Stroke genetics informs drug discovery and risk prediction across ancestries
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GWAS of stroke risk factors in Tohoku Medical Megabank
We obtained information on lifestyle, effect of disaster, blood, and urine information from the 87,865 participants. Among the study participants, 53,599 were genotyped using a customized microarray designed by the TMM, denoted as Japonica array version 2 (JPAv2).1 Subjects compatible with the following criteria were excluded: low call rate (<0.95), non-Japanese ancestry estimated from genetic principal components (PCs), and sex-mismatch between genotype and basic resident register. Genetic PCs were computed using PLINK v 2.00a3LM.2 Variants with a low call rate (<0.95), low Hardy–Weinberg equilibrium exact test P-value (P<1×10-6), low minor allele frequency (MAF; <0.01) were excluded. The genotyped data were pre-phased using Eagle version 2.4.1,3  and imputed using Minimac3 version 2.0.1,4 with the 1000 Genomes Project reference panel (phase3v5; cross-ancestry).5 Individuals whose age <18 or >85 and variants with low-imputation quality (R2<0.3) were excluded. Then, we conducted GWAS of eight stroke risk factor traits (SBP, DBP, LDL and HDL cholesterol, triglycerides, BMI, cigarettes per day and HbA1C). For each trait, subjects with phenotypic value of outside three folds of the upper/lower quartile interquartile range were excluded from the analysis, followed by the rank-based inverse normal transformation of the phenotypic values. The GWAS sample size was up to 53,323 (SBP, 53,317; DBP, 53,323; LDL cholesterol, 48,699; HDL cholesterol, 53,318; triglycerides, 52,503; BMI, 53,256; cigarettes per day, 18,659; and HbA1C, 52,370). Association between variants and phenotypic values were estimated using BOLT-LMM version 2.3.4,6 with the adjustments for age, sex, and top 10 genetic PCs.

Calculation of candidate polygenic score (PGS) models 
Three different methods: (P+T),7 LDpred,8 and PRScs,9, were used for calculating the candidate PGS models in Europeans and East-Asians using 1000G p3v5 European (n=503) and East-Asian (n=504) LD reference panels respectively. For all PGS calculations only variants with both MAF>1% and imputation INFO>0.8 were included in EstBB and variants with imputation R2>0.3 were included in BBJ data.
First, pruning and thresholding scores were built using the PLINK v1.90b6.8 (--clump) software.2 The algorithm forms clumps around SNPs with association p-values less than a provided threshold. Each clump contains all SNPs within 250kb of the index SNP that are also in LD with the index SNP as determined by a provided r2 threshold in the LD reference. PGSs were built containing the index SNPs of each clump with corresponding estimated β-coefficient (log(OR)) for its effect allele as weights. PGS models were created over a range of p-value (5e-8, 5e-6, 5e-4, 5e-2, 5e-1, or 1e-0) and r2 (0.2 0.4 0.6, or 0.8) pruning thresholds, for a total of 24 pruning and thresholding-based candidate scores for each of the GWAS summary statistics. 
Second, candidate PGS models were derived using the LDpred software v1.0.11 (https://bitbucket.org/bjarni_vilhjalmsson/ldpred).8 This Bayesian approach calculates a posterior mean effect size for each variant taking into account the LD structure. The underlying Gaussian distribution additionally considers the fraction of causal markers via a tuning parameter, ρ. A range of values for the fraction of causal variants ρ was used (1.0, 0.3, 0.1, 0.03, 0.01, 0.003, or 0.001). Third, PGS models for each of the GWAS summary statistics were built using the PRScs software.9 PRScs performs Bayesian continuous shrinkage to GWAS summary statistics to account for LD. Six different global shrinkage parameters φ were considered: 1e-8, 1e−6, 1e−4, 1e−2, 1e-0 and a fully Bayesian approach that automatically learns tuning parameter φ from GWAS summary statistics
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GIGASTROKE studies previously included in MEGASTROKE  
METASTROKE consortium
The METASTROKE consortium has been described in detail previously.10,11
NINDS-SIGN consortium
The NINDS-SIGN consortium has been described in detail previously.10,12 
CHARGE consortium
We combined data from prospective cohort studies participating in the Cohorts for Heart and Aging Research in Genomic Epidemiology (CHARGE) consortium.13 
Age, Gene/Environment Susceptibility (AGES) -Reykjavik Study
The AGES-Reykjavik Study is a single center prospective cohort study based on the Reykjavik Study. The Reykjavik Study was initiated in 1967 by the Icelandic Heart Association to study cardiovascular disease and risk factors.14 The cohort included men and women born between 1907 and 1935 who lived in Reykjavik at the 1967 baseline examination. Re-examination of surviving members of the cohort was initiated in 2002 as part of the AGES-Reykjavik Study. The AGES-Reykjavik Study is designed to investigate aging using a multifaceted comprehensive approach that includes detailed measures of brain function and structure. All cohort members were European Caucasians. Briefly, as part of a comprehensive examination, all participants answered a questionnaire, underwent a clinical examination and had blood drawn.Among AGES participants with GWAS data (N=3,219), after exclusion of participants with prevalent stroke (N=224), and those without follow-up for incident stroke events (N=114), N=2,996 participants were available for analyses. 
Stroke ascertainment in AGES: Incident stroke cases were ascertained from multiple sources including hospital, general practice, nursing home records and death certificates. All possible cases were adjudicated with standard TOAST criteria by two Neurologists and a Neuroradiologist with expertise in evaluating stroke cases for epidemiologic studies.
Atherosclerosis Risk in Communities (ARIC) Study 
The ARIC study is a prospective population-based study of atherosclerosis and clinical atherosclerotic diseases in 15,792 men and women, including 11,478 non-Hispanic white participants, drawn from 4 U.S. communities (Suburban Minneapolis, Minnesota; Washington County, Maryland; Forsyth County, North Carolina, and Jackson, Mississippi). In the first three communities, the sample reflects the demographic composition of the community. In Jackson, only black residents were enrolled. Ancestry was self-reported during an interview. Participants were handed a card and asked to tell the interviewer which best described his or her race. Choices offered were: White, Black, American Indian/Alaskan Native, Asian/Pacific Islander, Other: specify. Over 99% identified as either white or black. Only self-identified blacks were included in for COMPASS. Participants were between age 45 and 64 years at their baseline examination in 1987-1989 when blood was drawn for DNA extraction and participants consented to genetic testing. Only individuals free of stroke or TIA at baseline were included in the analysis. Single-nucleotide polymorphisms (SNPs) were genotyped on the Affymetrix 6.0 chip and were imputed to ≈2.5 million SNPs based on a panel of cosmopolitan reference haplotypes from HapMap CEU and YRI (HapMap II CEU and YRI (build 35, release 21)). MACH v1.0.16 was used to perform genotype imputations and allele dosage information was summarized in the imputation results. 
Stroke ascertainment in ARIC: Hospitalized strokes that occurred by December 31, 2016 were included in the present study. During annual telephone contacts, trained interviewers asked each ARIC participant to list all hospitalizations during the past year. Hospital records for any hospitalizations identified were then obtained. In addition, all local hospitals annually provided lists of stroke discharges (International Classification of Diseases, Ninth Revision, Clinical Modification codes 430 to 438), which were scrutinized for ARIC participant discharges. Details on quality assurance for ascertainment and classification of stroke are described elsewhere. Briefly, the stroke diagnosis was assigned according to criteria adapted from the National Survey of Stroke. Strokes secondary to trauma, neoplasm, hematologic abnormality, infection, or vasculitis were excluded, and a focal deficit lasting <24 hours was not considered to be a stroke. Out-of-hospital stroke was not ascertained and validated; thus, these potential stroke events were not included. Strokes were classified into hemorrhagic stroke (subarachnoid and intracerebral hemorrhage) and ischemic stroke (thrombotic and embolic brain infarction). A stroke was classified as ischemic when a brain CT or MRI revealed acute infarction and showed no evidence of hemorrhage. All definite ischemic strokes were further classified as lacunar, nonlacunar thrombotic, or cardioembolic on the basis of the recorded neuroimaging results. For this analysis, the hemorrhagic strokes identified by ARIC were censored at the time of their occurrence.
Cardiovascular Health Study (CHS) – European Ancestry
The Cardiovascular Health Study (CHS) is a population-based cohort study of risk factors for coronary heart disease and stroke in adults ≥65 years conducted across four field centers.15 The original predominantly European ancestry cohort of 5,201 persons was recruited in 1989-1990 from random samples of people on the Medicare eligibility lists; subsequently, an additional predominantly African-American cohort of 687 persons was enrolled for a total sample of 5,888. Blood samples were drawn from all participants at their baseline examination and DNA was subsequently extracted from available samples. Because the other cohorts in the CHARGE analysis were predominantly European ancestry, the African American participants were excluded from this analysis to reduce the possibility of confounding by population structure. European ancestry participants were excluded from this GWAS study sample due to the presence at study baseline of coronary heart disease, congestive heart failure, peripheral vascular disease, valvular heart disease, stroke or transient ischemic attack, or lack of available DNA. Beyond laboratory genotyping failures, participants were excluded if they had a call rate<=95% or if their genotype was discordant with known sex or prior genotyping. After quality control, genotyping was successful for 3,268 European ancestry participants. CHS was approved by institutional review committees at each field center and individuals in the present analysis had available DNA and gave informed consent including consent to use of genetic information for the study of cardiovascular disease. 
Stroke ascertainment in CHS: Participants were examined annually from enrollment to 1999 and continued to be under surveillance for stroke following 1999.16,17 Since baseline, participants have also been contacted twice a year to identify potential cardiovascular events, including stroke. In addition, all hospitalizations were screened for potential stroke events. For suspected fatal and non-fatal events occurring with or without hospitalization, information was collected from the participant or next of kin, from medical records, and, if needed, from the participant's physician. When available, scans or reports of CT, MRI or both were reviewed centrally. Final at a consensus conference using all available information vascular neurologists adjudicated the occurrence of fatal and non-fatal stroke, stroke types, and subtypes. Stroke definitions were derived from the criteria used for the Systolic Hypertension in the Elderly Program (SHEP).18 Stroke types were ischemic, hemorrhagic and other based on brain imaging. Hemorrhagic stroke subtypes were intra-parenchymal, subarachnoid, and other. Ischemic stroke subtypes were 1) small vessel, 2) large vessel, 3) cardioembolic, and 4) other that included mostly uncertain subtypes. The approach used in CHS was developed before the TOAST criteria were published in 1993.19 Nonetheless, the two approaches are quite similar. 
Framingham Heart Study (FHS)
The Framingham Heart Study (FHS) is a three-generation, single-site, community-based, ongoing cohort study that was initiated in 1948 to investigate prospectively the risk factors for CVD including stroke. It now comprises 3 generations of participants (N=10,333): the Original cohort followed since 1948;20 their Offspring and spouses of the Offspring, followed since 1971;21 and children from the largest Offspring families enrolled in 2000 (Gen 3).22 Gen 3 participants were not included in this analysis since they are young (mean age 40±9 years) and few have suffered strokes.  The Original cohort enrolled 5209 men and women who comprised two-thirds of the adult population then residing in Framingham, MA. Survivors continue to receive biennial examinations.  The Offspring cohort comprises 5124 persons (including 3514 biological offspring) who have been examined approximately once every 4 years. The population of Framingham was virtually entirely white (Europeans of English, Scots, Irish and Italian descent) in 1948 when the Original cohort was recruited.  At the initial examination participants were asked for country of birth and whether or not they had any Italian ancestry. At a later examination (the 8th) the Offspring cohort participants were asked to identify their race from the following choices: Caucasian or white, African-American or black, Asian, Native Hawaiian or other Pacific Islander, American Indian or Alaska native or ‘prefer not to answer’. They were either asked to identify their ethnicity as either ‘Hispanic or Latino’ or not. Almost all the FHS Original and Offspring participants are white/Caucasian and none were excluded from the discovery cohort. FHS participants had DNA extracted and provided consent for genotyping in the 1990s. All available eligible participants underwent genome-wide genotyping. In 272 persons (31 with stroke), small amounts of DNA were extracted from stored whole blood and required whole genome amplification prior to genotyping. Cell lines were available for most of the remaining participants. 
Among FHS participants with GWAS data (N=4,535), after exclusion of participants with prevalent stroke (N=138), and those without follow-up for incident stroke events (N=12), N=4,385 participants were available for analyses. 
Stroke ascertainment in FHS: At each clinic exam, participants receive questionnaires, physical examinations and laboratory testing; between examinations they remain under surveillance (regardless of whether or not they live in the vicinity) via physician referrals, record linkage and annual telephone health history updates. Incident strokes have been identified since 1948 through this ongoing system of FHS clinic and local hospital surveillance and methods used have been detailed previously;23-25 they include review of medical records and collaboration with local general practitioners, emergency rooms and imaging facilities. If a participant saw a physician or was admitted to the hospital, visited an emergency room or obtained any brain imaging between biennial examinations for symptoms suggestive of TIA or stroke, a stroke neurologist from the Heart Study attempted to visit the person within 48 hours and recorded a complete history and neurological examination; this was repeated at 1, 3 and 6 months. All medical records from practitioners, hospitals, imaging centers, rehabilitation centers and nursing homes were procured for review. A panel of 3 investigators (at least 2 neurologists) adjudicated the diagnosis of stroke and determined stroke subtype in each case based on the Framingham evaluations and external records. The recruitment of Original and Offspring cohort participants at FHS had occurred long before the DNA collection with the result that the majority of stroke events in the FHS (although ascertained prospectively) were prevalent at the time of DNA collection and were excluded from these analyses. While this reduced the sample size from FHS, the meta-analyses presented here focused on incident events.  
FINRISK 
FINRISK surveys are cross-sectional, population-based studies conducted every 5 years since 1972 to monitor the risk of chronic diseases. For each survey, a representative random sample was selected from 25- to 74-year-old inhabitants of different regions in Finland. The survey included a questionnaire and a clinical examination, at which a blood sample was drawn, with linkage to national registers of cardiovascular and other health outcomes. The study protocol has been described elsewhere.26 The current study included eligible individuals from FINRISK surveys conducted in 1992, 1997, 2002, and 2007. 
Stroke ascertainment in FINRISK: During follow-up, participants were monitored for stroke through linkage of the study database with the National Hospital Discharge Register and the National Causes-of-Death Register. The clinical outcomes were linked to study subjects using their unique national social security ID, which is assigned to every permanent resident of Finland. The registers are countrywide covering all cardiovascular events that have led either to hospitalization or death in Finland. Their stroke diagnoses have been validated.27 With both registers the diagnostic classification was done using the Finnish adaptation of ICD-codes: I63; not I63.6, I64 (ICD-10) / 4330A, 4331A, 4339A, 4340A, 4341A, 4349A, 436  (ICD-9) / 433, 434, 436 (ICD-8) for Ischemic stroke excluding any hemorrhagic strokes, and  I60-I61,I63-I64 (not I63.6) (ICD-10) / 430, 431, 4330A, 4331A, 4339A, 4340A, 4341A, 4349A, 436 (ICD-9) / 430, 431 (except 431.01, 431.91), 433, 434, 436 (ICD-8) for all-stroke including SAH. ICD-8 codes 430, 431 (excluding codes 431.01, 431.91 of the Finnish adaptation of ICD-8*), 432, 433, 434 or with ICD-9 codes 430, 431, 433 (excluding codes 4330X, 4331X, 4339X of the Finnish adaptation of ICD-9*), 434 (excluding code 4349X of the Finnish adaptation of ICD-9*), 436, 437, 438 or with ICD-10 codes I60, I61, I63 (excluding I63.6), I64 or I69.28 The stroke was classified as a first-ever event if there was no evidence of a previous stroke event in the patient’s history. An event found in either register was sufficient for diagnosis.
