Bonferroni correction for multiple tests, only one 
negative genetic correlation between ADHD and total 
cortical SA remains significant (rg = −0.17, se = 0.04, 
Bonferroni-adjusted P < .05).

Comparison of LDSC and RRHO Results

To evaluate the performance of RRHO analyses, we 
compared the RRHO and LDSC results by using correla-
tion analyses based on the CS-MPD shared genetic com-
ponents at the gene level (RRHO-Z scores) and genetic 
correlations (LDSC rg). Correlation analysis showed 
no significant correlation between RRHO-Z scores and 

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac019#supplementary-data
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http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac019#supplementary-data
http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac019#supplementary-data


Page 1148 of 1154

Z. Li et al

LDSC |rg| (rho = −0.10, P = .06) (Figure S4A). Since 
most of the pairwise genetic correlations were extremely 
small (median LDSC |rg| = 0.036), we further compared 
the LDSC and RRHO results by utilizing the pair-
wise genetic correlations between cortical TH and SA, 
which have relatively larger effect sizes (median LDSC 
|rg| = 0.20). Correlation analysis based on the degree of 
genetic correlations between cortical TH and SA found 
that LDSC and RRHO results are significantly correlated 
(r = 0.59, p = 1.67E-4) (Figure S4B).

In addition, we also assessed the CS-MPD shared ge-
netic components (RRHO-Z scores) and genetic cor-
relations (LDSC |rg|) with the corresponding cortical 
structural differences (|Cohen’s d|) for each disorders 
(Figure S5), and found CS-MPD shared genetic com-
ponents were significantly correlated with the corre-
sponding effect sizes of cortical structure abnormalities 
(rho = 0.27, p = 2.24E-5). However, no association was 
observed for CS-MPD genetic correlations with corre-
sponding cortical structure abnormalities in major psy-
chiatric disorders (rho = −0.01, P = .83).

Substantial Similarity of CS-MPD Shared Genetic 
Components Across Disorders

To compare the CS-MPD shared genetic components 
across major psychiatric disorders, we computed pair-
wise Pearson’s correlations for each pair of disorders by 
using RRHO-Z scores and LDSC rg separately (figure 1). 
Cross-disorder analysis using RRHO-Z scores revealed 
medium-to-strong positive correlations among four 
major psychiatric disorders (ADHD, BD, MDD, and 
SCZ) with the strongest correlation between SCZ and BD 
(r = 0.81, Bonferroni p = 4.02E-16). Furthermore, ASD 
has medium positive correlations with ADHD (r = 0.40, 
Bonferroni p = 5.51E-3), BD (r = 0.39, Bonferroni 
p = 8.98E-3), and SCZ (r = 0.39, Bonferroni p = 7.27E-
3). For LDSC rg, cross-disorder analysis only found three 

significant correlations among disorders: ADHD and 
BD (r = 0.335, Bonferroni p = 4.02E-2), ADHD and 
MDD (r = 0.442, Bonferroni p = 1.26E-3), BD and SCZ 
(r = 0.352, Bonferroni p = 2.78E-2).

We then assessed the pairwise correlations of cross-
disorder similarities in CS-MPD shared genetic com-
ponents (RRHO-Z scores) and genetic correlations 
(LDSC rg) with corresponding phenotype correlations 
in cortical structural abnormalities for each pair of dis-
orders (figure 2). Cross-disorder similarity derived from 
RRHO-Z scores was significantly correlated with cor-
responding pairwise phenotype correlations in cortical 
structural abnormalities, accounting for 44% variance 
(r = 0.668, P = .035). No significant relationship was ob-
served for the cross-disorder similarities between LDSC 
rg and cortical structural abnormalities (r = −0.200, 
P = 0.580), indicating that the RRHO-Z score may 
capture more information underlying shared genetic 
mechanisms between cortical abnormalities and major 
psychiatric disorders than LDSC rg.

