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Aims The aim of this study was to use Mendelian randomization (MR) to determine the causality of the association be-
tween smoking and 14 different cardiovascular diseases (CVDs).

...................................................................................................................................................................................................
Methods
and results

Our primary genetic instrument comprised 361 single-nucleotide polymorphisms (SNPs) associated with smoking
initiation (ever smoked regularly) at genome-wide significance. Data on the associations between the SNPs and 14
CVDs were obtained from the UK Biobank study (N = 367 643 individuals), CARDIoGRAMplusC4D consortium
(N = 184 305 individuals), Atrial Fibrillation Consortium (2017 dataset; N = 154 432 individuals), and Million Veteran
Program (MVP; N = 190 266 individuals). The main analyses were conducted using the random-effects inverse-vari-
ance weighted method and complemented with multivariable MR analyses and the weighted median and MR-Egger
approaches. Genetic predisposition to smoking initiation was most strongly and consistently associated with higher
odds of coronary artery disease, heart failure, abdominal aortic aneurysm, ischaemic stroke, transient ischaemic at-
tack, peripheral arterial disease, and arterial hypertension. Genetic predisposition to smoking initiation was add-
itionally associated with higher odds of deep vein thrombosis and pulmonary embolism in the UK Biobank but not
with venous thromboembolism in the MVP. There was limited evidence of causal associations of smoking initiation
with atrial fibrillation, aortic valve stenosis, thoracic aortic aneurysm, and intracerebral and subarachnoid
haemorrhage.

...................................................................................................................................................................................................
Conclusion This MR study supports a causal association between smoking and a broad range of CVDs, in particular, coronary

artery disease, heart failure, abdominal aortic aneurysm, ischaemic stroke, transient ischaemic attack, peripheral ar-
terial disease, and arterial hypertension.
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Introduction

A large body of evidence from prospective observational studies
indicates that smoking is a risk factor for several cardiovascular
diseases (CVDs),1–6 but the role of smoking for certain CVDs,
such as aortic valve stenosis,7–9 atrial fibrillation,10 thoracic aor-
tic aneurysm,11,12 and haemorrhagic stroke3 are limited or in-
consistent. In contrast to prospective cohort studies,1 short-
term and long-term follow-up of randomized smoking cessation
studies have not revealed a significant effect on fatal coronary
heart disease events.13,14 Given that much of available data on
smoking and CVD derive from observational studies, which are
unable to fully account for confounding and reverse causality,
and the lack of significant effect of smoking cessation on cardio-
vascular events in interventional trials, the causal nature of the
association between smoking and different CVDs remains to be
established.

Mendelian randomization (MR) is an analytical method that uses
genetic variants, generally single-nucleotide polymorphisms (SNPs),
as unbiased proxy indicators for the modifiable risk factor to deter-
mine whether the risk factor is a cause of the disease.15,16 Given that
allelic variants are randomly allocated and fixed at conception, MR
studies evade reverse causality and are less susceptible to confound-
ing compared with conventional observational studies. To the best of
our knowledge, the causal association between smoking and a broad
range of CVDs has not been established using MR. We, therefore,
applied the MR design to determine the association between smoking
and 14 CVD outcomes.

Methods

Study design
Summary-level data (i.e. beta coefficients and standard errors) of the
associations between SNPs strongly associated with smoking initiation
(primary exposure) and lifetime smoking (secondary exposure) were
extracted from the hitherto largest genome-wide association studies for
these phenotypes (Figure 1). The corresponding data for the associations
of the smoking-associated SNPs with 14 CVDs were available from UK
Biobank (Figure 1). In complementary analyses, we obtained summary-
level data from genetic consortia of coronary artery disease17 atrial fibril-
lation,18 and venous thromboembolism.19 Details of the selection of in-
strumental variables and data sources are provided below.

