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Abstract

Improved understanding of the shared genetic architecture between psychiatric disorders and 

brain white matter may provide mechanistic insights for observed phenotypic associations. 

Our objective is to characterize the shared genetic architecture of bipolar disorder (BD), 

major depression (MD), and schizophrenia (SZ) with white matter fractional anisotropy 
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(FA) and identify shared genetic loci to uncover biological underpinnings. We used genome-

wide association study (GWAS) summary statistics for BD (n=413,466), MD (n=420,359), 

SZ (n=320,404), and white matter FA (n=33,292) to uncover the genetic architecture (i.e., 

polygenicity and discoverability) of each phenotype and their genetic overlap (i.e., genetic 

correlations, overlapping trait-influencing variants, and shared loci). This revealed that BD, MD, 

and SZ are at least 7-times more polygenic and less genetically discoverable than average FA. 

Even in the presence of weak genetic correlations (range = − 0.05 to −0.09), average FA shared 

an estimated 42.5%, 43.0%, and 90.7% of trait-influencing variants as well as 12, 4, and 28 

shared loci with BD, MD, and SZ, respectively. Shared variants were mapped to genes and 

tested for enrichment among gene-sets which implicated neurodevelopmental expression, neural 

cell types, myelin, and cell adhesion molecules. For BD and SZ, case vs control tract-level 

differences in FA associated with genetic correlations between those same tracts and the respective 

disorder (rBD=0.83, p=4.99e-7 and rSZ=0.65, p=5.79e-4). Genetic overlap for at the tract-level 

was consistent with average FA results. Overall, these findings suggest a genetic basis for the 

involvement of brain white matter aberrations in the pathophysiology of psychiatric disorders.

Introduction

Optimal brain function relies on the complex organization of interconnected brain regions. 

Brain white matter, composed of over one hundred thousand kilometers of bundled 

axons [1], facilitates neuronal communication within and across brain regions as well 

as with peripheral organ systems. This complexity provides considerable opportunity 

for perturbations, potentially during neurodevelopment, which may manifest as atypical 

cognitive, emotional, or behavioural functioning [2–5], Indeed, abnormal structural 

connectivity has been revealed by many neuroimaging studies of psychiatric disorders and is 

associated with psychiatric symptoms and traits[2, 5–8].

Diffusion tenson imaging (DTI) derived measures aid in making inferences about 

microstructural variations in brain white matter that may contribute to altered connectivity. 

One of the commonly studied measures is fractional anisotropy (FA) which captures the 

ordered (or directional) displacement of water molecules, a robust property of white matter 

pathways [9]. Variations in FA, predominantly reductions, have been observed in many 

psychiatric disorders including bipolar disorder (BD), major depressive disorder (MD), 

and schizophrenia (SZ) [10–12]. These variations are often widespread across numerous 

white matter tracts and may reflect various microstructural properties including, but not 

exclusive to: the size, density and organized packing of axons, crossing fibers, degree of 

myelination, and integrity of axonal and myelin membranes [9, 13]. Therefore, while studies 

of FA provide some evidence supporting disconnectivity theories of psychiatric disorders 

[2], ambiguity regarding potential cellular and molecular mechanisms remain.

Understanding the shared genetic architecture between psychiatric disorders and white 

matter FA may provide new insights into the underlying pathobiology. Major psychiatric 

disorders such as BD, MD, and SZ are heritable (twin-heritability ranging from 41–80%) 

and highly polygenic [14–17]. Additionally, averaged FA across all white matter tracts, 

is typically reported as the most heritable among average DTI metrics (twin-heritability 
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estimates as high as 0.88) and exhibits widespread genetic associations across the genome 

[18, 19]. Genetic correlations between psychiatric disorders and white matter FA tend to be 

weak to moderate [19, 20]. However, there has been limited investigation of the polygenic 

overlap beyond genetic correlations.

Genome-wide genetic correlations have and will continue to be a useful measure of genetic 

overlap. However, this approach averages effects across the genome, which means it does 

not capture genetic overlap in the presence of a mixture of variants with effects that are 

concordant (e.g., increasing effects on both traits) and discordant (i.e., increasing effects in 

one trait but decreasing effects in the other trait)[17]. A balanced mixture of concordant 

and discordant genetic effects can result in a near zero genetic correlation even if the pair 

of traits share many causal genetic variants. Moreover, genetic overlap can be assessed at 

varying levels of granularity including single genetic variants, individual loci, and genome-

wide summary metrics. Methods that are agnostic to effect direction can capture overlapping 

genetic architecture between traits even in the presence of low or absent genetic correlation. 