Health, Aging, and Body Composition (Health ABC) Study
The Health ABC study is a prospective cohort study designed to examine the associations between body composition, weight-related health conditions, and functional limitations in older adults aged 70-79 years at inception.29 In 1997-1998, 3,075 participants were recruited from a random sample of white and all African-American Medicare eligible residents in the Pittsburgh, PA and Memphis, TN metropolitan areas.  Genome-wide genotyping was performed in 1732 white participants and 1663 met all QC criteria.  All participants provided informed consent and protocols were approved by the institutional review boards at both study sites.  
Among Health ABC participants with GWAS data (N=1663), after exclusion of participants without follow-up for incident stroke events (N=2), N=1,661 participants were available for analyses. 
Stroke ascertainment in Health, Aging, and Body Composition (Health ABC) Study: Participants were screened for stroke events every 6 months alternating between semi-annual phone interviews and annual clinical visits. Any self-reported hospitalization for stroke led to medical record abstraction and verification by a Health ABC Disease Adjudicator at each site. Date and causes of death were obtained from the death certificate. Causes of death were adjudicated based on the review of medical records, proxy information and autopsy report (when performed).30,31 Stroke subtyping was done from medical records review.  If the medical record indicated the event was hemorrhagic or ischemic in nature, this was recorded in the Health ABC data. 
Rotterdam Study
The Rotterdam Study is a population-based cohort study among inhabitants of a district of Rotterdam (Ommoord), The Netherlands, and aims to examine the determinants of disease and health in the elderly with a focus on neurogeriatric, cardiovascular, bone, and eye disease.32-34 All inhabitants aged ≥55 years (N=10,275) were invited and the participation rate was 78%, yielding a total of 7983 subjects. All participants gave written informed consent to retrieve information from treating physicians. Baseline measurements were obtained from 1990 to 1993 and consisted of an interview at home and two visits to the research center for physical examination. At this baseline examination ancestry was determined by self-report. Participants were asked to identify with one of the following categories that best described their ancestry: Dutch, Caucasian, Asian, Indian, Indonesian, Mediterranean, Negroid. Less than 1% of participants chose an ancestry other than Dutch or Caucasian. Survivors have been re-examined three times: in 1993-1995, 1997-1999, and 2002-2004. All persons attending the baseline examination in 1990-93 consented to genotyping and had DNA extracted. Genome-wide genotyping was attempted in persons with high-quality extracted DNA.  
In 1990-1993, 7 983 persons 55 years of age or over participated and were re-examined every 3 to 4 years. In 1999, 3 011 individuals who had become 55 years of age or moved into the study district since the start of the study were added to the cohort (Rotterdam Study-II).33 All participants had DNA extracted at their first visit. Genotyping was attempted in participants with high-quality extracted DNA. 
Among Rotterdam Study-I participants with GWAS data (N=6,291), after exclusion of participants with prevalent stroke (N=179), and those without follow-up for incident stroke events (N=46), N=6,066 participants were available for analyses. 
Among Rotterdam Study-II participants with GWAS data (N=2,157), after exclusion of participants with prevalent stroke (N=76), and those without follow-up for incident stroke events (N=1), N=2,080 participants were available for analyses.
Stroke ascertainment in Rotterdam: All participants have been continuously monitored for major events (including stroke) through automated linkage of the study database with files from general practitioners and the municipality. In addition physician files from nursing homes and general practitioner records of participants who moved out of the Ommoord district were reviewed twice a year. For suspected stroke and TIA events, both fatal and non-fatal, additional information (including neuroimaging) was obtained from general practitioner’ and hospital records and research physicians discussed available information with an experienced stroke neurologist to verify all diagnoses and to subclassify the strokes. Strokes were subclassified into ischemic or hemorrhagic based on neuroimaging (CT or MRI within 3 weeks) mentioned in medical records. If a hemorrhage was shown the stroke was subclassified as hemorrhagic, if there were no signs of hemorrhage, the stroke was subclassified as ischemic. Furthermore, strokes were subclassified according to TOAST criteria based on the diagnostic workup mentioned in medical records.35,36 
Study of Health in Pomerania (SHIP)
The “Study of Health in Pomerania” is a population-based epidemiological study in the region of Western Pomerania, Germany.37  In brief, from the total population of West Pomerania comprising 213 057 inhabitants in 1996, a two-stage stratified cluster sample of adults aged 20–79 years was drawn. The net sample (without migrated or deceased persons) comprised 6 265 eligible subjects, out of which 4 308 completed their baseline examinations. From July 2007 to October 2010 the ‘Life-Events and Gene-Environment Interaction in Depression’ (LEGENDE) study was carried out in the SHIP cohort. After exclusion of SHIP- 1 participants without GWAS data and a positive lifetime prevalence of stroke before the SHIP-1 examination (N=188), N=3,112 participants were available for analyses. 
Stroke ascertainment in SHIP: SHIP participants were followed-up after a median (range) of 5.0 (4.3–8.5) years on average. New stroke events were identified based on the following sources: Self-report by participants during the follow-up visit at the clinic center, with specific questions asking for a physician diagnosis (self-reported physician's diagnosis of stroke);38 ICD codes based on the statutory health insurance, a survey among family doctors, inpatient visits at the Greifswald University Hospital, and Death Certificates. We included cases with fatal and non-fatal strokes. For in- and outpatient data we defined any stroke as cases with a coded ICD I61, I63, I64, I69.1, I69.3, I69.4 diagnosis. For ischemic stroke we included all cases with I63.x codes based on in- and outpatient data. Data from participants with self-reported events lacking an external validation were right censored at the estimated date of event. All participants with any stroke event from any source before the baseline examination were excluded from analyses.
Women’s Genome Health Study (WGHS)
The WGHS (Women’s Genome Health Study) is a large cohort for genome-wide genetic analysis of a wide range of clinical phenotypes among >25 000 women, 45 years or older at baseline and with ongoing follow-up observation, now for approximately 18 years.39 The population is derived from participants in the Women’s Health Study (WHS) who provided a blood sample at baseline. By design, participants included in the WGHS were free from dementia and stroke at baseline.  Similarly, follow-up for incident stroke events was complete in the WGHS. Therefore, the total number of WGHS participants with whole genome genetic data for analysis was N=23,294.
Stroke ascertainment in WGHS:Since enrollment WGHS participants were followed-up annually for the occurrence of relevant clinical endpoints including stroke. The end-point ascertainment was continued in a blinded fashion through the scheduled end of the trial (March 31, 2004), when the cohort was converted to observational mode. Follow-up and validation of reported end points continues through the ongoing observational period. When a stroke endpoint was reported to occur, full medical reports were obtained and reviewed by an endpoints committee of physicians unaware of randomized treatment assignment. A confirmed stroke was defined as a new neurologic deficit of sudden onset that persisted for >24 h. Clinical information as well as computed tomographic scans or MRI were used to distinguish hemorrhagic from ischemic events.39 Stroke subtyping definition distinguishes ischemic versus hemorrhagic events according to TOAST criteria.19
Multi-Ethnic Study of Atherosclerosis (MESA)
The Multi-Ethnic Study of Atherosclerosis (MESA) is a study of the characteristics of subclinical cardiovascular disease (disease detected non-invasively before it has produced clinical signs and symptoms) and the risk factors that predict progression to clinically overt cardiovascular disease or progression of the subclinical disease.40 MESA researchers study a diverse, population-based sample of 6,814 asymptomatic men and women aged 45-84. Thirty-eight percent of the recruited participants are white, 28 percent African-American, 22 percent Hispanic, and 12 percent Asian, predominantly of Chinese descent. Only white participants were used for the present analysis. 
Participants were recruited from six field centers across the United States: Wake Forest University, Columbia University, Johns Hopkins University, University of Minnesota, Northwestern University and University of California - Los Angeles. The first examination took place over two years, from July 2000 - July 2002. It was followed by four examination periods that were 17-20 months in length. Participants have been contacted every 9 to 12 months throughout the study to assess clinical morbidity and mortality.40
Prevalent stroke was an exclusion criterion for MESA at baseline. Among MESA white participants with GWAS data (N=2,685), we excluded those with unexpected ancestry as inferred by principal components (N=124), those with unexpected relatedness (N=35), and those without follow-up for incident stroke events (N=162), N=2,364 participants were available for analyses.
Stroke ascertainment in MESA: New occurrences of stroke were recorded over 7-years of follow-up. In brief, a telephone interviewer contacted each participant every 9–12 months. Information about all new cardiovascular conditions, hospital admissions, cardiovascular outpatient diagnoses, treatments, and deaths were obtained. To verify self-reported diagnoses, information was collected from death certificates and medical records for all hospitalizations and outpatient cardiovascular diagnoses, using ICD-9 and ICD-10 codes. In the case of out-of-hospital deaths, next-of-kin interviews or questionnaires were administered to physicians, relatives or friends. Two physicians from the MESA study events committee independently reviewed all medical records for end point classification and assignment of incidence dates. The reviewers were blinded to the study data. If the reviewing physicians disagreed on the event classification, they adjudicated differences. Neurologists reviewed and classified stroke as present if there was a focal neurologic deficit lasting 24 hours or until death, or if <24h, there was a clinically relevant lesion on brain imaging and no nonvascular cause. Patients with focal neurological deficits secondary to brain trauma, tumor, infections, or other non-vascular cause were excluded.41 Ischemic strokes were distinguished from hemorrhagic stroke using findings on imaging, surgery, autopsy, or some combination of these. Ischemic stroke subtypes were assigned based on an extension of the Trial of Org 10172 in Acute Stroke Treatment (TOAST) scheme to try to reduce the number classified as undetermined.
PROspective Study of Pravastatin in the Elderly at Risk (PROSPER)
PROSPER was a prospective multicenter randomized placebo-controlled trial to assess whether treatment with pravastatin diminishes the risk of major vascular events in elderly. Between December 1997 and May 1999, we screened and enrolled subjects in Scotland (Glasgow), Ireland (Cork), and the Netherlands (Leiden). Men and women aged 70-82 years were recruited if they had pre-existing vascular disease or increased risk of such disease because of smoking, hypertension, or diabetes. A total number of 5804 subjects were randomly assigned to pravastatin or placebo. A large number of prospective tests were performed including Biobank tests and cognitive function measurements. A detailed description of the study has been published elsewhere.42,43 
Among PROSPER participants with GWAS data (N=5,244), after exclusion of participants with prevalent stroke (N=586), and those without follow-up for incident stroke events (N=0), N=4,658 participants were available for analyses. 
Stroke ascertainment in PROSPER: Stroke was defined as any event that meets the criteria listed below: 
(a) Ischemic stroke (1 of the following conditions must be met): (1) Rapid onset of focal neurologic deficit lasting >24 hours or leading to death plus evidence from neuroimaging (computed tomography or magnetic resonance imaging) showing cerebral/cerebellar infarction or no abnormality, or postmortem examination showing cerebral and/or cerebellar infarction. (2) Rapid onset of global neurologic deficit (e.g., coma) lasting >24 hours or leading to death plus evidence from neuroimaging showing infarction, or postmortem examination showing infarction. (3) Focal neurologic deficit (mode of onset uncertain) lasting >24 hours or leading to death plus evidence from neuroimaging showing infarction, or postmortem examination showing infarction. 
(b) Primary intracerebral and/or cerebellar hemorrhage (1 of the following conditions must be met): (1) Rapid onset of focal neurologic deficit lasting >24 hours or leading to death, plus neuroimaging or postmortem examination showing primary intracerebral and/or cerebellar hemorrhage. (2) Rapid onset of global neurologic deficit (e.g., coma) lasting >24 hours or leading to death, plus evidence from neuroimaging or postmortem examination showing primary intracerebral and cerebellar hemorrhage. (3) Focal neurologic deficit (mode of onset uncertain) lasting >24 hours or leading to death, plus evidence from neuroimaging or postmortem examination showing primary intracerebral and/or cerebellar hemorrhage.
(c) Not known (1 of the following conditions must be met): (1) Rapid onset of focal neurologic deficit lasting >24 hours or leading to death, without neuroimaging or postmortem data available. (2) Rapid onset of global neurologic deficit (e.g., coma) lasting >24 hours or leading to death, without neuroimaging or postmortem data available. (3) Focal neurologic deficit (mode of onset uncertain) lasting >24 hours or leading to death, without neuroimaging or postmortem data available. 
The PROSPER Endpoints Committee was responsible for the classification of all possible study end points. The Committee received all annual study electrocardiograms showing serial changes, information regarding domiciliary visits or hospitalizations associated with possible myocardial infarction, and information on all deaths (including postmortem reports, death certificates, hospital records, general practitioners’ records, and/or interviews of family members or witnesses). 
3C-Study
The Three-City study is a prospective study aiming to assess the association between vascular diseases and risk of dementia. The detailed protocol of the study has been previously described.44 The Three-City cohort is composed of non-institutionalized individuals aged 65 years and over, randomly selected from electoral rolls of three cities of France (Bordeaux, Dijon, and Montpellier), and agreeing to participate in the study. Between March 1999 and March 2001, 9,294 persons were enrolled (4,931 in Dijon, 2,104 in Bordeaux and 2,259 in Montpellier).
Up to five face-to-face examinations were performed during follow-up. Trained nurses and psychologists performed interviews and physical and cognitive measurements at the participant’s home and at the study centre. As imputation was performed separately in the 3C-Dijon sample on the one hand and the Bordeaux and Montpellier samples on the other hand, analyses were run separately in these datasets (3C-Dijon and 3C-Bordeaux-Montpellier).
In the 3C-Dijon study, among participants with GWAS data (N=4,077), after exclusion of participants with prevalent stroke (N=204), and those without follow-up for incident stroke events (N=111), N=3,762 participants were available for analyses. 
In the 3C-Bordeaux-Montpellier study, after exclusion of participants without GWAS data and with prevalent stroke and those without follow-up for incident stroke events N=2,153 participants were available for analyses. 
