A Novel Genetic Risk Score Predicts Ischemic Stroke in Patients with Cardiometabolic Disease
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Abstract

Introduction: Recent genome-wide association studies have identified single nucleotide polymorphisms (SNPs) that are associated with an increased risk of stroke. We sought to determine whether a genetic risk score (GRS) could identify subjects at higher risk for ischemic stroke after accounting for traditional risk factors in five clinical trials across the spectrum of cardiometabolic disease.

Methods: Subjects who had consented for genetic testing and who were of European ancestry from the ENGAGE AF-TIMI 48, SOLID-TIMI 52, SAVOR-TIMI 53, PEGASUS-TIMI 54, and FOURIER trials were included in this analysis. A recently published set of 32 SNPs associated with ischemic stroke was used to calculate a GRS in each patient and identify tertiles of genetic risk. A Cox model was used to calculate hazard ratios for ischemic stroke across genetic risk groups, adjusted for age, sex, ancestry, hypertension, hyperlipidemia, smoking, diabetes mellitus, atrial fibrillation, coronary artery disease, and congestive heart failure.

Results: In 51,288 subjects across the five trials, a total of 960 ischemic strokes occurred over a follow-up period of 3 years. After adjusting for clinical risk factors, increasing genetic risk was strongly and independently associated with increased risk for ischemic stroke (p-trend=0.009). When compared to individuals in the lowest third of genetic risk, individuals in the middle and top tertiles of genetic risk had adjusted hazard ratios of 1.15 (95% CI 0.98-1.36) and 1.24 (95% CI 1.05-1.45) for ischemic stroke, respectively. Stratification into subgroups revealed the performance of the GRS appeared strongest in the primary prevention cohort with an adjusted HR of top tertile versus lowest tertile of 1.27 (95% CI 1.04-1.53), compared to an adjusted HR of 1.06 (95% CI 0.80-1.40) in patients with prior stroke. In patients with atrial fibrillation and CHA2DS2VASc ≤2, high genetic risk conferred a 4-fold higher risk of stroke and absolute risk equivalent to those with CHA2DS2VASc of 3.

Conclusions: Across five large clinical trials of subjects with cardiometabolic disease, a 32 SNP GRS was a strong, independent predictor of ischemic stroke. The predictive value of the GRS appeared strongest in subjects without prior stroke. Moreover, in patients with atrial fibrillation but low CHA2DS2VASc scores, the GRS identified patients with risk comparable to those with higher CHA2DS2VASc scores, suggesting a potential role for genetic risk scores in anticoagulation decision-making. 
 

Background
Ischemic stroke, a sudden neurologic deficit caused by an interruption of cerebral blood flow, remains a leading cause of morbidity and mortality worldwide (1). Though several traditional risk factors such as hypertension, diabetes mellitus, and tobacco use exhibit strong associations with ischemic stroke, a substantial proportion of ischemic stroke risk remains unexplained (2, 3). Multiple lines of evidence suggest that heritable factors may contribute to the development of ischemic stroke (4, 5), with some reports estimating that 30-40% of variability in ischemic stroke risk can be explained by genetic variation (6). Over the last decade, advances in molecular genetics have better defined the genetic architecture underlying risk for ischemic stroke, bringing further attention to this underappreciated component of stroke susceptibility (7).	Comment by Robert P. Giugliano: Interesting to include this since it is not part of the CHADS-VASc score.  Maybe replace with older age or heart failure?

Genetic risk scores represent a method of summating an individual’s genetic propensity for a given phenotype, and have garnered interest for their potential to improve risk prediction in many common diseases (8-10). Despite promise in other conditions, early attempts at using a genetic risk score (GRS) for ischemic stroke showed limited predictive ability (11-13), possibly due to the fewer genetic loci that associate with stroke and the known biologic heterogeneity of the ischemic stroke phenotype. Recently, in the wake of the MEGASTROKE genome-wide association study meta-analysis (14), multiple groups have developed genetic risk scores with increased predictive power (15, 16). Whether a GRS can predict ischemic stroke risk across a diverse group of patients with cardiovascular disease, after fully adjusting for clinical risk factors including atrial fibrillation, is still not known.

