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Abstract

Genetic studies have identified common and rare variants increasing the risk for
neurodevelopmental and psychiatric disorders (NPDs). These risk variants have also been
shown to influence the structure of the cerebral cortex. However, it is unknown whether
cortical differences associated with genetic variants are linked to the risk they confer for
NPDs. To answer this question, we analyzed cortical thickness (CT) and surface area (SA) for
common and rare variants associated with NPDs, in ~33000 individuals from the general
population and clinical cohorts, as well as ENIGMA summary statistics for 8 NPDs. Rare and
common genetic variants increasing risk for NPDs were preferentially associated with total
SA, while NPDs were preferentially associated with mean CT. Larger effects on mean CT,
but not total SA, were observed in NPD medicated subgroups. At the regional level, genetic
variants were preferentially associated with effects in sensorimotor areas, while NPDs
showed higher effects in association areas. We show that schizophrenia- and bipolar-disorder-
associated SNPs show positive and negative effect sizes on SA suggesting that their
aggregated effects cancel out in additive polygenic models. Overall, CT and SA differences
associated with NPDs do not relate to those observed across individual genetic variants and
may be linked with critical non-genetic factors, such as medication and the lived experience

of the disorder.
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Introduction

Neurodevelopmental and psychiatric disorders (NPDs) represent a significant burden on
global health, characterized by complex etiologies rooted in brain development and

function'™*. NPDs are highly heritable, with a broad spectrum of common and rare genetic

2,5-13

variants implicated in their pathogenesis™ °. The increasing availability of large-scale

magnetic resonance imaging (MRI) and genetics datasets has afforded the opportunity to
discover genetic variants, both common and rare, influencing the structure of the human
cerebral cortex'*?. Studies have shown that cortical morphology measures, such as cortical

thickness (CT) and surface area (SA), are highly heritable'*'"'®, are driven by distinct

21-23 14,17,18,24,25

neurobiological processes™ -, and are influenced by largely separate genetic factors

Consequently, considerable research has explored the genetic overlap between variants

14,17,18,26-29

associated with NPDs and those influencing cortical morphology , revealing small

genetic correlations between NPDs and SA, and even weaker overlaps for CT.

In parallel to genetic investigations, large scale case-control neuroimaging studies have

consistently identified cortical differences associated with a range of psychiatric disorders**".

Cross-disorder analyses have further revealed shared regional patterns of cortical

32-37

variation™ ', often aligning along the well-established sensorimotor-association cortical

gradient'®***° Cortical differences have also been reported for NPD-associated rare genetic

variants, including copy number variations (CNVs)'®7415,

Neuroimaging of these
NPD-associated CNVs has demonstrated, on average, much larger effects on CT and

SA#34 " than those observed in NPDs'** However, a critical question remains

unanswered: whether the cortical differences associated with both common and rare genetic
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variants are related to the risk they confer for psychiatric disorders. The lack of large-scale
cohorts integrating genetics and neuroimaging data across healthy controls and individuals
with psychiatric disorders has hindered direct investigation of this crucial relationship.
Therefore, to address this knowledge gap, we designed an analytical approach to
systematically compare the neuroimaging signatures of common and rare genetic variants
that increase the risk for psychiatric disorders to the neuroimaging signatures associated with
NPDs.

Here we aggregated multiple datasets as well as published summary statistics from
ENIGMA?®' consortium to compare clinical diagnoses-related (8 NPDs) and gene-related
(common and rare variants) case-control group differences on global and regional CT and
SA. Specifically, we aimed to compare effect sizes on CT and SA for three primary
categories: 1) 8 NPDs’! (attention deficit hyperactivity disorder (ADHD)*’; autism spectrum
disorder (ASD)**; bipolar disorder (BD)*’; clinical high-risk for psychosis (CHR-PS)’;
conduct disorder (CD)*; major depressive disorder (MDD)>; obsessive-compulsive disorder
(OCD)*; and schizophrenia (SCZ)>), considering medicated and unmedicated subgroups
where available; ii) common variants®*>’ associated with NPDs; and iii) 18 different CNV
and aneuploidy rare variants associated with NPDs. Overall, we provide the first systematic
evaluation of cortical differences associated with NPDs, their genetic variants (both common
and rare), and place these findings in the context of twin and SNP heritability estimates'.
These comprehensive analyses reveal a notable pattern: while psychiatric disorders
preferentially affect mean CT, and association cortical regions, genetic variants impact

total-SA and sensorimotor cortical regions.
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Results