Stroke ascertainment in 3C-Study: At each follow-up visit, participants or informants for deceased participants were systematically questioned about the occurrence of any severe medical event or hospitalization since the last contact. For those reporting a possible stroke event, all available clinical information was collected from hospital records, and interviews with the participant’s physician, nursing home staff (for participants admitted in a nursing home during follow-up) or family. Expert panels including at least one physician specialized in vascular medicine reviewed all available clinical information and classified each event according to the International Classification of Diseases – 10th Edition. Stroke was confirmed if the participant had a new focal neurological deficit of sudden onset attributable to a cerebrovascular event that persisted for more than 24 hours. Stroke was classified by the panel as ischemic stroke, intracerebral hemorrhage or of unspecified type and ischemic stroke (IS) was classified by the panel according to the TOAST classification into cardioembolic IS, large-artery IS, small vessel disease IS, IS of other etiologies, and IS of undetermined etiology.19 
EPIC-CVD
EPIC is a multi-centre prospective cohort study of 519,978 participants (366,521 women and 153,457 men, mostly aged 35–70 years) recruited between 1992 and 2000 in 23 centres located in 10 European countries.45 Participants were invited mainly from population-based registers (Denmark, Germany, certain Italian centres, the Netherlands, Norway, Sweden, UK). Other sampling frameworks included: blood donors (Spain and Turin and Ragusa in Italy); screening clinic attendees (Florence in Italy and Utrecht in the Netherlands); people in health insurance programmes (France); and health conscious individuals (Oxford, UK). About 97% of the participants were of white European ancestry. Prevalent CVD was ascertained through self-reported history of MI or angina, or registry-ascertained CVD event prior to baseline. EPIC-CVD employs a nested case-cohort design,46 analogous to the EPIC-InterAct study for type-2 diabetes which established a common set of referents through selection of a random sample of the entire cohort (“subcohort”).47 
Stroke ascertainment in EPIC: Centres were asked to ascertain suspected stroke cases from registries, hospital records or self-report (i.e. follow-up questionnaires). Stroke events were defined by ICD10 codes as follows: Ischemic I63, Haemorrhagic I61, SAH I60, Unclassified I64, Other CRBV I62, I65-I69, F01. Incident stroke cases have been defined as fatal and non-fatal. All centres have recorded cause-specific mortality through mortality registries and/or active follow-up, and have ascertained and validated incident fatal and non-fatal stroke through a combination of methods.
Ascertained non-fatal stroke events were validated by clinical symptoms and imaging evidence (CT/MRI) or confirmed through hospital/GP records (with assessment of notes) or confirmed through hospital records (without assessment of notes). Individuals were excluded if they had clinical symptoms but no validation was possible e.g. there was no imaging evidence, nor GP/primary care records (without assessment of notes) or registry information. Fatal stroke events were validated either by autopsy or hospital records and death certificate or by death certificate if they died in hospital. Individuals where validation was not possible were excluded. Participants with a history of stroke or MI at baseline were excluded. No further stroke subtyping was performed. 
Biobank Japan 
BioBank Japan Project (BBJ) was started in 2003 and collected DNA and clinical information from about 200,000 patients with 47 common diseases between 2003 and 2007 (BBJ 1st cohort), and about 67,000 patients with 38 diseases between 2013 and 2017 (BBJ 2nd cohort).
Eligibility of cases was determined by physicians from a collaborative network of 66 hospitals. Individuals were excluded from the analysis if they were not supposed to be East Asian ancestry, genetic sex discordance, or with other possible clinical information errors. Overlapping individuals between BBJ cohorts and in-house imputation panel were excluded before imputation. Among the 177,261 subjects genotyped from BBJ 1st cohort after QC, 17,651 cases were registered for ischemic stroke. Of all ischemic stroke cases, 1,331 were classified as large artery strokes, 758 as cardioembolic and 4,915 as small vessel stroke. Clinical information was collected by standardized questionnaire though medical records survey. Independent genotype data of 9,809 subejects from BBJ 1st cohort, and 41,929 subjects from BBJ 2nd cohort were used for the validation of polygenic risk score. 577 and 1,470 ischemic stroke cases were registered, respectively.
Stroke ascertainment in Biobank Japan: Stroke patients were selected from BioBank Japan. Ischemic stroke was diagnosed by physicians at collaborating hospitals and its subtypes were determined by medical record survey according to the TOAST criteria. For GWAS, individuals without any stroke or intracranial aneurysm were selected as controls ( n=159,610).
CADISP
The Cervical Artery Dissections and Ischemic Stroke Patients (CADISP) study was designed to identify genetic risk variants for cervical artery dissections (CeAD), a major cause of ischemic stroke in young adults.48 As part of a secondary analysis, patients with an ischemic stroke without cervical artery dissection (non-CeAD ischemic stroke) were also recruited, in the same centers as CeAD patients. These were patients with a diagnosis of ischemic stroke, in whom CeAD had been formally ruled out according to CADISP inclusion criteria (see attachment). Non-CeAD ischemic stroke patients were frequency-matched on age (by 5-year intervals) and gender on CeAD patients. A total of 658 non-CeAD ischemic stroke patients were included in Belgium, Finland, France, Germany, Italy, and Switzerland. We excluded 19 patients due to unavailability of geographically matched healthy controls, or due to non-European origin; of the remaining 639 non-CeAD IS patients, 613 individuals had good quality DNA available and were genotyped at the CNG. Of these, a total of 555 non-CeAD IS patients aged < 60 years, who were successfully genotyped and met genotyping quality control criteria,  were used for the present analysis.
The abstracted hospital records of cases were reviewed and adjudicated for IS subtype by a neurologist in each participating center. Each item required for the subtype classification was also recorded in a standardized fashion. Based on this, IS subtypes were then centrally re-adjudicated by a panel of neurologists, in agreement with the TOAST system,19 using a more detailed subtype description from an early version of the Causative Classification System (CCS).49
The majority of controls (N=9,046, of which 74 Finns and 8,972 non-Finnish Europeans) were selected from an anonymized control genotype database at the Centre National de Génotypage [CNG], in order to match cases for ethnic background, based on principal component analysis. European reference samples from the genotype repository at the CNG were also analyzed simultaneously to provide improved geographical resolution. Additional Finnish controls were recruited within the CADISP study, both from the general population and among spouses and unrelated friends of CADISP patients, within the Helsinki area. A total of 234 individuals were eligible for genotyping at the CNG. Of these, 213 individuals who were genotyped successfully and met quality control criteria were available for the present analysis.48 All participants were of European ancestry. 
COMPASS
COMPASS contains African American participants from several cohort studies. Diagnosis of stroke was adjudicated by a physician. The study has been described previously,50 details on the individual cohorts are as follows.
Atherosclerosis Risk in Communities (ARIC) Study 
The ARIC study is a prospective population-based study of atherosclerosis and clinical atherosclerotic diseases in 15,792 en and women, including 11,478 non-Hispanic white participants, drawn from 4 U.S. communities (Suburban Minneapolis, Minnesota; Washington County, Maryland; Forsyth County, North Carolina, and Jackson, Mississippi). In the first three communities, the sample reflects the demographic composition of the community. In Jackson, only black residents were enrolled. Ancestry was self-reported during an interview. Participants were handed a card and asked to tell the interviewer which best described his or her race. Choices offered were: White, Black, American Indian/Alaskan Native, Asian/Pacific Islander, Other: specify. Over 99% identified as either white or black. Only self-identified blacks were included in for COMPASS. Participants were between age 45 and 64 years at their baseline examination in 1987-1989 when blood was drawn for DNA extraction and participants consented to genetic testing. Only individuals free of stroke or TIA at baseline were included in the analysis. Single-nucleotide polymorphisms (SNPs) were genotyped on the Affymetrix 6.0 chip and were imputed to ≈2.5 million SNPs based on a panel of cosmopolitan reference haplotypes from HapMap CEU and YRI (HapMap II CEU and YRI (build 35, release 21)). MACH v1.0.16 was used to perform genotype imputations and allele dosage information was summarized in the imputation results. 
Stroke ascertainment in ARIC: Hospitalized strokes that occurred by December 31, 2012 were included in the present study. During annual telephone contacts, trained interviewers asked each ARIC participant to list all hospitalizations during the past year. Hospital records for any hospitalizations identified were then obtained. In addition, all local hospitals annually provided lists of stroke discharges (International Classification of Diseases, Ninth Revision, Clinical Modification codes 430 to 438), which were scrutinized for ARIC participant discharges. Details on quality assurance for ascertainment and classification of stroke are described elsewhere. Briefly, the stroke diagnosis was assigned according to criteria adapted from the National Survey of Stroke. Strokes secondary to trauma, neoplasm, hematologic abnormality, infection, or vasculitis were excluded, and a focal deficit lasting <24 hours was not considered to be a stroke. Out-of-hospital stroke was not ascertained and validated; thus, these potential stroke events were not included. Strokes were classified into hemorrhagic stroke (subarachnoid and intracerebral hemorrhage) and ischemic stroke (thrombotic and embolic brain infarction). A stroke was classified as ischemic when a brain CT or MRI revealed acute infarction and showed no evidence of hemorrhage. All definite ischemic strokes were further classified as lacunar, nonlacunar thrombotic, or cardioembolic on the basis of the recorded neuroimaging results. For this analysis, the hemorrhagic strokes identified by ARIC were censored at the time of their occurrence. 
Cardiovascular Health Study (CHS) – African-Americans 
The Cardiovascular Health Study (CHS) is a population-based cohort study of risk factors for coronary heart disease and stroke in adults ≥65 years conducted across four field centers .15 The original predominantly European ancestry cohort of 5,201 persons was recruited in 1989-1990 from random samples of people on the Medicare eligibility lists; subsequently, an additional predominantly African-American cohort of 687 persons were enrolled for a total sample of 5,888. Because the COMPASS consortium focused on non-European samples, only self-described African-Americans contributed to the COMPASS analyses. 
Blood samples were drawn from all participants at their baseline examination and DNA was subsequently extracted from available samples. Genotyping was performed at the General Clinical Research Center’s Phenotyping/Genotyping Laboratory at Cedars-Sinai among CHS African-American participants who consented to genetic testing and had DNA available using Illumina HumanOmni1-Quad_v1 BeadChip system.
Beyond laboratory genotyping failures, participants were excluded if they had a call rate<=95% or if their genotype was discordant with known sex or prior genotyping (to identify possible sample swaps). After quality control, genotyping was successful for 823 African-American participants.
 CHS was approved by institutional review committees at each field center and individuals in the present analysis had available DNA and gave informed consent including consent to use of genetic information for the study of cardiovascular disease.
The Healthy Aging in Neighborhoods of Diversity across the Life Span Study (HANDLS) – African Americans
In the absence of non-stroke control samples from the VISP, ISGS, and SWISS studies, controls from the Healthy Aging in Neighborhoods of Diversity across the Life Span study (HANDLS) study were used for the VISP and SWISS-ISGS case-control analyses (with no overlap across studies). Controls were sex and race/ethnicity-matched and randomly selected from all HANDLS participants not reporting history of stroke at baseline or reporting adjudicated stroke during follow-up. 
HANDLS is an interdisciplinary, community-based, prospective longitudinal epidemiologic study examining the influences of race and socioeconomic status (SES) on the development of age-related health disparities among socioeconomically diverse African Americans and whites in Baltimore, MD, USA.  This study assesses physical parameters over a 20-year period while evaluating genetic, biologic, demographic, and psychosocial influences.  HANDLS recruited 3,722 participants (2200 African Americans (59%) and 1522 whites (41%)) from Baltimore, MD.  
Stroke Ascertainment.  Stroke status at baseline was determined through self-report while incident strokes, other vascular events, and deaths were determined using medical records and clinic visits during follow-up.
Genotyping was focused on a subset of participants self-reporting as African American and was performed at the Laboratory of Neurogenetics, National Institute on Aging, National Institutes of Health.  Genotype data (for up to 907,763 SNPs) were generated for 1,024 participants using either Illumina 1M and 1M duo arrays (n=709) ,or a combination of 550K, 370K, 510S and 240S to equate the million SNP level of coverage. Inclusion criteria for genetic data in HANDLS includes concordance between self-reported sex and sex estimated from X chromosome heterogeneity, > 95% call rate per participant (across all equivalent arrays), concordance between self-reported African ancestry and ancestry confirmed by analyses of genotyped SNPs, and no cryptic relatedness to any other samples at a level of proportional sharing of genotypes > 15% (effectively excluding 1st cousins and closer relatives from the set of probands used in analyses).  In addition, SNPs included in the analysis were filtered for HWE p-value > 1e-7, missing by haplotype p-values > 1e-7, minor allele frequency > 0.01, and call rate > 95%.  Data analyses utilized the high-performance computational capabilities of the Biowulf Linux cluster at the NIH, Bethesda, Md. (http://biowulf.nih.gov).
INTERSTROKE-African Americans
INTERSTROKE is an international, multi-centered, case-control study of stroke investigating the global burden of risk factors across 32 countries and 18 different ethnic groups around the world. A detailed report of the study design has been published (Neuroepidemiology. 2010; 35:36-44). Briefly, cases were patients with acute first stroke (within 5 days of symptoms onset and 72 hours of hospital admission) in whom neuroimaging (CT or MRI) was performed. The TOAST classification system was used to define ischemic stroke subtypes. Cases were excluded if 1) they were unable to communicate due to severe stroke without a valid surrogate respondent (e.g. first-degree relative or spouse), 2) they were hospitalized for acute coronary syndrome/myocardial infarction, or 3) stroke was attributed to non-vascular causes (e.g. tumor). Controls were selected from the community and had no history of stroke. 
A subset of INTERSTROKE participants consenting to genetic analysis with sufficient DNA quantities were genotyped on the Illumina Infinium Cardiometabo BeadChip. All samples were genotyped at a central site (the Genetic Molecular Epidemiology Laboratory in Hamilton, Ontario, Canada). Samples were excluded if they had 1) a high proportion of missing variants (missingness > 0.05), 2) inconsistencies between reported and genetically determined sex or ethnicity or 3) exhibited cryptic relatedness. Genotyped variants were excluded if they were rare (MAF < 0.01), exhibited high missingness across samples (missingness > 0.01), or deviated from hardy-weinberg equilibrium (P<5x10-6). Pre-phasing and imputation were perforrmed with SHAPEIT2 and IMPUTE, respectively, using the 1000Genomes Phase 1 Version 3 (November 23, 2010 subversion) reference panel. Imputed variants were removed if they were rare (MAF < 0.01) or of poor quality (INFO SCORE < 0.30).
Ischemic Stroke Genetic Study (ISGS)-African Americans
ISGS is a multicenter inception cohort study. Cases were recruited from inpatient  stroke services at five United States academic medical centers. Cases are adult men and women over the age of 18 years diagnosed with first-ever ischemic stroke confirmed by a study neurologist on the basis of history, physical examination and CT or MR imaging of the brain. Cases had to be enrolled within 30 days of onset of stroke symptoms. Cases were excluded if they had: a mechanical aortic or mitral valve at the time of the index ischemic stroke, central nervous system vasculitis, or bacterial endocarditis. They were also excluded if they were known to have: cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), Fabry disease, homocystinuria, mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS), or sickle cell anemia. Diagnostic evaluation included: head CT (95%) or MRI (83%), electrocardiography (92%), cervical arterial imaging (86%), and echocardiography (74%). Medical records from all cases were centrally reviewed by a vascular neurology committee and assigned ischemic stroke subtype diagnoses according to TOAST criteria, Oxfordshire Community Stroke the Baltimore-Washington Young Stroke Stud. DNA was donated to the NINDS DNA Repository (Coriell Institute, Camden, NJ) for eligible samples with appropriate written informed consent. DNA samples were genotyped using the Illumina 610 array and data analyses were supported by the high-performance computational capabilities of the Biowulf Linux cluster at the NIH (http://biowulf.nih.gov). 
