
Polygenic risk of schizophrenia and cortical morphometry in typically developing children 

Schizophrenia polygenic risk during typical development reflects multiscale cortical 

organization  

 

Matthias Kirschner1,2*, Casey Paquola1,3*, Budhachandra S. Khundrakpam1, Uku Vainik1,4, 

Neha Bhutani1, Benazir-Hodzic-Santor, Noor B. Al-Sharif1, Bratislav Misic1, Boris 

Bernhardt1, Alan C. Evans1 and Alain Dagher1 

 

*equal contribution 

1Montreal Neurological Institute, McGill University, Montreal, QC, Canada  

2Department of Psychiatry, Psychotherapy and Psychosomatics, Psychiatric Hospital, 

University of Zurich, Switzerland 

3Institute of Neuroscience and Medicine (INM-1), Forschungszentrum Jülich, Jülich, 

Germany 

4Institute of Psychology, Faculty of Social Sciences, Tartu, Estonia 

 

 

 

  

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 13, 2021. ; https://doi.org/10.1101/2021.06.13.448243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.13.448243
http://creativecommons.org/licenses/by/4.0/


Polygenic risk of schizophrenia and cortical morphometry in typically developing children 

Abstract 

Schizophrenia is widely recognized as a neurodevelopmental disorder, but determining 

neurodevelopmental features of schizophrenia requires a departure from classic case-control 

designs. Polygenic risk scoring for schizophrenia (PRS-SCZ) enables investigation of the 

influence of genetic risk for schizophrenia on cortical anatomy during neurodevelopment and 

prior to disease onset. PRS-SCZ and cortical morphometry were assessed in typically 

developing children (3 – 21 years) using T1-weighted MRI and whole genome genotyping 

(n=390) from the Pediatric Imaging, Neurocognition and Genetics (PING) cohort. Then, we 

sought to contextualise the findings using (i) age-matched transcriptomics, (ii) gradients of 

cortical differentiation and (iii) case-control differences of major psychiatric disorders. Higher 

PRS-SCZ was associated with greater cortical thickness in typically developing children, 

while surface area and cortical volume showed only subtle associations. Greater cortical 

thickness was most prominent in areas with heightened gene expression for dendrites and 

synapses. The pattern of PRS-SCZ associations with cortical thickness reflected functional 

specialisation in the cortex and was spatially related to cortical abnormalities of patient 

populations of schizophrenia, bipolar disorder, and major depression. Finally, age interaction 

models indicated PRS-SCZ effects on cortical thickness were most pronounced between ages 

3 and 6, suggesting an influence of PRS-SCZ on cortical maturation early in life. Integrating 

imaging-genetics with multi-scale mapping of cortical organization, our work contributes to 

an emerging understanding of how risk for schizophrenia and related disorders manifest in 

early life. 
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Introduction 

Schizophrenia is a multifaceted and highly heritable psychiatric disorder that is widely 

recognized to have a neurodevelopmental origin (Insel, 2010; Rapoport, Giedd and Gogtay, 

2012; Birnbaum and Weinberger, 2017). Abnormal brain development likely predates the 

onset of clinical symptoms, which typically emerge in early adulthood (Kessler et al., 2007). 

Genome-wide association studies (GWAS) support this hypothesis by showing schizophrenia-

related genes are involved in multiple neurodevelopmental processes (Schizophrenia Working 

Group of the Psychiatric Genomics Consortium et al., 2014; Birnbaum and Weinberger, 

2017). These genes may affect brain development, leading to vulnerability to environmental 

effects, and have been suggested to contribute to atypical cortical morphology, as previously 

observed in cohorts with a schizophrenia diagnosis (Rapoport, Giedd and Gogtay, 2012).  

 

Childhood and adolescent brain development involves dynamic and complex structural 

changes that are shaped by genetic and environmental factors (Shaw et al., 2006, 2007; 

Raznahan et al., 2011; Schmitt et al., 2014; Khundrakpam et al., 2017; Park et al., 2021). 

Longitudinal neuroimaging studies have consistently reported a global increase in cortical 

volume, thickness, and surface area that typically peaks in late childhood and is followed by 

decreases in adolescence (Raznahan et al., 2011; Wierenga et al., 2014; Tamnes et al., 2017). 

At the same time, regional maturational trajectories are heterochronous, whereby sensory 

areas mature earlier than transmodal cortex (Giedd et al., 1999; Gogtay et al., 2004; Sowell et 

al., 2004), shaping large-scale patterns of cortical differentiation (Paquola, Bethlehem, et al., 

2019).  

 

The neurodevelopmental hypothesis of schizophrenia posits that cortical maturation is 

perturbed, producing widespread cortical abnormalities (van Erp et al., 2018). Differences in 

cortical morphometry are consistently reported across different stages and clinical phenotypes 

of the schizophrenia spectrum (Wannan et al., 2019; Kirschner et al., 2020, 2021; ENIGMA 

Clinical High Risk for Psychosis Working Group et al., 2021). Investigating 

neurodevelopmental features of schizophrenia requires a departure from classic case-control 

designs, however. Alternatively, focusing on genetic risk enables us to investigate 

neuroanatomical correlates in a large population-based cohort of children and adolescents, 

without interacting disease-related factors (e.g. medication, chronicity). Recent work shows 

sensitivity of polygenic risk scoring for schizophrenia (PRS-SCZ) to cortical morphometry 

(French et al., 2015; Liu et al., 2017; Neilson et al., 2017, 2019), though not necessarily grey 
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matter volume (Van der Auwera et al., 2015; Auwera et al., 2017; Reus et al., 2017). Thus 

far, studies have centred almost exclusively on adult cohorts. Only one study has investigated 

adolescents (aged 12–21 years) (French et al., 2015). Discerning neurodevelopmental aspects 

of genetic risk for schizophrenia requires investigation of younger cohorts. 