Effects of psychiatric disorders and associated genetic variants on

global cortical metrics

We sought to quantify effect sizes of neurodevelopmental and psychiatric disorders (NPDs)
and associated genetic variants on total cortical surface area (total SA) and mean cortical
thickness (mean CT). Effect sizes (Cohen’s d) on total SA were an order of magnitude larger
for rare genetic variants compared with NPDs (11-fold, Wilcoxon rank-sum test, FDR
q<0.05, Figure 2B). This difference in effect sizes was less pronounced for mean CT (3-fold,
Wilcoxon rank-sum test, FDR g<0.05, Figure 2A). Rare genetic variants were associated
with larger effect sizes on total SA compared to mean CT while NPD-diagnosis showed
preferential association with mean CT (paired #-test and ratio of Cohen’s d, FDR g<0.05,
Figure 2C-D). Of note, some early onset (childhood/adolescence subgroups) conditions
showed preferential effects on total SA (conduct disorder, and MDD-young, Figure 2C), but
we did not observe a preferential effect on surface when stratifying for pediatric/young NPDs
(Supplement Figure 1). A sensitivity analysis showed similar mean CT and total SA effect
sizes for rare variants across deletions, duplications, and sex chromosome aneuploidies
(Supplement Figure 2).

We then asked if preferential effects on total SA also applied to common variants associated
with NPDs (ADHD*, BD*, MDD, and SCZ*). Previous work has shown that genetic
contribution to total SA was weakly correlated with NPDs. Genetic correlation between CT

and NPDs has not been detected. We therefore sought to identify, beyond genetic
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correlation, the potential genetic overlap between NPDs and cortical structure by computing a
non-parametric enrichment. NPD-associated SNPs were mildly enriched (above-median
ranking) in SA-associated SNPs (non-parametric p-value<0.0001; Figure 2E). In contrast,
none of the NPD-associated SNPs showed any enrichment for association with CT. Similarly,
the SA-genome-wide associated SNPs, but not CT, were also enriched in NPD associations
(above-median ranking, Supplement Figure 3).

We performed sensitivity analyses to test if differences observed above between genetic
variants and psychiatric diagnoses could be in part influenced by medication (also a proxy for
severity®) and the age of participants (a proxy for severity or neurodevelopmental processes
in earlier onset participants, as well as duration of illness in adults). Effect sizes on mean CT
were 3.4-fold larger in medicated compared to unmedicated NPD subgroups (FDR g<0.05,
Figure 3A), while total SA remained the same in both subgroups (Figure 3B). As a result,
medicated sub-groups exhibited larger effects on mean CT compared to total SA (FDR
q<0.05), while unmedicated sub-groups had similar effect sizes for both metrics Figure 3C).
The preferential effect on mean CT observed for NPDs could not be explained by stratifying

participants according to age (pediatric, young, and adult participants, Supplement Figure

1)

Opposing regional patterns of cortical differences between NPDs and

genetic variants

We investigated if the preferential effects on total SA for genetic variants and mean CT for
psychiatric diagnoses were uniformly distributed across the cerebral cortex or localized to

specific cortical regions. To contextualize the regional profiles, we tested their similarities
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with the well-established cortical gradient (Methods), which ranks regions from primary
sensory-motor cortices, to higher order association cortices®®*. We first examined how this
gradient relates to both twin and SNP heritability estimates for regional CT and SA'.
Heritabilities were higher in sensorimotor regions compared to association regions (negative
correlations with the cortical gradient, r=-0.47 to -0.75, p-spin<0.05, Figure 4B, Supplement
Figure 4).

We then investigated the regional cortical effect size maps of all NPDs examined above, 257
genome-wide NPD-associated SNPs'¥, and 11 CNVs (Supplement Table 1). Significant
associations with regional SA or CT were observed for 18 NPDs, 20 NPD-associated
common variants (SNPs), and all 11 CNVs (Figure 4A). Cohen’s d maps without any
FDR-significant ROI association were excluded from the regional analyses below
(non-significant maps included medications subgroups, Figure 4A, Supplement Figure 5).
We computed 4 set of consensus cortical maps, including 3 disregarding the directionality of
effects, using following approaches: i) mean absolute effect size; ii) percentage of
significance; 1ii1) variance in effect size values; and iv) latent dimensions of cortical
differences using principal component analysis across effect size profiles (Supplement
Figure 6-7). The rare and common variant maps showed positive correlations (r=0.29 to
0.31, p-spin < 0.05, Supplement Figure 8), and did not show correlation with the NPD maps
(Supplement Figure 8). NPD-associated rare and common genetic variants showed higher
effect sizes in sensorimotor regions across all consensus map methods compared to
association regions (Figure 4B, 5C, correlations with the cortical gradient: r=-0.43,
p-spin=9.5e-3, for CT; r=-0.3, p-spin=2e-2, for SA). NPDs maps showed the opposite