Next, we performed exploratory factor analysis to 
explore the cross-disorder patterns of CS-MPD shared 
genetic components by using RRHO-Z scores (table 1). 
Exploratory factor analysis identified two latent factors 
(F1 = 3.123, F2 = 0.820), explaining 78.87% of the total 
variance of CS-MPD shared genetic components in all 
disorders (figure 3A). The rotated component matrix fur-
ther confirmed the correlation patterns identified in the 
aforementioned cross-disorder analyses (figure  3B). We 
found that BD (Factor Loading = 0.906), MDD (Factor 
Loading = 0.941), and SCZ (Factor Loading = 0.826) 
have high positive loading on F1, accounting for 62.47% 
of the variance. In addition, ASD was highly loaded on F2 
(Factor Loading = 0.955), accounting for 16.40% of the 
variance, and ADHD has similar loading on F1 (Factor 
Loading = 0.432) and F2 (Factor Loading = 0.495). 
Regression factor scores of F1 and F2 latent factors 
were calculated for each disorder (table 1). We observed 

Fig. 1.  Cross-disorder similarity of CS-MPD shared genetic components and genetic correlations among major psychiatric disorders. 
(A) Pairwise disorder correlations based on CS-MPD shared genetic components measured by RRHO analysis. (B) Pairwise disorder 
correlations based on CS-MPD genetic correlations measured by LDSC analysis.

http://academic.oup.com/schizophreniabulletin/article-lookup/doi/10.1093/schbul/sbac019#supplementary-data
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Fig. 1.  Cross-disorder similarity of CS-MPD shared genetic components and genetic correlations among major psychiatric disorders. 
(A) Pairwise disorder correlations based on CS-MPD shared genetic components measured by RRHO analysis. (B) Pairwise disorder 
correlations based on CS-MPD genetic correlations measured by LDSC analysis.

the cortical SA of the posterior cingulate cortex (PCC) 
contributed the most to F1 while the cortical SA of the 
transverse temporal gyrus has the largest impact on F2 
(figure 3C).

Linear regression analyses were used to assess the re-
gional shared and unique variance in CS-MPD shared 
genetic components for three highly shared disorders 
(BD, MDD, and SCZ). As figure 3D showed, the inferior 
parietal SA had the largest absolute deviations in BD and 
MDD, but with opposite directions of deviation. For BD, 
the original effect size of CS-MPD shared genetic com-
ponents was greater than the predicted effect size from 
the F1 factor score (res = 3.96, sd_res = 3.73). Regarding 
MDD, the predicted effect size based on the F1 factor 
score was overestimated (res = −3.14, sd_res = −2.75). 
The largest absolute deviations of SCZ were observed in 
the fusiform SA (res = 3.67,sd_res = 2.56) with an under-
estimated predicted effect size and the superior parietal 

TH (res = −3.16,sd_res = −2.21) with an overestimated 
predicted effect size. Furthermore, correlation analyses 
of regression residuals cross-disorders revealed negative 
correlations of MDD with BD (r = −0.300, P = .012) 
and SCZ (r = −0.659, p = 5.49E-10), suggesting that 
MDD has a similar regional deviation pattern with BD 
and SCZ, but in opposite directions.

Discussion

The current study investigates shared genetic compo-
nents between 70 cortical structures and 5 major psychi-
atric disorders by utilizing the largest GWAS summary 
statistics and provides comprehensive cross-disorder 
analyses of CS-MPD shared genetic components in 
major psychiatric disorders. We found that the CS-MPD 
shared genetic components for some disorders have sub-
stantial similarities, which partly account for the cross-
disorder similarities in cortical structural abnormalities. 
Furthermore, our findings showed the unique and shared 
patterns of CS-MPD shared genetic components across 
major psychiatric disorders. Together, our results bridge 
the gap between cross-disorder shared heritability and 
cortical structural correlations, providing neurobiolog-
ical insight into the shared etiology across major psychi-
atric disorders.