We sought to determine whether a GRS could identify subjects at higher risk for ischemic stroke after accounting for traditional risk factors in five clinical trials across the spectrum of cardiometabolic disease. We quantified the level of risk conferred by each genetic risk tertile, compared the magnitude of risk provided by high genetic risk to that provided by well-established clinical risk factors, and investigated GRS performance across key subgroups. Lastly, we explored whether genetic risk classification could refine stroke risk in patients with atrial fibrillation, with specific attention to those with lower CHA2DS2VASc scores in whom high genetic risk might inform anticoagulation decision-making.


Methods:
Study Design and Population
We performed a genetic cohort analysis pooling individual patient-level data from five cardiovascular clinical trials: ENGAGE AF-TIMI 48 (17), SOLID-TIMI 52 (18), SAVOR-TIMI 53 (19), PEGASUS-TIMI 54 (20), and FOURIER (21). The study population represents a broad spectrum of cardiovascular disease including established atherosclerosis, prior myocardial infarction, diabetes, and atrial fibrillation. Brief descriptions of each trial are listed in the Supplementary Appendix. Patients who consented for genetic analysis, passed quality control, and were of European ancestry were included. Baseline characteristics for each trial are listed in Supplementary Table 1. 

Genotyping and Imputation
[bookmark: OLE_LINK1]Methods for genotyping and imputation have previously been published (22). Genotyping was performed using the Illumina Multi-Ethnic Genotyping Array (ENGAGE AF-TIMI 48, SAVOR-TIMI 53, and PEGASUS-TIMI 54), Affymetrix Biobank Array (SOLID-TIMI 52), and Infinium Global Array (FOURIER). Pre-imputation quality control was performed using PLINK v2.0 (23), followed by imputation using the Michigan Imputation server (24) and TOPMed Freeze5 reference panel (25). Post-imputation quality control was performed, followed by identification of patients with European ancestry using the 1000 Genomes phase 3 v5 reference panel (26) and ADMIXTURE tool (27).

Genetic Risk Score
The GRS for ischemic stroke was based on all 32 genome-wide associated SNPs from MEGASTROKE (14), listed in Supplementary Table 2. Following genotyping and imputation, 31 SNPs in ENGAGE AF-TIMI 48, 25 SNPs in SOLID-TIMI 52, 31 SNPs in SAVOR-TIMI 53, 31 SNPs in PEGASUS-TIMI 54, and 30 SNPs in FOURIER were available for study. In cases where the risk variant was not available, proxy SNPs were used to complete the set of 32 SNPs. Using PLINK v2.0, the GRS was calculated for each patient by multiplying the imputed allelic dosage with the variant-specific weight (based on MEGASTROKE (14)), and then summed across all variants. Patients were divided into low, intermediate, and high genetic risk for ischemic stroke based on tertiles.

Clinical Endpoint and Follow Up
The endpoint of interest was ischemic stroke. In each trial, ischemic stroke was formally adjudicated by an independent clinical endpoints committee who was blinded to treatment assignment. The median follow-up across trials ranged from 2.2 to years to 2.9 years.	Comment by Robert P. Giugliano: If you have the individual patient level data, then better to provide the median (IQR) follow-up across all patients (at a patient level) rather than these results at a trial level for follow-up.