 

Understanding the relation of genetic risk for schizophrenia to neurodevelopment can be 

further enhanced by contextualising the imaging-derived phenotype with maps of cortical 

organization. At the cellular level, a range of processes associated with healthy cortical 

development, such as synaptic pruning, dendritic arborization and intracortical myelination, 

are  implicated in the development of schizophrenia and may produce regional cortical 

disruptions (Feinberg, 1982; Sellgren et al., 2019; Sprooten et al., 2019; Wei et al., 2020). 

Recent advances in RNA sequencing (RNAseq) of post mortem brain tissue (Zhu et al., 2018) 

allow discernment of the relative contribution of cell-types to patterns of atypical cortical 

morphometry (Seidlitz et al., 2020; Writing Committee for the Attention-

Deficit/Hyperactivity Disorder et al., 2021). The imaging-derived phenotype of genetic risk 

can also be indicative of sensitivity of different cortical types, defined by their microstructural 

make-up (Barbas, 2015). At this microstructural level, cortical differentiation is related to 

graded changes in the thickness and density of cortical layers (Sanides, 1962; García-Cabezas, 

Hacker and Zikopoulos, 2020). By resolving these gradients in the human brain (Paquola, 

Wael, et al., 2019), we may evaluate genetic risk for schizophrenia with respect to the 

microstructural topography of the cortex. Similarly, at the level of macro-scale brain 

functional, cortical gradients efficiently describe prominent organisational principles, 

providing a low-dimensional depiction of functional specialisation across the cortex 

(Margulies et al., 2016; Huntenburg et al., 2017; Paquola, Wael, et al., 2019). Finally, 

population-level effects of schizophrenia and other major psychiatric disorders can be used to 

illustrate the concordance of genetic risk for schizophrenia with disorder-related 

neuroanatomical phenotypes. Specifically, it can be tested how the association between 

genetic risk of schizophrenia and cortical morphometry in children relates to shared and 

divergent neuroanatomical abnormalities across psychiatric disorders (Opel et al., 2020; 

Writing Committee for the Attention-Deficit/Hyperactivity Disorder et al., 2021). Taken 

together, multiple scales of cortical organisation can be utilized to provide a comprehensive 

description of the regional variations of an imaging-derived phenotype, such as genetic risk 

for schizophrenia.  
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Here we address the relationship between PRS-SCZ and cortical organization in a large 

population-based cohort of typically developing children (3 – 21 years) derived from the 

Pediatric Imaging, Neurocognition and Genetics (PING) study (Jernigan et al., 2016). We 

hypothesised that higher PRS-SCZ would be associated with atypical cortical morphometry 

(thickness, surface area and volume). Then, we aimed to disambiguate the effect of PRS-SCZ 

on cortical morphometry by comparing the observed spatial patterns to cell type specific 

gene-expression, gradients of cortical differentiation, and cortical abnormalities seen in major 

psychiatric disorders. Finally, we examined age-specific variations in PRS-SCZ effects by 

simulating a trajectory of abnormal cortical development in high PRS-SCZ individuals.  

 

Results 

Polygenic risk for SCZ is associated with greater cortical thickness 

To test the association between PRS-SCZ and cortical morphometry in typically developing 

children, we used T1-weighted MRI and whole genome genotyping (n=390) from the PING 

cohort (3–21 years, mean±sd = 12.1±4.7 years, 46% female) (Table 1). Vertex-wise general 

linear modelling (GLM) related cortical thickness with PRS-SCZ, controlling for age, sex, the 

first 10 principal components of genetic variants (to account for population stratification), 

scanner, and total brain volume. We found that higher PRS-SCZ was significantly associated 

with greater cortical thickness (Random Field Theory (RFT) corrected, P < 0.01) but not 

surface area or cortical volume (Figure 1B, Supplementary Figures 2-3). Overall, the 

unthresholded t-statistic map revealed that higher PRS-SCZ was associated with widespread 

increases in cortical thickness in association cortex, but reduced cortical thickness in sensory 

areas (Figure 1C top; Supplementary Figure 1). Higher PRS-SCZ was associated with 

significantly thicker cortex in the left insula, left superior temporal gyrus and left inferior 

parietal lobule (Figure 1C bottom, RFT corrected, P<0.01). These results suggest a 

significant effect of PRS-SCZ on cortical thickness but not surface area or cortical volume in 

typically developing children. As such, subsequent analysis are restricted to cortical 

thickness.  

 

Spatial association with transcriptomic, macroscopic, and disorder-related patterns of 

cortical organization 

In a next step, we sought to examine how PRS-SCZ effects on cortical thickness in typically 

developing children relate to different levels of cortical organization. The pattern of PRS-SCZ 

effects on cortical thickness were compared to 1) cell type specific gene expression 2) 
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microstructural and functional gradients and 3) cortical pattern of case-control differences 

from three major psychiatric disorders. 

 

 

Figure 1: Association of PRS-SCZ with cortical morphometry. A) Scatterplot of PRS-SCZ scores by age 

within the selected cohort. B) Probability distributions show the variation in vertex-wise t-values of the 

association of PRS-SCZ with each cortical feature. Only cortical thickness is significantly shifted from 0. C) 

Unthresholded (top) and thresholded (bottom) maps show the association of PRS-SCZ with cortical thickness. 

Unthresholded maps for surface area and cortical volume are Supplementary Figures 2-3. 

