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BACKGROUND: Coronary heart disease (CHD) is a multifactorial
disease with both genetic and environmental components. Smoking is
the most important modifiable risk factor for CHD. Our aim was to test
whether the increased CHD incidence by smoking is modified by genetic
predisposition to CHD.
METHODS AND RESULTS: Our study included 24 443 individuals from
the MDCS (Malmö Diet and Cancer Study). A weighted polygenic risk
score (PRS) was created by summing the number of risk alleles for 50
single-nucleotide polymorphisms associated with CHD. Individuals were
classified as current, former, or never smokers. Interactions were primarily
tested between smoking status and PRS and secondarily with individual
single-nucleotide polymorphisms. Then, the predictive use of PRS for
CHD incidence was tested among different smoking categories. During
a median follow-up time of 19.4 years, 3217 incident CHD cases were
recorded. The association between smoking and CHD was modified
by the PRS (Pinteraction=0.005). The magnitude of increased incidence of
CHD by smoking was highest among individuals in the lowest tertile of
PRS (odds ratio, 1.42; 95% confidence interval, 1.29–1.56 per smoking
risk category) compared with the highest tertile (odds ratio, 1.20; 95%
confidence interval, 1.11–1.30 per smoking risk category). This interaction
was stronger among men (Pinteraction=0.001) compared with women
(Pinteraction=0.44). The PRS provided a significantly better net reclassification
and discrimination on top of traditional risk factors among never smokers
compared with current smokers (P<0.001).
CONCLUSIONS: Genetic predisposition to CHD modifies the associated
increased CHD risk by smoking. The PRS has a better predictive use
among never smokers compared with smokers.
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Cigarette smoking is the most important modifiable cause of coronary heart disease (CHD).
However, it is not known whether the risk increase
by smoking is uniform among all individuals.
Therefore, we tested the association between
smoking and CHD among individuals with different levels of genetic predisposition for CHD,
measured as a polygenic risk score constructed
from 50 genetic variants known to be associated with CHD. In around 24 000 middle-aged
Swedish participants followed up for around
20 years, our study found that the magnitude
of CHD risk increase by smoking is not uniform
among all individuals and that the relative risk
increase is higher among individuals with lower
polygenic risk burden compared with those with
higher burden. This observation indicates that
smoking cessation may provide higher relative
risk reduction in CHD among individuals with low
polygenic risk when compared with those with
high polygenic risk. In addition, our results highlight a similar 2-fold risk increase in CHD among
never smokers with high polygenic risk burden
and current smokers with low polygenic risk burden, compared with never smokers with a low
polygenic risk burden. Finally, our study indicates
that the clinical use of polygenic risk scores in
prediction of CHD may be dependent on certain
environmental factors as we found that the polygenic risk for CHD can provide better risk prediction, discrimination, and net reclassification on
top of traditional risk factors among never smokers
compared with current smokers.

C

igarette smoking is the strongest modifiable risk
factor for cardiovascular morbidity and mortality,1
and smoking cessation decreases the risk for coronary heart disease (CHD). Former smokers have a lower CHD risk than current smokers, and the difference
increases with time since quitting smoking.2 However,
the magnitude of deleterious effects of smoking on cardiovascular health may differ between individuals.
During the past decade, genome-wide association
studies have led to the discovery of >50 single-nucleotide polymorphisms (SNPs) that associate with CHD.
Although some of these variants have been shown to
associate with blood lipid traits and blood pressure, the
functional consequences of the majority of the associated loci are still unknown,3,4 which highlights the importance of undiscovered pathways in the development of
CHD. Polygenic risk scores (PRSs) based on SNPs associated with an increased risk for CHD have been reported

to modestly improve CHD risk prediction on the top of
conventional risk factors.5–7 A recent study by Tada et al8
showed that adding a PRS to a model based on established risk factors for CHD, including self-reported family history, improved reclassification and discrimination.
We have previously reported that cigarette smoking
modifies the effect of the top SNP (rs4977574) at the
chromosome 9p21 locus, which is the strongest CHDassociated locus. We observed that smoking attenuated
the increased risk for CHD associated with having 1 or 2
risk alleles.9 However, to the best of our knowledge, no
studies have tested interaction between smoking and
a PRS for CHD, although such studies have been conducted in the context of other phenotypes.10–12 In addition, in a recent study involving 55 685 participants, a
PRS for CHD and a favorable lifestyle, defined as adherence to at least 3 of the 4 factors (no current smoking,
no obesity, regular physical activity, and a healthy diet),
were independently associated with susceptibility to
CHD.13 However, this study did not address nor answer
the question whether the individual lifestyle factors
may interact with a PRS on the risk of CHD.
The aim of our study was to challenge the question
whether smoking, the strongest individual risk factor
for CHD, interacts with PRS for CHD. To investigate
that, we studied associations between smoking and
incidence of CHD stratified by PRS. We then investigated whether genetic prediction of CHD differs according to smoking behavior. Finally, we tested interactions
between each of the CHD-associated SNPs and smoking on the risk of CHD.