Jackson Heart Study (JHS)
The JHS is a single-site, prospective, population-based study designed to explore the environmental, behavioral, and genetic factors that influence the development of CVD among African Americans. A total of 5,301 women and men between the ages of 21 and 94 were recruited between 2000 and 2004 from a tri-county area of Mississippi: Hinds, Madison, and Rankin Counties. Participants were recruited from four sources, including (1) randomly sampled households from a commercial listing; (2) ARIC participants; (3) a structured volunteer sample that was designed to mirror the eligible population; and (4) a nested family cohort.  Overviews of the JHS including the sampling and recruitment, sociocultural, and laboratory methods have been described and published previously.51-54  The institutional review boards of the following participating institutions approved the study: the University of Mississippi Medical Center, Jackson State University, and Tougaloo College. All of the participants provided written informed consent. Unrelated participants were between 35 and 84 years old, and members of the family cohort were ≥ 21 years old when consent for genetic testing was obtained and blood was drawn for DNA extraction.  
The baseline examination consisted of a home interview, self-administered questionnaires, and a clinic visit. Medications taken in the prior 2 weeks were brought to clinic and transcribed verbatim with subsequent coding by a pharmacist. After an overnight fast, anthropometric and seated blood pressure measurements were obtained and venipuncture/urine collection was performed in accordance with the National Committee for Clinical Laboratory Standards. Blood pressure was measured by trained technicians using a Hawksley random zero manometer and determined by the arithmetic average of two readings taken 1 minute apart after a five-minute rest.55  
Stroke Assessment in the JHS: In addition to the standard JHS examinations, participants were contacted by telephone annually beginning in 2005 to obtain interim information about cardiovascular events.  (ICD-9 code 428 for hospitalizations). During the annual follow up phone call, participants or designated representative provide self-reported information of hospitalization or death. Identification and abstraction of CVD illness and death data are performed by a certified medical record abstractor. Incident stroke is defined as stroke that occurred while the participants was enrolled the study, i.e. stroke event occurred after the baseline visit. Strokes are classified as either definite or probable stroke. The definition of stroke was based on the World Health Organization (WHO) criteria for definition of stroke or clinical criteria in which case the WHO criteria might not have been satisfied, but there is clinical evidence sufficient for a diagnosis of stroke to be made. More details on identification and classification of stroke events in the JHS have already been published.56,57 Although not directly relevant in this study, ischemic stroke subtyping in the JHS was done the TOAST classification criteria.
The Sea Islands Genetics Network (SIGNET) & REasons for Geographic And Racial Differences in Stroke (REGARDS) – African Americans
The Sea Islands Genetics Network (SIGNET) study consists of the REasons for Geographic And Racial Differences in Stroke (REGARDS), the Sea Islands Genetic African American Registry (Project SuGAR), a COBRE for Oral Health study (COBRE), and the Systemic Lupus Erythematosus in Gullah Health study (SLEIGH).  All subjects are African Americans (AA), and all provided written informed consent.
All SIGNET samples (n= 4,298) were genotyped using the Affymetrix Genome-Wide Human SNP Array 6.0.  Imputation was performed using MACH (version 1.0.16) to impute all autosomal SNPs using the CEU+YRI reference panel (as supplied by Goncalo Abecasis) from build 36 (2,318,207 SNPs in total).
REGARDS is an observational cohort of 30,239 AA and white men and women enrolled in their homes after a telephone interview in 2003-7 (Howard VJ et al., 2005).  Participants were a national sample oversampled from the southeastern stroke belt (56%) and were 58% female and 42% black by design.  Participants were followed every 6 months by telephone to ascertain health outcomes, with validation of stroke, coronary heart disease, death and other ancillary study endpoints.  For SIGNET, we selected all AA REGARDS type 2 diabetes (T2D) cases recruited from SC, GA, NC, and AL, and an equivalent number of race, sex, and age-strata matched diabetes-free controls.  We also included all participants not already included that were current residents of the 15-county “Low Country” region of SC and GA (SC counties Beaufort, Berkeley, Charleston, Colleton, Dorchester, Georgetown, Hampton, Horry, Jasper; GA counties Bryan, Camden, Chatham, Glynn, Liberty, McIntosh).  The subset of REGARDS participants genotyped under SIGNET are referred to as SIGNET-REGARDS.  GWAS genotyping was completed among 2398 SIGNET-REGARDS AA participants, including 1149 with diabetes and 1249 without diabetes.
Siblings with Ischemic Stroke Study (SWISS) – African Americans
SWISS is a prospective multicenter affected sibling pair study of first-ever or recurrent ischemic stroke. Subjects were recruited from 54 enrolling hospitals across the US and Canada. Samples were collected between 1999-2011. Ischemic stroke probands were enrolled at 66 US medical centers and 4 Canadian medical centers. All recruits were extensively clinically phenotyped and have imaging- confirmed ischemic stroke using either CT or MRI brain scans. Probands are adult men and women over the age of 18 years diagnosed with ischemic stroke confirmed by a study neurologist on the basis of history, physical examination and CT or MR imaging of the brain who also have a history of at least one living sibling with a history of stroke. Probands were excluded if 1) they had a mechanical aortic or mitral valve at the time of the index ischemic stroke, central nervous system vasculitis, or bacterial endocarditis or 2) were known to have cerebral autosomal dominant arteriopathy with subcortical infarcts and leukoencephalopathy (CADASIL), Fabry disease, homocystinuria, mitochondrial encephalopathy with lactic acidosis and stroke-like episodes (MELAS), or sickle cell anemia. Siblings were enrolled using proband- initiated direct contact when permitted by Institutional Review Boards. Concordant siblings had their diagnosis of ischemic stroke confirmed by review of medical records by a central vascular neurology committee. Concordant siblings had the same eligibility criteria as probands. Subtype diagnoses were assigned to the index strokes of probands and concordant siblings according to TOAST criteria. Discordant siblings of the proband were confirmed to be stroke-free using the Questionnaire for Verifying Stroke-free Status. DNA samples were genotyped using the Illumina 660 array and data analyses were supported by the high-performance computational capabilities of the Biowulf Linux cluster at the NIH (http://biowulf.nih.gov). 
Women’s Health Initiative (WHI) – African Americans
The goal of the WHI was to investigate the etiology and prevention of chronic disease in post-menopausal women .   Approximately 161,000 postmenopausal women 50–79 years of age from 40 clinical centers in the US were recruited between 1993 and 1998. WHI consists of an observational study (OS), and clinical trials (CT) of postmenopausal hormone therapy (estrogen alone or estrogen plus progestin), a calcium and vitamin D supplement trial, and a dietary modification trial. A subset of 8,515 African American women who provided consent for DNA analysis were randomly selected for genome-wide genotyping as part of the SNP Health Association Resource (SHARe). . 
Genetic data were obtained from genome-wide scans using the Genome-wide Human SNP Array 6.0 (Affymetrix, Santa Clara, CA, www.affymetrix.com) of 909,622 single nucleotide polymorphisms (SNPs). Genotyping quality control included examination of concordance rates for blinded and un-blinded duplicates. Approximately 1% of SNPs failed genotyping and SNPs with call rates < 95% or concordance rates <98%, or minor allele frequency <1% were excluded. In addition to the genotyping, SNPs were imputed using 1000 Genomes Project phase 1 integrated variant set (Aug 2012). Principal components were calculated for each individual and evaluated for their contribution to ancestral variation. Because most of the ancestral variation was explained by the first 4 PCs, only these were included as covariates in the analyses. 
Stroke ascertainment in WHI: All incident strokes, other vascular events, and deaths were identified through self-report at annual (OS) and semi-annual (CT) participant contacts, and through third- party reports by family members and proxies. Medical records were obtained for potential strokes, and adjudication was performed by trained physician adjudicators who assigned a diagnosis. Stroke diagnosis requiring and/or occurring during hospitalization was based on rapid onset of a neurological deficit attributable to an obstruction or rupture of an arterial vessel system. The deficit was not known to be secondary to brain trauma, tumor, infection or other cause and must have lasted more than 24 hours unless death supervened or a lesion compatible with acute stroke was evident on computed tomography or magnetic resonance imaging were classified as ischemic, hemorrhagic or unknown/missing. Ischemic stroke subtypes were further classified using Trial of Org 10172 in Acute Stroke Treatment (TOAST) analyses, strokes subtypes judged as ‘probable’ or ‘possible’ were combined. African American women passing the above genotyping quality control criteria, with follow-up data, and without a history of stroke at baseline were included in the WHI analyses.  All participants provided written, informed consent.
SiGN
The Stroke Genetics Network (SiGN) study was funded by a cooperative agreement grant from the National Institute of Neurological Disorders and Stroke (NINDS) U01 NS069208. Genotyping services were provided by the Johns Hopkins University Center for Inherited Disease Research (CIDR), which is fully funded through a federal contract from the National Institutes of Health (NIH) to the Johns Hopkins University (contract No.HHSN268200782096C). The Biostatistics Department Genetics Coordinating Center at the University of Washington (Seattle) provided more extensive quality control of the genotype data through a subcontract with CIDR. Additional support to the Administrative Core of SiGN was provided by the Dean’s Office, University of Maryland School of Medicine. SiGN- Group 4 consists of AA subjects from the GASROS, GCNKSS, ISGS, MCISS, MIAMISR, NOMAS, REGARDS, SPS3, SWISS, WHI, and WUSTL studies. MGH-GASROS: The Massachusetts General Hospital Stroke Genetics Group was supported by the NIH Genes Affecting Stroke Risks and Outcomes Study (GASROS) grant K23 NS042720, the American Heart Association/Bugher Foundation Centers for Stroke Prevention Research 0775010N, and NINDS K23NS042695, K23 NS064052, the Deane Institute for Integrative Research in Atrial Fibrillation and Stroke, and by the Keane Stroke Genetics Fund. Genotyping services were provided by the Broad Institute Center for Genotyping and Analysis, supported by grant U54 RR020278 from the National Center for Research Resources. GCNKSS: The Greater Cincinnati/Northern Kentucky Stroke Study (GCNKSS) was supported by the NIH (NS030678). MCISS: The Middlesex County Ischemic Stroke Study (MCISS) was supported by intramural funding from the New Jersey Neuroscience Institute/JFK Medical Center, Edison, NJ, and The Neurogenetics Foundation, Cranbury, NJ. We acknowledge Dr Souvik Sen for his advice and encouragement in the initiation and design of this study. MIAMISR and NOMAS: The Northern Manhattan Study (NOMAS) was supported by grants from the NINDS (R37 NS029993, R01 NS27517). The Cerebrovascular Biorepository at University of Miami/Jackson Memorial Hospital (The Miami Stroke Registry, Institutional Review Board No. 20070386) was supported by the Department of Neurology at University of Miami Miller School of Medicine and Evelyn McKnight Brain Institute. Biorepository and DNA extraction services were provided by the Hussmann Institute for Human Genomics at the Miller School of Medicine. SPS3: The Secondary Prevention of Small Subcortical Strokes trial was funded by the US National Institute of Health and Neurological Disorders and Stroke grant No. U01NS38529- 04A1 (principal investigator, Oscar R. Benavente; coprincipal investigator, Robert G. Hart). The SPS3 Genetic Substudy (SPS3-GENES) was funded by R01 NS073346 (coprincipal investigators, Julie A. Johnson, Oscar R. Benavente, and Alan R. Shuldiner) and U01 GM074492-05S109 (principal investigator, Julie A. Johnson). WUSTL: Washington University St. Louis Stroke Study (WUSTL): The collection, extraction of DNA from blood, and storage of specimens were supported by 2 NINDS NIH grants (P50 NS055977 and R01 NS8541901). Basic demographic and clinical characterization of stroke phenotype was prospectively collected in the Cognitive Rehabilitation and Recovery Group (CRRG) registry. The Recovery Genomics after Ischemic Stroke (ReGenesIS) study was supported by a grant from the Barnes-Jewish Hospital Foundation.
deCODE study
Icelandic ischemic stroke cases (5,520), were identified from a registry of individuals diagnosed with ischemic stroke or TIA at Landspitali University Hospital in Reykjavik, the only tertiary referral centre in Iceland, during the years 1993 to 2013.  The ischemic stroke or TIA diagnoses were based on standard WHO criteria and imaging evidence (either CT or MRI), and were clinically confirmed by neurologists. Eligible patients who survived the stroke were invited to participate the genetic study, either by attending a recruitment centre for deCODE’s genetic studies, or they were visited at their home by a study nurse. Patients were classified into causative subtypes according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST).
The study is based on whole-genome sequencing of 8,453 Icelanders and Illumina SNP chip genotyping of 151,677 Icelanders.  Genotypes for the chip-typed individuals are phased using the method of long-rage phasing (Kong et al. Detection of sharing by descent, long-range phasing and haplotype imputation Nat Genet 40, 1068-75, 2008). and genotype probabilities for un-typed variants are imputed into the chip-typed individuals, and their close relatives, using phased genotypes for the 8.453 WGS individuals as reference. Association testing for case–control analysis was performed using logistic regression, adjusting for age and county and assuming a multiplicative model of risk. About 25 million variants, all with imputation info over 0.8, were tested for association. To account for inflation in the test statistics due to cryptic relatedness and stratification within the case and control sample sets, we applied the method of LD score regression (Bulik-Sullivan B. K. et al. LD Score regression distinguishes confounding from polygenicity in genome-wide association studies. Nat. Genet. 47, 291–295, 2015).
Control comprised 254,176 individuals recruited through different genetic projects at at deCODE. Individuals with confirmed stroke (identified by cross-matching with hospital lists) were excluded as controls.
The study was approved by the Data Protection Commission of Iceland and the National Bioethics Committee of Iceland. All participants gave informed consent.
Glasgow Stroke Sample
Cases with ischemic stroke attending the cerebrovascular service of the Western Infirmary, Glasgow, were recruited between 1990 and 2004 as part of an ongoing study of genetic and circulating biomarkers in stroke. All patients underwent brain imaging and extracranial carotid ultrasound in accordance with a standard clinical protocol. The study was approved by the West Ethics Committee. 
Controls were drawn from shared WTCCC controls obtained from the 1958 Birth Cohort. This is a prospectively collected cohort of individuals born in 1958, and ascertained as part of the national child development study.58 Data from this cohort are available as a common control set for a number of genetic and epidemiological studies.
Hisayama and HISYAMA-FSR study
A detailed study description was described previously59. The individuals with ischemic stroke were recruited from seven hospitals in Fukuoka Prefecture, Japan (Kyushu University Hospital, Hakujyuji Hospital, Fukuoka Red Cross Hospital, Kyushu Medical Center, Imazu Red Cross Hospital, Fukuoka Higashi Medical Center, and Seiai Rehabilitation Hospital) in 2004 (The Fukuoka Stroke Registry [FSR]) . The Hisayama Study is an ongoing population-based epidemiological study of cardiovascular disease in the town of Hisayama, Fukuoka Prefecture, Japan. A total of 3,328 individuals aged 40 years or older participated in the screening survey and underwent a comprehensive assessment in 2002-2003. 
