A genome-wide association study for venous thromboembolism: the extended Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) Consortium

SUPPLEMENTARY MATERIAL

METHODS
Study Population, VTE Ascertainment, and Diagnosis
The Longitudinal Investigation of Thromboembolism Etiology (LITE): LITE is a population-based prospective study of VTE risk factors in middle-aged and elderly participants from two cohorts: [Cushman 2007] the Atherosclerosis Risk in Communities (ARIC) Study and the Cardiovascular Health Study (CHS).

The ARIC study included 15,792 adults aged 45 to 64 years at recruitment in 1987 through 1989 from Forsyth County, North Carolina; Jackson, Mississippi; suburbs of Minneapolis, Minnesota; and Washington County, Maryland [1989].  The Jackson sample comprised African Americans only; the other three samples reflect the demographic composition of their communities. A telephone interview has been administered annually to identify cardiovascular events and hospitalizations.  Hospitalizations also are identified by surveillance of local hospital discharge lists for cohort members.  For each hospitalization identified, all ICD-9-CM discharge codes are recorded.  Blood samples collected at baseline and other visits were stored for DNA extraction with participant’s consent for genetic testing.
CHS is a population-based longitudinal study of 5,888 primarily white and African American adults aged 65 years and older [Fried et al., 1991; Tell et al., 1993].  Participants were randomly sampled from the Medicare eligibility lists and recruited in 1989-1990 or 1992-1993 from Forsyth County, North Carolina; Sacramento County, California; Washington County, Maryland, and Pittsburgh, Pennsylvania.  Semi-annual contacts, alternating between telephone calls and surveillance clinic visits, were conducted through 1999.  From 2000-2002, follow-up was done by telephone interview. Hospitaliza​tions in CHS were identified primarily by self-report of the participant or proxy, and additionally by search of Medicare records.  For every hospitalization in CHS, hospital discharge summaries and ICD-9-CM discharge codes were obtained.  DNA was extracted from blood samples drawn on all participants at their baseline examination in 1989-90 or 1992-1993.
Follow-up for VTE, i.e., DVT and PE, has been conducted since baseline through 2005 in ARIC and through 2001 in CHS.  From each study’s hospital discharge code database, hospitalized cases of possible VTE have been identified based on the following ICD-9 codes: 415.1x, 451, 451.1x, 451.2, 451.8x, 451.9, 453.0, 453.1, 453.2, 453.8, 453.9, 996.7x, 997.2, 999.2, and procedure code 38.7.  Hospital records were obtained and reviewed by two physicians, who assigned a VTE classification independently. Differences between the physicians were adjudicated by discussion. 

DVT was defined by a positive duplex (compression) ultrasound or venogram, or occasionally by other means such as computed tomography (CT).  In the earliest years when these diagnostic tools were not available, DVT diagnosis required a positive Doppler ultrasound or impedance plethysmography.  PE was classified based on spiral CT, high probability lung scintigraphy classified according to the PIOPED criteria [The PIOPED Investigators 1990], angiogram results, or autopsy.  PE diagnosis required ventilation perfusion scanning showing multiple segmental or subsegmental mismatched perfusion defects, a positive pulmonary angiogram, or positive CT. Idiopathic VTE events were defined as VTE with no obvious precipitants (e.g., major surgery, major trauma, marked immobility, or cancer) [Cushman 2007]. Subjects reporting a prior history of VTE at baseline were excluded from the analysis.

The Heart and Vascular Health (HVH) Study of Venous Thrombosis: The HVH is an on-going, population-based, case-control study of myocardial infarction (MI), stroke, atrial fibrillation, and venous thrombosis (VT) [Smith et al., 2007]. The setting for HVH was Group Health Cooperative (GHC), a large integrated health care system in western Washington State. Participants were female GHC members 40-89 years of age [Smith et al., 2007]. Cases were GHC members who experienced a first incident DVT or PE between January 1, 1995, and December 31, 2006, and who were alive at the time of study recruitment. The date of the VT served as an index date. Controls were a random sample of GHC members that comprised a pool shared by several case-control studies conducted at GHC. The control group was frequency matched by age (within decade), sex, treated hypertension status, and calendar-year of identification to MI cases, the largest case group in the HVH study. All controls had no prior history of DVT or PE. For controls, the index date was a randomly chosen date within the calendar year from which they were selected as a control.