correlations with the cortical gradient highlighting larger effects in association regions
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(Figure 4B, 5C, CT: r=0.28, p-spin=9.3e-2; SA: r=0.32, p-spin=3.2e-2). Overall,
NPD-associated common and rare variant effect sizes as well as twin and SNP heritability
estimates for cortical measures were higher in sensorimotor regions, while the opposite was

observed for NPDs (Figure 4-5).

Polygenic and familial liability to NPDs

We asked if the results showing preferential associations with total SA for individual rare and
common genetic variants computed above may be reconciled with the difficulty to detect
associations between SA and NPDs, as well as polygenic or familial liability to NPDs. For
global metrics, polygenic risk scores (PRS), PRS-BD and PRS-SCZ, were not associated with
either metric in 31,000 UK Biobank participants of European ancestry (Supplement Figure
9). To investigate the lack of PRS signal, we used regression estimates derived from cortical
structure GWAS. Half of the BD and SCZ associated SNPs had a negative beta estimate for
total SA (BD: 51.05%, and SCZ: 48.26%, Supplement Figure 9), while the other half
showed positive beta estimate, likely resulting in cancellation of the effects of additive
psychiatric PRS models on cortical structure. Using summary statistics®" in first degree
relatives, a proxy for multifactorial polygenic liability, we observed similar effects on total
SA for the family member and those with a diagnosis of SCZ or BD (Supplement Figure
10).

To understand why genetic variants show preferential effects on sensorimotor regions for
surface area, while NPDs demonstrate little or none, we examined the loadings of genetic
variants on the first latent dimension. Half of the rare variants loaded positively, while the

other loaded negatively on the SA latent dimension (i.e., increased and decreased surface in
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sensorimotor regions, Figure 5D). The same was true for common variants (Figure SD). As a
result, we were unable to detect associations between PRS for BD and SCZ and surface area

of sensorimotor regions (Supplement Figure 9).

Discussion

Individual genetic variants and NPD diagnoses showed, on average, opposing effects on
global cortical differences, where rare and common genetic variants associated with NPDs
preferentially affected total SA while the diagnosis of NPDs was associated with mean CT.
The effect of NPDs on mean CT was larger in medication sub-groups, which are proxies for
disorder severity. Beyond global effects, psychiatric diagnoses preferentially affected
association cortical regions (involved in higher-order functions such as language,
decision-making, and social cognition) while rare and common genetic variants impacted
sensorimotor cortical regions (involved in basic sensory and motor functions). We also show
that the polygenic architecture of NPDs (BD and SCZ) together with the positive and
negative effects sizes of genetic variants on cortical strucutre may leads to the cancellation of

most of the effects of NPD polygenic scores on cortical structure.

The preferential effects on total SA, compared to mean CT, of NPD-associated rare and
common variants is concordant with the higher heritability estimates for total SA compared
to mean CT'. The observed preferential effect of NPDs on mean CT may be attributable to
critical non-genetic factors including medication, environmental factors, and plasticity in the

context of a psychiatric disorder. While directly modeling these effects remains challenging,
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our findings suggest a potential role for medication®, proxy for disorder severity. This also
aligns with longitudinal findings from a randomized clinical trial in MDD showing
medication-related changes in mean CT but not total SA®. Studies of familial risk, also
support this notion, where individuals with either SZ or BD exhibited larger effect sizes on
mean CT compared to their unaffected first degree relatives, while effects on total SA were
not significant in both groups®'. Furthermore, comparing 22q11.2 deletion carriers with and
without Psychosis®, showed differences in mean CT but not total SA. These differential
effects may be consistent with the distinct developmental trajectories of cortical SA and

2463 and is

CT***. While the majority of cortical expansion occurs before the first two years
relatively stable thereaftere”®, CT undergoes protracted maturation involving changes in

dendritic arborization and myelination that continue into adulthood****% As a result,

further investigation of childhood onset conditions should reveal larger association with SA.