Statistical Analysis
Individual patient level-data was pooled from the five clinical trials. Analyses were performed in the overall genetic cohort, primary versus secondary prevention cohorts, in the ENGAGE AF-TIMI 48 trial, and across subgroups of CHA2DS2VASc ranges in those with and without atrial fibrillation (28). Time-to-event data was used to create a Kaplan-Meier curve. Cox proportional hazards model was used to calculate hazard ratios (HR) for ischemic stroke across genetic risk categories. Analyses were adjusted for age, sex, genetic ancestry (by principal components 1-5), and clinical comorbidities including hypertension, hyperlipidemia, diabetes mellitus, smoking, coronary artery disease, congestive heart failure, and atrial fibrillation. Trend test was used to test the difference in ischemic stroke across genetic risk categories. All p-values were two-sided and assessed at a threshold of 0.05.	Comment by Robert P. Giugliano: Might parenthetically explain why this trial alone, e.g., (as all patients in this study has AF)	Comment by Robert P. Giugliano: I assume the analyses w/o AF excluded all ENGAGE patients	Comment by Robert P. Giugliano: How was the adjustment done for AF, since all patients in ENGAGE had AF?  This would be collinear with trial

Results
Study Cohort
Across the five trials studied, 51,288 subjects were eligible to be included in this analysis. The average age of the study population was 65.9 years, and 71.7% were male. The vast majority of subjects (78.1%) had coronary artery disease. Many had traditional stroke risk factors, including 81.8% with hypertension, 60.2% with hyperlipidemia, and 41.9% with diabetes. A smaller percentage of the cohort were current smokers (18.2%), had atrial fibrillation (28.4%), or had a history of congestive heart failure (29.1%). A total of 960 ischemic strokes occurred over a median follow up of 2.5 years.

Identification of Genetic Risk Groups
Baseline characteristics by genetic risk tertile are shown in Table 1. Subjects in the highest third of genetic risk were younger, more likely to be female, and more likely to have hypertension, atrial fibrillation, and congestive heart failure. The relative contribution of each trial to each tertile of genetic risk is listed in Supplementary Table 1.

Genetic Risk Predicts Ischemic Stroke
The Kaplan-Meier event rates for ischemic stroke at 3 years in the low, intermediate, and high genetic risk groups were 1.95% (n=272), 2.24% (n=322), and 2.56% (n=366), respectively (Figure 1). After adjusting for clinical risk factors, increasing genetic risk remained strongly associated with increased risk for ischemic stroke (p-trend=0.009). Compared with patients in the lowest genetic risk category, those at intermediate genetic risk had an adjusted HR of 1.15 (95% CI 0.98-1.36) for ischemic stroke and those in the top third of genetic risk had an adjusted HR of 1.24 (95% CI 1.05-1.45). The magnitude of risk conferred by high genetic risk was comparable to the risk provided by smoking, diabetes, and hypertension in the multivariable model (Supplementary Figure 1).

Among subgroups, the performance of the GRS was strongest in the 44,095 subjects without prior stroke (adjusted HR of top tertile vs lowest tertile 1.27, 95% CI 1.04-1.53, Figure 2), with no clear predictive utility in the 7,193 subjects with prior stroke (adjusted HR 1.06, 95% CI 0.80-1.40). The GRS demonstrated similar predictive power in subjects with atrial fibrillation (adjusted HR of top tertile vs lowest tertile 1.25, 95% CI 1.00-1.56) and without (adjusted HR 1.23, 95% CI 0.98-1.54). 	Comment by Robert P. Giugliano: Would report the P-interaction for effect modification by AF

Genetic Scoring Reclassifies Ischemic Stroke Risk in ENGAGE AF-TIMI 48
A total of 11,187 patients from the overall cohort were enrolled in ENGAGE AF-TIMI 48, a trial of patients with atrial fibrillation who were treated with anticoagulation. Of these, 380 (3.4%) had an ischemic stroke. Even after adjusting for all the components of CHA2DS2VASc, patients with high genetic risk were at 31% greater risk of ischemic stroke (adjusted HR 1.31, 95% CI 1.02-1.68, p=0.037) compared to low genetic risk (Supplementary Figure 2). The magnitude of risk was similar to the risk provided by CHA2DS2VASc score components such as age 65-74, female sex, and congestive heart failure, and beyond that of diabetes, hypertension, and vascular disease.	Comment by Robert P. Giugliano: ….over an average f/u of 2.8 years.