Stroke ascertainment in the Hisayama and Hisayama-FSR study: Ischemic stroke was defined as a sudden non-convulsive, focal neurologic deficit lasting longer than 24 hours due to brain ischemia. The diagnoses of ischemic stroke and its subtypes for all cases were made by stroke neurologists of the hospitals, referring to detailed clinical features and ancillary laboratory examinations: namely, cerebral angiography, brain imaging (including computed tomography and magnetic resonance imaging), echocardiography, and carotid duplex imaging. Subtypes of ischemic stroke were determined on the basis of the Classification of Cerebrovascular Disease III proposed by the National Institute of Neurological Disorders and Stroke and the TOAST classification.
Heart and Vascular Health Study (HVH 1 & 2)
The setting for this study was Group Health (GH), a large integrated health care system in western Washington State (Kaiser Permanente Washington, as of February 2017).
Data were utilized from an ongoing case-control study of incident myocardial infarction (MI) and stroke cases with a shared common control group. Methods for the study have been described previously and are briefly summarized below.60-62 The study was approved by the human subjects committee at GH, and written informed consent was provided by all study participants. 
All study participants were GH members and aged 30-79 years. MI and stroke cases were identified from hospital discharge diagnosis codes and were validated by medical record review. Controls were a random sample of GH members frequency matched to MI cases on age (within decade), sex, treated hypertension, and calendar year of identification. The index date for controls was a computer-generated random date within the calendar year for which they had been selected. For stroke cases, the index date was the date of admission for the first acute stroke. Participants were excluded if they were recent enrollees at GH, had a history of prior stroke, or if the incident event was a complication of a procedure or surgery. 
Trained medical record abstractors collected eligibility and risk factor information from a review of the GH medical record using only data available prior to the index date and through a telephone interview. Medication use was ascertained using computerized GH pharmacy records. A venous blood sample was collected from all consenting subjects, and DNA was extracted from white blood cells using standard procedures. 
Diagnostic criteria for ischemic stroke were adopted from the Cardiovascular Health Study.17 These criteria included (1) rapid onset of neurologic deficit or subarachnoid hemorrhage, (2) deficit persisting for longer than 24 hours unless computed tomography or magnetic resonance imaging show evidence of permanent damage, and (3) no underlying brain trauma, tumor, or infection to cause symptoms. 
Ischemic stroke cases satisfied one or more of the following criteria: (a) Focal deficit, without evidence of blood on CT or MRI, (b) Focal deficit, with mottled appearance in the appropriate location on CT, or (c) surgery or autopsy evidence of infarction. 
Among ischemic strokes, the subtypes were defined as follows: 
Small artery IS required either: (a) CT/MRI demonstrates a deep area of infarction (decreased density) less than 2 cm. across, or (b) A normal CT, but the clinical syndrome is typical of a lacunar infarction, that is: a pure motor stroke, a pure sensory stroke, hemiparesis plus ataxia, or dysarthria plus a clumsy hand. Cardioembolic IS required either (a) a recognized source of emboli such as atrial fibrillation, endocarditis, mitral stenosis, thrombus in heart, recent MI or cardiac surgery, or (b) a mottled appearance consistent with infarction on the CT. Large artery IS was defined by the absence of apparent source of emboli or evidence of lacunar infarction and evidence of large vessel atherosclerosis by carotid ultrasound or angiography. 
All participants were of European ancestry. 
INTERSTROKE (European, Asian, and Latin-american)
INTERSTROKE is an international, multi-centered, case-control study of stroke investigating the global burden of risk factors across various regions and ethnic groups around the world. A detailed report of the study design has been published.63 Briefly, cases were stroke patients with acute first stroke (within 5 days of symptoms onset and 72 hours of hospital admission) in whom neuroimaging (CT or MRI) was performed. Stroke was defined with the WHO clinical criteria for stroke. The TOAST classification system was used to define ischemic stroke subtypes. Cases were excluded if 1) they were unable to communicate due to severe stroke without a valid surrogate respondent (e.g. first-degree relative or spouse), 2) they were hospitalized for acute coronary syndrome/myocardial infarction, or 3) stroke was attributed to non-vascular causes (e.g. tumor). Controls were selected from the community and had no history of stroke. The study was approved by the ethics committees in all participating centres. All participants, or their proxy, provided written informed consent before taking part in the study.
MDC
MDC is a prospective, population-based cohort study that included 28 449 randomly selected men (born between 1923 and 1945) and women (born between 1923 and 1950) at baseline examinations between 1991 and 1996.64 
Controls were drawn from the same cohort matched for gender, age, and time of baseline investigation. All participants provided written informed consent, and the study was approved by the ethical committee at Lund University, Lund, Sweden.
Stroke ascertainment in MDC: Subjects with ischemic stroke after the baseline examination were identified in the Stroke Register of Malmö until December 31, 2005. A specialized nurse from the stroke register systematically searched for and registered patients with stroke who lived in the city of Malmö. The research nurse, with a senior physician, validated the diagnosis by reviewing medical records. Criteria for stroke was rapidly developing clinical signs of local or global loss of cerebral function lasting for >24 hours or leading to death before then, with no apparent cause other than cerebral ischemia or hemorrhage. Stroke was classified as subarachnoid hemorrhage (International Classification of Diseases, Ninth Revision [ICD-9] code 430), intracerebral hemorrhage (ICD 431), cerebral infarction (ICD 434), and undetermined stroke. Subjects with stroke before the baseline examination were excluded.
Risk Assessment of Cerebrovascular Events (RACE) Study
The Risk Assessment of Cerebrovascular Events (RACE) Study, Pakistan is a retrospective case-control study designed to identify and evaluate genetic, lifestyle and biomarker determinants of stroke and its subtype in Pakistan. Samples were recruited from six hospital centres in Pakistan. Cases were eligible for inclusion in the study if they: (1) are aged at least 18 years; (2) presented with a sudden onset of neurological deficit affecting a vascular territory with sustained deficit at 24 hours verified by medical attention within 72 hours after onset (onset is defined by when the patient was last seen normal and not when found with deficit); (3) the diagnosis was supported by CT/MRI; and (4) presented with a Modified Rankin Score of < 2 prior to the stroke. TOAST and Oxfordshire classification systems were used to sub-phenotype all stroke cases. Control participants were individuals enrolled in the Pakistan Risk of Myocardial Infarction Study (PROMIS), a case/control study of acute MI based in Pakistan.65 Controls in PROMIS were recruited following procedures and inclusion criteria as adopted for RACE cases. In order to minimize any potential selection biases, PROMIS controls selected for this stroke study were frequency matched to RACE cases based on age and gender and were recruited in the following order of priority: (1) non-blood related or blood related visitors of patients of the out-patient department; (2) non-blood related visitors of stroke patients; (3) patients of the out-patient department presenting with minor complaints. 
The Sahlgrenska Academy Study on Ischemic Stroke (SAHLSIS)
SAHLSIS is a case-control study of ischemic stroke in western Sweden, which has been described in detail elsewhere.66 Briefly, adult subjects who presented with first-ever or recurrent acute ischemic stroke before 70 years of age were recruited consecutively at stroke units. Community controls were randomly selected from a population-based health survey or from the Swedish Population Register to match the cases with regards to age (+/- 1 year), sex and geographical residence area. Control individuals with a history or sign of stroke, coronary heart disease or peripheral artery disease were excluded as described.66 All participants were of European origin. Patients were not excluded based on stroke severity or whether they were enrolled in a treatment trial. All patients underwent ECG and neuroimaging at the acute stage (all by CT and 58% also by MRI). Additional diagnostic work-up was performed when clinically indicated. Inclusion criteria was ischemic stroke which was defined as an episode of focal neurological deficits with acute onset and lasting > 24 hours or until death, with no apparent non-vascular cause, and no signs of primary hemorrhage on brain imaging. Subjects were excluded if they had a diagnosis of cancer at advanced stage, infectious hepatitis or human immunodeficiency virus. Ischemic stroke subtype was assigned according to modified TOAST criteria.66 A subgroup of SAHLSIS is also part of the SiGN study.
SIFAP
The SIFAP study is a multicenter study carried out to determine the frequency of Fabry disease in an unselected group of young adult patients with acute cerebrovascular events defined as having had an acute ischemic stroke or transient ischemic attack less than three months before enrollment into the study. The study is briefly summarized here. First-ever (80.5%) and recurrent ischemic strokes were included. MRI was a mandatory procedure but, in the case of negative or missing MRI, a qualified stroke neurologist could confirm the clinical diagnosis. For this project, ischemic stroke cases recruited from 15 sites throughout Germany and determined not to have Fabry Disease were included in the analysis. All were of European ancestry and had age of first stroke of 18 – 55 years. The diagnosis of Fabry disease was based in males as well as in females in the first level on the sequencing data of the entire exon structure including promoter of the α-galactosidase gene. In cases where a mutation was detected, biochemical analysis was done. Stroke cases from SIFAP were genotyped at CIDR (Baltimore, MD) using the Illumina Human Omni 2.5MQuad array. Only those cases without Fabry disease were selected for genotyping. Controls free of cardiovascular diseases were selected from the KORA Study previously genotyped at CIDR in the same platform. The Cooperative Health Research in the Region of Augsburg (KORA) study is a population-based study of cardiovascular and metabolic traits carried out in the region of Augsburg, Southern Germany. A subset of control subjects (N = 28) was re-genotyped together with cases to provide cross-set duplicates. This joint clustering was used to minimize possible artifactual differences in allelic frequency between cases and controls due to genotyping at different times, and the cross-set duplicates were used to detect such artifacts that may have occurred.
UK - young lacunar stroke DNA resource
A total of 1,029 Caucasian patients with lacunar stroke, aged ≤70 years, were recruited from 72 specialist’s stroke centres throughout the UK between 2002 and 2012, as part of the Young Lacunar Stroke DNA Resource. DNA samples were available in 930 patients. An additional 82 Caucasian patients of all ages with lacunar stroke were recruited from St. George’s Hospital, London as part of the GENESIS study.67 Lacunar stroke was defined as a clinical lacunar syndrome, with an anatomically compatible lesion on MRI (subcortical infarct ≤15 mm in diameter). All patients underwent full stroke investigation including brain MRI, imaging of the carotid arteries and ECG. Echocardiography was performed when appropriate. All MRIs and clinical histories were reviewed centrally by one physician. Exclusion criteria were: stenosis >50% in the extra- or intracranial cerebral vessels, or previous carotid endarterectomy; cardioembolic source of stroke, defined according to the TOAST (Trial of Org 10172 in Acute Stroke Treatment) criteria as high or moderate probability; cortical infarct on MRI; subcortical infarct > 15mm in diameter, as these can be caused by embolic mechanisms (striatocapsular infarcts); any other specific cause of stroke (e.g. lupus anticoagulant, cerebral vasculitis, dissection, monogenic cause of stroke). All cases were screened for NOTCH3 CADASIL and Fabry disease mutations and positive cases excluded. 
Unrelated Caucasian controls, free of clinical cerebrovascular disease, were obtained by random sampling, stratified for age and sex, from general practice lists from the same geographical location as the patients. All patients and controls underwent a standardized clinical assessment and completed a standardized study questionnaire. MRI was not performed in controls.
The study was approved by the Multi-Centre Research Ethics Committee (04/MRE00/36) and informed consent was obtained from all participants.
ICH
Case and control subjects included in the discovery phase were subjects of European ancestry aged >55 years in the Genetics of Cerebral Hemorrhage with Anticoagulation13 (GOCHA) study (multicenter study in the US) and aged >18 years in the Genetic and Environmental Risk Factors for Hemorrhagic Stroke (GERFHS) studies I and II in Cincinnati, OH; Hospital del Mar Intracerebral Hemorrhage study and Vall d’Hebron Hospita lCH study in Barcelona, Spain; Jagiellonian University Hemorrhagic Stroke Study in Krakow, Poland; and the Lund Stroke Register study in Lund, Sweden. Because of their limited sample sizes, data from the four European studies (ESs) were analyzed together for the purposes of quality control, imputation, and association testing.
Cases were ascertained across participating studies according to predefined standardized criteria. Spontaneous ICH was defined as a new and acute neurological deficit with compatible brain imaging (computed tomography or magnetic resonance imaging) showing the presence of intraparenchymal bleeding. According to standard research and clinical practice in the field, ICH location was assigned based on admission images by neurologists who were blinded to genotype data. ICH originating at the cerebral cortex or cortical-subcortical junction (with or without involvement of subcortical white matter) was defined as lobar, and ICH originating at the thalamus, internal capsule, basal ganglia, deep periventricular white matter, cerebellum, or brain stem was defined as nonlobar. Exclusion criteria included trauma, brain tumor, hemorrhagic transformation of ischemic stroke, vascular malformation, and any other cause of secondary ICH.
Control subjects were ICH-free individuals enrolled from the same population that gave rise to the case subjects at each participating study site, aged >55 years (GOCHA) and >18 years (GERFHS and ESs). Control subjects were sampled by random digit dialing in GERFHS and from ambulatory clinics in the remainder of the studies.
All studies were approved by the Institutional Review Board or ethics committee at each participating site. Participants provided informed consent; when subjects were not able to communicate, consent was obtained from their legal proxies.

GIGASTROKE new studies 
Epidemiological Prevention Study of Zoetermeer (EPOZ)
From 1975 to 1978 a population survey was undertaken in Zoetermeer, a Dutch town of 60,000 inhabitants at that time in the western part of the Netherlands. The objective was to assess the prevalence and determinants of cardiovascular and other chronic diseases. All 13,462 inhabitants aged 5 years or over of two districts were invited to participate. At entry into the study the participants were interviewed by a physician, a venous blood sample and a urine sample was obtained, a self-administered questionnaire was checked, and a brief physical examination, including measurements of blood pressure pulse rate and body mass index, was performed.68 
FinnGen study
The FinnGen study is a nationwide genetic study comprising genotyped samples from hospital biobanks and prospective epidemiological cohorts. The current study included data from sping 2020 (data freeze 5), with 171,548 and 12,681 genotyped individuals from hospital biobanks and prospective epidemiological surveys (excluding FINRISK), respectively.69
During follow-up, participants were monitored for stroke through linkage of the study database with the National Hospital Discharge Register and the National Causesof-Death Register. The clinical outcomes were linked to study subjects using their unique national social security ID, which is assigned to every permanent resident of Finland. The registers are nationwide covering all cardiovascular events that have led either to hospitalization or death in Finland. Their stroke diagnoses have been validated.70
With both registers the diagnostic classification was done using the Finnish adaptation of ICD-codes: I63; not I63.6, I64 (ICD-10) / 4330A, 4331A, 4339A, 4340A, 4341A, 4349A, 436 (ICD-9) / 433, 434, 436 (ICD-8) for Ischemic stroke excluding any hemorrhagic strokes, and I60-I61,I63-I64 (not I63.6) (ICD-10) / 430, 431, 4330A, 4331A, 4339A, 4340A, 4341A, 4349A, 436 (ICD-9) / 430, 431 (except 431.01, 431.91), 433, 434, 436 (ICD-8) for allstroke including SAH. ICD-8 codes 430, 431 (excluding codes 431.01, 431.91 of the Finnish adaptation of ICD-8*), 432, 433, 434 or with ICD-9 codes 430, 431, 433 (excluding codes 4330X, 4331X, 4339X of the Finnish adaptation of ICD-9*), 434 (excluding code 4349X of the Finnish adaptation of ICD-9*), 436, 437, 438 or with ICD-10 codes I60, I61, I63 (excluding I63.6), I64 or I69.34 The stroke was classified as a first-ever event if there was no evidence of a previous stroke event in the patient’s history. An event found in either register was sufficient for diagnosis.