Rare and common genetic variants preferentially impact sensorimotor cortical regions, which
is concordant with higher twin and SNP heritability estimates for SA and CT in those same
regions'. In contrast, NPDs tend to affect association regions (subserving executive,
socioemotional, and mentalizing functions), which is in line with previous studies®>°. Theses
preferential effects in association areas (focal reduction in CT) have also been reported in
22q11.2 deletion carriers with a diagnosis of psychosis compared to those without*. These
differential regional effects in individual genetic variants and those with psychiatric disorders
may be consistent with studies showing that the spatiotemporal patterns of CT and SA
maturation follow a sensorimotor-to-association gradient, where sensorimotor cortical

regions mature before the association regions***%,

10
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Studies reported higher twin and SNP heritability estimates for SA compared to CT, and this
study suggests the preferential effects of NPD-associated common and rare genetic variants
on SA. However, detecting effects on SA in psychiatric conditions has been challenging®’,
raising a paradox given the high heritability estimates of psychiatric disorders'’. Notably,
some early onset (childhood/adolescence subgroups) conditions showed preferential effects
on total-SA (Conduct Disorder, and MDD-young) but detecting effects on SA remains
challenging for other highly heritable childhood disorders such as ASD and ADHD. Future

studies of pediatric NPDs are required to shed light on these questions.

Challenges to identify effects on SA may be a consequence of polygenic architecture of
NPDs. Our investigation of individual SZ- and BD-associated common variants and their
aggregated effects on total and regional SA (i.e., in the sensorimotor regions) using polygenic
risk scores (PRS) suggests that many of the SA effects of individual SNPs are cancelled out
in a PGS model. The effects of individual variants on total and regional SA (in the
sensorimotor regions) may instead point to a hidden underlying mechanism indirectly related
to SA. As an example, the level of transcriptomic differences observed in autistic brains
(compared to controls) follows the cortical gradient, with the larger levels of differentially

expressed genes occurring in the sensorimotor compared to association regions®.

There are several limitations of our study. We are only investigating 8 NPDs and selected
recurrent CNVs, this is largely due to the limited availability of the large CNV MRI cohorts,
as well as robust associations of these CNVs with other conditions with published summary

statistics**¢’

. While our analysis showed similar observations across sex chromosome
aneuploidies and CNVs, we have to note that aneuploidies have specific effects during

puberty, and which will require careful delineation®*®®. Finally, the ENIGMA medication

11
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analyses were not always able to account for confounding factors like illness severity and
duration, movement, treatment dose and duration, and other co-occurring conditions that
might be influencing the reported medication effects. While we see some consistent
medication-related signals across sub-groups (and many ENIGMA studies are the largest of
their kind), other factors could still be at play. Additionally, in uncontrolled studies, patients
with the most severe symptoms often need the highest doses and experience the greatest brain
changes, so medication is confounded with disease severity and duration of illness®.
Nevertheless, our finding of differential effects on CT compared to SA aligns with
randomized clinical trial evidence of medication-related brain structural changes®, suggesting
that medication status can influence case-control brain profiles across disorders. Further
research is warranted to determine the extent to which these findings generalizes to other

neuroimaging measures and modalities®.

In summary, our study contributes to the ongoing effort to understand the genetic basis of the
development of the cerebral cortex and its deviation in psychiatric disorders, by bringing
together findings from neuroimaging, psychiatry, and genetics. We reported the distinct
neuroimaging profiles observed in NPDs, compared to those associated with individual
genetic variants. Our study suggests that the neuroimaging differences in NPDs are likely a
manifestation of the aggregated effects of their polygenic architecture, influenced by critical
non-genetic factors like medication and the lived experience of the disorder, highlighting the

need for integrated models.
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Methods

Data summary: In this study, we aggregated multiple datasets as well as published summary
statistics from ENIGMA Consortium®' to compare case control effect sizes (Cohen’s d)
across 8 psychiatric disorders and associated common and rare variants on global and

regional CT and SA.

Rare genetic variant participants: Recurrent deletions and duplications were included in the

analysis based on previous analysis of T1-weighted MRI data*!'***’

, and where at least 18
carriers of the same CNV were available *"%’. Clinically ascertained groups: CNV carriers
were recruited after either being referred for genetic testing due to the diagnosis of a
neurodevelopmental disorder or as the relative (e.g., parent) of a CNV carrier. Controls were
defined as individuals who did not carry any NPD-associated CN'Vs.