In this study, we assessed the CS-MPD shared ge-
netic components on gene-level association statistics by 
applying the powerful RRHO approach.27 Sey et  al re-
cently reported that RRHO shared genetic components 
at gene level were highly correlated with LDSC genetic 
correlations among brain disorders, suggesting the gene-
level association statistics may elucidate shared genetic 
architecture.28 However, our findings showed no signifi-
cant pairwise correlation between the CS-MPD shared 
genetic components (RRHO-Z score) and genetic cor-
relations (LDSC |rg|). Considering the extremely small 
effect sizes of CS-MPD genetic correlations (median 
LDSC |rg| = 0.036) and the insufficient power of LDSC 
analysis for the detection of genetic correlations among 
some CS-MPD pairs,24 we supposed that the insufficient 
power and small genetic correlation effect sizes may 
partly account for this inconsistency. To test our sup-
position, we further evaluated the RRHO and LDSC 
analyses by comparing the RRHO shared genetic com-
ponents with LDSC genetic correlations between cortical 
SA and TH as they have larger effect sizes in genetic cor-
relations (median LDSC |rg| = 0.20).10 Our results which 
were consistent with Sey et al’s findings28 showed a sig-
nificant relationship between shared genetic components 
and LDSC genetic correlations between cortical SA and 
TH was observed.

Compared to genetic correlations, we found that cross-
disorder analysis of CS-MPD shared genetic compo-
nents can capture more cross-disorder similarities among 
major psychiatric disorders. Moreover, the gene-based 

Fig. 2.  Scatter plot of the pairwise correlation of cross-
disorder similarity in CS-MPD shared genetic components and 
genetic correlations with the corresponding structural cortical 
correlations across major psychiatric disorders. (A) Cross-disorder 
correlations in CS-MPD shared genetic components computed by 
RRHO analyses on the horizontal axis against the cross-disorder 
correlations of structural cortical abnormalities on the vertical 
axis, linear regression line with 95% confidence bands (red line, 
r = 0.668; Pearson p = 0.035). (B) Cross-disorder correlations in 
CS-MPD in genetic correlations (rg) computed by LDSC analyses 
on the horizontal axis against the cross-disorder correlations 
of structural cortical abnormalities displayed on the vertical 
axis, linear regression line with 95% confidence bands (red line, 
r = 0.200; Pearson p = 0.580). Each dot represents a pairwise 
disorder correlation.
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Table 1.  RRHO-Z Scores for the Shared Genetic Components between Major Psychiatric Disorders and Cortical Structures, and Factor 
Scores for the Two Latent Factors Identified by the Main Exploratory Factor Analysis

Cortical Traits 

RRHO-Z Scores Latent Factors

ADHD ASD BD MDD SCZ F1 F2 

Cortical surface area

Total surface area 11.29 16.15 13.88 12.41 17.94 2.30 1.81
Banks of the superior temporal 
sulcus