The Coordinating Ethical Committee of the Hospital District of Helsinki and Uusimaa approved both FinnGen study protocols. All participants gave informed written consent.
The Trøndelag Health Study (HUNT)
The Trøndelag Health Study (HUNT) is an ongoing population-based cohort study from the county of Nord-Trøndelag in Norway.71 All inhabitants aged 20 years or older were invited to participate in the HUNT1 survey (1984-1986), the HUNT2 survey (1995-1997), and the HUNT3 survey (2006-2008). All participants have provided questionnaire, interview, and measurement data, which can be found at the HUNT databank [https://hunt-db.medisin.ntnu.no/hunt-db]. In addition, about 80,000 participants have provided biological samples for storage at the HUNT biobank [https://www.ntnu.edu/hunt/hunt-biobank]. The Norwegian Identification Number was used to link data from the HUNT database and the HUNT biobank to other registries.
The health care system in Norway is publicly funded and the neurological departments in Nord-Trøndelag have catchment area responsibilities for the whole county. We obtained data from local hospital registries on ICD-9 and ICD-10 hospital discharge codes from all inpatient and outpatient contacts from 1987 through 2018 for all genotyped participants in the HUNT study.72 Also, we obtained data on all who were registered in the national quality register Norwegian Stroke Register between its establishment in 2012 and 2016.73 
To define incident stroke we excluded cases who at baseline were registered with a hospital discharge diagnosis of stroke (ICD-10 I60-I69 or ICD-9 430-438); who self-reported having had a stroke (in HUNT questionnaires); or who had a stroke diagnosis in the Norwegian Stroke Register. Controls were defined as those who were born before 1948 (meaning that they were ≥ 70 years of age at the end of follow-up); were not registered with a hospital discharge diagnosis of stroke (ICD-10 I60-I69 or ICD-9 430-438); had no self-reported stroke in the HUNT questionnaires; and were not registered with a stroke diagnosis in the Norwegian Stroke Register.
The study was approved by the Regional Committee for Medical and Health Research Ethics (ref. 2015/578).
UKBIOBANK
For definition of stroke cases, we used UKB fields 42007 and 42009, the algorithmically defined stroke outcome, including only incident strokes (first stroke diagnosed during follow‐up; http://biobank.ctsu.ox.ac.uk/crystal/docs/alg_outcome_stroke.pdf). Stroke events that were self‐reported only without corroborating evidence from medical records were excluded due to substantial uncertainty about the accuracy of stroke self‐report. Coded hospital admissions and death record data (International Classification of Diseases, 9th and 10th revision coding systems) were included based on previous work showing good accuracy of these data sources for identifying stroke cases. Participants without a stroke diagnosis were included as controls. Related participants and those of non–white‐British descent were excluded, as were single nucleotide polymorphisms (SNPs) with minor allele frequency < 0.01. The imputed data was analyzed using logistic regression with 10 ancestry principal components, age, sex and genotyping array included as covariates using PLINK2. All participants provided written informed consent; the UKB received ethical approval from the National Research Ethics Service Committee North West-Haydock (reference 11/NW/0382), and all study procedures were in accordance with the World Medical Association for medical research. Access to the UK Biobank data was obtained under application number 2532.
Estonian Biobank (EstBB) 
Estonian Biobank (EstBB) is an Estonian population-based cohort that consists of ~200,000 adults. All biobank participants have signed a broad informed consent form and analyses were carried out under ethical approval 1.1-12/624 from the Estonian Committee on Bioethics and Human Research and data release N05 from the EstBB.74 Stroke case/control information was collected from the Estonian Health Insurance Fund (HIF) and E-Health Foundation data, Tartu University Hospital (TUH) and North Estonia Medical Centre data (PERH), death registry, and from questionnaires on recruitment to EstBB. Only unrelated individuals were included in the analysis. Individuals with stroke were identified using ICD-10 codes I60-I64, incident stroke cases were defined as individuals first diagnosed with stroke only after inclusion in the EstBB and prevalent stroke cases were defined as individuals first diagnosed with stroke before joining the EstBB. For the stroke subtype analysis, cases of intracerebral hemorrhage, any ischemic stroke, cardioembolic ischemic stroke, small vessel ischemic stroke and large artery ischemic stroke were defined using ICD-10 codes I61, I63, I63.4, I63.5 and I63.0 respectively, and all individuals with any other stroke diagnosis were excluded.
Estonian Young Stroke Registry (UTARTU-EstBB)
Estonian Young Stroke registry is a prospective ongoing hospital-based registry of all consecutive patients aged 18-54 years hospitalised to Tartu University Hospital, the second largest hospital in Estonia, with discharge diagnosis of acute ischemic stroke since January 1st 2013. From 2013 to 2015 also patients hospitalised to North Estonia Medical Centre, the largest hospital in Estonia in Tallinn, were included in the registry. Ischemic stroke was defined as a focal neurological deficit of acute onset lasting more than 24h or with evidence of acute brain ischaemia on neuroimaging, when symptoms lasted <24 h. 
All patients were diagnosed and managed by stroke neurologists and evaluated for etiology following a prespecified detailed protocol. Stroke subtypes were defined according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) criteria. All patients have provided written informed consent. This study was approved by the Research Ethics Committee of the University of Tartu (license 302/M-23). A detailed description and results of the study is provided in Vibo et al 2021.75
Unrelated Estonian Biobank (EstBB) participants without any stroke were used as controls, without any overlap with the controls used in the EstBB analysis.
Geisinger Ischemic Stroke cohort in MyCode Biobank (GEISINGER)
The Geisinger MyCode Community Health Initiative is a health system-based population representing a geographically defined population who visit Geisinger clinics from East and Central Pennsylvania and is enrolled in the MyCode genotyping and exome sequencing program.76 A total of 12,883 IS patients were identified and extracted from the Geisinger Neuroscience Ischemic Stroke (GNSIS) database77, of which 1,184 patients were enrolled in the Phase I MyCode program and met the inclusion/exclusion criteria. Briefly, this study cohort comprised all consecutive patients aged 18 or higher with IS admitted to Geisinger Health System from September 2003 to May 2019. In cases of multiple encounters due to recurrent cerebral infarcts, the first hospital encounter was considered as the index event. Only first-time IS patients with focal neurological deficit persisting for ≥ 24 hours were selected for analysis. We excluded patients based on the following: 1) patients who had a previous history of stroke outside of Geisinger, 2) patients younger than 18 years at the time of IS, and 3) patients without baseline clinical risk factors recorded in the EHR. All patients had European ancestry (EUR) validated by principal component analysis (PCA)78 and MRI data to confirm the diagnosis. We also identified 19,806 MyCode patients with index age ≥69 but without the International Classification of Diseases (ICD), Ninth or Tenth Revision codes for IS. The genome-wide genotyping and imputation was conducted by Regeneron Genomics Center. GWAS was carried out in a case-control (n=1184 for cases) design by considering all Geisinger MyCode patients with age ≥69(n=19806), or ≥79(n=7484), and without any stroke-related ICD9 or ICD10 codes, as low-risk control. The age cutoffs of 69 and 79 for controls were based on mean age of onset for cases which is 59 in our cohort. As this design follows younger cases versus older controls, we expected to have 50% of controls having index age of 10 years or 20 years older than the onset age of cases. A linear mixed regression model (SAIGE) with saddle point approximation, adjusted for covariates (age, sex and five major PCs) was conducted to account for the relatedness and case-control imbalance. We have previously shown that PRS augments stroke subtyping in this retrospective cohort.78
Copenhagen City Heart Study (CCHS)
This prospective study of the Danish general population was initiated in 1976–78 with follow up examinations in 1981–83, 1991–94, and 2001–03.79,80 Data collection included a questionnaire, a physical examination, and blood sampling for biochemical and DNA analyses. We included 8,228 unrelated individuals without any stroke at baseline who gave blood for biochemical and DNA analyses at the 1991–94 examination; among these, 1,508 developed all-cause stroke during follow-up.
Danish Twin Registry (DTR)
The Danish Twin Registry (DTR) sample included 976 individuals collected as part of the study of Middle-Aged Danish Twins (MADT, N=733) and the Longitudinal Study of Aging Danish Twins (LSADT, N=243).81 MADT was initiated in 1998 and includes 4,314 twins randomly chosen from the birth years 1931-1952. Surviving participants were revisited from 2008 to 2011, where the blood samples and survey data used in the present study were collected. LSADT was initiated in 1995 and includes twins aged 70 years and older. Follow-up assessments were conducted every second year through 2005. The individuals included here all participated in the 1997 assessment, where blood samples and survey data were collected from same sex twin pairs. GWAS data is available for a total of 1968 MADT and LSADT participants. 
Incident stroke cases were defined as individuals registered with one or more of the ICD-10 codes I61 and I63 for the first time ever after blood sampling. Controls were defined as individuals who were not registered with any of the diagnoses I60-69 and who in the survey answered no to self-reported stroke. 
Information on registry diagnoses were obtained from the Danish National Patient Registry, which contains discharge diagnoses for all inpatients admitted to Danish hospitals from 1977 onwards and for outpatients from 1995 onwards.82,83 In the present study, we included primary and secondary diagnoses for inpatients and outpatients. Individuals were followed in the Danish National Patient Registry until March 2014. 
If data were available for both twins of a twin pair, one twin was randomly selected per pair and included in the study.
Written informed consents were obtained from all participants. Collection and use of biological material, and survey and registry information were approved by the Regional Scientific Ethical Committees for Southern Denmark, and the study was registered at Research & Innovation Organization at University of Southern Denmark (registration number 10.874), who approves all scientific projects for University of Southern Denmark according to the Data Protection Regulation.
Second Manifestations of ARTerial disease (SMART)
The Second Manifestations of ARTerial disease (SMART) study is an ongoing prospective cohort at the University Medical Center Utrecht, The Netherlands of patients between ages 18–79. Several informations were obtaines at inclusion trough questionnaires on medical history, history of vascular disease (coronary artery disease, cerebrovascular disease, peripheral arterial disease, abdominal aortic aneurysm), cardiovascular risk factors (e.g. hypertension, hyperlipidemia, smoking, alcohol consumption, physical activity) and medication use. Blood pressure, height and weight were also measured.
ASPirin in Reducing Events in the Elderly (ASPREE)
This is secondary data analysis of community-dwelling Australian participants aged ≥70 years in the randomised, double-blind, placebo-controlled ASPirin in Reducing Events in the Elderly (ASPREE, n = 19,114) clinical trial and an associated cohort sub-study—the ASPREE Longitudinal Study of Older Persons (ALSOP, n = 14,892). ASPREE recruitment occurred between March 2010 and December 2014. Active enrolled Australian ASPREE participants (n = 16,439) were invited to participate in ALSOP ∼3–6 months after being recruited to ASPREE. Eighty-nine percent (n = 14,892) of all Australian ASPREE participants (n = 16,703) completed a first wave ALSOP questionnaire set, and most (>85%) within 15 months of enrolling in ASPREE. ALSOP questionnaires examined factors related to general health such as eyesight, hearing and oral health, and lifestyle and socioeconomic factors including social health and health behaviours. Participants were eligible for inclusion in our analyses if they were classified as community-dwelling (living at home, with family, friends or spouse) and complete baseline data were available from ASPREE and ALSOP to capture social isolation, social support, loneliness, age, gender and at least one CVD risk factor, thus resulting in a total of 11,498 participants. Ethics approval for ASPREE and ALSOP were obtained through the Monash University Human Research Ethics Committee. Both studies were designed in accordance with the National Health and Medical Research Council Guidelines on Human Experimentation, and conducted in compliance with the Declaration of Helsinki.
The study included genotyped participants from the ASPREE trial. The design and results of the trial have been reported previously.84-87 Briefly, ASPREE was a randomized double-blind placebo-controlled clinical trial investigating the effect of daily 100mg aspirin on disability-free survival over a median follow-up of 4.7-years (interquartile range 3.6 to 5.7 years). In total, 19,114 individuals aged ≥70 years ( 65 years for US minorities) were recruited. Participants were only included when they did not have prior cardiovascular events (including previous diagnosis of myocardial infarction, heart failure, angina pectoris, stroke, diagnosis of atrial fibrillation, or systolic blood pressure ≥180mmHg) and were free from dementia or physical disability at enrolment. All participants provided written informed consent. The ASPREE study was approved by local Ethics Committees and registered on Clinicaltrials.gov (NCT01038583). Informed consent for genetic analysis was obtained, with ethical approval from the Alfred Hospital Human Research Ethics Committee (390/15) and site-specific Institutional Review Boards (US).
ASPREE stroke endpoint: The definition of stroke was based on World Health Organization definition and included imaging by computer tomography or magnetic resonance imaging in the majority of cases.19,88 All cases of Ischemic Stroke were further divided into subtypes of large vessel, small vessel, cardioembolic, and undetermined.19,85 Undetermined stokes had undetermined causes, multiple causes identified, or an incomplete evaluation made. Fatal stroke was defined as any death in which the underlying cause was an obstruction or rupture in the intracranial or extracranial cerebral arterial system. All stroke events were assessed by the Adjudication Committee; blinded to the identity of participants and study treatment group assignment, as described previously.85,87
German_stroke cohorts
Prospective Cohort with Incident Stroke study (PROSCIS-B)
The prospective cohort with incident stroke (PROSCIS) study is a prospective hospital-based cohort study conducted at two tertiary stroke centres in Germany.(clinicaltrials.org/NCT01363856).89 PROSCIS-B is conducted at the Center for Stroke Research Berlin, Charité University Hospital, Germany, and enrolled patients between January 2010 and June 2013. The study enrolled patients aged 18 years or older with first ever acute stroke within the last 7 days. Key inclusion criteria included: (1) a diagnosis of ischaemic stroke, primary intracranial haemorrhage, or venous sinus thrombosis according to the WHO criteria, and (2) written informed consent as documented by patient or legal guardian prior to study participation. Key exclusion criteria included: (1) prior stroke (definition according to WHO criteria); (2) brain tumour or brain metastasis; and (3) participation in an intervention/AMG study. Baseline assessments included: a structured interview that collected information about demographic variables, living situation, functional pre-stroke outcome, lifestyle habits, health and family history, as well as medication before stroke provided by the patient or the next of kin and cognitive function before and after stroke. Clinical examinations included anthropometric measures and stroke severity. Vascular and cardiological examinations included standardized physiological measures of blood pressure, electrocardiography, and brain and vessel imaging. All participants provided informed consent and protocols were approved by the institutional review board. Ischemic stroke subtypes were determined according to TOAST criteria based on relevant clinical and imaging data by stroke physicians. Genotyping was performed at the using the Illumina Global screening array (GSA) v2. After initial QC, removal of population outliers, removal of related individuals and filtering on sample and SNP call rate (>99%), imputation to the HRC reference panel was performed using the Michigan imputation server.