Unselected population group: CNV carriers were identified in the UK Biobank. Controls
were defined as individuals who did not carry any of the recurrent CNVs selected from this
study. Demographic details and coordinates of each of the 11 CNVs are provided in
Supplement Material. Signed consents were obtained by investigators from each cohort for

all participants and/or their legal representatives prior to the investigation. This study, using

an aggregate dataset, obtained ethics approval from the CHU Sainte-Justine Hospital.
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Rare genetic variant MRI image acquisition and preprocessing: The data sample included 3D
T1-weighted (T1w) volumetric brain images at 0.8-1 mm isotropic resolution across all sites.
MRI parameters for each cohort are detailed in the Supplemental Material. Quality control:
Visual quality inspection was performed by the two raters (CM, KK) using the ENIGMA

standardized quality control protocol (https://github.com/ENIGMA -git).

NPD participants, MRI image acquisition and preprocessing: In this study, we aggregated
published summary statistics for 8 NPDs from the following published ENIGMA studies:
ADHD®¥; ASD*; BD % clinical high-risk for psychosis (CHR-PS)’!; conduct disorder

(CD)’*; MDD**; OCD¥; and SCZ*. All these studies followed the ENIGMA standardized

quality control protocol (https:/github.com/ENIGMA-git), and processing. An extensive
description of MRI image acquisition, methods for pre-processing the data are available in

the respective published study.

Cortical thickness and surface area measures: FreeSurfer 5.3.0 was used to extract cortical
thickness and surface area for 68 Desikan ROIs %, as well as total surface area (total SA), and

mean cortical thickness (mean CT). See Supplementary Methods for details.

Statistical analysis: Linear regression models (R version 3.6.3) were used to compute
CNV-control differences (Cohen’s d) for each CNV using age, sex, and site, as covariates.
For regional surface area, we additionally used total Surface Area, as a covariate. This

approach was used for CNVs. The FDR procedure " was applied for multiple comparison
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correction. The significance was set at FDR-corrected ¢ < 0.05. See Supplementary Methods

for additional details.

Effect sizes (NPDs and CNVs): Cohen’s d were computed based on case-control linear
regression. Cohen’s d values for neurodevelopmental and psychiatric disorders were
extracted from published ENIGMA studies ***""': ADHD *; ASD *°; BD *’; clinical high-risk
for psychosis (CHR-PS)*'; conduct disorder (CD)**; MDD*; OCD**; and SCZ>. All effect
sizes were computed after regressing for age, sex, and site. For regional surface area analysis,
adjustment for brain size was added either using total SA or ICV as a covariate, except for
MDD **, for which such results were unavailable. In addition, we used previously published
meta-analysis effect sizes for total SA and mean CT for 9 genetic mutations ** including 6
aneuploidies®”’*” (Turner Syndrome (TS); Down Syndrome; XXX; XXY; XYY; and XXYY)

and 3 CNVs (7q11.23™, 16p11.2 distal deletion and duplication **7).

Effect size comparison metrics: For comparisons across metrics, the following effect size
metrics were used: absolute Cohen’s d for global measures, and average absolute Cohen’s d
of the top decile across regional cortical thickness and surface area ©. As the proportion of
significant regions varied across CNVs and NPDs (due to differences in effect and sample
sizes), we chose to focus on the top decile Cohen’s d for all CNVs and NPDs to avoid biases
and to provide effect sizes comparable across CNVs and NPDs. Statistical testing of spatially
correlated Cohen’s d profiles was performed using spin permutation testing """, See details in

Supplementary Methods. All cortical projections were generated using the ggseg R package

78
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Common genetic risk associated with NPDs: To assess common genetic risk associated with
NPDs, we investigated the GWAS summary statistics and genome-wide significant loci from
ENIGMA and PGC. Specifically, we leveraged the following published statistics: cortical
thickness and surface area'*; ADHD *’; BD*%; MDD **; and SCZ *. We used the effect sizes
from ENIGMA cortical summary statistics'® for all the NPD-associated genome-wide

significant loci, both global and regional MRI metrics.

