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Cardiac Risk Factors for Stroke: A Comprehensive
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BACKGROUND: Observational studies suggest an association of stroke with cardiac traits beyond atrial fibrillation, the leading
source of cardioembolism. However, controversy remains regarding a causal role of these traits in stroke pathogenesis. Here,
we leveraged genetic data to systematically assess associations between cardiac traits and stroke risk using a Mendelian
Randomization framework.

METHODS: We studied 66 cardiac traits including cardiovascular diseases, magnetic resonance imaging—derived cardiac
imaging, echocardiographic imaging, and electrocardiographic measures, as well as blood biomarkers in a 2-sample
Mendelian Randomization approach. Genetic predisposition to each trait was explored for associations with risk of stroke
and stroke subtypes in data from the MEGASTROKE consortium (40585 cases/406111 controls). Using multivariable
Mendelian Randomization, we adjusted for potential pleiotropic or mediating effects relating to atrial fibrillation, coronary
artery disease, and systolic blood pressure.

RESULTS: As expected, we observed strong independent associations between genetic predisposition to atrial fibrillation and
cardioembolic stroke and between genetic predisposition to coronary artery disease as a proxy for atherosclerosis and large-
artery stroke. Our data-driven analyses further indicated associations of genetic predisposition to both heart failure and lower
resting heart rate with stroke. However, these associations were explained by atrial fibrillation, coronary artery disease, and
systolic blood pressure in multivariable analyses. Genetically predicted P-wave terminal force in V1, an electrocardiographic
marker for atrial cardiopathy, was inversely associated with large-artery stroke.

CONCLUSIONS: Available genetic data do not support substantial effects of cardiac traits on the risk of stroke beyond known
clinical risk factors. Our findings highlight the need to carefully control for confounding and other potential biases in studies
examining candidate cardiac risk factors for stroke.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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tors for stroke with both atrial fibrillation (AF) and
coronary artery disease (CAD), a proxy for sys-
temic atherosclerosis, having an undisputed role.!
Recent observational studies suggest an involvement
of alternative cardiac traits, such as atrial cardiopathy, in
stroke.?® However, controversy remains regarding causal

Cardiac conditions are among the leading risk fac-

inference from observational findings with concerns per-
taining to possible confounding, reverse causality and
other biases.*

Mendelian Randomization (MR) can clarify potential
causal associations based on genetic data® Compared
with observational studies, MR, in particular, multivariable
MR, is less susceptible to confounding, as genetic variants
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Nonstandard Abbreviations and Acronyms

AF atrial fibrillation

AIS any ischemic stroke

AS any stroke

CAD coronary artery disease

CES cardioembolic stroke

GWAS genome-wide association study
HF heart failure

HR heart rate

LAS large-artery stroke

MR Mendelian Randomization
PTFV1 P-wave terminal force in lead V1

SBP systolic blood pressure
SVS small-vessel stroke

are randomly allocated at conception. Recent genome-
wide association studies (GWASs) for a wide range of
cardiac traits offer an opportunity to comprehensively

Genetic Study of Cardiac Risk Factors for Stroke

assesses causal relationships with stroke. We, therefore,
performed a large-scale, systematic MR study of cardiac
traits and their effect on stroke and stroke subtypes.

METHODS

The present study adheres to the Transparency and Openness
Promotion guidelines. Data supporting the findings of this
study are publicly available from the respective GWAS and the
Supplemental Material. All included studies were approved by
institutional review boards, and all participants provided written,
informed consent.

We conducted a 2-sample MR study between cardiac traits
and stroke, including stroke subtypes. We first sought to confirm
known associations with both AF and CAD, before taking on a
data-driven approach to examine the effects of 64 additional car-
diac traits (Figure 1; for sample sizes, see Table S1). Relevant
associations (false discovery rate-adjusted P of inverse-variance
weighted estimate <0.05) were further investigated in sensitivity
and multivariable analyses. Genetic associations with any stroke
(AS; 40585 cases), any ischemic stroke (AIS; 34217 cases), and
stroke subtypes (large-artery stroke [LAS]: 4373 cases; cardio-
embolic stroke [CES]: 7193 cases; small-vessel stroke: 5386

CARDIOVASCULAR DISEASES

AF: Atrial Fibrillation
CAD: Coronary Artery Disease
HF: All-cause Heart Failure

CM: Cardiomyopathy (dilated or
nonischemic)