Munich Stroke sample
[bookmark: _Hlk89853081][bookmark: _Hlk89853100]Cases were consecutive European Caucasians recruited from a single tertiary level stroke center at LMU Hospital, Ludwig-Maximilians-University, Munich between 2009 and 2017. All participants provided informed consent and protocols were approved by the institutional review board. Ischemic stroke subtypes were determined according to TOAST criteria based on relevant clinical and imaging data by stroke physicians. Genotyping was performed at the Core Facility NGS, Helmholtz Zentrum München, Neuherberg, Germany using the Illumina Global screening array (GSA) v2. After initial QC, removal of population outliers, removal of related individuals and filtering on sample and SNP call rate (>99%), imputation to the HRC reference panel was performed using the Michigan imputation server. 
SICFAIL Study
The Stroke-Induced Cardiac FAILure in mice and men (SICFAIL) study is a prospective hospital-based cohort study comprising consecutive patients with acute ischemic stroke (IS) recruited at the Stroke Unit of the Department of Neurology, University Hospital Würzburg, Germany between January 2014 and February 2017. Inclusion criteria were diagnosis of IS according to the World Health Organization definition (LIT: Hatano S. Experience from a multicentrestroke register: a preliminary report. Bull World Health Organ 1976; 54:541–553.), age ≥18 years and provision of informed consent. Patients participating in an acute intervention study were excluded. The main aim of the SICFAIL study is to describe the natural course of cardiac dysfunction after IS with details of the study design published previously (clinical trial registration: DRKS00011615) (LIT Heuschmann PU et al.).90 All patients underwent routine diagnostic and etiological workup during the acute treatment phase, including neuroimaging (computed tomography or magnetic resonance imaging), vascular imaging (ultrasound and/or computedtomography or magnetic resonance imaging angiography as judged necessary by the physician in charge), 12-lead electro-cardiography, electrocardiography monitoring and routine blood sampling. Trans-thoracic echocardiography, transoesophageal echocardiography and holter monitoring were performed as part of clinical routine. Demographics, co-morbidities, pre-stroke functional status and lifestyle factors were recorded at baseline. Patients were followed regularly up to 5 years after the event. Etiology of ischemic stroke was classified according to the Trial of ORG 10172 in Acute Stroke Treatment (TOAST) criteria.19 Classification was in-dependently assessed by specifically trained physicians and interrater reliability of the TOAST classification was good (AC1 coefficient: 0.83). The SICFAIL study was supported by the German Ministry of Research and Education within the Comprehensive Heart Failure Centre Würzburg (grant numbers BMBF 01EO1004 and01EO1504).
MONICA/KORA Augsburg Study
For the German (Munich/Berlin/Würzburg) samples, independent control groups were selected from Caucasians of German origin participating into the population KORAgen study. This survey represents a sex- and age stratified random sample of all German residents of the Augsburg area and consists of individuals 25 – 74 years of age, with about 300 subjects for each 10-year increment. All controls were free of a history of stroke or transient ischemic attack. We included controls from the S3 and S4 cohorts of KORA. S3 participants were genotyped using the Illumina Omni2.5 Array, while S4 participants were genotyped using the Affymetrix Axiom genotyping array. After QC, removal of population outliers, removal of related individuals and filtering on sample and SNP call rate (>99%), imputation to the HRC reference panel was performed separately for S3 and S4 using the Michigan imputation server
[bookmark: _Hlk89690869]Dutch Stroke cohorts
FUTURE Study – Radboudumc, Nijmegen, the Netherlands
The FUTURE study (“Follow-Up of Transient ischemic attack and stroke patients and Unelucidated Risk factor Evaluation” study), is a prospective cohort study designed to investigate the etiologies and consequences of stroke in a population of individuals between ages 18-50 years. The FUTURE study comprised all consecutive patients with a TIA, ischemic stroke, or ICH, between ages 18 – 50 years, admitted to the Radboud University Medical Centre Nijmegen from January 1, 1980 until November 1, 2010. Only patients with first-ever ischemic stroke were included in the present study. Exclusion criteria were previous stroke or TIA, traumatic hemorrhagic stroke, hemorrhage in known cerebral metastasis or primary brain tumor, cerebral venous sinus thrombosis, subarachnoid hemorrhage or ICH due to known ruptured aneurysm, and retinal infarction. To minimize bias due to changing diagnostic techniques, the World Health Organization definition for ischemic stroke was used. Stroke was defined as focal neurological deficit with no other than a vascular cause persisting for a period of for more than 24 hours.
The assessment of the etiology (modified Trial of ORG 10172 in Acute Stroke Treatment (TOAST) classification) was performed for all cases retrospectively using a validated approach as previously described, as the scale did not exist at the time when a substantial number of our patients experienced their index event. 
Dutch Parelsnoer initiative (PSI) Cerebrovascular Disease Study
The Dutch Parelsnoer initiative (PSI) Cerebrovascular Disease Study is a large prospective cohort study in which comprehensive clinical data, detailed phenotyping of stroke, imaging data, and biomaterials were collected in a large cohort of stroke patients.91 The PSI is a unique partnership between all eight University Medical Centers in the Netherlands and was established in 2007 by the Netherlands Federation of University Medical Centers. The general aims are to build a strong collaborative infrastructure, to allow all participants to prospectively collect their data, and to store biomaterials in a uniform and standardized format.92 For the present study 1,377 patients ≥ 18 years of age with ischemic stroke were included who were enrolled between September 2009 and November 2014. Ischemic stroke was defined as focal neurologic deficits of sudden onset originating from the brain and persisting for more than 24 hours, in the absence of hemorrhage as confirmed by imaging. Ischemic stroke subtypes were further classified according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST).19 Information on ancestry in patients and controls was obtained by self-report. DNA samples were genotyped on the Illumina GSA platform.
ODYSSEY Study – Radboudumc, Nijmegen, the Netherlands.
This study is part of the Observational Dutch Young Symptomatic StrokE studY (ODYSSEY), a Dutch multicenter prospective cohort study on the risk factors and prognosis of patients with a first-ever, ischemic stroke, TIA or intracerebral hemorrhage (ICH) aged 18-49 years. For this study, we included 466 patients with ischemic stroke from the Radboudumc Nijmegen site of the study. In short, our study comprises consecutive patients aged 18-49 years with first-ever symptomatic ischemic stroke defined as the occurrence of acute focal neurological deficits with radiological evidence of cerebral ischemia. Patients were included between May 2013 until end of inclusion in February 2021. 
Patient’s medical files, including risk factors, the cause of ischemic stroke and TIA, were systematically assessed for all patients according to the modified TOAST criteria, (including a subdivision into high-risk and medium-risk sources of cardio-embolism and in large artery atherosclerosis and likely atherothrombotic disease). Atherothrombotic stroke was defined as having (1) an ipsilateral internal carotid stenosis of >50% (in NASCET criteria), or (2) an ipsilateral stenosis of >50% of another intra/extracranial artery, or (3) a mobile thrombus in the aortic arch. Likely atherothrombotic stroke was defined as (1) an ipsilateral internal carotid stenosis of <50%, or (2) an ipsilateral stenosis of <50% of another intra/extracranial artery, or (3) aortic arch plaques >4 mm in thickness without a mobile component, or (4) a history of myocardial infarction or coronary revascularization, (5) a history of documented peripheral arterial disease, or (6) at least two risk factors for atherosclerotic disease: arterial hypertension (treated or known blood pressure before stroke >140/90 mm Hg or hypertensive retinopathy), diabetes mellitus (treated or known blood fasting glucose >7 mmol/l), current smoking (or smoking stopped within the last 6 months), high cholesterol (treated or known low-density lipoprotein before the stroke >160 mg/dl or 4,1 mmol/l). 
Dutch stroke study controls
The Dutch control subjects were population based controls from the Prospective amyotrophic lateral sclerosis (ALS) Study matched for sex, age and geographic region within the Netherlands. The Prospective ALS study in The Netherlands has been described in detail previously.93,94 All individuals gave written informed consent and the University Medical Center Utrecht Medical Ethics Committee, Utrecht approved this protocol. The controls were genotyped on Illumina OmniExpress and Illumina GSA.
China Kadoorie Biobank (CKB)
China Kadoorie Biobank (CKB) is a study, which investigates the main genetic and environmental causes of common chronic diseases in the Chinese population. During 2004-2008, over 510,000 men and women aged 30-79 years were recruited from the general population in five rural and five urban areas in China with extensive data collection by questionnaire and physical measurements, and with long-term storage of blood samples for future study. The study was approved by the ethical review committee of the Chinese Center for Disease Control and Prevention and the Oxford Tropical Research Ethics Committee, University of Oxford. All participants provided written informed consent forms.95 Incident stroke events were ascertained through linkage to death and disease registries and the nationwide health insurance system, which records all hospitalized events, among participants with no history of stroke or TIA at baseline. Stroke events were defined according to the International Classification of Diseases 10th revision (ICD-10, I60, I61, I63, I64). Genotyping was performed using a custom-designed Affymetrix Axiom array, with imputation into 1KG3, among a randomly selected subset of 75,719 participants.
The Korean Cancer Prevention Study-II (KCPS2) Biobank 
The Korean Cancer Prevention Study-II (KCPS2) Biobank is a large blood-based cohort study with long-term follow-up via a unique linkage of routine, medical examinations conducted at health promotion centers across South Korea with records for mortality and hospitalization. The cohort comprises 156 701 participants (94 840 men and 61 861 women) who undertook routine health assessments during 2004 and 2013, provided blood samples and informed consent for long-term prospective follow-up. We prospectively identified incident strokes and ischemic stroke cases from insurance claims reported to the National Health Insurance System. We ascertained nonfatal or stroke events, defined according to the International Classification of Diseases 10th revision (ICD-10, I60– I69).
[bookmark: _Hlk89291745]The Joinville Stroke Biobank (JSB)
[bookmark: _Hlk2848596]The Joinville Stroke Biobank (JSB) has its origin in the Joinville Stroke Registry (JOINVASC), a cohort aimed for studies on epidemiological aspects of stroke in Brazil and is currently maintained with University of the Region of Joinville (Univille) resources. The phenotypic data are extracted from the Joinville Stroke Registry. The Joinvile Stroke Registry (JOINVASC) is an ongoing population-based stroke data bank started in 2005 and supported by municipal law since 2013. The city has two stroke centers, four general hospitals with computed tomography (CT) available 24/7, and one public rehabilitation care facility, totaling 1078 beds.  The registry uses the ideal methodology proposed by Sudlow and Warlow96 as well as the Stroke-Steps modular program proposed by WHO (first step for all hospital cases, second step for checking of death certificates and third step to ascertain mild events) to ascertain stroke events. After obtaining written informed consent from all patients or their relatives/legal responsible, the JOINVASC research nurses routinely record clinical, laboratorial, and sociodemographic data, as well as electrocardiographic and radiological tests´ results. Stroke is defined as the presence of signs of sudden focal or global cerebral dysfunction that lasts longer than 24 h without any apparent non-vascular cause. TIA is defined as a sudden acute loss of cerebral or ocular function, with symptoms lasting less than 24 h, which could be indicative of an embolic or atherothrombotic disease after appropriate investigation.
GENERACION Project
The ischemic stroke patients were recruited if they had a measurable neurologic deficit on the NIHSS within 6 hours of last known normal, had a stroke diagnosis performed by an experienced neurologist at each center and confirmed by neuroimaging, were older than 18 years of age, and were recruited at one of the 14 hospitals included in the study. Etiologic subgroups were classified following TOAST criteria. These patients were recruited as part of the GENISIS,97 GODS,98 and CONIC99 projects.
Controls were subjects without a history of ischemic stroke, older than 18, who declared they were free of neurovascular diseases by direct interview before recruitment. The control cohort was collected in primary care centers from Barcelona city and in hospitals throughout Spanish territory as a part of the GCAT,100,101 CONIC,99 GRECOS,102 and ISSYS103 projects.
Genetics of Early Neurological Instability after Ischemic Stroke (GENISIS) cohort 
Genetics of Early Neurological Instability after Ischemic Stroke (GENISIS) is an international study currently recruiting patients from four different locations: United States, Finland, Poland, and Spain. The inclusion criteria for the GENISIS study are IS patients (age ≥ 18 years) collected from 2003 to 2017 with a measurable neurologic deficit on the NIHSS within 6 hours of last known normal. Patients who received endovascular thrombectomy, or for whom consent and/or a blood sample could not be obtained were excluded. For our study we only included Spanish patients.
The Genetic contribution to functional Outcome and Disability after Stroke (GODS) cohort
The Genetic contribution to functional Outcome and Disability after Stroke (GODS) project is a study that aimed to find genetic factors associated with stroke outcome. All participants met the following criteria: (1) European descent, aged >18 years, diagnosis of IS in the anterior vascular territory; (2) assessed by a neurologist during the acute phase of stroke; (3) initial stroke severity >4, according to the National Institutes of Health Stroke Scale (NIHSS); (4) information on post-stroke functional status at 3 months (or alternatively between 3 and 6 months); (5) evidence of acute IS in a neuroimaging study; (6) lack of concomitant disease. Individuals with stroke recurrence during the follow-up period were excluded, in addition to posterior vascular territory and lacunar strokes. 
The CONtrol ICtus (CONIC) cohort
The CONtrol ICtus (CONIC) study is a national study focus on find new genetic risk factors for ischemic stroke, it is a case-control matched study. Control participants were recruited between 2007 and 2008. All controls were older than 65 years of age and declared free of dementia, neurovascular and/or cardiovascular disease, as evaluated by self-description during a direct interview before recruitment. Subjects with a history of first and/or second-degree neurovascular disorder were also excluded from the study. The stroke cases were admitted to the emergency department of a university with a documented middle cerebral artery (MCA) occlusion on transcranial Doppler ultrasonography (TCD) and received tPA in a standard 0.9-mg/kg dose (10% bolus, 90% continuous infusion over 1 hour) within 4.5 hours of symptom onset following National Institute of Neurological Disorders and Stroke (NINDS) recommendations. 
The Genotyping RECurrence Risk Of Stroke (GRECOS) cohort
The Genotyping RECurrence Risk Of Stroke (GRECOS) project is a national study that aimed to find genetic factors associated with recurrence after stroke. Control participants were relatives of patients (wife or husband, without any consanguinity between cases and controls) and healthy volunteers visiting the same hospital for routine testing. They were >65 years of age and classified as free of neurovascular and cardiovascular history and family history by direct interview before recruitment. 