6.39 4.42 7.61 7.04 8.17 −0.42 −1.00

Caudal anterior cingulate 8.39 15.67 8.65 7.94 8.03 −0.24 1.35
Caudal middle frontal 4.35 5.21 8.45 9.87 8.24 0.01 −1.44
Cuneus 13.46 5.82 10.31 9.66 13.25 1.26 0.38
Entorhinal 9.58 5.96 6.97 5.88 9.62 −0.37 −0.03
Frontal pole 9.10 11.80 4.32 3.58 6.41 −1.54 1.09
Fusiform 7.33 15.10 7.02 4.81 12.28 −0.58 1.44
Inferior parietal 6.93 8.71 14.12 5.89 12.46 0.59 0.07
Inferior temporal 5.82 4.98 7.97 4.37 8.77 −0.79 −0.76
Insula 11.34 8.73 11.71 10.88 15.04 1.63 0.50
Isthmus cingulate 7.53 9.91 7.14 4.97 9.12 −0.75 0.41
Lateral occipital 9.30 12.58 10.39 8.24 14.98 0.84 1.08
Lateral orbitofrontal 9.21 15.40 10.83 10.09 11.96 0.83 1.36
Lingual 7.08 9.34 5.85 6.75 10.99 −0.45 0.14
Medial orbitofrontal 11.59 9.47 12.01 8.82 14.41 1.27 0.83
Middle temporal 8.24 10.27 9.79 8.66 12.55 0.56 0.38
Paracentral 5.73 4.82 5.73 8.76 8.99 −0.35 −1.15
Parahippocampal 6.81 4.97 6.57 7.99 7.10 −0.49 −0.93
Pars opercularis 5.51 4.65 6.19 5.65 5.89 −1.11 −1.05
Pars orbitalis 4.67 11.70 4.24 6.62 4.79 −1.49 0.02
Pars triangularis 4.46 3.10 5.51 6.30 10.07 −0.71 −1.45
Pericalcarine 9.98 6.82 11.75 11.76 15.58 1.78 −0.15
Postcentral 6.50 7.39 8.08 7.11 9.64 −0.25 −0.40
Posterior cingulate 8.56 8.57 13.61 13.61 12.49 1.89 −0.31
Precentral 5.38 3.59 7.54 8.03 7.58 −0.38 −1.42
Precuneus 4.63 4.87 10.30 7.21 12.04 0.21 −1.14
Rostral anterior cingulate 6.25 5.27 8.65 10.01 9.14 0.26 −1.09
Rostral middle frontal 5.92 7.23 6.82 6.44 11.42 −0.37 −0.42
Superior frontal 7.74 13.44 5.84 5.56 9.36 −0.84 1.07
Superior parietal 6.33 5.86 9.09 6.14 10.44 −0.18 −0.62
Superior temporal 7.43 20.75 12.03 12.33 10.48 0.99 1.82
Supramarginal 9.52 5.00 7.32 7.37 7.40 −0.30 −0.40
Temporal pole 4.45 4.49 8.13 6.91 8.90 −0.43 −1.29
Transverse temporal 9.71 19.24 11.73 8.72 15.54 1.04 2.36

Cortical thickness

Average thickness 8.44 14.02 18.89 15.35 20.35 3.51 0.72
Banks of the superior  
temporal sulcus

8.09 6.35 9.49 10.11 9.22 0.48 −0.58

Caudal anterior cingulate 10.82 9.28 7.22 6.65 12.13 0.05 0.80
Caudal middle frontal 5.44 11.68 7.39 6.87 11.91 −0.29 0.30
Cuneus 4.48 4.20 6.85 6.22 8.47 −0.73 −1.29
Entorhinal 6.56 6.37 8.60 6.91 9.66 −0.19 −0.56
Frontal pole 6.09 12.28 5.90 4.57 7.55 −1.26 0.60
Fusiform 4.78 9.74 7.19 6.58 6.33 −0.93 −0.30
Inferior parietal 7.22 12.20 8.37 6.98 11.37 −0.11 0.67
Inferior temporal 9.96 15.63 11.22 6.27 11.69 0.27 1.83
Insula 8.04 9.39 9.91 8.14 8.38 0.08 0.11
Isthmus cingulate 7.38 3.99 10.79 8.31 12.00 0.64 −0.93
Lateral occipital 6.18 12.51 8.10 8.43 9.14 −0.20 0.38
Lateral orbitofrontal 6.24 9.10 6.96 10.63 8.26 −0.01 −0.44
Lingual 3.46 5.11 4.33 6.88 6.19 −1.25 −1.40
Medial orbitofrontal 7.14 13.16 9.76 9.57 11.07 0.44 0.61
Middle temporal 6.49 11.68 7.38 5.57 10.05 −0.63 0.54
Paracentral 8.33 12.28 11.20 8.33 12.23 0.62 0.78
Parahippocampal 8.20 8.28 9.07 8.77 11.31 0.40 −0.04
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CS-MPD shared genetic components are significantly 
associated with the corresponding effect sizes of cortical 
structural abnormalities. In contrast, no significant pair-
wise disorder correlation between CS-MPD genetic cor-
relations and corresponding phenotype correlations in 
cortical structural abnormalities were observed. Together, 
these findings suggested that gene-based RRHO analysis 
is more powerful and may explain more information of 
shared genetic etiology between cortical structures and 
psychiatric disorders.