Non-correlative genetic overlap can be important for identifying shared biological pathways 

between traits.

Here, we leverage recent large-scale genome wide association studies (GWAS) to study 

genetic overlap between three psychiatric disorders (BD, MD, and SZ) and white matter 

FA. First, we characterize genetic architecture estimating heritability, polygenicity, and 

discoverability of each disorder and average FA. Then both correlative and non-correlative 

genetic overlap is estimated with genetic correlations, the number of overlapping trait-

influencing variants, and identification of shared genetic loci. After mapping genes to 

shared loci, enrichment analyses are performed to investigate potential neurodevelopmental, 

molecular, and cellular mechanisms contributing to the shared genetic architecture. Finally, 

additional analyses assess genetic overlap for each psychiatric disorder with individual white 

matter tracts.

Methods

Sources of Data

GWAS summary statistics were acquired from the Psychiatric Genomics Consortium for 

BD, MD, and SZ. This included studies of 413,466 participants for BD [21], 420,359 

participants for MD (including participants from 23andMe, Inc) [22, 23], and 320,404 

participants for SZ[24]. For average and tract-level FA, GWAS summary statistics were 

acquired from the study of 33,292 participants from the UK Biobank by Zhao et al. 

(2021) [19]. To avoid sample overlap for conjunctional false discovery rate analyses 

(conjFDR, see below), we acquired summary statistics for MD and BD that excluded UK 

Biobank participants. To validate lead SNPs discovered using conjFDR, summary statistics 

from independent GWAS for each psychiatric disorder were leveraged (Supplementray 

Methods). Given the utility of glucose as a major energy source for the brain, we used 

summary statistics for blood glucose levels from 361,194 UK biobank participants (http://

www.nealelab.is/blog/2019/9/16/biomarkers-gwas-results) as a comparator for MiXeR 

analyses (see below). Standardized effect sizes (Cohen’s D) for case vs control differences in 

white matter tracts’ FA were obtained for BD [12], MD [11], and SZ [10] studies conducted 
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by the ENIGMA consortium. These Cohen’s D values were then correlated at the tract-level 

with genetic correlations for each disorder.

Statistical Analyses

MiXeR—To characterize genetic architecture and estimate polygenic overlap we used 

MiXeR v1.3 (https://github.com/precimed/mixer)[25, 26]. Univariate MiXeR analysis rests 

on the assumption that the genetic architecture of a given trait is a mixture of variants that 

are trait-influencing and those that are not trait-influencing. Polygenicity is estimated as 

the number of trait-influencing variants that explain 90% of the estimated SNP-heritability 

[25]. Traits which are more polygenic have a greater number of trait-influencing variants 

than less polygenic traits. Discoverability is estimated as the average magnitude of additive 

genetic effects among trait-influencing variants. That is, for more discoverable traits, the 

average effect size of associated variants is larger than less discoverable traits. Beyond this, 

power-plots display the estimated proportion of variance in heritability explained by various 

sample sizes for each trait. More genetically discoverable traits require smaller sample 

sizes to explain a given proportion of variance. Heritability is estimated as a function of 

the product of polygenicity and discoverability. The more heritable a trait the greater the 

proportion of variance explained by genetic variations in a given population.

To estimate the number of overlapping trait-influencing variants between pairs of traits 

we used bivariate MiXeR [25]. Bivariate MiXeR models the number of trait-influencing 

variants unique to each trait (non-overlapping) as well as the number of shared trait-

influencing variants (overlapping), irrespective of effect direction. Details are provided in 

the Supplementary Methods.

Genetic Correlations—Pairwise genetic correlations were estimated using LD score 

regression [27]. Adjustments for multiple comparisons were conducted using the Benjamini-

Hochberg method.