METHODS
The data, analytic methods, and study materials will not be
made available to other researchers for purposes of reproducing the results or replicating the procedure. The authors
confirm that some access restrictions apply to the data underlying the findings as the consent signed by study participants
does not allow the public release of their data. However, data
for the MDCS (Malmö Diet and Cancer Study) are available
from the Board of MDCS at the Lund University for researchers who meet the criteria for access to confidential data.

Study Population
The MDCS is a population-based prospective study that
recruited 30 447 subjects from a source population of 74 138
individuals born between 1923 and 1950 and living in the city
of Malmö in southern Sweden. Baseline data were collected
between 1991 and 1996: all subjects completed a questionnaire about lifestyle and socioeconomic factors, such as
smoking habits, physical activity, education, and medication
history. In addition, nurses drew nonfasting blood samples
for storage and measured anthropometric factors and blood
pressure. In addition, a modified diet history methodology
consisting of a 7-day food diary, a 168-item questionnaire and
a diet history interview was used to collect information on
dietary habits.14,15 Details of the design of MDCS have been
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reported elsewhere.16 After excluding subjects with prevalent
CHD (n=774), those with missing data on smoking (n=1965),
and individuals with missing or bad quality DNA, defined as
those with missing genotypes for >10 of the 50 SNPs making
up the PRS, our study population included 24 443 individuals.
The study participants were stratified into 3 smoking categories based on self-reported smoking status: never smokers,
former smokers, and current smokers (defined as reporting
cigarette use during the last year). Blood pressure measurements were performed using a mercury column sphygmomanometer in the supine position after 10 minutes of rest. Body
weight (kg) was measured using a balance beam scale with
subjects wearing light clothing and no shoes. Height (cm) was
measured using a fixed stadiometer. Body mass index was calculated as the ratio of weight in kilograms to height in meters
squared. Total energy and nutrient intakes were calculated
from the average daily consumption of food groups using the
Malmö Diet and Cancer Food and Nutrient Database which
was designed specifically for MDCS and was derived from the
Swedish Food Database PC KOST2-93 of the Swedish National
Food Administration.14,15 Family history was based on the selfreported response of individuals to a questionnaire on whether
their father, mother, or siblings had a history of myocardial
infarction. The education variable was created by assessing
each participant’s highest educational level and creating groups
of ≤8 years, 9 to 10 years, 11 to 13 years, and university level.
Physical activity was measured through an extensive lifestyle
questionnaire based on the Minnesota Leisure Time Physical
Activity Questionnaire. A leisure-time physical activity score
was created and divided into tertiles. An alcohol intake variable
was created classifying individuals into 4 categories based on
sex-specific grams of total alcohol consumed per day: abstainers, low consumption (<15 g/d in women or <20 g/d in men),
medium consumption (15–30 g/d in women or 20–40 g/d in
men) or high consumption (>30 g/d in women or >40 g/d in
men). The levels of Apo (apolipoprotein) AI and ApoB were
measured in nonfasted plasma samples of the entire MDCS
by Quest Diagnostics (San Juan Capistrano, CA), blinded to
case–control status, using an immunonephelometric assay run
on the Siemens BN II (Siemens, Newark, DE). The interassay
variability was <4.0% for both Apo AI and Apo B. Prevalent
diabetes mellitus was defined as self-reported physician diagnosis or use of antidiabetic medication, fasting whole blood
glucose of ≥6.1 mmol/L (corresponding to fasting plasma glucose concentration of ≥7.0 mmol/L), or by linkage to the local
or national diabetes mellitus registries.17–21 The MDCS protocols
were approved by the ethics committee at Lund University. All
participants provided written informed consent.