Need to either include the median f/u or report as an annualized rate.

The predictive ability of the GRS was significantly stronger in patients with lower CHA2DS2VASc scores (p-trend=0.04), with adjusted HR of 3.94 (1.03-15.0), 1.47 (95% CI 0.85-2.54), 1.22 (95% CI 0.92-1.61), and 0.87 (95% CI 0.59-1.28) in patients with CHA2DS2VASc scores of ≤2, 3, 4-5, and >5, respectively (Figure 3). A similar pattern was seen using the CHA2DS2VASc score to quantify the burden of cardiovascular risk factors in those without atrial fibrillation in whom the prognostic value of the GRS was also stronger in subjects with fewer risk factors (p-trend=0.02, Supplementary Figure 3).  

More specifically in patients with atrial fibrillation in ENGAGE-AF TIMI 48, high genetic risk reclassified 1/3 of patients with CHA2DS2VASc ≤2 to risk levels equivalent to CHA2DS2VASc of 3 (Figure 3). When comparing the risk stratification provided by CHA2DS2VASc in patients with differing levels of genetic risk, there was a steeper gradient in patients with lower genetic risk, ranging from a 0.6% rate of stroke in patients with CHA2DS2VASc score of ≤2 to 5.5% in patients with CHA2DS2VASc score of >5 (p-trend<0.001). In patients with high genetic risk, a more modest increase of absolute stroke risk was observed, ranging from 2.8% in patients with CHA2DS2VASc ≤2 to 5.1% in those with scores >5 (p-trend=0.01) (Supplementary Figure 4). 

Discussion
With over 50,000 patients and 960 incident ischemic strokes, this study represents one of the largest prospective analyses of stroke genetics to date. Such data provide a unique opportunity to study the clinical performance of an ischemic stroke GRS at scale and across a diverse patient population. Specifically, we demonstrate that a 32 SNP GRS predicts ischemic stroke in patients with a wide range of cardiometabolic disease, appears to have the greatest utility in those without prior stroke, and can refine stroke risk in patients with atrial fibrillation and lower CHA2DS2VASc scores, suggesting a potential role in anticoagulation decision-making.	Comment by Robert P. Giugliano: Would prefer to report the actual number rather than an approximate (advice from EB).

In patients who are older and have cardiovascular risk factors, it is not clear whether genetics still play a role in ischemic stroke. However, we found that genetic risk is still a significant and independent predictor of ischemic stroke risk, even in patients with cardiometabolic disease and a median age of 66 years. More precisely, those in the top 1/3 of genetic risk carried a 24% greater risk of ischemic stroke than the lower 1/3. To put this degree of risk into perspective, high genetic risk was similar to the risk provided by well-established clinical risk factors such as smoking, diabetes, and hypertension in this population. The performance of the GRS is even more robust when applied to patients with a lower burden of clinical risk factors, identifying a cohort at a nearly 2-fold increased risk of ischemic stroke.

Beyond the independent and additive value of genetics in determining ischemic stroke risk, a second question of interest is whether genetics can also identify increased risk for recurrent ischemic stroke. While only 14% of the overall cohort had prior stroke, this subgroup of 7,193 subjects accounted for 31% of the ischemic strokes during the follow up period. The GRS was unable to predict recurrent stroke in this secondary prevention population, perhaps because the SNPs comprising the GRS were derived from genome-wide association studies focused on prevalent and incident disease. Conversely, the predictive value of genetic risk was far stronger in the 44,095 patients without prior stroke.