Conjunctional False Discovery Rate (conjFDR) Analyses—For a pair of traits, 

conditional quantile-quantile plots (QQ-plots) were constructed such that one trait is 

assigned the primary trait and the other the secondary trait. SNPs in the primary trait were 

filtered based on p-value thresholds in the secondary trait (p<1, <0.1, <0.001). Cross-trait 

enrichment is observed when smaller p-value thresholds result in a leftward deflection in the 

primary traits conditional QQ-plot. For a valid conjFDR analysis, both traits must exhibit 

cross-trait enrichment for each other.

Next, for those pair of traits that exhibit cross-trait enrichment with each other, we 

performed conjFDR analyses. The cross-trait enrichment was transformed into conditional 

FDR values for each SNP (Supplementary Methods). By using FDR values the condFDR 

analysis is agnostic to effect direction. The condFDR estimation is performed twice 

switching the role of primary and secondary trait for each pair of traits.

Finally, the conjFDR value is estimated as the maximum of the two condFDR values for a 

given pair of traits. A threshold of conjFDR<0.05 was applied for all analyses. The resulting 

SNPs that surpass this threshold are considered to exhibit shared associations with the 
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pair of traits analysed. More details are provided in the Supplementary Methods including 

definitions of loci, candidate and lead SNP, measuring loci overlap, and validation of lead 

SNP sign concordance in independent samples.

Gene Mapping and Enrichment Analyses—For loci shared by average FA and each 

of the psychiatric disorders, all candidate SNPs were mapped to genes using FUMA default 

parameters for positional mapping. We used data from the Human Brain Transcriptome 

project (www.hbtatlas.org) [28] to determine lifespan expression profiles of the mapped 

genes. This included a total of 57 donors aged 5.7 weeks post conception to 82 years old 

with samples from regions across the brain. Linear mixed models were used to assess group 

differences in gene expression (Supplementary Methods). Additionally, mapped genes were 

then tested for enrichment among gene ontology terms, differentially expressed genes in the 

brain at different ages [29], neural cell-specific genes [30–32], and genes associated with 

neural cell components [33, 34]. Details are provided in the Supplementary Methods.

Code Availability—All tools used in this study have publicly available code on github.

Results

Characterizing the Genetic Architecture of each Phenotype

SNP-heritability ranged from 0.07 (sd=1.06e-3) for MD to 0.38 (sd=4.14e-3) for SZ (Figure 

1a, Supplementary Table 1). The polygenicity of the psychiatric disorders were more 

than seven times larger than average FA (Figure 1b, Supplementary Table 1). Meanwhile, 

average FA was more discoverable than the psychiatric disorders with a smaller sample size 

estimated to explain 100% of variance (Figure 1c, Supplementary Table 1).

Characterizing Genetic Overlap between Psychiatric Disorders and Average FA

Genetic overlap was estimated among the trait-influencing variants for each psychiatric 

disorder and average FA (Figure 2a) after establishing good model fit (Supplementary Table 

2, Supplementary Figure 1). Average FA shared an estimated 42.5%, 43.0%, 90.7% of its 

trait-influencing variants with BD, MD, and SZ, respectively. Conversely, BD, MD, and 

SZ, respectively shared 5.8%, 3.5%, 11.9% of their trait-influencing variants with average 

FA. This overlap was observed in the presence of weak genetic correlations for average 

FA with MD (rg=−0.09, p=1.72e-3) and SZ (rg=−0.07, p=4.64e-2) and no correlation with 

BD (rg=−0.05, p=1.15e-1). As a comparator, average FA trait-influencing variants only 

showed 7.8% overlap with blood glucose levels and 25.8% of glucose trait-influencing 

variants overlapped with average FA (Supplementary Table 2, Supplementary Figure 1). 

Additionally, there was no genetic correlation between average FA and glucose (rg=−0.02, 

p=0.58).

Cross trait enrichment was observed for each psychiatric disorder and average FA 

(Supplementary Figure 2). Average FA shared a total of 12, 4, and 28 genetic loci with 

BD, MD, and SZ, respectively (Figure 2b, Supplementary Table 3). When combined across 

disorders this resulted in a total of 35 unique loci. For example, one locus on chromosome 

two overlapped between average FA and each of the psychiatric disorders (Supplementary 
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Table 4). While 6 of the 12 loci shared between average FA and BD also overlapped with 

loci shared between FA and SZ.