Ascertainment of CHD
CHD was defined as fatal or nonfatal myocardial infarction, coronary artery bypass graft, percutaneous coronary intervention,
or death because of ischemic heart disease. Three previously
validated19,22 Swedish registers were used to ascertain cases:
the Swedish Hospital Discharge Register, the Swedish Cause
of Death Register and the Swedish Coronary Angiography
and Angioplasty Registry. Myocardial infarction was defined
based on either International Classification of Diseases, Ninth
Revision, code 410 or International Classification of Diseases,
Tenth Revision, code I21. Information about coronary artery

bypass graft was identified from the national Swedish classification systems of surgical procedures and defined as procedure codes 3065, 3066, 3068, 3080, 3092, 3105, 3127, or
3158 (the Op6 system) or procedure code FN (the KKÅ97 system). Percutaneous coronary intervention was identified from
the Swedish Coronary Angiography and Angioplasty Registry.
Death because of ischemic heart disease was defined as
International Classification of Diseases, Ninth Revision, codes
412 and 414 or International Classification of Diseases, Tenth
Revision, codes I22, I23, and I25.

Genotyping and Construction of PRSs
The participants of MDCS were genotyped using a multiplex
method that combines polymerase chain reaction, allelespecific oligonucleotide ligation assays, and hybridization to
oligonucleotides coupled to Luminex 100TM xMAPTM microspheres (Luminex, Austin, TX).8 An automated clustering algorithm was used to call genotypes, and the resulting clusters
were further visually inspected for outliers that were manually
called. The resulting genotypes had >99% concordance with
a second method using real-time allele-specific polymerase
chain reaction.23 All SNPs passed the Hardy–Weinberg equilibrium test with a P >0.001 (0.05/50), and the SNP call rates
ranged between 95.7% and 99.6%. Of all the 27 754 individuals that were genotyped, 1040 (3.7%) were excluded
because of missing genotypes for ≥11 SNPs.
We used a PRS described previously by Tada et al8 and
comprising 50 SNPs. In brief, we included all SNPs or their
proxies (r2≥0.86) that were reported to pass genome-wide
significance in genome-wide association studies24–27 published before and including the CARDIoGRAMplusC4D metaanalysis in 2013.4 Table I in the Data Supplement provides
detailed information on each included SNP and reference to
the risk estimate used to create PRS. To compute the PRS, the
risk estimate per risk allele of each SNP was log transformed
and multiplied by the amount of risk alleles (0, 1, or 2) and
then summing the products. We imputed genotypes for samples missing ≤10 SNPs using a random sampling method that
generates genotypes based on frequencies among the group
of participants with CHD events and among the participants
without CHD events. For a sensitivity analysis, we additionally created a 49 SNP PRS after excluding the strongest CHDassociated SNP (rs4977574) at the 9p21 locus.

Statistical Analysis
Baseline characteristics were created for all individuals and for
strata defined by tertiles of PRS or by smoking status. As the
assumption of proportionality was violated in Cox regression
analyses, the main effects and interactions were assessed by
constructing logistic regression models. Smoking status was
modeled as a categorical or continuous variable with never
smokers coded as 0, former smokers as 1 and current smokers as 2. The PRS was stratified into tertiles and modeled as a
categorical or a continuous variable. Interactions were tested
by including the continuous smoking variable and the z score
transformed continuous PRS variable together with a multiplicative term of these variables. Two models were tested:
the first including baseline age, sex, education, total energy
intake, physical activity, and alcohol consumption (model 1),
and the second including model 1 with further adjustments
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for CHD traditional risk factors including ApoB as a proxy for
LDL (low-density lipoprotein) cholesterol, Apo AI as a proxy
for HDL (high-density lipoprotein) cholesterol, systolic blood
pressure, antihypertensive medication, diabetes mellitus at
baseline, and family history of myocardial infarction (model 2).
As both the risk of CHD and smoking behavior markedly differ
between men and women, we additionally performed all analyses stratified by sex. Interactions were also tested between
smoking and family history of myocardial infarction, to investigate whether family history reflects the results with the PRS.
Sensitivity analyses were performed excluding rs4977574 at
the 9p21 locus, which is the strongest locus associated with
CHD and has previously been reported to interact with smoking.9 Additional sensitivity analysis was done after censoring
at 10 years of follow-up to account for changes in smoking
behavior during longer periods of follow-up. Although our primary hypothesis concerned interaction between the CHD PRS
and smoking, we additionally performed interaction analyses
for each of the 50 SNPs included in the PRS among all individuals, and among men and women separately, to provide
information about the contribution of each individual SNP. To
investigate whether the interaction could be driven by SNPs
associated with specific known risk factors, we created 3 traitspecific PRSs using CHD SNPs that were previously associated
with lipid traits, blood pressure, or type 2 diabetes mellitus.
We investigated the associations of each of the 50 SNPs with
lipids, blood pressure, and type 2 diabetes mellitus in previous genome-wide association studies using phenoscanner
(http://www.phenoscanner.medschl.cam.ac.uk/). For the lipids
PRS, we included 17 CHD SNPs that showed associations with