 

Alignment with cell-type specific gene expression  

Histological examinations have reported a null or minimal relationship between cortical 

thickness and neuron number in healthy brain samples (Collins et al., 2010; Cahalane, 

Charvet and Finlay, 2012; Carlo and Stevens, 2013). Instead, regional variations in cortical 

thickness show a strong association with neuropil (Carlo and Stevens, 2013), the portion of 

cortical tissue that excludes cell bodies or blood vessels (Braitenberg and Schüz, 1998). We 

examined whether cortical thickness differences related to PRS-SCZ mirrored regional 

variations in the neuropil composition of the cortex, in order to generate hypotheses on the 

neuropil components affected by PRS-SCZ. To this end, we first validated the relationship 

between cortical thickness and neuropil using tabular data and photomicrographs of Nissl 

stains [r=0.49, pspin=.018, Figure 2A, (von Economo and Koskinas, 1925; Economo, 2009)]. 
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Note that neuronal density was not correlated with histologically-defined cortical thickness 

(r=0.08 pspin=.678), confirming previous work (Cahalane, Charvet and Finlay, 2012; Carlo 

and Stevens, 2013). Then, we estimated regional variations in neuropil-related gene 

expression, based on six cellular components (astrocytes, microglia, oligodendrocytes, axons, 

dendritic trees, neuron-to-neuron synapses) by combining tissue-level RNAseq with single-

cell RNAseq for cell-types (Zhu et al., 2018) and gene ontologies for neuron-compartments 

(Ashburner et al., 2000; The Gene Ontology Consortium, 2019) (Figure 2B). Correlating 

PRS-SCZ effects on cortical thickness with neuropil-related gene expression, we found that 

PRS-SCZ effects are significantly associated with gene expression for dendritic trees (r=.755, 

pperm=.006), synapses (r=.618, pperm=.005), and at a trend-level with axons (r=.481, 

pperm=.069) (Figure 2C). In contrast, no significant correlation was observed with gene 

expression related to glial components of neuropil (Figure 2C). Together, these analyses 

suggest greater cortical thickness with higher PRS-SCZ is observed in areas with greater 

dendritic and synaptic density. 

 

 

Figure 2: Decoding spatial patterns of PRS-SCZ on cortical thickness. A) Correlation of histological 

measurements of cortical thickness and neuropil (Von Economo & Koskinas, 1925). Cortical thickness is shown 

in pink and on the y-axis. Neuropil is shown in green and on the x-axis. B) Gene expression varies across glial 

and neuron-related compartments of neuropil in eleven cortical regions. C) Correlation of neuropil-related gene 

expression with the PRS-SCZ effects showed significant association with dendrites and synapses, compared with 

null distributions from permutation testing (grey). Abbreviations. A1C: primary auditory cortex. DFC: dorsal 

frontal cortex. IPC: inferior parietal cortex. ITC: inferior temporal cortex. M1C: primary motor cortex. MFC: 

medial frontal cortex. OFC: orbital frontal cortex. S1C: primary somatosensory cortex. STC: superior temporal 

cortex. V1C: primary visual cortex. VFC: ventral frontal cortex.  
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Contextualisation by microstructural and functional gradients 

We assessed the concordance of PRS-SCZ effects on cortical thickness with system-level 

microstructural and functional differentiation. Microstructural and functional differentiation 

were represented by eigenvector decompositions of inter-regional correlations of 

microstructure-sensitive MRI (T1w/T2w) and resting-state functional MRI data in healthy 

adults (Paquola, Wael, et al., 2019). Each eigenvector reflects a cortical gradient of a 

microstructural property or pattern of resting state functional connectivity. We used least 

absolute shrinkage and selection operator (LASSO) regression to determine the optimal 

combination of eigenvectors for models of increasing dimensionality. Higher regularisation in 

the LASSO regression forces small variable coefficients to zero (Figure 3i). The rankings of 

the eigenvectors reflect survival of the variable across regularisation, whereby the top ranked 

eigenvector has a non-zero coefficient at the highest regularisation. The two-dimensional 

models support visualisation of this modelling approach. For the microstructural model, PRS-

SCZ-related greater cortical thickness is prominent on the lower half of eigenvector 1, 

comprising association cortex, whereas PRS-SCZ-related lower cortical thickness is observed 

in the lower right quadrant of the scatterplot, comprising occipital areas (Figure 3Aii). For the 

functional gradient model, PRS-SCZ-related greater cortical thickness is strongest in the 

upper right quadrant, involving inferior central and superior temporal areas (Figure 3Bii). 

Beyond anatomical localisation of the strongest effects, a key advantage of this framework is 

statistical evaluation of the best combination of eigenvectors. The explanatory power of the 

microstructural model plateaus at approximately 20% of variance and, given the Bayesian 

Information Criterion increases from four to five dimensions, the four-dimensional model 

could be selected as the optimal combination (Figure 3Aiii). In contrast, increasing 

dimensionality of the functional gradient model provides major gains with each additional 

eigenvector, reaching 68% of variance explained with all 10 eigenvectors (Figure 3Biii). 

Thus, the broad pattern of the PRS-SCZ effect is captured by few microstructural gradients, 

while fine-grained differences in the PRS-SCZ effect are related to a high degree of functional 

specialisation. 
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Figure 3: PRS-SCZ effect on cortical thickness framed by (A) microstructural and (B) functional 

gradients. i) Ten eigenvectors are investigated for each microstructural and functional differentiation. 

Eigenvectors represent the loading of a microstructural or functional component across the cortical surface. Line 

plots show the outcome of LASSO regression, with coefficients of each eigenvector sequentially forced to zero 

with increasing regularisation based on strength of association with PRS-SCZ effect on cortical thickness. The 

step plot shows the combinations of eigenvectors employed for multi-dimensional models. ii) Each dot in the 

scatter plot represents a cortical vertex and is coloured by PRS-SCZ effect on cortical thickness. The x- and y-

axes are top-ranked eigenvectors, illustrating the variation in PRS-SCZ effect on cortical thickness in the context 

of these cortical gradients. iii) For each multi-dimensional combination shown in the step plot, we deployed a 

linear model with full interaction terms to explain variance in PRS-SCZ effect on cortical thickness. Bar plot 

shows the adjusted R2 score of the model and scatter plot the Bayesian Information Criterion.  