Derived from gene-based CS-MPD shared genetic 
components, the cross-disorder analysis revealed sub-
stantial similarities among ADHD, BD, MDD, and 
SCZ. Substantial overlaps among major psychiatric 
disorders, especially between BD and SCZ, have been 
widely reported in previous studies regarding genetic 
susceptibility,3,4 environmental etiological factors,40,41 
neurocognitive phenotype,42,43 and clinical symptoma-
tology. Recently, cross-disorder analyses from the PGC 
cross-disorder group and ENIGMA consortium reported 
that major psychiatric disorders have high similarities in 
genetic susceptibility4 and cortical structural alterations,18 
indicating a potential link between shared genetic suscep-
tibility and shared cortical structural anomalies among 
psychiatric disorders.18,20 Extending previous findings, 
our result demonstrated that cross-disorder correlations 
in CS-MPD shared genetic components are highly correl-
ated with the cross-disorder MRI phenotype correlations. 
The commonality of CS-MPD shared genetic compo-
nents across disorders may shape neurodevelopmental 
trajectories and contribute to the similar patterns of cor-
tical structural anomalies, which explained why cortical 
abnormalities from the same brain regions were com-
monly reported in various psychiatric disorders.

Exploratory factor analysis identified one common la-
tent factor in BD, MDD, and SCZ, suggesting these three 

disorders have a highly shared pattern in the CS-MPD 
shared genetic components. In contrast, ASD is assigned 
to a unique latent factor while ADHD is not character-
ized by these two latent factors. Interestingly, a recently 
published MRI study reported that BD, MDD, and SCZ 
have a high level of shared variance in brain structural 
abnormalities20 while the morphometric patterns of 
ADHD and ASD are different from those of all other 
disorders. The shared and unique patterns of CS-MPD 
shared genetic components observed in our study are in 
line with these morphometric patterns in major psychi-
atric disorders20 and further provide genetic insights for 
the shared and unique variances in brain structural ab-
normalities across major psychiatric disorders.

Results of regional factor scores revealed that the 
cortical SA of PCC were the strongest contributors for 
the shared pattern of CS-MPD shared genetic com-
ponents in BD, MDD, and SCZ. The PCC is a meta-
bolically active44 and highly connected brain region,45 
suggesting a role as a cortical hub. The PCC and adja-
cent precuneus forms a central node of the default mode 
network,44 and play an important role in the cognition 
and psychopathology.46–48The genetic susceptibility of 
the cortical SA of PCC may offer a useful clue for future 
research in the transdiagnostic neurobiological process 
across BD, MDD, and SCZ.

Furthermore, linear regression analyses using factor 
scores identified disorder-specific CS-MPD shared ge-
netic components in the inferior parietal SA for BD and 
MDD. Interestingly, the extent of CS-MPD shared ge-
netic components for the inferior parietal’s SA is 39% 
greater than the predicted value by shared latent factor 
in BD and is 53% less than its predicted value in MDD. 
The inferior parietal lobule has major roles in sensori-
motor integration49 and auditory processing.50 Structural 
deficits of the inferior parietal lobule have been observed 

Cortical Traits 

RRHO-Z Scores Latent Factors

ADHD ASD BD MDD SCZ F1 F2 

Pars opercularis 4.83 4.33 9.16 10.71 14.59 0.92 −1.42
Pars orbitalis 4.78 7.69 3.41 5.15 4.96 −1.74 −0.58
Pars triangularis 3.11 5.74 4.82 5.03 7.30 −1.41 −1.16
Pericalcarine 8.56 5.78 5.41 7.15 7.74 −0.61 −0.38
Postcentral 10.50 10.84 13.16 11.35 15.33 1.83 0.71
Posterior cingulate 8.46 4.46 8.38 6.83 7.70 −0.28 −0.63
Precentral 4.52 8.59 11.13 7.69 10.20 0.14 −0.56
Precuneus 4.54 4.71 3.72 3.80 5.19 −1.85 −1.06
Rostral anterior cingulate 5.66 14.01 8.43 7.85 10.27 −0.20 0.64
Rostral middle frontal 4.44 11.68 6.42 5.53 7.99 −1.09 0.14
Superior frontal 6.66 5.16 6.74 7.85 9.69 −0.24 −0.84
Superior parietal 5.06 5.53 7.76 6.75 4.50 −0.92 −1.09
Superior temporal 12.02 16.21 9.81 9.05 12.92 0.79 2.11
Supramarginal 8.10 15.63 12.33 9.13 11.81 0.77 1.28
Temporal pole 4.69 3.81 7.14 5.00 7.26 −1.00 −1.26
Transverse temporal 7.96 16.46 10.13 10.67 10.43 0.58 1.26