Ranking and significance of NPD-associated genome-wide significant loci: To investigate
whether the common genetic risk factors associated with NPDs are also implicated in the
genetic architecture of the human cortex, we conducted the following analysis. We ranked
independent single nucleotide polymorphisms (SNPs) from GWAS of NPDs (ADHD, BD,
MDD, and SCZ) according to their association with cortical GWAS (cortical thickness and
surface area). Subsequently, we calculated the median rank of NPD SNPs within the ranked
cortical GWAS. To assess the significance of this observation, we performed 10,000 null
permutations by randomly sampling an equal number of SNPs and recomputing the median
rank. This yielded a permutation-based p-value for each NPD. Finally, we applied a
significance threshold (FDR q < 0.05) based on the permutation testing. This was also
assessed for the cortical thickness and surface area SNPs, by ranking them based on NPD
GWASes. SNPs from SCZ and cortical thickness GWAS were excluded from further analyses

due to the lack of significant enrichment.
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Consensus maps of regional cortical thickness and surface area differences: We computed
consensus maps (per ROI across CNVs/NPDs) using: i) mean absolute effect size; ii) %
significance; 1ii1) variance in effect size values; and iv) latent dimensions of cortical
differences across CNVs and across NPDs: Principal component analysis identified latent
dimensions of cortical thickness and surface area differences across all CNVs and across all

NPDs separately. We used the FactoMineR” package in R and ran PCA on Cohen’s d values.

Correlation with normative maps of cortical gradients: We used the previously published
normative maps of cortical organization hierarchies *°, specifically, the spatial transcriptomic
map (PC1 gene expression) ***. To compute a spatial correlation with the normative map, we
mapped these maps to 68 cortical regions of Desikan parcellation using the neuromaps

d 76,77

python package *°. Finally, a spin permutation metho was used to assess the significance

of the spatial correlation.

Polygenic Risk Scores (PRS): We used the standard PRS scores for bipolar disorder and

schizophrenia, provided by the UK Biobank (data fields 26214 and 26275)*. We only kept

individuals of European Ancestry and removed any recurrent CNV carriers.

Data and materials availability

UK Biobank data was downloaded under the application 40980 and may be accessed via their
standard data access procedure (see http://www.ukbiobank.ac.uk/register-apply). UK Biobank

CNVs were called using the pipeline developed in the Jacquemont Lab, as described at

17


https://paperpile.com/c/bFygHu/U8Zm9
https://paperpile.com/c/bFygHu/KuEJN
https://paperpile.com/c/bFygHu/YA6Gt+y5pvs
https://paperpile.com/c/bFygHu/KuEJN
https://paperpile.com/c/bFygHu/atSks+dbAre
https://paperpile.com/c/bFygHu/v7ujB
https://doi.org/10.1101/2025.04.16.25325971
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.04.16.25325971; this version posted April 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

https://github.com/MartineauJeanLouis/MIND-GENESPARALLELCNV. The final CNV
calls are available for download from the UK Biobank returned datasets (Return ID: 3104,
https://biobank.ndph.ox.ac.uk/ukb/dset.cgi?id=3104). The 22ql1.2 UCLA raw data are
currently available by request from the project PI. Raw neuroimaging data for rare variants
are available through request and data access agreement from the PIs of the projects (Brain
Canada: S.J. CHUSJ Montreal; 22q11.2: C.E.B. UCLA, Cardiff: D.E.J.L., M.J.O., M.V.B,,
J.H, Cardiff University; SCA: A.R. NIMH). References to the processing pipeline and R

package versions used for analysis are listed in the methods.

Code availability

The code for generating all the figures and supplement figures, along with processed
summary measures is available in the following GitHub repository:

https://github.com/kkumar-iitkgp/ct sa_across_disorders_and_variants.git
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Figure 1. Graphical abstract.

Study overview. We aimed to compare effect sizes on CT and SA for three primary
categories: 1) 8 NPDs’! (attention deficit hyperactivity disorder (ADHD)*’; autism spectrum
disorder (ASD)**; bipolar disorder (BD)*’; clinical high-risk for psychosis (CHR-PS)';
conduct disorder (CD)*; major depressive disorder (MDD)>; obsessive-compulsive disorder
(OCD)*; and schizophrenia (SCZ)>), considering medicated and unmedicated subgroups
where available; ii) common variants®*> associated with NPDs; and iii) 18 different CNV
and aneuploidy rare variants associated with NPDs. Towards this, we aggregated multiple
datasets as well as published summary statistics from ENIGMA®' consortium to compare case

control effect sizes (Cohen’s d) across 8 psychiatric disorders and associated common and
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rare variants on global and regional CT and SA. Global and regional effect sizes were
compared, and spatial patterns of variations were evaluated using four sets of consensus maps
including: mean absolute effect size maps, significance maps, variance maps, and principal
component analysis. Our findings across genetic variants increasing the risk for NPDs align
with twin and SNP heritability estimates'®, which are higher for surface area and
sensorimotor regions, suggesting that these are general properties of the genetic architecture
of the cerebral cortex. Overall, our study suggests that the neuroimaging alterations observed
in NPDs are distinct from those observed across genetic variants increasing the risk for
NPDs.