While identifying increased stroke risk from a GRS may be valuable, the low absolute event rates in the general cardiometabolic population limits the ability of the GRS to change management. However, application in an atrial fibrillation population could be integrated into current clinical algorithms to determine who should receive anticoagulation. We tested this hypothesis in the ENGAGE AF-TIMI 48 trial and found that the GRS had the strongest prognostic value in patients with low CHA2DS2VASc score. Specifically, when CHA2DS2VASc was 0-2, there was a 4-fold increased risk of stroke in patients with high genetic risk. This translated to an absolute stroke risk equivalent to patients with a CHA2DS2VASc of 3, identifying a group of patients whose stroke risk may be underappreciated.	Comment by Robert P. Giugliano: ENGAGE enrolled patients with a minimum CHADS2 score of 2.  So that means the minimum CHADS-VASc was 2.  I think it is a bit misleading here to say 0-2, when really the lowest score was 2 (except perhaps for a few protocol violations).

Clinically, patients with a CHA2DS2VASc of 1 often present the greatest challenge regarding anticoagulation management and the addition of genetic risk could provide clarity in such situations. While the ENGAGE AF-TIMI 48 trial had very few patients with CHA2DS2VASc ≤2, and all were on anticoagulation, our findings suggest that high genetic risk confers a multiple-fold higher stroke risk that could help guide anticoagulation decision-making. Further studies should focus on whether patients with low CHA2DS2VASc scores but high genetic risk would benefit from anticoagulation therapy.	Comment by Robert P. Giugliano: I’d rather not highlight the protocol violations, who were the only patients with CHADS-VASC<2.  Suggest you say instead, “While the ENGAGE AF-TIMI 48 trial enrolled patients with minimun CHADS2 score of 2 and all were treated with an anticoagulant…..”

Limitations
Our study has several limitations. First, we specifically studied subjects enrolled in five clinical trials across the spectrum of cardiometabolic disease and therefore our findings may not be fully applicable to a standard at-risk population. Additionally, our analysis was limited to subjects who were of European ancestry and had consented to genetic testing. Further data will be required before extrapolating genetic risk prediction to more diverse populations. Finally, our study does not explore the biologic heterogeneity of stroke and the relative contributions of large artery atherosclerotic stroke, cardioembolic stroke, and small-vessel stroke to the ischemic stroke phenotype. Though it is likely that each of these stroke subtypes contributed to the overall rates of ischemic stroke found in our study, attempts at genetic risk prediction across subtypes would require deeper stroke phenotyping and would likely be underpowered due to the very small number of genetic loci that associate with each stroke subtype. As such, in this study, we elected to create a GRS comprised of the 32 SNPs that had achieved genome-wide significance for stroke or any stroke subtype to predict all ischemic stroke. Many of these SNPs closely associate with blood pressure, hyperlipidemia, coronary artery disease, atrial fibrillation, and venous thromboembolism, suggesting that the GRS used in this study incorporates these various biologic mechanisms. We anticipate that further advances in stroke genetics will reveal additional loci that can refine efforts at genetic risk prediction for stroke subtypes in the future.

Conclusion
Across five large clinical trials of subjects with cardiometabolic disease, a 32 SNP GRS was a strong, independent predictor of ischemic stroke. The predictive value of the GRS appeared strongest in subjects without prior stroke and in subjects with fewer clinical risk factors. Moreover, in patients with atrial fibrillation but low CHA2DS2VASc scores, the GRS identified patients with risk comparable to those with higher CHA2DS2VASc scores, suggesting a potential role for genetic risk scores in anticoagulation decision-making.
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Table 1: Baseline characteristics of genetic risk tertiles. 
	 
	Low 
Genetic Risk
	Intermediate
Genetic Risk
	High
Genetic Risk 
	P-Value

	Participants
	17096
	17096
	17096
	 

	Demographics, n (%)

	Age > 65	Comment by Robert P. Giugliano: Would use the cutpoints for the CHADS-VASc score, so, Age >=65 and also show >=75 years.  Lastly, since age is so important, why not also show the mean (or median)?
	9827 (57.5)
	9587 (56.1)
	9388 (54.9)
	<0.001

	Male Sex	Comment by Robert P. Giugliano: Switch to female sex
	12288 (71.9)
	12374 (72.4)
	12107 (70.8)
	0.005

	Medical History, n (%)	Comment by Robert P. Giugliano: What about prior stroke/TIA?   Or at least prior ischemic stroke?