Demographic and health-status information was obtained by review of the entire GHC ambulatory medical record up to the index date. Information was collected on menopause, weight, height, blood pressure, treated hypertension, cholesterol, diabetes, cancer treatment, outpatient surgical or major diagnostic procedures, hospitalizations, trauma, and limb casts. Tobacco use and race was self-reported during a telephone interview.  Idiopathic events were defined as those occurring in the absence of active cancer in the year before the VT diagnosis and the absence of trauma, hospitalization, and casts in the 90 days before the VT diagnosis.
The Rotterdam Study (RSI and RSII): The RS is a prospective population-based cohort study of chronic diseases [Hofman et al., 2009]. Since 1990 two cohorts (RSI and RSII) have been formed of people aged 55 years and older from the city of Rotterdam in the Netherlands [Hofman et al., 2009]. The RS-I cohort had baseline examinations during 1990 – 1993 with completion of standardized questionnaires and sampling of blood and isolation of DNA. The RS-II cohort consisted of a second independent cohort formed in 1999 with baseline examinations between 2000 and 2001.
Follow-up for VTE has been conducted in both cohorts since baseline. From each study cases were identified by ICPC codes K93 and K94 in patient records from general practitioners. Hospital discharge letters and results of diagnostic tests were obtained and reviewed by two researchers, who assigned a VTE classification independently. Differences were adjudicated by a specialist.  DVT was defined by a positive duplex (compression) ultrasound or venogram, or occasionally by other means such as CT or from autopsy. In case of dubious results of these diagnostic tools, DVT were stated as probable if there was additionally a positive D-dimmer test.  PE was classified based on angiogram results, spiral or thorax CT, or autopsy. A ventilation perfusion scanning with multiple mismatched perfusion defects was labeled as probable PE.

Idiopathic VTE events were defined as VTE with no obvious precipitants (e.g., recent hospitalization, major surgery, major trauma, marked immobility, or cancer).
The Women’s Genome Health Study (WGHS): Participants in the WGHS include North American women from the Women’s Health Study (WHS) with no prior history of cardiovascular disease, cancer, or other major chronic illness who also provided a baseline blood sample at the time of study enrollment from which genomic DNA was extracted [Ridker et al., 2008].  The Women’s Health Study is a recently completed randomized, double-blinded, placebo-controlled clinical trial of vitamin E and low-dose aspirin for the primary prevention of cardiovascular events and cancer among women [Gunderson et al., 2005; Ridker et al., 2005].  WHS participants have been followed prospectively for a mean of 12.8 years for future cardiovascular events, including VTE.
For any event of incident DVT or PE reported during study follow-up, medical records, death certificates, and autopsy reports were obtained and reviewed by an end points committee to verify the diagnosis.  The diagnosis of DVT required a positive result on venography or ultrasonography.  The diagnosis of PE required a positive (CT) angiogram or a ventilation-perfusion scan that showed at least 2 segmental perfusion defects without ventilation defects.  Idiopathic VTE was defined as occurring in the absence of a known malignant condition (diagnosed either before or up to 3 months after VTE) or trauma, surgery, or hospitalization (lasting 3 days or more) within 3 months before the VTE [Glynn et al., 2007a; Glynn et al., 2007b]. Women who did not develop a VTE event during follow-up (neither idiopathic nor secondary) and had no history of VTE at baseline were considered as controls.  The study was approved by the institutional review board of the Brigham and Women’s Hospital.