total, LDL or HDL cholesterol, triglycerides or dyslipidemia at
P <0.001 (0.05/50). For the blood pressure PRS, we included
8 CHD SNPs that previously showed associations with systolic blood pressure, diastolic blood pressure, or hypertension
at P <0.001. Finally, for the type 2 diabetes mellitus PRS, we
included 4 CHD that showed association with type 2 diabetes
mellitus at P <0.001 (Table I in the Data Supplement).
We then performed C statistics and net reclassification
improvement (NRI) analyses to evaluate whether the PRS
provides different risk predictions among individuals with different smoking status. We tested the NRI and integrated discrimination improvement (IDI) when adding the PRS to a risk
prediction model based on traditional risk factors. The model
comprised age, sex, ApoB, Apo AI, systolic blood pressure,
antihypertensive medication, diabetes mellitus at baseline,
and family history of myocardial infarction. These analyses
were also performed among men and women separately.
Finally, we performed NRI analysis among current and never
smokers by adding the interaction term between smoking and
PRS to the prediction model including age, sex, ApoB, Apo AI,
systolic blood pressure, antihypertensive medication, diabetes
mellitus at baseline, family history of myocardial infarction,
smoking, and PRS. All analyses were conducted using STATA
SE 13.1 (StataCorp LP).

RESULTS
The baseline characteristics of MDCS participants are
provided in Tables 1 and 2 stratified according to tertiles

Table 1. Baseline Characteristics of the MDCS (Malmö Diet and Cancer Study)
Participants According to Tertiles of the PRS for Coronary Heart Disease
n
Age, y (mean±SD)
Women, n (%)

Total

PRS-T1

PRS-T2

PRS-T3

24 443

8147

8148

8148

P Value*

58.0±7.7

58.2±7.8

58.0±7.7

57.8±7.6

0.001

15 112 (61.8)

5061 (62.1)

5021 (61.6)

5030 (61.7)

0.61

BMI, kg/m (mean±SD)

25.7±4.0

25.7±4.0

25.8±4.0

25.8±4.0

0.16

SBP, mm Hg (mean±SD)

141.1±20.1

140.9±20.2

141.0±20.2

141.4±19.9

0.001

DBP, mm Hg (mean±SD)

85.5±10.0

85.6±10.1

85.5±10.0

85.6±9.9

0.37

Apo AI, µmol/L (mean±SD)

56.1±10.0

56.2±10.1

56.1±10.0

56.0±9.9

0.33

ApoB, µmol/L (mean±SD)

2.08±0.51

2.05±0.51

2.08±0.50

2.12±0.51

1.5×10−16

1.4±0.8

1.3±0.7

1.4±0.8

1.4±0.9

0.04

4081 (16.7)

1378 (16.9)

1334 (16.4)

1369 (16.8)

0.62

559 (2.3)

151 (1.9)

198 (2.4)

210 (2.6)

0.003

2

Triglycerides, mmol/L (mean±SD)
AHT, n (%)
Lipid-lowering medication, n (%)
Prevalent diabetes mellitus, n (%)

1010 (4.1)

336 (4.1)

344 (4.2)

330 (4.1)

0.98

Incident CHD, n (%)

3217 (13.2)

866 (10.6)

1042 (12.8)

1309 (16.1)

2×10−28

 Never, n (%)

9427 (38.6)

3145 (38.6)

3118 (38.3)

3164 (38.8)

 Former, n (%)

8139 (33.3)

2674 (32.8)

2699 (33.1)

2766 (33.9)

0.58†

 Current, n (%)

6877 (28.1)

2328 (28.6)

2331 (28.6)

2218 (27.2)

0.08‡

Smoking

AHT indicates antihypertensive medication; Apo, apolipoprotein; BMI, body mass index; BMI, body mass index; CHD,
coronary heart disease; DBP, diastolic blood pressure; PRS, polygenic risk score; SBP, systolic blood pressure; and T, tertile.
*Per PRS tertile adjusted for age and sex.
†Per PRS tertile for former smokers compared with never smokers.
‡Per PRS tertile for current smokers compared with never smokers.
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Table 2. Baseline Characteristics of the MDCS (Malmö Diet and Cancer Study) Participants
According to Smoking Status
Total

Never

Former

Current

24 443

9427

8139

6877

58.0±7.7

59.0±7.8

58.2±7.8

56.4±7.2

7×10−127

15 112 (61.8)

6732 (71.4)

4189 (51.5)

4191 (60.9)

1×10−38

BMI, kg/m (mean±SD)

25.7±4.0

25.9±4.0

26.2±3.9

25.0±4.0

6×10−38

SBP, mm Hg (mean±SD)