	Hypertension
	13749 (80.4)
	14110 (82.5)
	14350 (83.9)
	<0.001

	Hyperlipidemia
	10379 (60.7)
	10293 (60.2)
	10181 (59.6)
	0.09

	Diabetes
	7367 (43.1)
	6989 (40.9)
	7118 (41.6)
	<0.001

	Smoking
	3062 (17.9)
	3118 (18.2)
	3169 (18.5)
	0.33

	Atrial Fibrillation
	4300 (25.2)
	4721 (27.6)
	5536 (32.4)
	<0.001

	CAD	Comment by Robert P. Giugliano: Prefer vascular disease to CAD
	13558 (79.3)
	13389 (78.3)
	13105 (76.7)
	<0.001

	CHF
	4494 (26.3)
	4867 (28.5)
	5552 (32.5)
	<0.001



Values indicate number of participants in each category. Percent of each cohort is shown in parenthesis. CAD=coronary artery disease, CHF=congestive heart failure.







Figure 1: Kaplan-Meier event rates for ischemic stroke by tertile of genetic risk at 3 years. 
[image: ]

Figure 2: Hazard ratios for top tertile of GRS in patients with and without prior stroke. Hazard ratios are adjusted for age, sex, hypertension, hyperlipidemia, smoking, diabetes mellitus, atrial fibrillation, coronary artery disease, and congestive heart failure. GRS=genetic risk score, HR=hazard ratio.
[image: ]
Figure 3: Absolute risk of ischemic stroke in anticoagulated patients with atrial fibrillation stratified by CHA2DS2VASc Score and genetic risk in ENGAGE AF-TIMI 48. 	Comment by Robert P. Giugliano: Would include the N”s in each bar, since that will also show whether there is some correlation between genetic risk and CHADS-VASc score (or not). 

For example, if they are completely independent, then the total in the blue should be 2x the total in the orange bars for each CHADS-VASc group
[image: A screenshot of a cell phone

Description automatically generated]
A Novel Genetic Risk Score Predicts Ischemic Stroke in Patients with Cardiometabolic Diseasep-trend = 0.04

Supplementary Appendix



Supplementary Methods
Brief description of each trial:
1) ENGAGE AF-TIMI 48 (17): A 3-arm trial comparing two doses of the Xa inhibitor edoxaban to coumadin in patients with atrial fibrillation. Co-morbidities included diabetes (38%), stroke (28%), and heart failure (57%).
2) SOLID-TIMI 52 (18): Trial of darapladib versus placebo in patients with recent acute coronary syndrome on optimal background medical therapy. Co-morbidities included hypertension (73%), hyperlipidemia (64%), and diabetes (35%).	Comment by Robert P. Giugliano: Would briefly state the class / mechanism of this drug like you do for each of the other experimental agents in the other tials
3) SAVOR-TIMI 53 (19): Trial of the DPP4 inhibitor saxagliptin in diabetics. Co-morbidities included atherosclerosis (78%) and HTN (81%). 
4) PEGASUS-TIMI 54 (20): Trial of the antiplatelet drug ticagrelor in patients with prior MI. Co-morbidities included smoking (17%), hypertension (78%), diabetes (32%), prior PCI (83%), and prior CABG (60%). 
5) FOURIER (21): Trial of the PCSK9 inhibitor evolocumab in patients with MI, stroke, or peripheral artery disease (PAD). Co-morbidities included hypertension (80%), diabetes (37%), and prior MI (81%).