Genetic instruments
Instrumental variables for smoking initiation were acquired from a
genome-wide association meta-analysis of 29 studies, comprising a total
of 1 232 091 European-descent individuals of which 383 631 individuals
were part of the UK Biobank. That meta-analysis identified 378 condition-
ally independent genome-wide significant SNPs at 259 loci (defined as a
1MB region nearby the top P-value) associated with smoking initiation, a
binary phenotype representing whether an individual had ever smoked
cigarettes regularly in their life (current or former).20 Information about
pipes/cigar/chew or other non-cigarette forms of tobacco use was not
included.20 The smoking-associated SNPs explained 2.3% of the pheno-
typic variation.20 All but one of the SNPs were available in the UK
Biobank. Linkage disequilibrium (defined as r2 > 0.1 in European popula-
tions) between SNPs was evaluated using LDlink21 and was detected
among 16 SNP pairs. The SNP with the largest P-value was omitted, leav-
ing 361 SNPs as instrumental variables for smoking initiation. Genetic

Figure 1 Summary of data sources and methods used in this study. AF, atrial fibrillation; AFGen, Atrial Fibrillation Consortium; CAD, coronary ar-
tery disease; CVD, cardiovascular disease; IVW, inverse-variance weighted; MR, Mendelian randomization; MVP, Million Veteran Program; SNP, sin-
gle-nucleotide polymorphism; VTE, venous thromboembolism. aData extracted were beta coefficients with corresponding standard errors of the
SNP–smoking and SNP–CVD associations.
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associations with smoking were reported in standard deviation units.20

Hence, the reported odds ratios correspond to the increase of 1 SD in
prevalence of smoking initiation.

In a supplementary analysis, a genetic instrument for lifetime smoking
exposure that takes into account smoking status as well as smoking dur-
ation, heaviness, and cessation in ever smokers was applied.22 This genetic
instrument consists of 126 genome-wide significant SNPs associated with
lifetime smoking exposure in UK Biobank (N = 462 690).22

Outcome data
Summary-level data for the smoking-associated SNPs with the 14 CVDs
came from the UK Biobank, a cohort study of about 500 000 adults, aged
37–73 years and enrolled between 2006 and 2010.23 We excluded non-
White European participants (to minimize confounding by ancestry),
those with relatedness of third degree or higher, low genotype call rate
(three or more standard deviations from the mean) and excess heterozy-
gosity, resulting in a final study sample of 367 643 individuals. In this study,
participants were followed up until 31 March 2017 or the date of death
(recorded until 14 February 2018). The median follow-up was 8.0 years.
Outcomes were defined based on electronic health records, hospital
procedure codes, and self-reported information validated by interview
with a nurse (Supplementary material online, Table S1). Logistic regres-
sion with adjustment for ten genetic principal components was applied to
obtain the beta coefficients and standard errors for the SNP–CVD associ-
ations. The SNPs exploited as instrumental variables and their associa-
tions with each CVD outcome are presented in Supplementary material
online, Table S2.

Summary-level data for coronary artery disease, atrial fibrillation, and
venous thromboembolism were additionally obtained from the
Coronary ARtery DIsease Genome-wide Replication and Meta-analysis
plus The Coronary Artery Disease Genetics (CARDIoGRAMplusC4D)
consortium (60 801 cases and 123 504 non-cases),17 the Atrial Fibrillation
Consortium (22 346 cases and 132 086 non-cases; AFGen exome chip
analysis, not including UK Biobank),18 and the Million Veteran Program
(MVP) (8929 cases and 181 337 non-cases), respectively.19 There was no
participant overlap between those three datasets and the UK Biobank.
For comparison, we also present previously reported results for ischae-
mic stroke based on the MEGASTROKE consortium (34 217 ischaemic
stroke cases and 404 630 non-cases, not including UK Biobank).24,25

The UK Biobank study was approved by the North West Multicenter
Research Ethics Committee. Original studies included in the consortia
had been approved by a relevant review board. The present analyses
were approved by the Swedish Ethical Review Authority.

Statistical analysis
The inverse-variance-weighted (IVW) method, under a multiplicative
random-effects model, was used to obtain the primary causal estimates.
Ratio estimates are calculated for each SNP as the beta coefficient for the
SNP–CVD association divided by the beta coefficient for the SNP–smok-
ing association. These estimates are then combined across SNPs in a
random-effects IVW meta-analysis. This MR method provides the highest
precision but assumes that all SNPs are valid instrumental variables.
Heterogeneity among estimates based on individual SNPs was assessed
with the I2 statistic.26

Multivariable MR analyses27 were performed to adjust for potential
confounders that are genetically correlated with smoking initiation,
including alcohol drinking (rg = 0.36), body mass index (rg = 0.12), and
years of education (rg = -0.40).20 Multivariable MR analysis was also used
to assess whether the associations between genetic predisposition to
smoking initiation and CVD outcomes that are comorbid or secondary
to coronary artery disease28 may be driven by coronary artery disease.