The Investigating Silent Stroke in hYpertensives: A magnetic resonance imaging Study (ISSYS) cohort
The Investigating Silent Stroke in hYpertensives: A magnetic resonance imaging Study (ISSYS) is an observational prospective study in hypertensive participants to determine the prevalence of silent or magnetic resonance imaging (MRI)–defined brain infarcts and cognitive impairment. This cohort comprises 1000 nondemented individuals, aged 50 to 70 years old, and diagnosed of essential hypertension at least one year before inclusion in the ISSYS study
GCAT Genomes for Life Study cohort
GCAT|Genomes for Life Study is a long-term project that was set up to integrate and assess the role of epidemiological, environmental and omic factors (genomic, metabolomic, proteomic, epigenomic) in the development of chronic diseases. GCAT aims to assess the prevalence of risk factors and their association with disease incidence over time. The GCAT cohort is a prospective collection recruited from the general population of the north-east region of Spain, Catalonia. The GCAT Study have recruited 20 000 participants aged 40–65 years. Participants complete a self-administered computer-based questionnaire that collects data on a large number of lifestyle and health factors that are of interest in epidemiological and genetic studies. Participants who agreed to take part in the study completed a self-administered computer-driven questionnaire, and underwent blood pressure, cardiac frequency and anthropometry measurements. Participants will be followed for 20 years after recruitment.
AIIMS-DELHI (Indian stroke GWAS)
The Indian Stroke GWAS study is a multicentric hospital-based case-control study where 8 teaching hospitals from Northern, Southern and North-Eastern India recruited 4,088 participants, including 1,609 stroke cases.104 List of the 8 hospitals participating in the study is given below: (1) AIIMS, All India Institute of Medical Sciences, New Delhi, India, (2) PGI Rohtak, Pandit Bhagwat Dayal Sharma Post Graduate Institute of Medical Sciences or PGIMS Rohtak, (3) Safdarjung, Safdarjung Hospital, New Delhi, (4) R and R, Army Hospital (Research And Referral, New Delhi, (5) Gangaram, Sir Gangaram Hospital, New Delhi, RML, (6) Dr. Ram Manohar Lohia Hospital in New Delhi, (7) Sree Chitra Tirunal Institute for Medical Sciences and Technology, (8) NEIGHRHIMS, North Eastern Indira Gandhi Regional Institute of Health and Medical Sciences, Shillong, India.
Stroke was diagnosed using guidelines set by the World Health Organization by trained neurologists and was primarily of vascular origin. Stroke-free status was assessed by a well-validated questionnaire.105 Each study site recruited its controls from the same site after ethnicity matching. Genome-wide genotyping was performed on an Illumina platform using the genome screen array version 2.0 (with additional multidisease content). Additional details on genotyping, imputation, statistical testing etc have been published previously.104
Tohoku Medical Megabank
The Tohoku Medical Megabank (TMM) Project is composed of a population-based adult cohort study, the TMM Community-Based Cohort Study (TMM CommCohort Study) and a birth and three-generation cohort study, the TMM Birth and Three-Generation Cohort Study (TMM BirThree Cohort Study).106,107 The aim of the TMM CommCohort Study was to assess the long-term impact of the Great East Japan Earthquake (March 11, 2011) on disaster victims and gene-environment interactions on the incidence of multifactorial diseases, such as cancer and cardiovascular diseases.107 


GIGASTROKE follow-up studies 
Million Veteran Program
The Million Veteran Program (MVP) is an ongoing longitudinal cohort study that began in 2011 to study genetic and non-genetic determinants of health and disease. Active users of the Veterans Health Administration healthcare system learn of MVP via an invitational mailing and/or through MVP staff while receiving clinical care with informed consent and HIPAA authorization as the only inclusion criteria. Clinical and demographic characteristics were obtained from electronic health records within the VA’s Corporate Data Warehouse (CDW) and supplemented by the MVP Baseline Survey when age or sex was missing.108 Genotyping was performed with a customized Affymetrix Axiom Biobank Array,109 and imputation was carried out with a hybrid imputation panel comprised of the African Genome Resources panel (https://imputation.sanger.ac.uk/?about=1#referencepanels) and 1000 Genomes (p3v5). Population-specific principal components (PCs) were computed using EIGENSOFT v.6. The harmonized race/ethnicity and genetic ancestry (HARE) approach was used to assign individuals to two mutually exclusive groups: 1) non-Hispanic White (European ancestry), 2) non-Hispanic Black (African ancestry).110 Kinship was inferred using KING v.2.0. For each pair of relatives (kinship coefficient ≥0.0884), one individual was excluded.
The replication cohort for follow-up analyses spanned the period beginning in 2011 to the end of 2018. Incident acute ischemic stroke (AIS) events were identified from VA EHR data using both inpatient and outpatient ICD-9 (433.x1, 434.x, 436.x, excluding 434.x0) and ICD-10 (I63.x cerebral infarction) codes, or analogous codes in data from the Centers for Medicare and Medicaid (CMS). Date of AIS was defined as the first occurrence of ischemic stroke codes. Participants who had an ischemic stroke prior to enrollment were excluded, and the absence of ischemic stroke codes was assumed to be no event. Follow-up for each participant was measured in days since enrollment until one of three censoring events: AIS, administrative censoring (Jan 1st, 2019), or death. The final analysis cohort included 403,489 European and 107,343 African ancestry participants at baseline with a mean age of 63.2 and 57.0 years, 92% and 86% male, median (5th - 95th percentile) follow-up of 3.8 (0.4 – 6.8) and 3.8 (0.5 – 6.7) years, and among whom 8,392 and 2,227 experienced an incident AIS during follow-up, respectively. 

Estonian Biobank
See above for details on Estonian Biobank. In the replication we analyzed 1571 new cases of stroke and 4062 matched controls that had been recruited to the Estonian biobank during 2018-2021 (not included in the initial GWAS). The genotyping and data processing was identical with that of the EstBB cohort described above. Significant variants from the GWAS meta-analyses were tested with Regenie (v2.2.4) logistic regression, including age, sex and PC 1-5 as covariates in the analyses.
Penn Medicine Biobank
The Penn Medicine Biobank is a genomic and precision medicine cohort that recruits patients from clinical practice sites throughout the University of Pennsylvania Health System. Participants actively consent to allow the linkage of biospecimens to data from their longitudinal electronic health record. Currently >80,000 participants are enrolled in the PMBB. A subset of 43,623 individuals have undergone whole exome sequencing and genotyping through a collaboration with the Regeneron Genetics Center. Stroke cases were identified using ICD 9 and 10 diagnosis codes reported in either 1 inpatient visit or 2 outpatient visits.
Mass General Brigham Biobank
The Mass General Brigham Biobank (MGB) is an ongoing prospective clinical research cohort of patients of Mass General Brigham, the parent organization of Massachusetts General Hospital (MGH) and Brigham and Women’s Hospital (BWH) in Boston, Massachusetts, USA. All patients aged 18 years or older presenting to any of the MGB clinics consenting to broad research are included. Patients are recruited in-person at MGH and BWH and online through an electronic patient gateway. The MGB Biobank provides banked samples (plasma, serum, DNA, buffy coats), electronic health record (EHR) data, imaging, survey data on lifestyle, environment, family history, and genetic data. Recruitment has been ongoing since 1998 and to date, more than 133,000 patients have been included in the Biobank. 
Subjects consented from 2009-2021 with sufficient quantity and quality of stored DNA samples were successively genotyped. Genotyping was performed in batches at the MGB Translational Genomics Core (Boston MA, USA) and at the Broad Institute (Cambridge MA, USA), using Illumina arrays (MEGA, MEGA-Ex, GSA-24v2-0 + Multi-Disease). Genotyping on the MEG arrays was performed between 2017-2019, on GSA arrays between 2019-2021. Array-based genotypes with a call rate of 99% or higher and without sex mismatch were retained and imputed at the Michigan imputation server separately on each batch, using the Minimac3 algorithm and the 1000 Genome reference panel.  At study date, genotypes for 56,000 patients were available. 	
To build the replication cohort, the MGB Biobank database was queried for genotyped patients. Cases were identified by presence of any type of ischemic stroke in their EHR as defined by ICD9 (433.01, 433.11, 433.21, 433.31, 433.81, 433.91, 434.01, 434.11, 434.91, 436) or ICD10 code (G46.3, G46.4, I63.*, I67.81, I67.82). Individuals previously included in the Stroke Genetics Network (SiGN) study were excluded (n=84). Controls were defined by absence of ischemic stroke codes. We aimed to include stroke-free individuals with the most up-to-date EHR data to prevent the inclusion of subjects that had a stroke outside the MGB system since consent to the Biobank. For this reason, we included only individuals with at least one encounter in the last 12 months, and at least two encounters with the MGB system in total. 
The genotypes for cases and controls were extracted from each batch and quality control was performed using PLINK v.1.9. Samples with high missing rates (call rate < 97%) and sex mismatches were excluded. A pruned subset of autosomal markers not in linkage disequilibrium (r2 > 0.1) was generated. These markers were used to remove one individual from each related pair (IBD sharing > 0.25) and to generate the top 10 principal components (PCs) for selection of individuals of European ancestry. 
3,745 ischemic stroke cases and 28,281 stroke-free controls resulted from the steps outlined above. Logistic regression models were run separately on each batch of imputed genotypes for each target SNP selected from the discovery cohort using PLINK v1.9. Sex, age, and the first 10 PCs were included as covariates in the models. To combine the results obtained from the separate batches, we performed a fixed-effect meta-analysis using METAL (STDERR scheme on Betas and SE), after selecting high quality top/tag SNPs (MAF > 0.01, R2 > 0.4, Hardy-Weinberg equilibrium p-value > 1e-6, SNP call rate > 97%).

Stroke Investigative Research and Educational Network (SIREN)
The SIREN study is a multicenter case-control study involving 15 medical centers in Ghana and Nigeria initiated in 2014.111,112 It is the largest study of stroke in Africa with the overall goal of evaluating the premier genetic and environmental risk factors for stroke in Africa.  The study enrolled consented stroke patients who were ≥18 years old with first clinical stroke within 8 days of current symptom onset confirmed by neuroimaging with CT or MRI scan within 10 days of symptom onset. Controls were stroke-free individuals from the same catchment area as the stroke cases, identified and recruited through the community engagement core and matched to stroke cases by sex, age (±5 years) and ethnicity. Consented stroke cases and controls were monitored and followed up for 1 year after enrolment.

Helsinki Ischemic Stroke Genetics Study
Helsinki Ischemic Stroke Genetics Study was designed for investigating genetic factors underlying ischemic stroke in the Finnish population and in the long-term to be incorporated to multicenter multinational similar datasets. Ischemic stroke cases were recruited from 2012 to 2017 from the Helsinki University Hospital, Department of Neurology which is the only neurological emergency unit for a population of 1.7 million inhabitants. 1848 patients with positive neuroimaging findings for a new-onset brain infarction were included. Stroke subtyping was performed according to the Trial of Org 10172 in Acute Stroke Treatment (TOAST) classification. 
Control samples were obtained from the national FINRISK study 2012 cohort.113 Only participants residing in the same geographic area (Greater Helsinki region) and without history of ischemic or hemorrhagic stroke based on the National Hospital Discharge Register and the National Causes-of-Death Register (ICD-10 codes I61, I63.0-I63.5, I63.7-I63.9, I64 or respective in the earlier ICD versions) were included. All case and control subjects are of white, Caucasian origin. 
The genotyping was done on the Illumina HumanCoreExome or Illumina Global Screening array. After initial quality control, the data was imputed with Sequencing Initiative Suomi (SISu) v3 imputation reference panel following the FIMM Sequencing Informatics genotype imputation workflow.114
The Helsinki Ischemic Stroke Genetics study and FINRISK study have been approved by the Ethics Committee of Medicine, Helsinki University Hospital and the Coordinating Ethics Committee of Helsinki University Hospital, respectively. All the participants or their legal representative have provided a written informed consent. 

BioVU 
BioVU is Vanderbilt University Medical Center’s DNA repository linked to the synthetic derivative – a database of de-identified electronic health records.115 The samples included in this study were genotyped on multi-ethnic genotyping array (MEGA) platform from Illumina. We used supervised learning mode in Admixture to calculate ancestry coefficients for our MEGA dataset (94489 samples).  1000 genome phase 3 data, 2504 reference individuals (5 ancestries), is used as training samples. The 5 ancestry fractions (K_EUR ,K_AFR ,K_AMR ,K_EAS , and K_SAS) are produced  and  we used a threshold of K_EUR>= 0.9 for EUR  and K_AFR >=0.8 for AFR. However, only European ancestry partcipants were included in this analysis. Genotyped dataset was cleaned initially using cut off of sample calling rate >=95% and variants calling rate>=95%.  Before imputation, variants with MAF<0.1% and variants with allele frequency inconsistent with gnomAD database were removed. Imputation was performed using Minimac4 and 1000 Genomes Phase 3 v5 reference panel with the Michigan Imputation Server (https://www.nature.com/articles/ng.3656).  Variants with R2 >= 0.3 were selected for downstream analysis.

FinnGen study
See description above. For follow-up, data from autumn 2021 (data freeze 8) was used, with 124,217 genotyped individuals from hospital biobanks.

Clinical Research Collaboration for Stroke in Korea (CRCS-K) and Korea Biobank Array (KBA) project
Clinical Research Collaboration for Stroke in Korea (CRCS-K)
The Clinical Research Collaboration for Stroke in Korea (CRCS-K) is a collaborative stroke research group and its key component is a multicenter prospective registry of acute stroke patients who admitted to 18 academic and regional stroke centers in Korea.116,117 CRCS-K was first established in 2006 as a fifth division of Clinical Research Center for Stroke project (CRCS-5) with the purpose of conducting epidemiological researches and providing information of the status of stroke care in Korea. 
Investigators started to collect information on consecutive acute stroke patients based on web-database system (http://www.strokedb.or.kr/ecrf/) in April 2008. In November 2009, first 5 centers initiated prospective capture of stroke outcomes and was extended to all the participating centers in January 2011, including event outcomes and modified Rankin Scale (mRS) scores at 3 months and 1 year after stroke. Outcome capture is conducted by dedicated stroke coordinators of individual participating centers, via review of medical record or structured face to face or telephone interview. 
Total number of stroke patients who were registered to the CRCS-K registry exceeded 98,000 by March 2022. Data fields of the registry widely cover information for demographics, risk factors, stroke characteristics including etiology work-ups and laboratory tests, acute stroke management, secondary stroke prevention and post stroke outcomes. 
From July 2017 to November 2019, blood samples of early onset stroke patients (younger than 55 years old) were deposited to the National Biobank of Korea (NBK) and a total of 1,120 early onset stroke patients were genotyped using the Korea Biobank Array, which is a SNP microarray optimized for the Korean population and comprises about 827K markers including >200K rare-frequency or functional variants.118
Korea Biobank Array (KBA) project
Korea Biobank Array (KBA) project was initiated in 2014 to characterize genetic variation influencing complex traits such as T2D and obesity tin the Korean population.118 The National Institute of Health, Republic of Korea designed the KBA, a fully customized SNP microarray, comprising approximately 830K markers with optimal tagging of common variants in East Asian populations along with > 200K functional variants. The project genotyped about 160,000 individuals from the Korean Genome and Epidemiology Study (KoGES),119 using the KBA. Among them, 77,583 individuals were used as control samples for CRCS-K and KBA case-control genome-wide association study (GWAS).
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