Supplementary Table 1: Baseline characteristics across trials. Values indicate n (%) or average (standard deviation).
	Characteristic	Comment by Robert P. Giugliano: Really ought to have prior stroke/TiA (or at least prior ischemic stroke) in this table.
	N = 51288
	ENGAGE
N = 11187
	SOLID
N = 8432
	SAVOR
N = 6764
	PEGASUS
N = 10607
	FOURIER
N = 14298

	Age	Comment by Robert P. Giugliano: Would also add cutpoints at age 65 and 75 at categories
	65.86 (9.22)
	70.84 (9.12)
	64.66 (9.21)
	65.95 (8.12)
	65.58 (8.34)
	62.85 (8.82)

	Male Sex	Comment by Robert P. Giugliano: Change to female sex.   Afterall, it does get the 1 point in the CHADS-VASc score and this makes it easier for the reader to look at the risk factors
	36769 (71.7)
	6798 (60.8)
	6300 (74.7)
	4646 (68.7)
	8119 (76.5)
	10906 (76.3)

	Hypertension
	42209 (82.3)
	10683 (95.5)
	6233 (73.9)
	5636 (83.3)
	8162 (76.9)
	11495 (80.4)

	Hyperlipidemia
	30853 (60.2)
	6570 (58.7)
	5676 (67.3)
	4849 (71.7)
	8471 (79.9)
	5287 (37.0)

	Diabetes
	21474 (41.9)
	4147 (37.1)
	2679 (31.8)
	6761 (100.0)
	3196 (30.1)
	4691 (32.8)

	Smoking
	9349 (18.2)
	796 (7.1)
	1610 (19.1)
	917 (13.6)
	1855 (17.5)
	4171 (29.2)

	Atrial Fibrillation
	14557 (28.4)
	11187 (100.0)
	807 (9.6)
	674 (10.0)
	506 (4.8)
	1383 (9.7)

	Coronary Artery Disease	Comment by Robert P. Giugliano: Do we have vascular disease in stead of CAD, since that is the “V” in CHADS-VASc

	40052 (78.1)
	4254 (38.0)
	8432 (100.0)
	4315 (63.8)
	10607 (100.0)
	12444 (87.0)

	Congestive Heart Failure
	14913 (29.1)
	6573 (58.8)
	1761 (20.9)
	1027 (15.2)
	2152 (20.3)
	3400 (23.8)

	
	
	
	
	
	
	

	Genetic Risk Tertile
	
	
	
	
	
	

	Low
	17096 (33.3)
	3265 (29.2)
	2782 (33.0)
	2551 (37.7)
	3825 (36.1)
	4673 (32.7)

	Intermediate
	17096 (33.3)
	3611 (32.3)
	2934 (34.8)
	2175 (32.2)
	3505 (33.0)
	4871 (34.1)

	High
	17096 (33.3)
	4311 (38.5)
	2716 (32.2)
	2038 (30.1)
	3277 (30.9)
	4754 (33.2)




Supplementary Table 2: List of 32 SNPs included in the genetic risk score
	Marker Name
	Effect Allele
	Effect Size
	rsID
	Proxy?
	R2
	Trials using Proxy

	chr1:10736809:T:C
	C
	0.0527
	rs880315
	N
	
	

	chr1:112500200:T:C
	C
	0.071
	rs12037987
	N
	
	

	chr1:115115178:C:T
	T
	0.1529
	rs12124533
	N
	
	

	chr1:156232382:A:G
	A
	0.0624
	rs1052053
	N
	
	

	chr1:241142948:C:T
	T
	0.6688
	rs146390073
	N
	
	

	chr10:103856724:A:T
	A
	0.0526
	rs2295786
	N
	
	

	chr11:102899623:C:T
	T
	0.08
	rs2005108
	N
	
	

	chr12:111446804:T:C
	T
	0.0751
	rs3184504
	N
	
	

	chr12:115116718:C:T
	C
	0.0462
	rs35436
	N
	
	