141.1±20.1

142.4±20.0

141.8±20.2

138.4±19.9

2×10−10

DBP, mm Hg (mean±SD)

85.5±10.0

85.9±9.8

85.9±10.0

84.5±10.3

2×10−23

Apo AI, µmol/L (mean±SD)

56.1±10.0

57.0±9.9

56.0±10.0

54.9±10.1

3×10−25

ApoB, µmol/L (mean±SD)

2.08±0.51

2.06±0.50

2.06±0.51

2.13±0.51

2×10−22

1.4±0.8

1.3±0.7

1.4±0.8

1.4±0.9

6×10−05

4081 (16.7)

1700 (18.0)

1467 (18.0)

914 (13.3)

2×10−05

559 (2.3)

178 (1.9)

229 (2.8)

152 (2.2)

0.03

n
Age, y (mean±SD)
Women, n (%)
2

Triglycerides, mmol/L (mean±SD)
AHT, n (%)
Lipid-lowering medication, n (%)

P Value*
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Prevalent diabetes mellitus, n (%)

1010 (4.1)

368 (3.9)

398 (4.9)

244 (3.5)

0.51

Incident CHD, n (%)

3217 (13.2)

981 (10.4)

1148 (14.1)

1088 (15.8)

2×10−28

 T1, n (%)

8147 (33.3)

3145 (33.4)

2674 (32.9)

2328 (33.9)

 T2, n (%)

8148 (33.3)

3118 (33.1)

2699 (33.2)

2331 (33.9)

 T3, n (%)

8148 (33.3)

3164 (33.6)

2766 (34.0)

2218 (32.3)

Tertile of PRS

0.11†

AHT indicates antihypertensive medication; Apo, apolipoprotein; BMI, body mass index; BMI, body mass index; CHD, coronary
heart disease; DBP, diastolic blood pressure; PRS, polygenic risk score; SBP, systolic blood pressure; and T, tertile.
*Per smoking category adjusted for age, sex, total energy intake, alcohol intake, leisure-time physical activity, and education.
†Per smoking category for tertiles of PRS.

of PRS and smoking status, respectively. Similar descriptive data among men and women separately are provided in Tables II through V in the Data Supplement.
During a median follow-up period of 19.4 years, 3217
(13.2%) participants developed CHD (21.1% of men
and 8.3% of women). We observed a significant association between the PRS and CHD in our study population (odds ratio [OR] per tertile, 1.31; 95% confidence
interval [CI], 1.25–1.37). Compared with never smokers, former smokers (OR, 1.19; 95% CI, 1.08–1.31)
and current smokers (OR, 1.67; 95% CI, 1.52–1.85)
were at increased risk for CHD adjusted for age, sex,
total energy intake, alcohol intake, physical activity, and
education.

sis of smoking status and PRS, never smokers in the
third tertile of PRS were already at a similar risk (2-fold)
to current smokers in the first tertile of PRS. The relative
increase of CHD risk among current smokers was lower
Table 3. Association Between Smoking Status and
Coronary Heart Disease in Tertiles of PRS in the MDCS
(Malmö Diet and Cancer Study)
PRS
T1

Interaction Between the PRS and
Smoking

P Value

Never

1.00 (ref)
1.40 (1.16–1.69)

4.0×10−4

Current

2.01 (1.66–2.42)

3.8×10−13

1.42 (1.29–1.56)

3.6×10−13

Never

1.00 (ref)

Former

1.05 (0.88–1.25)

0.59

Current

1.78 (1.50–2.11)

5.6×10−11

1.34 (1.23–1.46)

7.2×10−11

 Per category
T3

OR (95% CI)*

Former

 Per category
T2

The increased risk for CHD conferred by smoking was
modified by the PRS (Pinteraction=0.005 and 0.009 for
model 1 and 2, respectively). The magnitude of CHD
risk elevation by smoking was attenuated among individuals with higher PRS. Compared with never smokers,
current smokers in the lowest tertile of PRS had higher
CHD risk (OR, 2.01; 95% CI, 1.66–2.42) than current
smokers in the highest tertile of PRS (OR, 1.44; CI,
1.23–1.68). A similar but weaker trend was observed
among former smokers (Table 3). In a combined analy-

Smoking

Never

1.00 (ref)

Former

1.17 (1.00–1.36)

0.04

Current

1.44 (1.23–1.68)

8×10−6

1.20 (1.11–1.30)