 

Cortical thickness signatures of PRS-SCZ and major psychiatric disorders 

We assessed whether PRS-SCZ effects on cortical thickness relate to patterns of cortical 

thickness abnormalities observed in schizophrenia and other psychiatric illnesses. We made 

use of recent adult case-control meta-analyses and mega-analysis from the ENIGMA 

consortium in schizophrenia (van Erp et al., 2018), bipolar disorder (Hibar et al., 2018), 

major depressive disorder (Schmaal et al., 2017), attention deficit hyperactivity disorder 

(Hoogman et al., 2019), obsessive compulsive disorder (Boedhoe et al., 2017) and autism 

spectrum disorder (van Rooij et al., 2018), which are available in our open access ENIGMA 

toolbox (Lariviere et al., 2020). To this end, the PRS-SCZ related t-statistic map was 

parcellated into 64 Desikan-Killiany (DK) atlas regions (Desikan et al., 2006), and correlated 
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with the case-control Cohen’s d-map for each condition and statistically evaluated relative to 

10,000 null models. The null models account for spatial autocorrelation by randomly spinning 

one map across the cortical surface. We identified negative correlations between the PRS-

SCZ effects on cortical thickness and disorder-related cortical abnormalities (case-control 

Cohen’s d-maps) in schizophrenia (r=-.326, pspin=.0022). In addition, we found similar 

negative correlations to cortical abnormalities in bipolar disorder (r=-.466, pspin<.001), major 

depressive disorder (r=-.538, pspin<.001) and attention deficit hyperactivity disorder (r=-.430, 

pspin<.001) but not obsessive compulsive disorder or autism spectrum disorder (Figure 4). 

Cortical regions showing PRS-SCZ related greater thickness are those with the strongest 

thinning across disease maps of schizophrenia and genetically related psychiatric disorders 

such as bipolar disorder, depression and attention deficits hyperactivity disorder.   
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Figure 4: Pattern similarity of PRS-SCZ on cortical thickness with major psychiatric disorders. Cortical 

surfaces show the effect size of schizophrenia, bipolar disorder and major depressive disorder, attention deficit 

hyperactivity disorder, obsessive compulsive disorder and autism spectrum disorder diagnosis on cortical 

thickness from mega-analyses of each disorder (Lariviere et al., 2020). Scatterplots show the correlation of each 

map with PRS-SCZ effect on cortical thickness.  

 

Age-centred effects of PRS-SCZ 

Schizophrenia-related genes are implicated in neurodevelopmental processes and as such the 

effect of PRS-SCZ on cortical thickness likely varies with age. Although the cross-sectional 

nature of this cohort prohibits mapping individual trajectories of cortical development, we 

sought to approximate developmental variation in the effect of PRS-SCZ by estimating age-

specific effects in the cohort (Khundrakpam et al., 2017). To this end, we centered age in 1-

year intervals between 3 and 21 years and repeated the GLM predicting cortical thickness 

with PRS-SCZ. By shifting the distribution of the age term, the model approximates the PRS-

SCZ effect on cortical thickness at each centred year. We found that higher PRS-SCZ was 

associated with greater cortical thickness during age 3 to age 6 (Figure 5A, see 

Supplementary Figure 4 and 5for RFT corrected maps and all age bins) closely resembling 

the results from the main analysis (Figure 1C). After age 6, the effect changed sign, and 

higher PRS-SCZ correlated with reduced cortical thickness during age 9 to 18, while between 

age 19 and 21 the PRS-SCZ effects on cortical thickness returned to a similar pattern as in age 

3 to 6. These findings suggest more pronounced PRS-SCZ effects on cortical thickness in 

early childhood.  

 

Finally, we tested whether age-variant PRS-SCZ effects were reflective of distinct 

transcriptomic, macroscale and disorder-related patterns of cortical organisation. Spatial 

patterns of gene expression related to dendrites and synapses overlapped significantly with 

PRS-SCZ effects from 3-8 and 3-7 years, respectively (all r>0.64, pperm<.025), whereas axon-

related gene expression exhibited a negative correlation with PRS-SCZ effects at 15, 17 and 

18 years (all r<-0.60, pperm<.025; Figure 5Bi). No significant correlations were observed with 

glia-related gene expression. Microstructural and functional gradients best accounted for 

PRS-SCZ effects at the earliest ages (Figure 5Bii). Finally, PRS-SCZ effects were associated 

with disorder-related cortical abnormalities across the age range, however, the correlation 

flipped from childhood to adolescence. Specifically, PRS-SCZ related increase in cortical 

thickness during 3-6 years showed negative correlations with cortical abnormalities of 

schizophrenia and related major psychiatric disorders (all r<-0.25, pspin<.025), whereas PRS-
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SCZ related reduced cortical thickness in the 12-15 year age range was positively correlated 

with cortical abnormalities of bipolar disorder and negatively with autism spectrum disorder 

(all r>0.25, pspin<.025, Figure 5Biii). Together, these analyses emphasise the distinctiveness 

of childhood vs adolescent effects of PRS-SCZ on cortical thickness.  

 

Figure 5: Age-specific PRS-SCZ effect on cortical thickness. A) Unthresholed maps of PRS-SCZ effect on 

cortical thickness with different age-centering. B) Pattern similarity of age-specific maps with neuropil-related 

gene expression (Figure 2), cortical gradients (Figure 3) and major psychiatric disorders (Figure 4). 

 

Discussion 

Combining imaging-genetics with multi-scale mapping, we characterised the relation of PRS-

SCZ on cortical morphometry across different scales of cortical organization. We found that 

higher PRS-SCZ was associated with greater cortical thickness in typically developing 

children, while surface area and cortical volume showed only subtle associations with PRS-

SCZ. Furthermore, we provide evidence that PRS-SCZ preferentially affects areas with 

heightened expression of dendrites and synapses and that the PRS-SCZ related cortical 

pattern is captured by functional specialisation in the cortex. We also find that the PRS-SCZ 

.CC-BY 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted June 13, 2021. ; https://doi.org/10.1101/2021.06.13.448243doi: bioRxiv preprint 

https://doi.org/10.1101/2021.06.13.448243
http://creativecommons.org/licenses/by/4.0/


Polygenic risk of schizophrenia and cortical morphometry in typically developing children 

related cortical pattern mirrors cortical thinning related to schizophrenia and other major 

psychiatric disorders. Finally, age-centred models suggest that PRS-SCZ effects on cortical 

thickness are most prominent between ages 3 and 6.  