The weighted median and MR-Egger regression methods were used as
sensitivity analyses. The weighted median approach gives consistent esti-
mates if at least 50% of the weight in the analysis comes from valid instru-
mental variables.29 The MR-Egger approach can detect and correct for
directional pleiotropy but suffers from low power.29 In a further sensitiv-
ity analysis, the associations between genetic predisposition to smoking
initiation and CVD outcomes were assessed in never smokers (based on
self-report) in UK Biobank.

To correct for multiple testing, Bonferroni correction was applied and
two-sided P-values <3.6� 10-3 (where a = 0.05/14 CVD outcomes)
were deemed statistically significant and also considered strong evidence
of a causal association. Findings with P-values between 0.05 and 3.6� 10-3

were regarded as suggestive evidence of association. The analyses were
performed using the mrrobust30 and MendelianRandomization31

packages.

Results

Participants
In the analytic sample of 367 643 UK Biobank participants, the mean
age was 57 years (5th–95th percentile: 43–69 years) and 46% were
men. The prevalence of smoking initiation (ever smokers) was 46%.
Around 93% were alcohol drinkers.

Smoking and cardiovascular disease
In the univariable IVW analysis, genetic predisposition to smoking ini-
tiation was statistically significantly positively associated with 10 of
the 14 outcomes in UK Biobank (Figure 2). The odds ratios ranged
from 1.18 (95% confidence interval 1.09–1.28; P = 7.1� 10-5) for
atrial fibrillation to 1.81 (95% confidence interval 1.55–2.11;
P = 5.2� 10-7) for peripheral arterial disease. In the multivariable
IVW models adjusting for genetically correlated phenotypes (i.e. al-
cohol consumption, body mass index, and education), the associa-
tions remained statistically significant for coronary artery disease,
heart failure, abdominal aortic aneurysm, deep vein thrombosis, pul-
monary embolism, peripheral arterial disease, and arterial hyperten-
sion; suggestive evidence of associations remained for ischaemic
stroke, transient ischaemic attack, and atrial fibrillation
(Supplementary material online, Table S3). The association of genetic
predisposition to smoking initiation with atrial fibrillation did not per-
sist after adjustment for coronary artery disease (Supplementary ma-
terial online, Table S3). The results were similar in the weighted
median analysis and no evidence of directional pleiotropy was
detected in the MR-Egger regression analysis (all P >_ 0.15)
(Supplementary material online, Table S3). In the analysis confined to
never smokers, all associations except the association with arterial
hypertension were null in the univariable or multivariable IVW mod-
els (Supplementary material online, Table S4). Genetic predisposition
to smoking initiation was also positively associated with coronary ar-
tery disease and ischaemic stroke in the CARDIoGRAMplusC4D
consortium and MEGASTROKE,25 respectively, but the associations
were weaker than in UK Biobank (Supplementary material online,
Table S3). There were no robust associations of genetic predispos-
ition to smoking initiation with atrial fibrillation or venous thrombo-
embolism in the AFGen and MVP, respectively (Supplementary
material online, Table S3). Findings for the lifetime smoking exposure
in UK Biobank (Figure 3) and the consortia and MVP (Supplementary
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..material online, Table S5) were broadly similar to those for smoking
initiation.

For the observed smoking initiation–CVD associations in UK
Biobank (Take home figure), we estimated the predicted risk reduction
that would result from a reduction in the prevalence of smoking from
46% (the observed prevalence in UK Biobank) to 20%. This corre-
sponds to a 1.22 unit change in the log-odds of smoking, a difference
similar to the difference in log odds between those in the 1st and
99th percentiles of the genetic risk score for smoking initiation. This
risk reduction was 52% for peripheral arterial disease, 49% for ab-
dominal aortic aneurysm, 41% for heart failure, 32% for coronary ar-
tery disease, 29% for pulmonary embolism, 28% for transient
ischaemic attack, 27% for ischaemic stroke and deep vein thrombosis,
and 21% for arterial hypertension.