8×10−6

 Per category

Model adjusted for age, sex, total energy intake, alcohol intake, leisuretime physical activity, and education. CI indicates confidence interval; OR,
odds ratio; PRS, polygenic risk score; T1, the first tertiles of the PRS; T2, the
second tertiles of the PRS; and T3, the third tertiles of the PRS.
*OR and 95% CI for coronary heart disease among former or current
smokers compared with never smokers.
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in the highest PRS tertile compared with the lowest,
when compared with never smokers (Figure).
The interaction was observed to be stronger among
men (Pinteraction=0.001 and 0.001 for model 1 and model
2, respectively) than among women (Pinteraction=0.44 and
0.67 for model 1 and model 2, respectively; Tables VI and
VII in the Data Supplement; Figures I and II in the Data
Supplement). The interaction remained significant with
the PRS of 49 SNPs excluding the strongest CHD-associated SNP rs4977574 at the 9p21 locus (Pinteraction=0.015
and 0.022 for model 1 and model 2, respectively). To
investigate whether changes in smoking behavior during
the long follow-up could be driving our results, we censored our follow-up at 10 years (nCHD=1862). Censoring
did not dramatically change our results (Pinteraction=0.05
and 0.09 for model 1 and model 2, respectively).
To investigate whether the interaction with PRS may
reflect interaction with family history for myocardial
infarction, we performed interaction analyses between
smoking and family history. We observed no effect
modification for the smoking association with CHD by
family history (Pinteraction=0.93 and 0.95 for model 1 and
model 2, respectively). We additionally performed interaction analyses between smoking and PRS separately
among individuals with and without family history. We
observed similar effect modification by smoking on

the PRS association with CHD, among both individuals
with or without family history, although the interaction
was not significant among those with family history
(n=8949), most likely because of a lower power (Pinterac=0.13 and 0.02 [model 1]; Pinteraction=0.21 and 0.02
tion
[model2]; Tables VIII and IX in the Data Supplement).

Discrimination and Reclassification
The PRS showed improved discrimination and reclassification of incident CHD on the top of traditional risk
factors among never smokers when compared with
smokers. In general, the PRS provided modest improvement on the top of traditional risk factors; adding the
PRS to a prediction model that included traditional
risk factors improved the discrimination of the model
(IDI=0.007; P<0.0001). Stratifying by smoking status
showed better discrimination by PRS among never
smokers (IDI=0.012; P<0.0001) than former smokers
(IDI=0.006; P<0.0001) and current smokers (IDI=0.004;
P<0.0001; Table 4). This pattern was stronger among
men showing even larger discrimination among never
smokers (IDI=0.023; P<0.0001) than former smokers
(IDI=0.007; P<0.0001) and current smokers (IDI=0.004;
P=0.003; Tables X and XI in the Data Supplement).
Risk reclassification was also improved by adding the
PRS to a traditional risk model (NRI=0.18; P<0.0001).
The PRS showed better risk reclassification among never smokers (NRI=0.23; P<0.0001) than former smokers
(NRI = 0.18, P<0.0001) and current smokers (NRI=0.15;
P<0.0001). The magnitude of reclassification by the
PRS dependent on smoking status was stronger among
men when compared with women, with the highest reclassification observed among never smokers
(NRI=0.29; P<0.0001) compared with former smokers
(NRI=0.14; P=0.0006) and current smokers (NRI=0.20;
P<0.0001). The interaction term provided improved risk
reclassification (NRI=0.066; P=0.006) on the top of a
Table 4. C Statistics and Discrimination by PRS for
Incident Coronary Heart Disease by Smoking Status
AUC (95% CI)

Figure. Odds ratio (OR) for coronary heart disease
according to tertiles of polygenic risk score (PRS) and
smoking status.
Individuals who are in the lowest tertile of PRS and are never
smokers were considered as a reference group. Smoking was
associated with higher risk for coronary heart disease among
individuals within each tertile of PRS. The magnitude of
relative risk increase by smoking was higher among individuals with low PRS (OR, 1.42; 95% confidence interval [CI],
1.29–1.56) compared with individuals with high PRS (OR,
1.20; 195% CI,.11–1.30). Never smokers in the highest tertile of PRS had a similar risk (OR, 1.97; 95% CI, 1.64–2.37)
to current smokers (OR, 1.99; 95% CI, 1.68–2.37) in the
lowest tertile of PRS compared with the reference group.