Brain and cortex maps were generated using the ggseg package in R’®. Common and rare
variant illustrations are from the NIAID NIH  BIOART Source

(https://bioart.niaid.nih.gov/bioart/170 and https://bioart.niaid.nih.gov/bioart/204)
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Figure 2: Global cortical differences across NPDs and associated

genetic variants.

Legend: A-D) Comparison between neurodevelopmental and psychiatric disorders (NPDs)

associated rare genetic liability (CNVs) and diagnosis on A) mean cortical thickness (CT)

effect sizes; B) total surface area (SA) effect sizes; C) the ratio of CT and SA effect sizes; and
D) paired CT and SA effect sizes. Case-control differences were adjusted for age, sex, and
site. *: FDR significant (q<0.05), across all pairs of comparisons. Absolute effect sizes

(Y-axis) are plotted on a loglO scale. E) Effects on CT and SA of common variants
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associated with NPDs. We tested if NPD genome-wide significant SNPs were enriched in
SNPs associated with SA or CT. We ranked independent NPD-associated SNPs based on
their p-value association with CT and SA. Median rankings are indicated using dotted red
lines. * and arrows represent significant (FDR g<0.05) median ranking compared to
permutation-based null distribution.

Abbreviations: Adult-Adolescence-Pediatric sample abbreviations: -y=young; -p=pediatric;
Abs=absolute; ADHD=attention deficit hyperactivity disorder; ASD=autism spectrum
disorder; BD=bipolar disorder; CD: conduct disorder; CHRPS: clinical high risk for
psychosis; CHRPSn: CHR who did not develop a psychotic disorder; CHRPSp: CHR who
later developed a psychotic disorder; CNV=copy number variant; CT=cortical thickness;
Del=deletion; Dup=duplication; GWAS: genome-wide association study; MDD=major
depressive disorder; NPD=neurodevelopmental and psychiatric disorders;
OCD=obsessive-compulsive disorder; prox.=proximal; SA=surface area;
SCZ=schizophrenia; SNP=single nucleotide polymorphism; TS=Turner syndrome;

WBS=Williams-Beuren syndrome;

29


https://doi.org/10.1101/2025.04.16.25325971
http://creativecommons.org/licenses/by-nc-nd/4.0/

medRXxiv preprint doi: https://doi.org/10.1101/2025.04.16.25325971; this version posted April 19, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted medRxiv a license to display the preprint in perpetuity.
It is made available under a CC-BY-NC-ND 4.0 International license .

A. Effect sizes: cortical thickness (CT) B. Effect sizes: surface area (SA) C. Paired effect size comparison
* *
e
7 3.4-fold . 1
15 , SCZ-m12__ 3 2T T
- BD-y-m2 SCZ-m1 = ® S o 1 = |
T SCz-m2 . MDD 58 . ‘
m ] BD-y® WB/EémZ ] $0Z-m1 MODy s'czy 23 . [
M b -y*m1, ASD-p 7 SCZ-m2 . w g
K-} i ASD,0CDyy scz 1 sczemiz BDy-mt < 0.01
< s OCD-y -
Y ASE B MDD-y ADHD-p ASD-y
© -y, BD-m -y OCD- b
N 015 YibD ASD 3 e s MDY
[ 3 * QCD-p 3 MBD,ASD :
S 7 . MDDy, ASD-y ] ocBYy OC®-p AprD
@ ] ADHD-y o ADHR-p 4 ABHD-p
= ] ASD-p 7 ASD-p 1
w i . 'ADHD:p MDD i ASDy | ocD g
ADHD ADHD-y BD-y-m2 S
‘ MDD S 01
0.015 i BD-m2 .. as 0.
= ocb = ADHD-y OCD-y $ g
7| -p: pediatric ] . i < 0.01
| -y: young : ocb 27"
4 : ADHD 4 ADHDR
| | | |
NPD NPD NPD NPD
medicated un-medicated medicated un-medicated

Figure 3: Global cortical differences across medication sub-groups.

Legend: A-C) Comparing the effect sizes on mean cortical thickness (CT) and total surface
area (SA) of neurodevelopmental and psychiatric disorders (NPDs) diagnosis sub-groups
with and without medications using A-B) violin plots; and C) paired boxplots. Case-control
differences were adjusted for age, sex, and site. *: FDR significant (q<0.05), across all pairs
of comparisons. Absolute effect sizes (Y-axis) are plotted on a log10 scale.