CARDIAC IMAGING TRAITS A2
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= RAFAC: RA fractional area change

= Trait + i: BSA-indexed trait

Right ventricle (RV)
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= RVESV: RV end-systolic volume
= RVSV:RYV stroke volume

= RVEF: RV ejection fraction

= Trait + i: BSA-indexed trait

ECG TRAITS

Aorta

= AorticRD: Aortic root diamter

= ATAorticD: Ascending thoracic aortic diameter
= DTAorticD: Descending thoracic aortic diameter
= AAorticA: Abdominal aortic aneurysm

Pulmonary artery (PA)

= PAPD: PA proximal diameter
= PARD: PA root diameter

= Trait + i: BSA-indexed trait

MVs: Mitral valve annulus size at systole

Left ventricle (LV)
= LVEDD: LV end-diastolic dimension

= LVEDV: LV end-diastolic volume

= LVESV: LV end-systolic volume

= LVM: LV mass

= LVSV: LV stroke volume

= LVEF: LV ejection fraction

= LVMVR: LV mass to end-diastolic volume ratio
= Trait + i: BSA-indexed trait
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= HRex: HR response to exercise

Heart rate variability traits:

= SDNN: SD of the normal-to-normal inter
beat intervals

RMSSD: RMS of the successive
differences of inter beat intervals
pvRSA/HF: Combined phenotype of (i)
peak-valley respiratory sinus arrhythmia
and (ii) high frequency power

12LS 12-lead sum product
Cornell Cornell voltage product
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NTproBNP: Natriuretic peptides B
MRproADM: Mid-regional proadrenomedullin
CTproET1: C-terminal-pro-endothelin-1

TL: Leukocyte telomere length

Figure 1. Sixty-six cardiac traits were tested for their association with stroke.
BSA indicates body surface area; and RMS, root mean square. Images were adapted from Servier Medical Art (CC-BY-3.0).
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cases) were derived from MEGASTROKE® data (European sub-
set, 406 111 controls). Stroke subtypes were classified accord-
ing to TOAST (Trial of ORG 10172 in Acute Stroke Treatment).
For multivariable MR® summary-level genetic data were acquired
for AF (65446 cases/b22744 controls)’ CAD (122733
cases/424528 controls)® and systolic blood pressure (SBP;
n=1006863).° All analyses were repeated using the Causative
Classification System (CCS),'® an alternative stroke classification
in the NINDS-SIGN'" dataset (European subset, 14300 AIS
cases/26690 controls), which further allows assessing associa-
tions with stroke of undetermined causes (Table S2).

We independently replicated all our analyses in the
UK Biobank (UKB) dataset'? (4985 AS cases/3628 AIS
cases/369419 controls). In secondary analyses, we investi-
gated 204 single-lead ECG traits for their associations with
stroke (Figure S1). Figure S2 summarizes the study design.
Further details are provided in the Supplemental Methods. All
MR analyses were conducted following published guidelines.'

RESULTS

Genetic predisposition to AF was associated with AS, AlS,
and CES, whereas genetic predisposition to CAD was
associated with all types of stroke (Figure 2). Beyond AF
and CAD, genetic predisposition to heart failure (HF) was
associated with AS and AIS. Moreover, genetically pre-
dicted heart rate (HR) and genetically predicted P-wave
terminal force in V1 (PTFV1) were inversely associated
with CES and LAS, respectively. Twenty-five associations
attained a nominal P below 0.05.

Sensitivity analyses (weighted-median, weighted-
mode, simple-mode, MR-Egger) showed consistent
results (Figure S4). Heterogeneity estimates are pre-
sented in Figure Sb. In primary analyses, we found
evidence for directional pleiotropy in 15 of 330 associa-
tions (Table S3) and several outliers were detected by
MR-PRESSO' (Tables S4 and SH).

Adjusting our main findings for AF, CAD, and SBP
in a multivariable MR (Figure 3), we found that the
associations between HF and both AS and AIS, and
between HR and CES were attenuated toward the null.
The inverse association of PTFV1 with LAS was inde-
pendent of AF but nonsignificant after a joint adjust-
ment for CAD and SBF.