Gene-Level Analyses

A total of 98, 33, and 235 genes were mapped to variants shared between average FA 

and BD MD, and SZ, respectively (Supplementary Table 5). These genes will hereafter be 

referred to as BD-shared-genes, MD-shared-genes, and SZ-shared-genes. Gene expression 

data were available for 46, 18, and 126 of the BD-, MD-, and SZ-shared-genes. Peaks in 

expression were observed during fetal development compared to the profile of all genes 

(Figure 3a; BD-shared-genes: beta= 0.11, p= 1.16e-68; MD-shared-genes: beta=0.22, p= 

9.65e-110; SZ-shared-genes: beta=0.02, p= 3.79e-7). MD- and BD-shared-genes had larger 

peaks in fetal gene-expression than SZ-shared-genes (BD vs SZ shared-genes: beta=0.09, p= 

3.05e-35; MD vs SZ shared-genes: beta=0.20, p= 3.04e-80). Meanwhile, SZ-shared-genes 

had greater expression postnatally than the other two disorders with a secondary peak 

in expression during adulthood. Only BD-shared-genes were enriched for genes that are 

differentially expressed in early to mid-gestation (Figure 3b, Supplementary Table 6).

BD- and MD-shared-genes were enriched for astrocyte, microglia, and neuron genes (Figure 

3c, Supplementary Table 7). Notably, this enrichment was predominantly observed in 

tissue sampled from the fetal brain. SZ-shared-genes were enriched for myelin (ngenes=5, 

padj=0.03) with nominally significant enrichment for axons, neurons, and various glia 

including oligodendrocytes (Figure 3c-d, Supplementary Table 7-8). Moreover, gene 

ontology terms related to cell-adhesion molecules, mitochondria, and calcium binding for 

were enriched among BD- and SZ-shared-genes (Figure 3e, Supplementary Table 9).

White Matter Tract-Level Analyses

There were few significant correlations observed between tract-level FA and each of the 

psychiatric disorders (Figure 4a, Supplementary Table 10). BD had the strongest genetic 

correlation with FA within the uncinate fascicules (rg=−0.16, pfdr=5.04e-3). Significant 

genetic correlations between MD and six tracts were observed, half of which were 

commissural pathways. The profile of genetic correlations between disorder and each tract 

was compared to the profile of case vs. control differences in tract level FA (Figure 4b). This 

resulted in a substantial cross-tract correlations between genetic and phenotypic associations 

for BD (r=0.83, p=4.99e-7) and SZ (r=0.65, p=5.79e-4) but not MD (r=0.25, p=2.48e-1).

Of the 21 tracts investigated, 18, 6, and 14 had good model fit for MiXeR analyses with 

BD, MD, and SZ, respectively (Supplementary Table 11 and Supplementary Figures 3-5). 

An average of 49.1%, 46.2%, and 66.4% trait-influencing variants for a given tract was 

estimated to overlap with BD, MD, and SZ trait-influencing variants (Figure 5a). Cross-trait 

enrichment was observed for 19, 16, and all 21 tracts with BD, MD, and SZ, respectively 

(Supplementary Figures 6-8). Of those tract-disorder pairs which showed enrichment, 169, 

76, and 346 loci were shared with BD, MD, and SZ, respectively (Supplementary Table 12) 

with variability observed across tracts (Figure 5b).

Notably, the genu of the corpus callosum (GCC) had the greatest number of shared loci with 

BD (n=25) while the cingulate gyrus (cingulum) had the largest overlap for MD (n=8; tied 
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with the external capsule) and SZ (n=36). Of those loci shared across each tract with BD, 

MD, and SZ, there were 113 (66.86%), 28 (36.84%), and 162 (46.82%) that overlapped with 

loci also found to be shared with average FA and the same disorder (Supplementary Table 

13). Moreover, BD MD, and SZ respectively had 73, 38, and 137 unique loci identified 

across all 21 tracts. Of these disorder-specific unique loci, 70.7% (p=2.25e-4), 84.2% 

(p=1.22e-5), and 75.8% (p=9.33e-11) of lead SNPs showed concordant effect directions 

in independent samples for BD, MD, and SZ, respectively (Supplementary Table 14). A 

substantial amount of loci overlap was observed across each of the tract-disorder pairings 

predominantly between BD and SZ shared loci (Supplementary Figure 9) which resulted in a 

total of 199 unique loci identified across all disorder-tract pairings.

