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Summary for Social Media 

 

What is the current knowledge on the topic?  

     Cerebral venous thrombosis (CVT) is an uncommon form of stroke affecting mostly young 

individuals and likely to be influenced by common genetic variants. 

  

What question did this study address?  

     Is there a genetic aetiology to cerebral venous thrombosis (CVT)? 

 

What does this study add to our knowledge? 

     The ABO gene is a strong candidate for CVT risk. We further demonstrate a 5.6 times 

increased risk of CVT in those with an AB blood group. 

 

How might this potentially impact on the practice of neurology?  

     These findings provide robust evidence for a genetic basis for CVT and provide new 

insights into the pathophysiology of this important but previously largely neglected disease. 
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Abstract 

Objective: Cerebral venous thrombosis (CVT) is an uncommon form of stroke affecting 

mostly young individuals. Although genetic factors are thought to play a role in this 

cerebrovascular condition, its genetic etiology is not well understood.  

Methods: Genome-wide association study performed to identify genetic variants influencing 

susceptibility to CVT. A two-stage genome-wide study was undertaken in 882 Europeans 

diagnosed with CVT and 1205 ethnicity-matched control subjects divided into discovery and 

independent replication datasets.  

Results: In the overall case-control cohort, we identified highly significant associations with 

37 SNPs within 9q34.2 region. The strongest association was with rs8176645 (combined 

P=9.15×10−24; OR=2.01, 95%CI: 1.76-2.31). The discovery set findings were validated across 

an independent European cohort. Genetic risk score for this 9q34.2 region increases CVT risk 

by a pooled estimate OR=2.65 (95%CI: 2.21-3.20, P=2.00×10−16). SNPs within this region 

were in strong linkage disequilibrium (LD) with coding regions of the ABO gene. ABO blood 

group was determined using allele combination of SNPs rs8176746 and rs8176645. Blood 

groups A, B or AB, were at 2.85 times (95%CI: 2.32–3.52, P=2.00×10−16) increased risk of 

CVT compared with individuals with blood group-O.  

Interpretation: We present the first chromosomal region to robustly associate with a genetic 

susceptibility to CVT. This region more than doubles the likelihood of CVT, a risk greater than 

any previously identified thrombophilia genetic risk marker. That the identified variant is in 

strong LD with the coding region of the ABO gene with differences in blood group prevalence 

provides important new insights into the pathophysiology of CVT. 
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Introduction 

     Cerebral venous thrombosis (CVT) is an uncommon cerebrovascular condition mainly 

affecting young people and accounting for less than 1% of all stroke cases1,2. Incidence rates 

range from 1.32-1.57 cases per 100,000 persons-years with 3.7–5.3 times greater rate in 

females1,3 and is associated with a high mortality rate of 10%-35%4,5. The prevalence of CVT 

in high-income countries is 1.3 to 1.6 per 100,000 persons and is higher in low- and middle-

income countries6. Numerous risk factors have been reported for adult CVT including oral 

contraceptive use, pregnancy, head and neck infections, obesity, anaemia, hematologic 

diseases, antiphospholipid syndrome, inflammatory bowel disease, high altitude, tamoxifen 

use, erythropoietin, phytoestrogens, and thalidomide use in multiple myeloma3,7. 

     The genetic component of CVT has only been assessed using candidate gene studies with 

an a priori hypothesis8. CVT, being an unusual form of stroke, is likely to be influenced by 

rare genetic variants with large effects making their likelihood of identification higher 

compared to common types of sporadic ischemic stroke9. Further, as CVT is a clinically 

homogenous form of stroke, subtyping issues known to cause problems in sporadic stroke are 

less burdensome9. No single genome-wide association study (GWAS) has been performed to 

discover CVT genetic marker susceptibility, although about a dozen studies have been 

conducted for the most common forms of venous thromboembolism10, deep vein thrombosis11 

and pulmonary embolism12. 

     We present the first GWA study in CVT utilizing a two-stage design to identify 

susceptibility loci in CVT and provide evidence for involvement of a candidate gene within 

the identified chromosomal region. 
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Methods 

Study Populations 

     An international collaboration (Bio-Repository to Establish the Aetiology of Sinovenous 

Thrombosis, BEAST) was established from 11 research centres (Belgium, Finland, Greece, 

Italy, Mexico, the Netherlands, Portugal, Sweden, France, UK, and USA). The genetic analysis 

was undertaken using data from 9 countries to maximise homogeneity (Mexican population 

substructure was significantly different while the Greek sample set was very small). Detailed 

description of the BEAST protocol has been published elsewhere13. 