Table 1.  Continued
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in major psychiatric disorders6,7 and are suggested to be 
implicated in the abnormalities of emotion perception 
and fluctuating mood states.51,52 For SCZ, the SA of fu-
siform gyrus and the TH of superior parietal cortex have 
the largest deviations from shared latent factors and are 
supposed to be SCZ-specific CS-MPD shared genetic 
components. Cortical structural abnormalities on both 
brain regions have been reported by a prior large MRI 
study from the ENIGMA SCZ working group9 and other 
studies.53–55 Our findings are inconsistent with a prior 
cross-disorder analysis of brain structural abnormalities, 
which reported disorder-specific morphometric abnor-
malities at the parahippocampal gyrus for BD, the rostral 
anterior cingulate cortex and medial orbitofrontal cortex 
for MDD, and the superior temporal gyrus for SCZ.20 
This inconsistency is understandable since, in addition to 
genetic factors, other confounders such as environmental 
factors56,57 and treatment58–60 might also contribute to the 
disorder-specific features in cortical structural abnormal-
ities across these highly correlated disorders. Furthermore, 
our analysis regarding CS-MPD shared genetic compo-
nents included cortical SA and TH while previous cross-
disorder analysis focused on structural abnormalities in 
cortical TH.20 The discordance of cortical structures also 
should be considered to interpret these inconsistent find-
ings. Nonetheless, our findings offer the genetic substrate 
for disorder-specific cortical structural abnormalities 
among these correlated psychiatric disorders.

However, several limitations should be noted. First, we 
used large-scale GWAS summary statistics from PGC and 
ENIGMA consortium. For some GWAS groups, GWAS 
summary statistics are derived from trans-ancestry meta-
analysis. The genetic ancestry and potential population 
stratification may bias to our results although the ma-
jority of GWAS samples are European ancestry. Another 
problem is that partial control samples may be used in 
more than one GWAS group, and we cannot ensure 
whether the possible sample overlap influenced our find-
ings. Finally, we conducted RRHO analysis based on sta-
tistics from gene-based analysis, and thus cannot capture 
the mixed-effect directions of genes.

To summarize, our comprehensive analysis documents 
substantial similarities in CS-MPD shared genetic com-
ponents across major psychiatric disorders. This finding 
provides genetic insights into the association between 
cross-disorder MRI similarities and its corresponding 
cross-disorder genetic similarities from prior reports.18,20 
Our findings also demonstrate shared and unique pat-
terns of CS-MPD shared genetic components among 
major psychiatric disorders, enabling us a deeper un-
derstanding of why these disorders have correlated and 
disorder-specific morphometric abnormalities across 
brain regions. Overall, our results provide a base and di-
rection for future cross-disorder studies that aim to fur-
ther explore transdiagnostic pathology, biomarker, and 
treatment targets.

Fig. 3.  Results of the exploratory factor analysis with CS-MPD shared genetic components in major psychiatry disorders. (A) Diagram 
displaying the structure of the factor solution, with factor loading displayed in factor 1 and factor 2 and between each disorder and 
explained total variance. (B) Patterns of CS-MPD shared genetic components in major psychiatric disorders are visualized as radar plots 
by two latent factors from exploratory factor analysis. (C) Regional factor scores from exploratory factor analysis mapped on the cortical 
regions of the Desikan–Killiany atlas. (D) Regional residuals from linear regression analyses of F1 factor scores on original effect sizes 
of CS-MPD shared genetic components for three highly correlated disorders are mapped on brain regions of the Desikan–Killiany atlas.
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