Discussion

Leveraging data from large GWAS of BD, MD, SZ, and white matter FA we show 

that the psychiatric disorders were more polygenic and less genetically discoverable than 

average FA despite variable heritability. Investigation of genetic overlap suggests that 

average FA has less overlap with BD and MD than with SZ. Moreover, the shared 

genetic architecture between each of the psychiatric disorders and average FA implicated 

differing developmental, cellular, and molecular biological underpinnings through gene level 

analyses. Overall, these results provide a genetic basis for the involvement of impaired white 

matte connections in the pathophysiology of psychiatric disorders.

Our genetic characterization of each phenotype supports the concept that brain imaging 

metrics, such as white matter FA, may be intermediate phenotypes (e.g., endophenotypes) 

for psychiatric disorders [35, 36]. That is, average FA is a less heterogeneous phenotype 

than psychiatric disorders that likely lies closer to the underlying disorder pathobiology. 

We find that the psychiatric disorders, which are likely more distal from their genetic 

underpinnings, were at least seven times more polygenic than average FA, which is likely 

more proximal to its genetic underpinnings. The estimated polygenicity for the psychiatric 

disorders is consistent with previous estimates [17, 37] and supports the idea that psychiatric 

disorders are more heterogenous traits. To our knowledge, the polygenicity of white matter 

FA has not previously been estimated but the relatively smaller polygenicity, compared 

to psychiatric disorders, coincides with other brain imaging metrics [37, 38]. Average FA 

was more genetically discoverable than the psychiatric disorders, therefore, FA requires a 

smaller estimated sample size to uncover its complete genetic architecture. The observed 

correlative genetic overlap provides the directional association necessary to support FA 

as an endophenotype. Although, recent studies illustrate that genetic correlations within 

smaller genomic regions are informative and a mixture of effect directions in these local 

genetic correlations could result in attenuated or non-significant genome-wide genetic 

correlations [17, 39–41]. Whether the non-correlative genetic overlap observed in this study 

may be indicative of these local associations and supportive of FA as an endophenotype 

for psychiatric disorders remains a topic for future investigations. The combined results for 

polygenicity and discoverability with the observed genetic correlations supports the idea that 

white matter variations in FA may be an intermediary from genetic variations to psychiatric 

disorders.
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Although genetic correlations between each psychiatric disorder and FA were weak to non-

existent, consistent with previous findings [19, 20], analyses beyond correlation revealed 

substantial genetic overlap. Recent imaging genetics studies observe the same phenomenon 

where a mixture of positive and negative genetic effects across the genome dampen 

genetic correlation estimates, even in the presence of strong genetic overlap [37, 38]. 

By using methods agnostic to effect direction, we uncovered an extensive shared genetic 

architecture between each psychiatric disorder and FA. Although the observed shared 

genetic architecture is a mixture of concordant and discordant effects, this implicates shared 

biology between FA and psychiatric disorders. Therefore, the same biological mechanisms 

may be involved but in potentially consistent or opposing directions. SZ had the largest 

portion of overlapping trait-influencing variants and shared loci with average and tract-level 

FA. The strong genetic overlap between SZ and FA is in line with phenotypic associations 

where SZ on average has larger case vs control differences in average and tract level FA than 

BD and MD [10–12]. Many shared loci between BD and FA tended to overlap with shared 

loci between SZ and FA. These two disorders have extensive genetic and symptom overlap 

[17, 42]. Moreover, for BD and SZ, the pattern of tract-level differences in FA between cases 

and controls correlated strongly with genetic correlations between those same tracts and the 

respective disorder. This suggests phenotypic case-control differences in white matter FA 

may be more genetically driven for BD and SZ than for MD.