     A total of 405 European CVT patients and 434 control subjects were recruited as a discovery 

set and a second independent European set of 477 patients and 771 control subjects to replicate 

the findings (Table 1). 

     In all cases extensive clinical phenotyping was undertaken, as previously published13. 

Briefly, CVT diagnosis was confirmed by computed tomography (CT) or magnetic resonance 

(MR) brain imaging and dedicated venography CTA (computed tomography angiography), 

MRA (magnetic resonance angiography) or conventional angiogram. Extensive blood 

investigations were undertaken, as previously described13. All recruits were age≥18 years with 

patient or relative informed written consent. Age was documented at time of CVT diagnosis. 

     The inclusion criteria for the control population were age≥18 years at the time of enrolment, 

no previous history of CVT/stroke or any other thrombotic or chronic condition, not pregnant 

and no history of malignancy or any autoimmune disorder. Informed written consent was 

obtained in all recruits. 

     The study meets all ethical and consent standards set by local institutional review boards at 

each of the participating sites. 

 

Genotyping and Quality Control Procedures 
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     DNA samples for all CVT cases and controls were genotyped on the HumanCoreExome 

BeadChip v1.0 (Illumina, Inc., San Diego, CA) using standard protocols14 at the Genetic and 

Molecular Epidemiology Laboratory, McMaster University, Canada.  

     The Illumina Infinium HumanCoreExome BeadChip contains functional exome markers 

include non-synonymous variants, stop altering variants, splice coding variants and variants 

located in promoter regions (>550,000 SNPs). In addition, it includes common tagSNP 

markers. The replication (Finnish and Sweden) data was genotyped using this chip. However, 

the later recruited replication samples included (Netherlands, USA, Portugal, French, Italy) 

data which was genotyped using the Infinium Global Screening Array BeadChip from Illumina 

containing 665,608 SNPs focused on genome-wide tag-SNP variant because of changes in 

commercial chip technology and availability. Genotype imputation conducts Michigan 

Imputation Server15 to impute polymorphic SNPs that were not covered by the Illumina 

Infinium HumanCoreExome BeadChip. The reference panel used for imputation was the 

Haplotype Reference Consortium panel (HRC version-1.1) and run using Minimac4.  

     Genotype quality control was performed on samples and SNPs for the discovery and 

replication set separately. Samples were excluded for any of the following reasons: (i) a call 

rate of less than 98% (of total number of SNPs); (ii) evidence of non-European ancestry from 

principal components analysis (PCA) after combining with data from unrelated samples taken 

from four HapMap Phase-III populations: Utah residents with European ancestry (CEU), 

Yoruba from Ibadan, Nigeria with West African ancestry (YRI), Han Chinese (CHB), and 

Japanese with East Asian ancestry (JPT). Multidimensional scaling analysis16 showed that the 

genotypes displayed by the European subjects intersect with those of CEU and are clearly 

unambiguous from JPT, CHB or YRI, according to International HapMap Project information; 

(iii) sex discrepancy checks (inbreeding coefficient-F) confirmed by genotyping that did not 

match the reported sex; (iv) evidence of a first-degree relationship or identity with another 
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sample and in this case the sample with a lower call rate of pair (identity by descent (IBD) pi-

hat >0.1875) was excluded. Among the discovery set excluded 359 samples and among the 

replication set excluded 487 samples as they did not meet our above criteria. Regions of interest 

were pre-defined using UCSC genome browser GRCh37/hg19 (https://genome.ucsc.edu/cgi-

bin/hgGateway). SNPs were excluded for any of the following reasons: (i) significant 

deviations from Hardy-Weinberg equilibrium (HWE) P-value<10-6; (ii) call rate <98%; (iii) 

minor allele frequency (MAF)<5%. Among the discovery set excluded 9,869,083 SNPs and 

among the replication set excluded 6,244,867 SNPs. 