Abbreviations: Adult-Adolescence-Pediatric sample abbreviations: -y=young; -p=pediatric;
Abs=absolute; ADHD=attention deficit hyperactivity disorder; ASD=autism spectrum
disorder; BD=bipolar disorder; CD: conduct disorder; CHRPS: clinical high risk for
psychosis; CHRPSn: CHR who did not develop a psychotic disorder; CHRPSp: CHR who
later developed a psychotic disorder; CT=cortical thickness; Del=deletion; Dup=duplication;
DZ=di-zygotic; MDD=major depressive disorder; MZ=mono-zygotic;
NPD=neurodevelopmental and psychiatric disorders; OCD=obsessive-compulsive disorder;
SA=surface area; SCZ=schizophrenia;

Medication abbreviations: -m=medicated; -u=un-medicated; BD-ml=lithium medication;
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BD-m2=antiepileptics medication; SCZ-ml=1st generation; SCZ-m2=2nd generation;

SCZ-m12=1st & 2nd generation;
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Figure 4. Consensus maps of regional cortical differences.

Legend: A) Number of FDR significant cortical regions (out of 34) per CNV/NPD for
cortical thickness (up, red) and surface area (down, blue). B) Regional profiles of twin
heritability, and mean absolute effect sizes across common and rare genetic variants and
NPDs for cortical thickness and surface area across 34 Desikan cortical regions. Each point
represents: 1) First two rows: the twin heritability and 95% CI; ii) third row: mean estimate
from linear regression for NPD associated common variants (SA NPD-SNPs); and iii) bottom
four rows: mean absolute effect size (Cohen’s d), with error bars showing the standard error
of the mean. Y-axis: heritability estimates or effect sizes. X-axis: cortical regions ordered
according to the cortical gradient from sensorimotor to association regions. Dotted line:
correlation with the cortical gradient. Each panel displays Pearson correlation and
*:spin-permutation significant, p-spin < 0.05.

Abbreviations, Abs=absolute; ADHD=attention deficit hyperactivity disorder; ASD=autism
spectrum disorder; BD=bipolar disorder; CD: conduct disorder; CHRPS: clinical high risk for
psychosis; CHRPSn: CHR who did not develop a psychotic disorder; CHRPSp: CHR who
later developed a psychotic disorder; CNV=copy number variant; CT=cortical thickness;
Del=deletion; Dup=duplication; MDD=major depressive disorder; NPD=neurodevelopmental
and psychiatric disorders; OCD=obsessive-compulsive disorder; SA=surface area;
SCZ=schizophrenia; TS=Turner syndrome;

Adult-Adolescence-Pediatric abbreviations: -y=adolescence/young; -p=pediatric).
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Figure 5. Latent dimensions of regional cortical differences.
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Legend: A) The variance explained by the first principal component (PC1) for
neurodevelopmental and psychiatric disorders (NPDs), their associated common and rare
genetic variants. B) Correlation between latent dimensions. Pairwise spatial correlations
between PC1 for CT and SA across NPDs, and associated common and rare genetic variants.
C) Correlation between the cortical gradient and the latent dimension of cortical differences.
Plots are arranged along the sensorimotor-association axis®® based on correlation with cortical
gradient (AHBA gene expression principal component). Positive and negative correlation
values indicate greater similarity with association and sensorimotor cortical regions,
respectively. Each plot displays Pearson correlation and *:spin-permutation significant,
p-spin < 0.05. D) PCI1 variable loadings and variance explained for NPDs and genetic
variants.

Abbreviations, Abs=absolute; ADHD=attention deficit hyperactivity disorder; ASD=autism
spectrum disorder; BD=bipolar disorder; CD: conduct disorder; CHRPS: clinical high risk for
psychosis; CHRPSn: CHR who did not develop a psychotic disorder; CHRPSp: CHR who
later developed a psychotic disorder; CNV=copy number variant; CT=cortical thickness;
Del=deletion; Dup=duplication, MDD=major depressive disorder; NPD=neurodevelopmental
and psychiatric disorders; OCD=obsessive-compulsive disorder; PC: principal component;
p-spin: spin permutation based p-value; r: Pearson correlation; SA: surface area;
SCZ=schizophrenia; SNPs: single nucleotide polymorphism; TS=Turner syndrome; %

variance exp.= percentage of variance explained;
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