The Mayo Clinic VTE Study (Mayo): VTE cases were recruited from consecutive Mayo Clinic outpatients who had objectively-diagnosed DVT or PE and were referred to the Mayo Clinic Special Coagulation Laboratory or Thrombo​philia Center during 1994–2009 [Heit et al., 2011].  All cases were 18 years or older and resided in the upper midwest United States. VTE patients with the following conditions were excluded: active cancer, an indwelling central venous catheter, transvenous pacemaker or other mechanical cause of thrombosis, a lupus anticoagulant or other antiphospholipid antibodies, vasculitis or a vascular anomaly (e.g. Klippel-Trenaunay), other auto​immune disorders (including heparin-induced thrombocytope​nia) or prior bone marrow or liver transplantation. Controls were prospectively recruited from persons attending outpatient general medical examinations in 2004– 2009 within the Mayo Clinic Divisions of General Internal Medicine and Primary Care Internal Medicine, Department of Internal Medicine, and general internal medicine practises that care for patients (>10 000 per year) from the upper midwest United States. Additional controls were recruited from the Department of Family Medicine and the Mayo Clinic Sports Medicine Center. Controls had no previous diagnosis of VTE or superﬁcial vein thrombosis and were frequency matched with the cases on the distribution of age group (20–29, 30–39, 40–49, 50–59, 60–69, 70–79 years), sex, state of residence and MI/stroke status. The same exclusions for cases were also applied to controls. Cases and controls provided informed consent to DNA testing and genetic research addressing the genetics of VTE. The study was approved by the Mayo Clinic Institutional Review Board. Included in this study is a subset of this case-control population who consented to have their DNA sent outside Mayo (i.e., to CIDR) for GWAS genotyping.

A DVT or PE was conﬁrmed by venography, pulmonary angiography, compression venous duplex ultrasonography, ventilation/perfusion lung scan inter​preted as high probability for PE, computed tomographic pulmonary angiography, magnetic resonance imaging or pathology examination of thrombus removed at surgery.

MARseille THrombosis Association (MARTHA) VTE Study: The MARTHA VTE Study included 1,592 patients with VT who were unrelated Caucasians consecutively recruited at the Thrombophilia center of La Timone hospital (Marseille, France) between January 1994 and October 2005 [Germain et al., 2011]. All patients were documented for a history of VT without strong known genetic risk factors including AT, PC, or PS deficiency, homozygosity for FV Leiden or FII 20210A, and lupus anticoagulant. They were interviewed by a physician about their medical history, which emphasized manifestations of DVT and PE using a standardized questionnaire. The date of occurrence of every episode of VT and the presence of precipitating factors (such as surgery, trauma, prolonged immobilization, pregnancy or puerperium, and oral contraceptive intake) were collected. VT was classified as secondary when occurring within 3 months after exposure to exogenous risk factors, including surgery, trauma, immobilization for 7 days or more, oral contraceptive use, pregnancy, and puerperium. In the absence of these risk factors, VTE was defined as idiopathic. The thrombotic events were documented by venography, Doppler ultrasound, spiral computed tomographic scanning angiography, and/or ventilation/perfusion lung scan. Controls were healthy individuals from the 3C study, a population-based, longitudinal study with an initial goal to investigate the relationship between vascular factors and dementia. Participants were randomly recruited among non-institutionalised subjects aged over 65 years from the electoral rolls of three French cities.  A total of 9,294 subjects were recruited in the 3C study and a random set of 1,140 subjects who were free of any chronic diseases was selected to serve as controls for the MARTHA VTE cases.
French Case-Control Study on Early-onset VT (EOVT): A sample of 453 VTE patients were recruited in 4 different French centers (Grenoble, Marseille, Montpellier, and Paris) between 1999 and 2006 [Tregouet et al., 2009]. The recruitment was based on  (1) European origin; (2) early age of onset of ﬁrst VTE (≤50 years); (3) DVT and/or PE as ﬁrst event documented by venography, Doppler ultrasound, angiography, and/or ventilation/perfusion lung scan; (4) lack of ac​quired risk factors at the time of VTE (including surgery, hospitaliza​tion, pregnancy, puerperium, oral contraception, cancer, and autoim​mune disease); and (5) lack of strong known genetic risk factors, including AT, PC, or PS deﬁciencies, and homozygosity for FV Leiden or FII 20210A.  The control group consisted of 1,327 healthy French persons from the Suvimax study, who were of European origin, had no chronic conditions, and did not use medicines in a regular basis. 