The present analyses link genes overlapping between FA and the psychiatric disorders 

with fetal brain development. Shared genes for all disorders exhibited a peak in gene 

expression during fetal development, and BD-shared-genes demonstrated enrichment for 

genes differentially expressed during fetal development. Although neurodevelopmental 

theories of SZ are more common, there is also evidence for a neurodevelopmental 

component for the etiology of BD and MD [43, 44]. We also observe that BD- and 

MD-shared-genes were enriched for astrocyte, microglia, and neuron cell-specific genes 

identified from fetal brain tissue. Astrocytes and microglia are involved in development and 

maintenance of white matter including axon guidance in the fetal brain [45–47]. The two 

cell types also play a role in central immunity providing a potential mechanism connecting 

fetal exposure to immune factors, white matter, and psychiatric disorders. Moreover, BD-

shared-genes were enriched for cell adhesion molecules and lipopolysaccharide receptor 

complex genes which both implicate immune activity. Although speculative, our findings 

suggest BD, and to some extent MD, have a neurodevelopmental connection to brain white 

matter potentially mediated by glial cells and immune-related factors.

SZ-shared-genes exhibit a more dynamic neurodevelopmental relationship while implicating 

differing biological mechanisms. These genes showed small peaks in expression prenatally 

and in adulthood. The postnatal expression trajectory coincides with myelin development 

occurring predominantly after birth and into the third decade of life [48]. This is consistent 

with the SZ-shared-genes enrichment for myelin and oligodendrocyte genes. Post-mortem 

studies of brain tissue have revealed that SZ patients exhibit differential expression of 

myelin and oligodendrocyte genes compared to controls [49, 50]. Additionally, SZ-shared-

genes were also enriched for cell adhesion molecule genes potentially related to membrane 

interactions necessary for myelination. In general, SZ may have a unique association with 

white matter compared with BD and MD.
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There are some study limitations to consider. The main analyses are restricted to European 

samples which may limit the generalizability of these findings. However, replication 

of effect directions in lead SNPs involved an east Asian sample. The power of each 

phenotype’s GWAS affects the original loci discovery, the results of MiXeR model fit, 

conjFDR analyses, and subsequent enrichment results. Larger GWAS may provide further 

discoveries while, equally powered GWAS would improve the validity of cross-disorder 

comparisons. Shared genes were currently mapped from the most strongly associated joint 

loci for disorders and average FA. Since SCZ and BIP are highly genetically overlapped, 

future GWAS for BIP with larger sample sizes will likely see more convergent results 

with SCZ at the gene level. We focus on average white matter FA rather than individual 

tracts to understand global white matter associations with each disorder. It is plausible that 

psychiatric disorders are associated with widespread disruption to the integration of brain 

regions.

To conclude, we characterized the shared genetic architecture between three major 

psychiatric disorders and white matter FA. While BD, MD, and SZ were more polygenic, 

average FA was estimated to be a more genetically discoverable trait. The genetic 

overlap with FA was strongest for SZ, followed by BD, and then MD. Gene-level results 

provided plausible neurodevelopmental, cellular, and molecular mechanisms derived from 

the observed genetic overlap. Ultimately, these findings provide a genetic basis for the 

relationship between brain white matter and psychiatric disorders.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Genetic Architecture of Psychiatric disorders and Average FA.
(a) SNP-heritability for each phenotype. (b) Polygenicity for each phenotype. Error bars 

in plots A and B represent two standard deviations. (c) Power-plot displaying the effective 

sample size required to capture 0–100% of SNP-heritability. More genetically discoverable 

traits require smaller sample sizes for a given proportion of variance explained. The 

stars represent current effective sample size from included GWAS. SNP: single nucleotide 

polymorphism; BD: bipolar disorder; MD: major depression; SZ: schizophrenia; Ave FA: 

average fractional anisotropy across all tracts.
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Figure 2. Genetic Overlap between Psychiatric Disorders and Average FA.
(a) Venn diagrams representing the genetic overlap (grey) between each psychiatric disorder 

and average FA (dark orange). The size of the circles depicts the polygenicity of the 

phenotype. Also depicted are the estimated number of trait-influencing variants and the 

standard deviations (below in brackets) for trait specific and shared components of the 

Venn diagrams. The number of variants is expressed in thousands rounded to the nearest 

tenth (e.g., 8.2 = 8200 variants). (b) A Manhattan plot displaying conjunctional loci shared 

by each psychiatric trait and average FA. Larger circles represent independent significant 