     A total of 6,041,026 autosomal SNPs in 405 cases and 434 controls were interrogated within 

the discovery set and, 3,981,455 autosomal SNPs in 477 cases and 771 controls were 

interrogated within the replication set. All genotyped and imputed SNPs were analysed. 

 

Statistical Analysis 

     The association between SNP markers and disease susceptibility were calculated in the 

discovery and replication dataset using logistic regression to estimate per-allele odds ratios 

(ORs) and 95% confidence intervals (CIs) under an additive model (SNPs coded 0, 1 or 2 with 

respect to minor allele dosage) adjusted for age, sex, and the three first eigenvectors from 

principal components (PCs). To account for potential population stratification in the discovery 

set and the replication set, the first three PCs were included as covariates in the logistic 

regression model. To be more conservative, the analysis of the most significant SNPs was 

repeated including the first five PCs but had no effect on the results. The genomic inflation 

factor (λ) was calculated based on median χ2 statistic. Manhattan charts were constructed using 

the negative logarithm at the base 10 of the P-values, abbreviated as -log10(P) via the physical 

map. SNPs with -log10(P)>8 were selected for further characterization. Linkage 

disequilibrium (LD) block constructed for significant SNP markers within a chromosome using 

https://genome.ucsc.edu/cgi-bin/hgGateway
https://genome.ucsc.edu/cgi-bin/hgGateway
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HAPLOVIEW v4.217 to assign markers to short blocks. The Haploview Tagger function (based 

on analysis of marker pairwise R2 values) was used to select tag-SNPs with a tagger filter set 

at R2=0.8 in HAPLOVIEW v4.217. 

     Primary evidence for secondary effects was assessed at each site using forward stepwise 

logistic regression. The highest order SNP in the region was included as a covariate and 

association statistics were recalculated for the remaining test SNPs. This process was iterated 

until no remaining SNPs reached a minimum level of significance. Independent effects were 

defined as a P-value <5×10-4, not closely correlated with the highest-ranking SNP, and the 

conditional P-value not substantially different from the unconditioned value. Next, it was tested 

whether the two-SNPs fit the risk in-situ significantly better than the single-SNP model using 

the likelihood ratio test. To confirm the stepwise results and identify secondary effects a second 

micro-mapping approach used JAM (Joint Analysis of Marginal Summary Statistics)18. JAM 

is a multivariate Bayesian variable selection framework that uses GWAS summary statistics to 

determine the potential number of independent associations within a site and to identify reliable 

sets of variables that drive these associations. For further verification of the independence of 

the selected loci, additional approximate conditional analyses were performed joint association 

method using the genome-wide complex trait analysis (GCTA-COJO)19. Linkage 

disequilibrium score regression (LDSC)20 was used to estimate heritability by regressing 

summary statistics LD scores from our GWAS result. LD was characterized as a non-random 

association of alleles (alternative genetic variants at the same genomic locus) between differing 

genetic loci21. 

     Haplotypes reconstructed for individual samples were estimated only for variants from a 

significant critical threshold (-log10(P)>8) by Bayesian estimation use of PHASE software 

(version 2.1.1; University of Washington, Seattle)22 the algorithm that proved most accurate. 

A permutation test for assessing significant differences in haplotype frequencies between case 
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and control was performed by use of the PHASE program. Only haplotypes with an estimated 

frequency ≥0.5% were tested. The estimated heritability was calculated as the proportion of 

phenotype variance due to additive genotype that were measured in this study using GREML 

analysis in GCTA23. 

     The heterogeneity of the ORs across the studies was estimated using I2 and Cochran’s Q 

tests24,25. The marginal risk estimates of odds ratios and standard errors were combined across 

the discovery set and the replication set using a fixed effects model for the meta-analysis except 

if there was evidence of heterogeneity between the study arrays (I2>31%), a random-effects 

model was used in each case. 

     The four major blood groups are determined by two SNPs in the ABO gene: rs8176746 and 

rs8176719 the top-ranking SNP which is in strong LD (R2=0.98) with rs8176719 located within 

the ABO gene26. The rs8176719 is a G deletion which generates a premature termination codon 

and is recessive for O blood group. The rs8176746 is non-synonymous polymorphisms 

determining the B blood group and the A allele, which changes a leucine to methionine amino 

acid. 
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Results 

     A total of 882 CVT patients and 1205 control subjects of European descent were enrolled 

in the study to identify common genetic variants associated with CVT. The demographic 

characteristics of individuals with CVT among the discovery dataset is presented in Table 1. 