Genotyping, Imputation and Quality Control (QC)
ARIC: a genome-wide scan was conducted with the Affymetrix Genome-Wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, USA) in 10,898 Caucasian participants.  QC at SNP level included exclusion of SNPs for not passing laboratory QC, no chromosome location, monomorphic, call rate <95%, and autosomal SNPs with HWE-p < 10-6.  A total of 910,060 SNPs were attempted, 841,820 were completed, and 2,772 Affymetrix laboratory QC SNPs were removed, leaving 839,048.  At individual level, subjects who met the following criteria were excluded: not consenting for DNA use, not yielding genotyping calls, unintentional duplicates with higher missing genotype rates, suspected mixed/contaminated samples, scans from one problem plate, samples with a mismatch between phenotypic sex and X-chromosome analysis, genotype mismatch with 39 previously genotyped SNPs, genetic outliers based on average Identity by State (IBS) statistics and principal components analysis using EIGENSTRAT [Price et al., 2006], and suspected first‐degree relative of an included individual based on the genome-wide SNP data. The final population with SNP data comprised 9,185 Caucasians.  Imputation to approximately 2.5 million autosomal SNPs identified in HapMap Phase II CEU samples was performed using MACH v1.0.16 [Li et al., 2009; Li et al., 2010].  SNPs that met the following criteria were used in the imputation: MAF ≥ 1%, call rate ≥ 95%, and Hardy-Weinberg equilibrium (HWE)-p ≥ 10-5. After the filtering, 669,450 autosomal SNPs were used in the imputation.  Imputation results were summarized as an “allele dosage” defined as the expected number of copies of the minor allele at that SNP for each genotype. The ratio of observed to expected variance of the dosage statistic for each SNP was calculated to reflect imputation quality.