SNPs while those outlined in black represent lead SNPs. BD: bipolar disorder; MD: major 

depressive disorder; SZ: schizophrenia; Ave FA: average fractional anisotropy across all 

tracts; FDR: false discovery rate.
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Figure 3. Gene-Level Analyses.
(a) Lifespan gene expression profiles for genes shared by average FA and each of the 

psychiatric disorders. Additionally, the lifespan gene expression profile across all genes is 

displayed as a reference. The y-axis represents the normalized expression values as z-scores 

while the x-axis represents age on a log2 scale. All other plots (b-e) display results of gene 

enrichment analyses. (b) Enrichment for differentially expressed genes at various ages from 

fetal development to 40 years postnatally. The top plot displays enrichment for genes that are 

upregulated at each age on the x-axis. The middle plot displays enrichment for genes that 
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are downregulated at each age on the x-axis. The bottom plot displays enrichment for genes 

that exhibit differential expression irrespective of direction at each age on the x-axis. The 

y-axis displays the significance of enrichment at each age. Significant enrichment surviving 

correction for multiple comparisons are represented by bars with a solid color while bars not 

filled in represent non-significant associations. (c) Cell type enrichment analyses performed 

for four sources of cell-specific gene sets. Larger points represent association that surpass 

correction for multiple comparisons. (d) Specific cell compartment enrichment analysis 

that uses genes associated with axons, dendrites, and myelin. Dashed lines in plot b-d 

represent the nominal significance threshold at p=0.05. (e) Gene ontology group enrichment 

analyses displaying only those groups which survive correction for multiple comparison. 

*full gene ontology term = oxidoreductase activity acting on paired donors with oxidation 

of a pair of donors resulting in the reduction of molecular oxygen to two molecules of 

water. BD: bipolar disorder, MD: major depressive disorder, SZ: schizophrenia, Ave FA: 

average fractional anisotropy, yrs: years (since birth), pcw: post-conception weeks, mos: 

months (since birth), DEG: differentially expressed gene, OPC: oligodendrocyte progenitor 

cell, S1 Pyramidal: primary sensory cortex pyramidal cell, IPC: intermediate progenitor cell, 

CA1 Pyramidal: pyramidal cell of the first cornu Ammonis region of hippocampus, Dev: 

developmental.
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Figure 4. Tract-Level FA Genetic Associations with Psychiatric Disorders.
(a) The genetic correlation (rg) between fractional anisotropy for 21 white matter tracts and 

each of the psychiatric disorders. The value of the correlation coefficient is printed within 

each cell. The more negative the correlation the more intense the blue colour of the cell 

while the more positive the correlation the more intense the red colour of the cell. The 

presence of an asterisk above the correlation coefficient represents a significant association 

after correction for multiple comparisons. (b) A depiction, for each disorder, of the 

association between case-control differences in fractional anisotropy for each tract (Cohen’s 

D) and genetic correlation between disorder and fractional anisotropy for each tract (rg). 

A robust bi-weight mid-correlation was performed to adjust for any influence due to 

potential outliers. BD: bipolar disorder, MD: major depressive disorder, SZ: schizophrenia, 

ACR: anterior corona radiata, ALIC: anterior limb of internal capsule, BCC: body of 

corpus callosum, CGC: cingulate gyrus cingulum, CGH: cingulate gyrus hippocampus, 

CST: corticospinal tract, EC: external capsule, FX: fornix, FXST: fornix stria terminalis, 

GCC: genu of corpus callosum, IFO: inferior fronto-occipital fasciculus, PCR: posterior 

corona radiata, PLIC: posterior limb of internal capsule, PTR: posterior thalamic radiation, 

RLIC: retrolenticular part of internal capsule, SCC: splenium of corpus callosum, SCR: 

superior corona radiata, SFO: superior fronto-occipital fasciculus, SLF: superior longitudinal 

fasciculus, SS: sagittal stratum, UNC: uncinate fasciculus.
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Figure 5. Tract-Level Genetic Overlap Beyond Genetic Correlation.
(a) Brain maps displaying the proportion of trait-influencing variants for each white matter 

tract that overlap with trait-influencing variants for each psychiatric disorder, as estimated by 

MiXeR. (b) Brain maps displaying the number of shared genetic loci between each disorder 

and each white matter tract. For all figures, disorder-tract comparisons with poor model fit 

are not visualized.
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