CVT cases and controls were appropriately age and sex matched. No significant differences 

were observed in CVT patients and controls among thrombophilia genotype risk factors of 

lupus anticoagulant, antiphospholipid antibodies, protein C deficiency, protein S deficiency, 

antithrombin deficiency, homocysteine plasma levels and factor VIII. 

     In genome-wide association analysis within the European discovery set (n=882), a total of 

37 SNPs (Figure 1) exceeded genome-wide significance with -log10(P)>8 using logistic 

regression model adjusted for age, sex and top three PCs as covariates (the SNPs are listed in 

S2 Table). The top-ranked SNP was rs8176645 (OR=2.35; 95%CI: 1.88-2.93, P=5.02×10−14) 

followed by 35 SNPs in strong linkage disequilibrium (LD, r20.80). All these SNPs (S2 Table) 

locate within a 13-kilobase region of 9q34.2 encompassing all SNPs in the intronic region of 

the ABO gene. The Tagger function based on analysis of marker pairwise R2 values was used 

to select tag-SNPs with a tagger filter set at R2=0.8, 2 SNPs in 2 tests captured all 37 alleles at 

r2>0.8 (mean max r2 is 0.975). 

     The observed P-value distributions for association tests across all SNPs presents no 

evidence of a general systematic bias (λ=1.04) from the expected P-values, and the increase in 

lower P-values was consistent with true associations, indicating that the samples are genetically 

homogeneous and that any significant associations are attributable to genetic differences in 

CVT susceptibility. 

     Following a genome wide analysis, a replication set in an independent cohort from 

European (477 CVT cases and 771 controls) confirmed the 34 SNPs at 9q34.2, with three SNPs 

dropped following QC because of missing values during genotyping (Table S2). The 
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demographic characteristics of individuals with CVT among the replication dataset is presented 

in Table 1. The P-values of the SNPs ranged between 5.02×10−14 and 2.50×10−9 in the 

discovery set, 2.05×10−12 and 5.10×10−11 in the European replication set, 2.24×10−24 and 

3.97×10−19 in the pooled set of European cohorts (Figure 2, 3 and S2 Table). 

     The directions of associations in the replication set were identical to those in the European 

discovery sets, and the associations were still significant after genome-wide Bonferroni 

correction, suggesting that the locus 9q34.2 is associated with susceptibility to CVT across 

multiple European populations. The comparison between the P-value of the discovery set and 

the replication set is presented (Figure 2). The 37 loci explained 1.63% of the variance in CVT, 

and heritability was estimated at 6.54% (SE=5.43) among discovery set, 1.12% of the variance 

and 4.79% (SE=4.73) among replication set. According to LD score regression there was no 

evidence of residual population stratification among the discovery and the replication set 

(intercept<1.019). The estimated h2 to be 6.4% (SE=0.004, liability scale) among the discovery 

set, and 4.7% (SE=0.004, liability scale) among the replication set. There was no difference in 

the association between top ranking SNPs and disease among males and females in the 

discovery set (males: OR=2.53, 95%CI: 1.62-4.06, P=7.38×10−5; females: OR=2.35, 95%CI: 

1.81-3.07, P=1.82×10−10) and the replication set (males: OR=1.71, 95%CI: 1.25-2.36, 

P=9.00×10−4; females: OR=1.92, 95%CI: 1.55-2.40, P=4.06×10−9). 

     Pooling the European discovery and replication data into one overall dataset resulted in an 

enhanced significance of the rs8176645 (P-values: 4.17×10−24, Figure 2). Following this 

dataset pooling, a further signal at chromosome 4 (rs56810541) was seen with a P-value: 

2.33×10−12. However, this SNP did not reach genome wide significance when datasets were 

assessed separately. We present all SNPs with P-value ranging from -log10(P)>6 to -

log10(P)<8 in Supplementary Table S4.   
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     Regional association plots indicate the chromosome 9 locus is located near the 5′-end of the 