 

Our cell-type specific gene expression approach enabled cross-modal exploration of the 

relationship of genetic risk for schizophrenia with expression levels of neurons and glia. Our 

findings support and extend upon post-mortem analyses, which demonstrate abnormal 

dendritic and synaptic density in individuals with schizophrenia (see (Berdenis van Berlekom 

et al., 2020) for a recent meta-analysis). Another recent study showed that differences in 

cortical thickness across multiple psychiatric disorders (including schizophrenia) are 

associated with pyramidal-cell gene expression, a gene set enriched for biological processes 

of dendrites (e.g. dendritic arborization and branching) (Srinivas et al., 2017) as well as 

synaptic function (Writing Committee for the Attention-Deficit/Hyperactivity Disorder et al., 

2021). While those authors reported an involvement of astrocytes and microglia for cross-

disorder effects, our findings point towards a specific relationship between gene expression of 

dendrites and synapses with PRS-SCZ related cortical differences during neurodevelopment.  

 

The sensitivity of different cortical regions to PRS-SCZ effects were also related to 

microstructural and functional features. Notably, the dimensionality of the optimal models 

differed between the modalities. Few microstructural gradients were needed to explain 

significant variance in the PRS-SCZ effects, the strongest of which was the principal 

microstructural gradient (Paquola, 2019). Thus, alignment with this well-established sensory-

fugal axis may be used to infer that areas with higher plasticity, such as paralimbic and 

temporal areas (García‐Cabezas et al., 2017), are particularly vulnerable to the genetic risk of 

schizophrenia. However, microstructural gradient model performance quickly plateaued with 

increasing dimensionality, suggesting that only the general pattern could be captured by 

microstructural differentiation. In contrast, performance of the functional gradient model 

improved with higher dimensionality, towards a very high level of variance explained in the 

PRS-SCZ effects. This shows that nuances in the PRS-SCZ related cortical pattern may be 

related to functional specialisation.  

 

We observed that the PRS-SCZ effects on cortical thickness appear to be transient and 

disappear with cortical maturation in typically developing children and adolescents; however, 

we presume that they may persist or worsen in the presence of other biological and 
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environmental risk factors. Several longitudinal and case-control studies have shown that the 

development of psychosis in high-risk adolescents is associated with progressive loss of 

cortical thickness in several areas of association cortex (Pantelis et al., 2003; Cannon et al., 

2015; ENIGMA Clinical High Risk for Psychosis Working Group et al., 2021). Of note, the 

areas implicated in these studies overlap considerably with those showing increased cortical 

thickness with higher PRS-SZ here. We further observed that the pattern of PRS-SCZ related 

cortical thickening was associated with areas of cortical thinning in schizophrenia, bipolar 

disorder, major depression and attention deficit hyperactive disorder. This transdiagnostic 

overlap echoes the genetic and phenotypic correlation between these disorders (ReproGen 

Consortium et al., 2015; Consortium et al., 2018; Opel et al., 2020; Writing Committee for 

the Attention-Deficit/Hyperactivity Disorder et al., 2021). While we do not know the cause of 

increased cortical thickness in our sample, converging evidence supports the idea that reduced 

cortical thickness in schizophrenia results from loss of neuropil, and specifically synapses. 

For example, post mortem studies in schizophrenia demonstrate synaptic loss (Berdenis van 

Berlekom et al., 2020); many genes implicated in schizophrenia are associated with synapses 

or synaptic pruning (Kirov et al., 2012; Schizophrenia Working Group of the Psychiatric 

Genomics Consortium et al., 2014; Consortium et al., 2020); regional variations in cortical 

thickness correlate with neuropil (Carlo and Stevens, 2013). It is conceivable that the PRS-

SCZ is associated with delayed pruning and an excess of synapses for age, which in turn may 

render the affected brain regions vulnerable to catastrophic synaptic loss during the 

emergence of psychosis.  

 

The association of PRS-SCZ with greater cortical thickness in childhood raises the question 

of how the genetic risk of schizophrenia contributes to abnormal developmental trajectories. 

The age-centred analyses showed that the PRS-SCZ signature of greater cortical thickness 

was most prominent from 3 to 6 years. Given that the transmodal areas identified in the 

present analysis, such as the insula, exhibit modest cortical thinning from 3-21 years 

(Zielinski et al., 2014; Sotiras et al., 2017; Ball, Beare and Seal, 2019), our results align with 

either an amplified trajectory (ie: higher peak, steeper decline) and/or delayed cortical 

thinning in early childhood. Related to the complexity and heterochronicity of cortical 

maturation during childhood and adolescents (Ball, Beare and Seal, 2019), polygenic 

disorders can involve multiple types of abnormal trajectories, occurring simultaneously or 

sequentially (Di Martino et al., 2014; Klingler et al., 2021). Amplified or delayed trajectory 

of transmodal area morphometry may represent a core motif of cortical development in 
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children with high PRS-SCZ. The PRS-SCZ includes multiple genetic factors, however, and 

their individual variation may produce heterogeneity in cortical development within high 

PRS-SCZ individuals. The present study has to be interpreted in the light of the cross-

sectional nature of the dataset that has limited the ability to map individual longitudinal 

trajectories. Research could be enhanced by larger datasets with longitudinal designs and 

longer follow-up to determine which individuals will develop psychosis or other mental 

disorders. Our results point towards specific effects of PRS-SCZ on cortical thickness in early 

childhood (age 3 to 6) highlighting the need for large-scale initiatives targeting this age range.  

 

Conclusions 

The present study illustrates how maps of cortical organization can enrich descriptions of 

imaging-derived phenotypes related to genetic risk for mental illnesses. In this case, 

contextualisation provided novel evidence on cellular basis and developmental trajectory of 

genetic risk for schizophrenia on cortical thickness. This work may help to refine the 

neurodevelopmental hypothesis of schizophrenia. More generally, the present work provides 

an integrative framework combining imaging-genetics and multi-scale mapping that could 

advance our understanding of the complex associations between individual genetic profiles 

and cortical organization across multiple psychiatric and neurological conditions. 