An independent replication in the UKB confirmed
associations of a genetic predisposition to AF and CAD
with both AS and AIS (Figure S6). Our analyses in CCS-
defined stroke subtypes essentially confirmed our findings
based on the TOAST classification, while further revealing
associations of genetic predisposition to AF and CAD with
stroke of undetermined causes (Figure S7).

DISCUSSION

We confirmed strong independent associations between
genetic predisposition to AF and CES, as well as between
genetic predisposition to CAD, a proxy for systemic
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Figure 2. Genetic associations of 66 cardiac traits and stroke.
Based on inverse-variance weighted Mendelian Randomization (IVW-MR)
estimates. Figure 1 provides phenotype specifications/abbreviations. AIS
indicates any ischemic stroke; AS, any stroke; CES, cardioembolic stroke;
LAS, large-artery stroke; and SVS, small-vessel stroke.

atherosclerosis, and LAS. Our data-driven analysis of
64 additional genetically predicted cardiac traits indi-
cated associations between both HF and lower HR with
stroke risk. However, these associations were attenuated
in multivariable MR, suggesting pleiotropic or mediating
effects involving AF, CAD, and SBP. Furthermore, we
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Figure 3. Multivariate associations between selected cardiac traits and stroke.

Estimated after adjustment for atrial fibrillation (AF), coronary artery disease (CAD), and systolic blood pressure (SBP). AlS indicates any ischemic
stroke; All, joint adjustment for AF/CAD/SBP; AS, any stroke; CES, cardioembolic stroke; HF, heart failure; HR, resting heart rate; LAS, large-artery
stroke; OR, odds ratio; PTFV1, P-wave terminal force in V1; SNP, single-nucleotide polymorphism; SVS, small-vessel stroke; and Univ, univariable MR.

identified an inverse association of genetically predicted Our results provide no support for a direct causal
PTFV1 and LAS, independent of AF but not of the joint  effect of HF on stroke risk. Instead, we found pleiotropic
effect of CAD and SBP. or mediating effects involving AF and CAD. This notion
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is further supported by our univariable analysis of cardiac
imaging traits including left ventricular ejection fraction,
which indicated no association with stroke. In accordance
with our genetic data, a prior observational study found
stroke etiology in patients with HF to be determined by
the presence of AF and by the underlying cause of HF
such as CAD or hypertension.'® However, observational
data regarding an independent effect of HF on stroke
remain somewhat conflicting.'31®

A previous univariable MR study identified an inverse
association between genetically predicted HR and CES."®
In multivariable analyses, we found this association to
be strongly attenuated by the effects of AF, CAD, and
SBP. Likewise, we found no independent association of
genetically predicted HR and other stroke subtypes, con-
sistent with observational studies in Europeans.'”

Our genetic results add to the complex literature
on atrial cardiopathy/abnormal atrial substrate and its
interaction with AF as a potential cause of stroke.? In
some contrast to previous observational studies,?'® our
MR results provide no support for a causal association
of either PTFV1 or NTproBNP, 2 commonly used mark-
ers for atrial cardiopathy,'® with AIS. Whereas the number
of variants reaching genome-wide significance in prior
GWAS for PTFV1 or NTproBNP remains limited (n<b),
there was no indication for weak instrument bias in our
analyses (F-statistics all >30; Table S6). Future MR stud-
ies with inclusion of measures of left atrial size? and
larger datasets may provide further insights.

Strengths of our study include the comprehensiveness
of the approach, providing an unprecedented overview of
genetically predicted cardiac risk factors for stroke. Also,
our analysis incorporated the latest and largest GWAS on
cardiac traits. We further conducted sensitivity analyses to
validate our inverse-variance weighted estimates and con-
sistently corrected for multiple comparisons. As a limitation,
GWAS datasets for blood biomarkers remain relatively small
(most with n<20000) and thus might cause weak instru-
ment bias. The independent replication in the UKB suffered
from restricted stroke subtyping and a limited number of
stroke cases. In addition, exposure and outcome samples
overlapped in several analyses, and our MR estimates are
limited to linear cumulative effects of lifetime exposure to
risk factors. Finally, results from this study are based on Euro-
pean participants limiting generalization to other ancestries.

In conclusion, from the current genetic perspective,
there is little evidence for independent associations of
cardiac traits and stroke beyond AF, atherosclerosis, and
hypertension. Instead, our findings highlight the require-
ment to carefully control for confounding and other
potential biases in studies examining candidate cardiac
risk factors for stroke.
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