ABO gene (Figure 4). The −log10(P) values abruptly dropped when they crossed a 

recombination hotspot located in the upstream region of ABO (Figure 4). The SNPs considered 

were not completely independent of each other with LD ranging from an r2 value of 0.52–0.99 

(Figure 4, bottom panel). Conditional analysis has been used as a tool to identify secondary 

association signals at a locus. We undertook a conditional analysis starting with our top 

associated SNP (rs8176645) found across the whole significant locus, followed by a stepwise 

procedure of selecting additional SNPs, one by one, according to their significant conditional 

P-values. Following this conditional logistic regression analysis, we find no secondary effects 

within the locus of interest in either discovery or replication datasets (P>0.19). A second micro-

mapping approach, JAM (Joint Analysis of Marginal Summary Statistics), used GWAS 

summary statistics identifying reliable sets of variables that find independent association 

signals in regions of susceptibility. The 95% discovery cohort of JAM analysis confirmed the 

independent signal from the stepwise analysis except for rs8176645, where the evidence for an 

association was weak (Bayes' specific variable factor (BF)=21.66). In addition, no independent 

risk loci were identified using the approximate conditional and co-association method applied 

in GCTA (GCTA-COJO) among the discovery and replication cohort. To test the possibility 

that the number risk alleles tag an untyped SNP, haplotype analysis carried out of all significant 

SNPs but found no evidence for haplotype specific effects at any locus among discovery set 

and replication set. Haplotype analysis presents an additive effect of independent risk variants 

consistent with those expected in the single-variable test, and co-presence of 9q34.2 risk alleles 

on the same haplotype increases CVT risk (S1 Table). 

     The haplotype carrying the minor allele for rs8176645 (42.3% frequency in the discovery 

set and 44.6% in the replication set) is associated with an increasing risk of CVT (discovery: 

OR=2.10, 95%CI: 1.72-2.56, P=2.01×10−13; replication: OR=1.75, 95%CI: 1.49-2.07, 
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P=2.99×10−11), suggesting that having the T allele confers a risk allele. The combinations of 

these SNPs together in a weighted genetic score increase the risk of an individual to CVT with 

OR=2.68 (95%CI: 2.10–3.46, P=1.15×10−14) per increasing allele among discovery set, 

replication set (OR=2.79: 95%CI: 2.14–3.65, P=4.71×10−14), and pooled estimates across the 

studies (OR=2.65: 95%CI: 2.21–3.20, P=2.00×10−16). 

     Regional association plots of SNPs around the detected clusters of significant association 

peaks in the same regions are shown in Figure 4. Approximately 13 annotated genes, including 

potentially CVT related candidate genes of ABO, OBP2B, SURF6, MED22, RPL7A, and 

SNORD24, were located on or near these loci. 

     All the exceeded genome-wide significance SNPs locate in the intronic region of the ABO 

gene and are in strong LD with coding regions of the ABO gene. ABO blood group can be 

determined using allele combinations of SNP rs8176746 and rs817671927,28. Only rs8176746 

(MAF=10%) was directly genotyped on our array so rs8176719 was replaced by rs8176645 

(MAF=42%) which is in strong LD26 (R2=0.98) with rs8176719 located within the ABO gene. 

Alleles were matched according to previous literature based on frequency. Figure 5 present the 

blood group distribution between CVT cases and controls. 

     The non-O blood groups (A, B or AB) of the cases was significantly higher than that of 

controls (82% vs. 57%, respectively, P=8.53×10−14). A similar result was also observed in the 

replication set (82% vs. 63%, respectively, P=8.26×10−12). The European discovery and 

replication sets were pooled, the non-O blood groups (A, B or AB) of the cases was 

significantly higher than that of controls (67%, 11%, 3% vs. 52%, 8%, 1%, respectively, 

P=2.20×10−16). Blood group A associated with higher risk of CVT (OR=2.77, 95%CI: 2.25-

3.44, P=2.20×10−16), blood group B (OR=2.92, 95%CI: 2.08-4.09, P=4.64×10−10) and blood 

group AB (OR=5.60, 95%CI: 2.96-11.01, P=2.18×10−7), compared with blood group O 

adjusted for age, sex and 3 PCs. The frequency of the ABO blood groups in our control 
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population were within the expected range of previously published frequencies28,29. Further, 

we subsequently imputed rs8176719 and demonstrated very strong LD (r2=0.9801 among 

discovery set, and r2=0.9977 among replication set) with rs8176645 (i.e., the most significant 

SNP in our GWAS). The assessment of blood group results did not change following 

imputation. 