 

 

Material and Methods 

Subjects 

Neuroimaging, demographic and genetic data of typically developing children and 

adolescents were derived from the PING study (Jernigan et al., 2016). The PING dataset is a 

wide-ranging, publicly shared data resource comprising cross-sectional data from 1493 

healthy subjects evaluated at 10 different sites across the United States. Details of the PING 

dataset are described elsewhere (Jernigan et al., 2016).  

Genomic data 

Genomic data processing and calculation of polygenic risk scores followed a recent 

publication from Khundrakpam and colleagues (Khundrakpam et al., 2020). Specifically, 

550,000 single nucleotide polymorphisms (SNPs) were genotyped from saliva samples using 

the Illumina Human660W-Quad BeadChip. Data were prepared for imputation using the 

“imputePrepSanger” pipeline (https://hub.docker.com/r/eauforest/imputeprepsanger/), 

implemented on CBRAIN (Sherif et al., 2014) and the Human660W-Quad_v1_A-b37-strand 
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chip as reference. Taking Plink genotype files, the pipeline adjusted the strand, the positions, 

the reference alleles to match HRC panel, performed quality control steps and output a vcf 

file. The Plink quality control steps ensured that enough data were available for subjects and 

SNPs (--mind 0.1, --geno 0.1) and kept only common SNPs ( --maf 0.05) that have passed the 

Hardy-Weinberg equilibrium test (-- hwe 5e-8). Indels, palindromic SNPs, SNPs with 

differing alleles, SNPs with no match to the reference panel, SNPs with > 0.2 allele frequency 

difference to the reference, and duplicates were also removed from the pipeline. The Sanger 

Imputation Service (McCarthy et al., 2016) was used for data imputation, applying default 

settings and the Haplotype Reference Consortium, HRC (http://www.haplotype-reference-

consortium.org/) as the reference panel. The imputed SNPs were further filtered with Plink 

v1.90b6.17 and v2.00a3LM (Chang et al., 2015). All imputed SNPs had INFO scores R2>0.9 

and were filtered again using a more stringent filtration criteria (–mind 0.05, --geno 0.05, --

maf 0.05, --hwe 1e6, --maf 0.05, --max-alleles 2) and heterozygosity rates (--het ) 3 standard 

deviation (SD) units from the mean. We further omitted data from MHC complex (chr6 

28477797 33448354 , https://www.ncbi.nlm.nih.gov/grc/human/regions/MHC?asm=GRCh37 

). After these processing steps, 4,673,732 variants were available for calculation of polygenic 

scores. Participants were filtered to have 0.95 loadings to the European genetic ancestry factor 

(coded as “GAF_europe” in the PING dataset), resulting in 526 participants. To model 

population structure, the same participants were used to calculate the 10 principal components 

across the variants, excluding areas in high LD with each other (--indep-pairwise 50 5 0.2) 

with Plink 2.  

The PRS-SCZ was trained using results from latest GWAS on schizophrenia at the time of 

analysis (Ruderfer et al., 2018). The GWAS was filtered for having imputation quality over 

90. Polygenic scores were calculated with PRSice 2.30e (Choi and O’Reilly, 2019). We 

clumped the data as per PRSice default settings (clumping distance = 250kb, threshold r2 = 

0.1), using the GWAS hits (p< 5x10* -08) cutoff criterion. After matching with available 

variants in the data, the PRS-SCZ was based on 87 variants. 

Image acquisition and pre-processing 

Details on image acquisition and pre-pre-processing are described elsewhere (Jernigan et al., 

2016). Each site administered a standardized structural MRI protocol including a 3D T1-

weighted inversion prepared RF-spoiled gradient echo scan using prospective motion 

correction (PROMO), for cortical and subcortical segmentation. The CIVET processing 

pipeline, (http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET, page 2.1) (Ad-Dab’bagh et 

al., 2006), developed at the Montreal Neurological Institute, was used to compute cortical 
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thickness, surface area and cortical volume measurements at 81,924 regions covering the 

entire cortex (see supplementary methods for details). Quality control (QC) of these data was 

performed by two independent reviewers. Data with motion artifacts, a low signal to noise 

ratio (lower than 800), artifacts due to hyperintensities from blood vessels, surface-surface 

intersections, or poor placement of the grey or white matter (GM and WM) surface for any 

reason were excluded.  

Of the total 526 subjects that passed filtering for European genetic ancestry. Next, filtering for 

individuals with information for demographics (age, sex, ethnicity and scanner) and those 

which passed quality control, resulted in a final sample of 390 participants. Demographic data 

from the 390 resulting participants from the PING dataset are described in Table 1. 

Statistical analyses 

Association between PRS-SCZ and cortical morphometry 

To identify the association between PRS-SCZ on vertex-wise cortical thickness, surface area 

and cortical volume, general linear models (GLM) were applied using the SurfStat toolbox 

(http://www.math.mcgill.ca/keith/surfstat/) (Worsley et al., 2009). Each cortical feature was 

modelled as: 

 

Ti  = intercept + β1PRS-SCZ + β2Age + β3Age2
 + β4PRS-SCZ*Age + β5PRS-SCZ*Age2 + 

β6Sex + β7PC10 + β8Scanner + β9BrainVolume + εi  (Eq.1) 

 

where i is a vertex, PRS-SCZ is the polygenic risk score for schizophrenia, Age is age in years 

at the time of scan, PC10 are the first 10 principal components of genomic data to account for 

population stratification, ε is the residual error, and the intercept and the β terms are the fixed 

effects. Please note, that models with quadratic age terms fit the data better than models with 

only lower degree age terms based on the corrected Akaike information criterion (AIC) and 

Bayesian information criterion (BIC) (supplementary methods). For each cortical feature, 

vertex-wise t-statistics of the association with PRS-SCZ (β1PRS-SCZ) were mapped onto a 

standard surface. To assess the significance of PRS-SCZ effects on each of the three different 

cortical features whole brain correction for multiple comparisons using Random field theory 

(RFT) at cluster-level p ≤ .01 (Hayasaka et al., 2004; Worsley et al., 2004) was applied. 