Traditional
Model*

Traditional
Model+PRS

IDI (SE)

P Value†

Never
smokers

0.747
(0.732–0.762)

0.757
(0.742–0.772)

0.012 (0.002)

2×10−13

Former
smokers

0.742
(0.728–0.757)

0.749
(0.735–0.763)

0.006 (0.001)

2×10−07

Current
smokers

0.740
(0.725–0.756)

0.744
(0.728–0.759)

0.004 (0.001)

0.0001

AUC indicates area under receiver operating curve; CI, confidence interval;
IDI, integrated discrimination improvement; and PRS, polygenic risk score.
*Traditional model includes age, sex, ApoB (apolipoprotein B) as a proxy
for LDL (low-density lipoprotein) cholesterol, Apo AI as a proxy for HDL (highdensity lipoprotein) cholesterol, systolic blood pressure, antihypertensive
medication, diabetes mellitus at baseline, and family history of myocardial
infarction.
†P value for IDI.
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pressure, antihypertensive medication, diabetes mellitus at baseline, family history of myocardial infarction,
smoking, and PRS among current and never smokers.

Individual SNP Interactions With
Smoking
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To provide information on the contribution of each SNP
included in the PRS, we performed interaction analyses between each SNP and smoking on CHD incidence
among all individuals and among men and women separately (Figures III through V in the Data Supplement).
Among all individuals (n=24 443), none of the interactions passed the Bonferroni-corrected P value of 0.001,
whereas 6 SNPs had an interaction P value of <0.05. The
strongest interactions were observed with the SNPs in
the PPAP2B and HDAC9 loci (Pinteraction=0.003 and 0.009,
respectively). In the sex-specific analyses, 4 SNPs in men
and 1 in women provided nominally significant interaction P values, and after Bonferroni corrections, 1 SNP in
the MRAS locus remained significant in men. Finally, traitspecific PRSs did not show significant interactions with
smoking (Pinteraction=0.21, 0.09, and 0.12 for lipids, blood
pressure, and type 2 diabetes mellitus PRSs, respectively).

DISCUSSION
In this prospective study, we observed that the elevated
risk of CHD incidence by cigarette smoking is modified
by genetic risk for CHD assessed as 50 SNPs compiled in
a PRS. The relative risk increase of CHD by smoking was
significantly higher among individuals with low genetic
risk when compared with those with high genetic risk.
This interaction was more evident among men than
women. No interaction was observed between smoking and family history for CHD. The PRS significantly
improved both discrimination risk and net reclassification of a prediction model for CHD based on traditional
risk factors. The improvement was significantly better
among never smokers than former and current smokers and particularly strong among male never smokers.
Smoking is among the strongest environmental risk
factors for CHD, and often it is associated with other
unfavorable lifestyle risk factors. Our results were
observed after adjusting for other confounders including total energy intake, alcohol consumption, physical activity, and education indicating that the observed
interaction is unlikely to be confounded by these factors. In addition, the interaction remained significant
after additionally including other possible confounding
or mediating risk factors as body mass index, diabetes
mellitus, lipid-lowering and antihypertensive medication, ApoB, and systolic blood pressure, suggesting that
the observed interaction is unlikely to be confounded or