     The MAF of factor V Leiden mutation among CVT cases in the discovery and replication 

European pooled sets was higher than that of controls (1.2% vs. 0.4%, =0.8%, 95%CI: 0.26%-

1.45%, P=2.90×10−3) OR=2.94 (95% CI: 1.36–6.27, P=0.006), and a similar trend was also 

observed in Prothrombin G20210A mutation (1.9% vs. 0.2%, =1.7%, 95%CI: 0.76%-2.90%, 

P=5.00×10−4) OR=7.65 (95% CI: 1.73–33.83, P=0.007), although the 9q34.2 locus was 

independently associated with CVT. The odds ratio for the most significant SNP (rs8176645) 

was enhanced (OR=2.38, 95%CI: 1.89-2.98, P=6.97×10−14) in the Europeans discovery and 

replication sets after adjusted for these mutations.  

     No significant differences were observed between ABO blood groups and thrombophilia 

genotype risk factors of lupus anticoagulant, antiphospholipid antibodies, protein C deficiency, 

protein S deficiency, antithrombin deficiency, homocysteine plasma levels and factor VIII. 
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Discussion 

    We show that 9q34.2 is strongly associated with CVT with a pooled OR of 2.7, a result we 

validated in an additional independent cohort. There was evidence that the SNPs with the 

largest association were in strong LD with coding regions of the ABO gene. We go on to 

demonstrate that non-O blood group is more prevalent in CVT cases across multiple 

populations studied.  

     In European populations, 9q34.2 locus is associated with other comorbidities such as 

malaria30, type 2 diabetes31 and chronic obstructive pulmonary disease32 and interstitial lung 

disease33 and, importantly, with several diseases associated with clotting disorders such as 

pancreatic cancer34, coronary artery disease35, heart failure36, ischemic stroke37, thrombosis11, 

venous thromboembolism10. However, with OR ranging from 1.06-1.81 the effect sizes are 

minor when compared with our new OR (2.68) finding for this locus, although direct 

comparisons of risks between differing populations remain challenging. 

     Several genes are located within a 1-Mb region of the locus 9q34.2, including Odorant 

Binding Protein 2B (OBP2B), Surfeit locus protein 6 (SURF6), Mediator of RNA polymerase-

II transcription subunit-22 (MED22), and 60S ribosomal protein-L7a (RPL7A) (Figure 2). 

These genes are included in the surfeit gene cluster, a group of very tightly linked genes that 

do not share sequence similarity. However, it is not known whether OBP2B, SURF6, MED22, 

and RPL7A are involved in thrombophilia. The chromosomal position of the SNP in 9q34.2 is 

found in strong LD with the coding sequence variant SNP rs8176719 which plays a key part in 

determining blood group status27. Since the present findings indicate that the SNPs of ABO 

may be involved in CVT development, it is assumed that ABO gene polymorphisms could also 

cause thrombophilia. 

     The association between venous thromboembolic disease and ABO blood type has been 

previously described38 and recently reviewed39 relating to CVT, and our results now provide a 
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potential genetic mechanism for that observation. As our results implicated the ABO gene with 

CVT we determined blood group characterization in our studied populations. Blood group 

phenotypes, based on inherited allelic combinations27,28, and the ABO blood group system are 

thought to contribute to risk of developing thromboembolic diseases28. CVT cases had 

significant higher prevalence of non-O blood groups compared to controls. Compared with 

individuals with blood group O, Europeans with blood group A, B or AB, were at 2.9 times 

increased risk of CVT (OR=2.85, 95%CI: 2.32–3.52, P=2.00×10−16). 