Please note, that only cortical thickness showed a significant association with PRS-SCZ after 

RFT correction (see results, Figure 1), thus all subsequent analyses were restricted to cortical 

thickness only. 
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Cellular composition of the cortex and PRS-SCZ effects on cortical thickness 

We evaluated how the observed pattern of PRS-SCZ effects on cortical thickness relates to 

regional variations in the cellular compositions of the cortex. It is reported that regional 

variations in cortical thickness are not associated with the number of neurons (Herculano-

Houzel, Watson and Paxinos, 2013). To further test this, we contrasted histological 

measurements of cortical thickness, neuronal density and neuropil (von Economo and 

Koskinas, 1925). Cortical thickness and neuronal density were retrieved from table data on 39 

cortical areas. Neuropil was estimated by scanning Von Economo photomicrographs and 

calculating the proportion of non-stained pixels within each cortical area. Subsequently, we 

focused on components of the neuropil, namely glial cell processes, axons, dendritic trees, 

neuron-to-neuron synapses i.e. in cortical tissue other than cell bodies or blood vessels. 

Neuropil-related gene expression was calculated by combining tissue-level RNAseq with 

single-cell RNAseq for cell-types (Zhu et al., 2018) and gene ontologies for neuron-

compartments (Ashburner et al., 2000; The Gene Ontology Consortium, 2019). Tissue-level 

RNAseq provided expression levels of 60,155 genes in 11 neocortical areas. The areas were 

cytoarchitecturally defined in each specimen, supporting precise mapping and comparison 

across individuals. Crucially, we selected 12 brain specimens that were age-matched to the 

imaging cohort (3-21 years), because gene expression differs substantially between children 

and adults (Kang et al., 2011). Single-cell RNAseq provided specificity scores for each gene 

to glial cell types. For each type, we weighted the genes by the specificity score, then 

calculated the average across genes, across specimens and within area. For each neuron-

compartment, we defined a list of marker genes using The Gene Ontology knowledgebase, 

then calculated the average expression of marker genes in each area and specimen. The 

annotated terms used were “neuron_to_neuron_synapse”, “dendritic_tree” and “main_axon”. 

Next, we mapped the 11 areas to the cortical surface and extracted area-average PRS-SCZ 

effects on cortical thickness. The cortical areas were visually matched to nearest parcel in a 

200 parcel decomposition of the Desikan-Killany, as performed in previous work (Paquola et 

al., 2020). Finally, we tested the spatial similarity of cell-type specific gene expression with 

PRS-SCZ effects on cortical thickness using product-moment correlations. Statistical 

significance was determined relative to random reassignment permutation tests (10,000 

repetitions).  

Microstructural and functional principal gradients and PRS-SCZ effects on cortical 

thickness 
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Microstructural and functional gradients were derived from Paquola and colleagues using the 

Human Connectome Project cohort (Paquola, Wael, et al., 2019). In brief, microstructure 

profiles, reflecting T1w/T2w intensity sampled in the direction of cortical columns, were 

cross-correlated to estimate microstructural similarity across the cortex. The microstructural 

similarity matrix was subjected to diffusion map embedding, a nonlinear dimensionality 

reduction technique, to extract the top 10 eigenvectors of microstructural differentiation 

(Paquola, Wael, et al., 2019). Cortex-wide resting state functional connectivity was also 

subjected to diffusion map embedding to identify top 10 eigenvectors of functional 

differentiation. Next, we used least absolute shrinkage and selection operator (LASSO) 

regression models to rank the eigenvectors by order of importance in explaining the PRS-SCZ 

effect on cortical thickness. Eigenvectors were ranked according to number of non-zero 

coefficient across 100 regularisation parameters, where only the highest regularisation 

resulted in all zero coefficients. Then, we used multiple linear regression models with 

increasing number of eigenvectors and full interaction terms to explain variance PRS-SCZ 

effect on cortical thickness. We evaluated the fit of the models based on the Bayesian 

Information Criterion and adjusted R2. 

 

Pattern similarity between PRS-SCZ effects and cortical abnormalities in major psychiatric 

disorders 

We assessed whether cortical thickness differences of PRS-SCZ relate to patterns of cortical 

thickness abnormalities observed in major psychiatric disorder including schizophrenia, 

bipolar disorder, major depressive disorders, attention deficit hyperactivity disorder, autism 

spectrum disorder, obsessive compulsive disorder. To this end, the PRS-SCZ related t-statistic 

map was parcellated into 64 Desikan-Killiany (DK) atlas regions (Desikan et al., 2006) and 

then correlated with the corresponding Cohen’s d maps derived from recently published meta-

analyses by the ENIGMA schizophrenia (van Erp et al., 2018), bipolar disorder (Schmaal et 

al., 2017), major depressive disorder working groups (Hibar et al., 2018), attention deficit 

hyperactivity disorder (Hoogman et al., 2019), obsessive compulsive disorder (Boedhoe et 

al., 2017) and autism spectrum disorder (van Rooij et al., 2018).  implemented in the 

ENIGMA toolbox (Lariviere et al., 2020). Specifically, spatial pattern similarity of cortical 

DK maps was examined using Pearson correlations following recently published approaches 

(Sun et al., 2018; Larivière et al., 2020). Statistical significance and correction of spatial 

autocorrelation were assessed with the spin permutation tests (10,000 repetitions) (Alexander-
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Bloch et al., 2018) following recent work from the ENIGMA Epilepsy Group (Larivière et 

al., 2020) and implemented in the ENIGMA toolbox (Lariviere et al., 2020). Of note, the 

medial wall was assigned as a NaN and not included in each the permuted correlation 

(Markello and Misic, 2020). 