CHS: Genotyping was performed at the General Clinical Research Center's Phenotyping / Genotyping Laboratory at Cedars-Sinai using the Illumina 370CNV BeadChip system on 3,980 CHS participants who were free of CVD at baseline, consented to genetic testing, and had DNA available for genotyping. An additional 149 VTE cases and controls of the LITE-CHS who were excluded from the main CHS genotyping because of baseline CHD/stroke status were subsequently added, bringing the total genotyping to 4,129. Participants were excluded if they had a call rate ≤ 95% or if their genotype was discordant with known sex or prior genotyping. Genotyping was successful in 3,995 persons. Samples were assessed by their call rates, their p10 GC scores (the 10th percentile of the sample genotype "GenCall" scores at each specific locus), and finally using a control dashboard, which evaluates each sample based on four sample-independent, assay-dependent categories (staining, extension, target removal, and hybridization), as well as three sample-dependent categories (stringency, non-specific binding, and non-polymorphic to evaluate overall sample and assay quality). In addition to p10 GC scores of 0.74-0.76, successful samples exhibited, on average, a 98-99% call rate, with less than 1-2% "No Calls". A small number of samples were whole genome amplified and performed less optimally than non-amplified samples. Accordingly, these samples were required to meet a minimum p10 GC score of 0.7 and 96% call rate, with a maximum of approximately 3% of SNPs not called. Of 370,404 SNPs on the HumanCNV370-Duo beadchip, a total of 346,831 yielded calls. The following exclusions were applied to identify a final set of 306,655 autosomal SNPs: call rate < 97%, HWE P < 10-5, > 1 duplicate error or Mendelian inconsistency (for reference CEPH trios), heterozygote frequency = 0, or SNP not found in dbSNP. Imputation was performed using BIMBAM version 0.99 [Servin and Stephens 2007] using one round of imputations and the default expectation-maximization warm-ups and runs.
HVH: Genotyping was performed using the Illumina 370CNV BeadChip system at the Genomics Resource Laboratory at the Fred Hutchinson Cancer Research Center and at the General Clinical Research Center's Phenotyping/Genotyping Laboratory at Cedars-Sinai. Genotypes were called using the Illumina BeadStudio software. Participants were excluded if they had a call rate ≤95% or if there was a sex mismatch. The following exclusions were applied to identify a final set of 301,321 autosomal SNPs: call rate <97%; HWE P < 10-5; > 2 duplicate errors or Mendelian inconsistencies (for reference CEPH trios); heterozygote frequency = 0; SNP not found in HapMap. Imputation was performed using BIMBAM version 0.99[Servin and Stephens 2007] with reference to HapMap CEU using release 22, build 36 using 1 round of imputations and the default expectation-maximization warm-ups and runs. SNPs were excluded from analysis if the variance on the allele dosage ≤0.01.
RSI and RSII: All RS participants with available DNA were genotyped using Illumina Infinium II HumanHap BeadChips at the Department of Internal Medicine, Erasmus Medical Center following manufacturer’s protocols. RS-I participants (n=6,449) were genotyped with 550k (V.3) single and duo chips, while RS-II participants (n=2,516) were genotyped with 550k (V.3) duo and 610k Quad chips. Genotype calling was performed in RS-I using BeadStudio software (version 0.3.10.14) and GenomesStudio in RS-II. Participants with call rates <97.5%, excess autosomal heterozygosity, sex mismatch or outlying IBS clustering estimates were excluded. After quality control, 5,942 RS-I participants and 2,155 RS-II participants remained in the GWAS datasets. SNPs were excluded for call rate < 98%, HWE P<10-6, and MAF <1%, leaving 512,349 autosomal SNPs in RS-I and 466,389 autosomal SNPs in RS-II for use in imputation. The imputation was conducted in MACH (version 1.00.15 for RS-I and 1.00.16 for RS-II) [Li et al., 2009; Li et al., 2010]   with reference to the 2,543,886 SNPs of the HapMap CEU (release 22, build 36) [2003].
SNPs on the X-chromosome were excluded based a callrate <95%, leaving 13,079 SNPs for inclusion in imputation with IMPUTE (version 0.5.0). A total of 65,533 SNPs (in the non-par region) were imputed using HapMap CEU build 35 as the reference population.
WGHS: DNA samples were genotyped with the Infinium II technology from Illumina.  Either the HumanHap300 Duo-Plus chip or the combination of the HumanHap300 Duo and I-Select chips was used.  In either case, the custom content was identical and consisted of candidate SNPs chosen without regard to allele frequency to increase coverage of genetic variation with impact on biological function including metabolism, inflammation or cardiovascular diseases.  Specifically, all UCSC coding non-synonymous SNPs, UCSC splice-site SNPs, UCSC SNPs with phenotype annotation, and SNPs from targeted venous thromboembolism, cardiovascular diseases, diabetes, blood pressure and inflammation candidate genes were selected.  Furthermore, all SNPs with functional effects according to Online Mendelian Inheritance in Man (OMIM) were included, irrespective of genome region.  Both OMIM and UCSC databases were accessed in December 2006.  Genotyping at 318,237 HumanHap300 Duo SNPs and 45,571 custom content SNPs was attempted.  Genetic context for all annotations are derived from human genome build 36.1 and dbSNP build 126.