     Notwithstanding our results, it is clear that a substantial fraction of the clinical response 

remains unmapped, raising questions as to the location of the missing heritability. However, 

even quite large GWA studies have only at best identified moderate proportions of the genetic 

variants contributing to disease heritability. Because of the relatively low incidence of CVT it 

is difficult to recruit a very large number of cases (>1000) for GWA. Despite this, we were 

able to perform a genome-wide analysis on the largest number of CVT patients ever assembled 

and validated the findings across independent European samples. We calculated a polygenetic 

risk score (PRS) of the known VTE SNPs40 and found CVT was associated with an OR=1.35 

(95% CI: 1.11–1.64, P=2.43e-03) among the discovery set and OR=1.61 (95% CI: 1.30–2.00, 

P=1.40e-05) among the replication set (Supplementary Table S5). 

     The analysis includes sample size of 882 patients in the discovery set and 1205 patients in 

the replication set resulting in limited statistical power to detect modest effects, such as those 

observed here, for the association between genetic variability and disease susceptibility. Our 

study can detect effects (OR) of 2.00 for any SNP with a MAF>20% but can only detect large 

effects of 3.10 from a SNP with <10% MAF. 

     Factor V Leiden (rs6025 or F5 p.R506Q) is a variant which causes hypercoagulability. In 

addition, prothrombin G20210A (rs1799963) factor II mutation increases levels of the clotting 

factor prothrombin creating a greater tendency towards blood clotting8,9. There is variability in 
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the reports of the frequency of these variants for venous thrombosis depending on the location 

of that thrombosis. In VTE overall the reported frequency is small41 but in CVT the frequency 

seems larger42,43, and this is supported by our findings. 

     A total of 37 SNPs demonstrated genome-wide significance of between -log10(P)>6 to -

log10(P)<8 in association with CVT susceptibility in the discovery and replication set 

(Supplementary Table S4). Thirty-three SNPs from chromosome 9 are within the region of the 

ABO gene. Four SNPs in chromosome 4 are in the region of Factor XI gene (plasma 

thromboplastin antecedent). These SNPs of lower significance may become important in future 

larger studies. 

     Regardless the fairly large sample size of members of European ancestry, there was only 

adequate statistical power to detect associations with common genetic variants. It is likely that 

other variants are also implicated in CVT, but we present the most common. However, it is 

likely we are underestimating the association of 9q34.2 as our conditional analysis was based 

on one, albeit highly significant, SNP within the LD region of interest. Further, although all 

study sites used well-established clinical protocols to diagnose CVT, the heterogeneity of the 

CVT phenotype may have limited the ability to discover some genetic associations by biasing 

the effect estimates towards the null hypothesis. However, unlike ischaemic stroke, CVT is 

relatively homogenous clinically which may serve to mitigate this issue. We determined ABO 

phenotype based on previously reported SNP allele combinations as blood group was not 

initially characterised. The distribution of the ABO blood groups was, however, consistent with 

previously reported distributions in European populations. However, any possible 

measurement errors or misclassifications are likely biased towards the null and would 

therefore, underestimate the presented risks associated with the ABO blood groups. Moreover, 

we were not able to take into account the possible role of Rhesus and other blood group systems 

which could provide other and more detailed insights. Finally, while the association observed 
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between ABO and CVT risk was significant, and we demonstrate blood group association with 

CVT, we are not in a position to confirm a causal mechanism. 

     We present the first GWA study in CVT. We report a chromosomal locus, 9q34.2 associated 

with CVT susceptibility in multiple populations of European descent with an effect size more 

than double (greater than any previously reported in other thrombophilia related diseases) and 

implicate the ABO gene along with blood group in its aetiology providing new insights into the 

pathophysiology of CVT. 
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Legends and Tables 

 

Figure 1: The associations of SNPs by chromosome with CVT. The horizontal line indicates 

a critical threshold of -log10(P-value)>8, the selected genomic locus is shown. Below 

posterior probability of Bayesian variable selection framework (JAM) and P-value of 

condiation analysis. 

 

Figure 2: Forest plot of the validated SNPs associated with CVT susceptibility.  

 

Figure 3: Comparing the P-value of the discovery set to the replication set. 

 

Figure 4: Regional association and linkage disequilibrium (LD) plot of the 9q34.2 locus. 

Known genes are shown in the relevant region. A LD map based on r2 values is shown at the 

bottom panel. 

 

Figure 5: Blood group distribution between CVT cases and control determined using allele 

combinations of SNP rs8176746 and rs8176645 located in the ABO gene. 

 

Table 1: Demographic characteristics of individuals with CVT among discovery and 

replication datasets. 

 