Discussion

Principal findings
This MR study showed that genetic predisposition to smoking is asso-
ciated with an increased risk of a broad range of CVDs (Take home fig-
ure). The strongest and most consistent positive associations were
observed between smoking initiation and coronary artery disease,
heart failure, abdominal aortic aneurysm, ischaemic stroke, transient
ischaemic attack, peripheral arterial disease, and arterial hyperten-
sion. Smoking initiation was additionally associated with deep vein
thrombosis and pulmonary embolism in the UK Biobank but not with
venous thromboembolism in the MVP. There was limited evidence of
causal associations of smoking initiation with atrial fibrillation, aortic

valve stenosis, thoracic aortic aneurysm, and intracerebral and sub-
arachnoid haemorrhage.

The results from the present MR study based on data from UK
Biobank corroborate the findings of conventional prospective obser-
vational studies showing that smoking is a risk factor for coronary ar-
tery disease,1 heart failure,4 abdominal aortic aneurysm,5 ischaemic
stroke,3 peripheral arterial disease,2 deep vein thrombosis,6 and pul-
monary embolism6 (Supplementary material online, Figure S1).
However, this and a previous MR study based on another study sam-
ple (n = 1545 cases of intracerebral haemorrhage and 1481 con-
trols)25 found limited evidence of a causal association between
smoking and intracerebral haemorrhage and subarachnoid haemor-
rhage. These findings are in contrast to those of a large prospective
study and meta-analysis which showed that smoking was associated
with increased risk of both intracerebral haemorrhage and subarach-
noid haemorrhage3 (Supplementary material online, Figure S1). The
present and the prior MR study25 may have been unable to observe a
statistically significant association due to small number of cases of
haemorrhagic stroke. With regard to ischaemic stroke subtypes,
smoking has been shown to increase the risk of large artery and small
vessel stroke but not cardioembolic stroke.25 Data on ischaemic
stroke subtypes were not available in UK Biobank.

In contrast to abdominal aortic aneurysm, we found no evidence
of a causal association between smoking and thoracic aortic aneur-
ysm but owing to the limited number of cases, we cannot rule out
that we may have overlooked a weak association. Observational
studies of the association between smoking and thoracic aortic an-
eurysm are scarce. No association between smoking and risk of rup-
ture or dissection of thoracic aortic aneurysm was observed in a
cohort of thoracic aortic aneurysm patients without history of aortic

Figure 2 Associations of genetic predisposition to smoking initiation with 14 cardiovascular diseases in UK Biobank. The odds ratios correspond
to the increase of one standard deviation in prevalence of smoking initiation (ever smoked regularly). Estimates are from the multiplicative random-
effects inverse variance-weighted method. CI, confidence interval; OR, odds ratio. The I2 statistic quantifies the amount of heterogeneity among esti-
mates based on individual SNPs. a Significant at the Bonferroni-corrected threshold of P < 3.6� 10-3.
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..dissection.11 However, smoking was associated with a 2.2-fold higher
risk of thoracic aortic aneurysm in a cohort of 30 447 adults, including
45 thoracic aortic aneurysm cases.12 Thus, the role of smoking for
thoracic aortic aneurysm requires further study.

Observational studies of smoking in relation to risk of aortic valve
stenosis7–9 and atrial fibrillation10 are limited or inconsistent. One
large9 and two small prospective cohort studies7,8 found a 30%9 to al-
most two-fold7 increased risk of aortic valve stenosis associated with
smoking, and a meta-analysis found an overall 32% increased risk of
atrial fibrillation for current vs. never smokers.10 This MR study found
no association between smoking initiation and aortic valve stenosis
after adjustment for body mass index, which is a strong risk factor for
aortic valve stenosis.32 Likewise, no consistent association was
observed between smoking initiation and atrial fibrillation.

Potential mechanisms
Cigarette smoke can damage the cardiovascular system through its
content of oxidant gases (e.g. oxides of nitrogen and free radicals)
and other toxic substances, which may increase the risk of CVD
through lipid oxidation, endothelial dysfunction, inflammation platelet
activation, thrombogenesis, and augmented coagulability.33

Furthermore, nicotine may provoke acute cardiovascular events by
increasing myocardial contractility and vasoconstriction, leading to
increased myocardial work and oxygen demand as well as reduced
coronary and cerebral blood flow.33 Nicotine exposure may further
promote aneurysmal rupture through actions on vascular smooth

muscle cell nicotinic acetylcholine receptors containing a7 subunits.34

Smoking might also affect CVD risk through antioestrogenic effects,
observed in both women and men.35–37

Strength and limitations
This study has several strengths. First, the MR design reduces the pos-
sibility that the observed associations were biased by reverse causal-
ity and confounding. Second, the genetic instrument for smoking
initiation comprised multiple SNPs robustly associated with smoking,
thereby providing a strong genetic instrument. Third, the analyses
included a large sample size and generally large number of
CVD events, and therefore, the statistical power was high in most
analyses. Fourth, by restricting the study sample to individuals of
European-descent in UK Biobank, population stratification bias was
minimized.