 

Age-centered effects of PRS-SCZ on cortical thickness 

Age-specific associations between PRS-SCZ and cortical thickness were examined. To this 

end, we modified the abovementioned GLM (Eq.1) to use age centered in 1-year intervals 

between 3 and 21 years (Khundrakpam et al., 2017). By shifting the distribution of the age 

term, the model approximates the PRS-SCZ effect on cortical thickness at the centred year 

(e.g. age 3). Each t-map was corrected for multiple comparison using RFT at p ≤ .01 and p ≤ 

.05 to identify those age bins with the strongest PRS-SCZ effects on cortical thickness. Note 

that there was no correlation between age and PRS-SCZ scores (r=0.058), which could have 

affected the age-centered analyses (Figure 1A). Finally, we evaluated how the age-specific 

pattern of PRS-SCZ effects on cortical thickness relates to multiscale and multilevel data of 

cortical organization. To this end, we repeated the correlation analysis with 1) cell type 

specific gene expression 2) microstructural and functional gradients and 3) cortical pattern of 

case-control studies from three major psychiatric disorders. To illustrate the association 

between age-centered PRS-SCZ effects on cortical thickness of all age bins (3 to 21 years) 

and each set of data (gene expression, gradients, case-control) caterpillar plots were used 

(Figure 3B).  
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Tables  

 

Table 1. Sample Characteristics 
   
Variables Sample (n=390) 

Age, mean (SD) 12.10 (4.77) 

Gender (%) 46.80 % female 

Handedness (n=390) 

left=38; right=338; 

mixed=14 

   
Socioeconomic Status, mean (SD) 11.76 (1.89) 

   
Family History (%) 

  
Schizophrenia family risk 0.056 

Bipolar family risk  0.171 

Depression&Anxiety family risk  0.529 

ADHD family risk 0.256 
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Supplementary Materials 
Image acquisition and pre-processing 

The CIVET processing pipeline, (http://www.bic.mni.mcgill.ca/ServicesSoftware/CIVET) involved 

the following steps: T1-weighted image were first non-uniformity corrected, and then linearly 

registered to the Talairach-like MNI152 template (established with the ICBM152 dataset). Using the 

template mask, the non-uniformity correction was repeated. In a next step, the non-linear registration 

from the resulting volume to the MNI152 template was computed priors were obtained from the 

transform to segment the image into GM, WM, and cerebrospinal fluid. Inner and outer GM surfaces 

were then extracted using the Constrained Laplacian-based Automated Segmentation with Proximities 

(CLASP) algorithm, and cortical thickness was estimated in native space using the linked distance 

between the two surfaces at 81,924 vertices. Each subject’s cortical thickness map was blurred using a 

30-millimeter full width at half maximum surface-based diffusion smoothing kernel to impose a 

normal distribution on the corticometric data, and to increase the signal to noise ratio.  

 

Model selection 

The corrected Akaike information criterion (AIC) (Akaike, 1969; HURVICH and TSAI, 1989) and 

Bayesian information criterion (BIC) (Schwarz, 1978) were used to test whether models including 

quadratic age terms and interaction terms fit the data better than models with only lower degree age 

terms. The following three models were compared.  

Model 1: including quadratic age terms and PRS-SCZ*age interaction terms (β4PRS-SCZ*Age + 

β5PRS-SCZ*Age2) 

Ti  = intercept + β1PRS-SCZ + β2Age + β3Age2
 + β4PRS-SCZ*Age + β5PRS-SCZ*Age2 + β6Sex + 

β7PC10 + β8Scanner + β9BrainVolume + εi  

Model 2: without quadratic age terms but including one PRS-SCZ*age interaction term (β4PRS-

SCZ*Age) 

Ti  = intercept + β1PRS-SCZ + β2Age + β3PRS-SCZ*Age + β4Sex + β5PC10 + β6Scanner + 

β7BrainVolume + εi  

Model 3: including quadratic age terms but excluding PRS-SCZ*age interaction terms  

Ti  = intercept + β1PRS-SCZ + β2Age + β3Age2 + β4Sex + β5PC10 + β6Scanner + β7BrainVolume + εi 

 

Model corrected AIC BIC 

Model 1 Age 2 + interaction terms -909.25 1.0e+03 *-1267.1 

Model 2 Age + interaction terms -902.59 1.0e+03 *-1256.6 

Model 3 Age2 without interaction terms -904.47 1.0e+03 *-1258.5 

 

The corrected AIC and BIC values indicated that model 1 including quadratic age terms and PRS-

SCZ*age, PRS-SCZ*age2 showed the best model fit for the data. 
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Supplementary Figure 1: Stratification of t-statistics (Figure 1) by cortical class, which reflect 

differences in modality specificity and laminar differentiation (Mesulam, 1998). Association cortex, 

which includes paralimbic, heteromodal and unimodal classes, harbor higher t-values than the 

idiotypic sensory cortex.  

 

 

 

Supplementary Figure 2: C) Unthresholded (left) and cluster-level thresholded (right) maps show the 

association of PRS-SCZ with surface area using Random field theory (RFT) at cluster-level p ≤ .01 

(Hayasaka et al., 2004; Worsley et al., 2004). 
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Supplementary Figure 3: Unthresholded (left) and cluster-level thresholded (right) maps show the 

association of PRS-SCZ with cortical volume using Random field theory (RFT) at cluster-level p ≤ .01 

(Hayasaka et al., 2004; Worsley et al., 2004). 

. 

 

 

Supplementary Figure S4: Age-specific PRS-SCZ effect on cortical thickness Age 3 to 21. Upper 

row unthresholed maps of PRS-SCZ effect on cortical thickness with different age-centering. Lower 

row cluster-level thresholded maps of PRS-SCZ effect on cortical thickness with different age-

centering using Random field theory (RFT) at cluster-level p ≤ .05 (Hayasaka et al., 2004; Worsley et 

al., 2004). 
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Age 3 to 9 

 

 

Age 10 to 16 

 

 

Age 17 to 21 

 

 

Supplementary Figure S5: Age-specific PRS-SCZ effect on cortical thickness Age 3 to 21 showing 

all 21 age bins. Upper rows unthresholed maps of PRS-SCZ effect on cortical thickness with different 

age-centering. Lower rows cluster-level thresholded maps of PRS-SCZ effect on cortical thickness 

with different age-centering using Random field theory  
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