SNPs with call rates <90% were excluded from further analysis.  Likewise, all samples with percentage of missing genotypes higher than 2% were removed.  Among retained samples, SNPs were further evaluated for deviation from HWE using an exact method [Wigginton et al., 2005] and were excluded when the P-value was lower than 10-6.  Samples were further validated by comparison of genotypes at 44 SNPs that had been previously ascertained using alternative technologies.  SNPs with minor allele frequency >1% in Caucasians were used for analysis.  After QC, 339,596 SNPs were left for analysis, with a mean call rate of 99.6%. Genotypes for imputed SNPs were determined by MACH v1.0.16. [Li et al., 2009; Li et al., 2010] using reference genotypes from the HapMap CEU samples, release 22.
Mayo GWAS: The Center for Inherited Disease Research (CIDR), one of the two genotyping centers supported by the GENEVA consortium [Cornelis et al., 2010], genotyped samples using the Illumina Human610-Quad v.1_B BeadChip using DNA from a subset of cases and controls that consented to sending their DNA outside Mayo.  Case and control DNA sample addresses were randomly assigned across 96-well plates provided by CIDR while assuring roughly equal percentages of cases and controls within each plate.  Genotype clusters for each SNP were determined using the IlluminaBeadStudio Module (version 3.3.7), and combined intensity data from 99.2% of samples were used to define clusters and call genotypes.  Overall, 99.1% of samples attempted (7,114 of 7,178 total) passed quality-control standards. Genotypes were not called if the quality score from BeadStudio was <0.15.  Both the mean SNP call rates and the mean sample call rates were 99.8%.  Genotypes were released for 589,945 SNPs (99.56% of those attempted).  Genotypes were not released for autosomal SNPs with call rates <85%, >1 HapMap replicate error, >1% difference in call rate between genders or >4% difference in heterozygote frequency.  Duplicate samples from both HapMap and the study were included on each plate.  Reproducibility rates in the raw data were 99.99% among 161 duplicated subjects.  Samples included 169 masked duplicates, and 98.8% of these duplicates met quality-control criteria.  CIDR's release criteria depended on sample source: samples with >96.5% called genotypes were released for DNA from whole blood [Cornelis et al., 2010].
Four main categories of quality-control flags were set for autosomal SNPs: (i) unacceptably high rates of missing genotype calls (>5%), (ii) low MAF (<0.005), (iii) unacceptably high rates of Mendelian errors (>1) and (iv) deviation from Hardy-Weinberg equilibrium (HWE, P<E-05).  We flagged 1,965 SNPs with >5% missing genotypes. A total of 1,683 (1,115/1,135) SNPs were flagged overall (cases/controls) for HWE deviation at P<E-05. MACH program [Li et al., 2009; Li et al., 2010] was used for imputation of genotypes to the HapMap phase II CEU reference set of approximately 2.5 million SNPs.

MARTHA: 1,006 VTE patients were typed in 2008 with the Illumina Human610-Quad Beadchip containing 567,589 autosomal SNPs while the rest of 586 patients more recently genotyped by the Illumina Human660W-Quad Beadchip including 556,776 autosomal SNPs. The Illumina Human610-Quad Beadchip was also used to genotype the healthy controls from the 3C study. A set of 551,141 SNPs including 537,883 autosomal SNPs and 13,258 sex-linked SNPs was common to the three samples. SNPs showing significant deviation from Hardy-Weinberg equilibrium (p < 10-5) in controls, minor allele frequency (MAF) less than 1% or genotyping call rate <99% were filtered out. Individuals with genotyping success rates less than 95% were excluded as well as individuals demonstrating close relatedness as detected by pairwise clustering of IBS and multi-dimensional scaling(MDS) implemented in PLINK software (v.1.04) [Purcell et al., 2007]. Non-European ancestry was also investigated using the EIGENSTRAT program [Price et al., 2006]. After the filtering, 481,002 autosomal and 10,256 sex-linked SNPs were left common to the 1,542 VT patients and 1,006 healthy controls for association analysis. The cleaned set of SNPs were also further used for imputing ~2.5 million autosomal SNPs according to the CEU HapMap release 21 reference dataset. The imputation was performed using MACH [Li et al., 2009; Li et al., 2010].
EOVT: Both cases and controls  were genotyped with the Illumina Sentrix HumanHap300 Beadchip containing 317,139 SNPs. SNPs were excluded for significant deviation from Hardy-Weinberg equilib​rium in the control groups (p-value<10-5), MAF<5% in the patient group or < 1% in the control group, or missing genotype frequency ≥ 3% per SNP. These exclusions led to 291,872 SNPs remained for imputation and subsequently association test with VTE. The cleaned set of SNPs were used for imputation to the 2,557,252 autosomal SNPs using the MACH v1.0.16 software [Li et al., 2009; Li et al., 2010] according to the CEU HapMap 2 release 21 (build 35) reference dataset. Subjects were excluded based on genotyping success rates < 95%, close relationship to other samples as detected with a pairwise IBS analysis, and non-European ancestry as detected by principal component analysis using the EIGENSTRAT program [Price et al., 2006]. This resulted in the exclusion of 34 cases and 99 controls.
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