This study also has several limitations. First, the possibility that the
smoking-related SNPs affect CVD outcomes through other causal
pathways than through smoking exposure cannot be entirely ruled
out. Nonetheless, in never smokers the associations of genetic pre-
disposition to smoking initiation with the CVD outcomes were gen-
erally null (except for arterial hypertension) in the crude or
multivariable MR analysis. The weak associations for some CVD out-
comes may be due to exposure to cigarette smoke amongst never
smokers or to misclassification of smoking status (ever smokers in-
correctly reported never smoked regularly) as self-reported smoking

Figure 3 Associations of genetically predicted lifetime smoking index with 14 cardiovascular diseases in UK Biobank. Odds ratios are expressed
per one standard deviation increase of the lifetime smoking index. Estimates are from the multiplicative random-effects inverse variance-weighted
method. CI, confidence interval; OR, odds ratio. The I2 statistic quantifies the amount of heterogeneity among estimates based on individual SNPs in-
dividual SNPs. aSignificant at the Bonferroni-corrected threshold of P < 3.6� 10-3.

3308 S.C. Larsson et al.
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prevalence is known to be lower than directly measured values of
cotinine levels.38

Second, the causal association between smoking cessation and
CVD could not be assessed because identified SNPs for smoking ces-
sation are few and explains a small proportion of the phenotypic vari-
ance (0.1%).20 To address those limitations, we conducted a
complementary analysis of lifetime smoking index, which takes into
account smoking duration, heaviness, and cessation,22 and observed
similar results to those based on the smoking initiation phenotype.

A third limitation is that participants of the UK Biobank were
included in both the exposure and outcome datasets (about 30% par-
ticipant overlap) in the primary analyses. This overlap may have intro-
duced some bias in the causal estimates in the direction of the
observational association between smoking and CVD risk.39

However, the genetic variants are reasonably strongly associated
with the exposure (F statistic 78.5), meaning that bias due to sample
overlap is reasonably small. The associations of genetic predisposition
to smoking initiation with coronary artery disease, ischaemic stroke,
atrial fibrillation, and venous thromboembolism were stronger in UK
Biobank than in non-overlapping sets of individuals included in the
consortia. This might be related to more consistent case definitions
in UK Biobank, population mixture in the consortia (as the genetic
variants were chosen based on their associations with smoking status
in Europeans, we may expect associations to be attenuated in a
mixed ethnicity population), or differences in smoking status and
prevalence of other risk factors in different populations. For example,

the MVP cohort consists of over 90% men and the prevalence of
ever smoking (about 75%) and CVD risk factors, such as Type 2 dia-
betes, hyperlipidaemia, and obesity, is much higher in the MVP cohort
than in the UK Biobank.19 As environmental influences on smoking
are stronger in this cohort, genetic influences on smoking are likely to
be weaker.

Finally, the power was insufficient for analyses of the association of
genetic predisposition to smoking with CVD in individuals of non-
European ancestry. Genome-wide associations studies assessing the
genetics of smoking in non-Europeans, as well as large MR studies of
smoking and CVD risk in other populations, are warranted.

Conclusions

This study supports a causal association between smoking and a
broad range of CVDs, in particular, coronary artery disease, heart fail-
ure, abdominal aortic aneurysm, ischaemic stroke, transient ischae-
mic attack, peripheral arterial disease, and arterial hypertension.
These findings add to the level of evidence that smoking is a causal
risk factor for CVD.40

Supplementary material

Supplementary material is available at European Heart Journal online.

Take home figure Observed associations of genetic predisposition to smoking initiation and lifetime smoking with cardiovascular diseases in
UK Biobank. aNo robust association was observed between smoking and venous thromboembolism (pulmonary embolism and deep vein thrombosis
combined) in the Million Veteran Program.
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