	chr12:20424352:A:C  
	A   
	0.0484
	rs7304841
	rs55994808
	0.69
	SOLID, FOURIER

	chr13:46651610:A:G
	G
	0.0587
	rs9526212
	N
	
	

	chr15:90861475:G:A
	A
	0.0519
	rs4932370
	N
	
	

	chr16:73035989:T:C
	C
	0.1839
	rs12932445
	N
	
	

	chr16:87541726:G:A
	A
	0.0574
	rs12445022
	N
	
	

	chr17:1668524:A:G
	G
	0.0876
	rs11867415
	N
	
	

	chr19:10683954:G:T
	T
	0.0476
	rs2229383
	N
	
	

	chr19:11064259:T:C
	T
	0.0501
	rs8103309
	N
	
	

	chr2:26693976:C:G   
	C   
	0.0502
	rs13476527
	rs35021474
	0.99
	SOLID

	chr3:149439992:C:A  
	A   
	0.8449
	rs7610618
	rs7610715
	1.00
	SOLID

	chr4:110796911:G:A  
	G   
	0.2798
	rs13143308
	rs6843082
	0.99
	SOLID

	chr4:112810628:C:T  
	T   
	0.0649
	rs34311906
	rs10018203
	0.69
	All Trials

	chr4:147506351:A:C  
	C   
	0.176
	rs17612742
	rs78049276
	0.93
	SOLID

	chr4:154593727:G:A  
	A   
	0.0564
	rs6825454
	rs13109457
	0.99
	SOLID

	chr5:122179500:A:G
	A
	0.0719
	rs11957829
	N
	
	

	chr5:173213587:A:G
	A
	0.1086
	rs6891174
	N
	
	

	chr6:1356681:G:A
	A
	0.0779
	rs4959130
	N
	
	

	chr6:43294966:A:T
	T
	0.0477
	rs16896398
	N
	
	

	chr7:19009765:G:A
	A
	0.1871
	rs2107595
	N
	
	

	chr7:92615108:C:T
	C
	0.0656
	rs42039
	N
	
	

	chr9:103247955:G:A
	G
	0.1812
	rs10820405
	N
	
	

	chr9:133279427:T:C
	T
	0.0772
	rs635634
	N
	
	

	chr9:22102166:C:T
	T
	0.0494
	rs7859727
	N
	
	





Supplementary Figures
Supplementary Figure 1: Multivariable model of genetic risk and 9 cardiovascular risk factors and their association with ischemic stroke across entire study cohort. All hazard ratios are adjusted for each risk clinical variable presented. HR=hazard ratio.	Comment by Robert P. Giugliano: Consider a column for chi-square or some other statistic of model contribution by each variable.  That is more informative than the adjusted HRs.

In fact, my preference is to order by the chi-square and not the adjusted HR.
[image: ]


Supplementary Figure 2: Multivariable model comparing genetic risk to components of CHA2DS2VASc for identifying risk of ischemic stroke in ENGAGE TIMI-AF 48.	Comment by Robert P. Giugliano: Also here would add chi-square (or other measure of each variable’s contribution to the model) and order the compoonents from highest to lowest chi-square
[image: A screenshot of a cell phone
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Supplementary Figure 3: Relative risk of ischemic stroke in anticoagulated patients (A) with and (B) without atrial fibrillation stratified by genetic risk and CHA2DS2VASc. High=top 1/3 of genetic risk, low / int = bottom 2/3 of genetic risk, HR=hazard ratio.	Comment by Robert P. Giugliano: The font in the figure is too small for me to read.  I suggest you convert this to landscape and put panel the 2 panels each on their own page.  Also, please increase font size!
[image: ]
Supplementary Figure 4: Absolute risk of ischemic stroke in anticoagulated patients with atrial fibrillation stratified by genetic risk and CHA2DS2VASc score in ENGAGE AF-TIMI 48. 	Comment by Robert P. Giugliano: Please add N’s in each bar
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P Trend <0.001
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