mediated by these factors either. The observed interaction showed a deviation from the independent multiplicative effects of smoking and the PRS on CHD incidence.
Individuals within the highest PRS tertile were already at
such a high risk of CHD that the additional risk increase
by smoking was weaker compared with those within the
lowest PRS tertile. In addition, genetic risk was observed
to play a more important role among never smokers
compared with current smokers. The interaction was
stronger and more evident in men, and lost significance
when tested among women, although a similar tendency was observed. This could be explained by decreased
power among women because of both a markedly lower
CHD incidence (8.3% versus 21.1%) and a clearly lower
percentage of former smokers (27.7% versus 42.3%)
in female when compared with male participants. Our
results also indicate that the observed interaction is independent of the family history for myocardial infarction
and that stratifying by family history status did not modify the observed interaction with smoking. This is in line
with previous evidence showing that a CHD PRS predicts
CHD independently from family history.8
In a previous study in MDCS, we reported that the
association between smoking and CHD was modified
by the strongest CHD-associated variant in the 9p21
locus.9 Carrying the 9p21 risk allele attenuated the relative risk increase by smoking. Because the direction of
the 9p21 and smoking interaction was similar to the
observed interaction in the current study, we performed
a sensitivity analysis removing this variant from the PRS.
Our results remained significant, although weaker, after
removing the 9p21 variant, indicating that the interaction is partially mediated by the 9p21 variant. This locus
has been previously found to interact with dietary factors particularly vegetable intake,28,29 obesity,30 blood
pressure,31 and glycemia.32 Gene–smoking interactions
for CHD have been extensively studied with a genetic
variation in APOE, but a recent meta-analysis found no
evidence for such interaction.33 Although interaction
between smoking and PRS for CHD has not been studied earlier, a previous study in the Swedish Twin Register
suggested that the heritability of CHD is not modified
by smoking, a result in line with our results showing
no interaction between smoking and family history for
myocardial infarction on CHD incidence. However, they
reported modification of CHD heritability by body mass
index, indicating that genetic factors may play a more
important role in CHD in the absence of environmental
risk factors.34 This is in line with our observation that
the PRS showed a larger effect and a better prediction
of CHD among never smokers compared with smokers.
To gain insight on the contribution of the individual
50 SNPs on our interaction results, we performed individual SNP–smoking interaction analyses and observed
some nominally significant interactions, of which the
strongest were with variants in the PPAP2B and HDAC9
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loci. Only 1 SNP, in the MRAS locus, showed significant interaction with smoking after correction for multiple testing, but this was only observed among males.
Although our study was not powered for studying interactions with the single SNPs, it may be interesting that
the PPAP2B CHD locus has been reported to be a target
of oxidized LDL-induced epigenetic regulation with more
open chromatin, higher enhancer activity, and increased
PPAP2B expression, whereas HDAC9 has been reported
be an epigenetic regulator of oxidized LDL-induced atherosclerotic processes.35,36 In addition, smoking has been
associated with decreased methylation of CpG sites at
the three prime untranslated region MRAS,37 where
the rs9818870 SNP is located and reported as a strong
expression quantitative trait locus for MRAS expression
with the CHD risk T allele associated with increased
expression in arterial tissue (www.gtexportal.org).
Our results show that smoking status may provide a
valuable stratification tool for prioritization of individuals
who would benefit from using a PRS to improve prediction of future CHD. The PRS provided better discrimination on the top of a traditional risk factor model among
never smokers compared with smokers. This was more
evident among male never smokers where the genetic
prediction provided a 2.3% improvement in discrimination. In addition, PRS provided better risk reclassification
among never smokers compared with smokers and particularly among male never smokers where adding the
PRS provided a total of 29% improved net reclassification.
Our study has some limitations that need to be pointed
out. First, our study was conducted in a sample of middleaged Swedish individuals which may limit the generalizability to other populations. Second, smoking behavior
was assessed at baseline, and no record of changes in
smoking behavior was available during the follow-up. This
could bias our results, especially if some selective smoking cessation has occurred among individuals with high
genetic risk for CHD. However, censoring our data at 10
years of follow-up showed similar results but with less
significant P values, probably because of decreased statistical power. In addition, we did not have data on baseline LDL and HDL cholesterol levels in the whole MDCS
population, and, therefore, ApoB and Apo AI were used
as proxies for cholesterol measurements. Further, the
50 SNPs included do not represent all to date identified
CHD-associated variants as at least 30 more SNPs have
been recently discovered.3,38,39 Finally, we have used logistic regression analyses instead of survival analyses mainly
because of violations of the Cox proportional hazards
assumptions. However, our results did not change when
performed using Cox proportional hazard regressions.
The longitudinal design and a low level of measurement
errors for our main exposure variables, smoking40 and
SNP genotypes, improved the power to detect interactions. Finally, the good ascertainment of CHD cases using
multiple registries is another strength of the present study.

In conclusion, our study provides evidence for that
smoking may interact with polygenic risk for CHD. Further, the PRS for CHD provided better risk discrimination and reclassification on the top of traditional risk
factors among never smokers compared with smokers,
and smoking cessation may provide a larger decrease
of the relative risk for CHD in individuals with low polygenic risk for CHD.
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SUPPLEMENTAL MATERIAL

1

Supplemental Table 1. Coronary Heart Disease Associated Single Nucleotide Polymorphisms Included in the Polygenic Risk Score
Lead SNP

Proxy SNP (r2)

Gene

Risk
Allele

Other
Allele

Risk Allele
Frequency

Risk Estimate
(published)

rs599839

rs646776 (0.91)

SORT1

T

C

0.77

1.11

PPAP2B
PCSK9
MIA3
WDR12
MRAS
ANKS1A
PHACTR1
TCF21
LPA
LPA
ZC3HC1
CDKN2A
ABO
CXCL12
CYP17A1
APOA5
HNF1A
SH2B3
COL4A1

A
T
C
G
T
G
G
C
C
C
C
G
C
C
G
G
T
T
G

G
C
A
A
C
C
C
G
T
T
T
A
T
T
A
C
G
C
A

0.92
0.82
0.74
0.13
0.16
0.79
0.67
0.63
0.01
0.07
0.63
0.45
0.23
0.86
0.89
0.13
0.35
0.48
0.41

1.11
1.08
1.14
1.12
1.07
1.07
1.1
1.07
1.51
1.45
1.09
1.29
1.07
1.07
1.12
1.13
1.08
1.07
1.07

CARDIoGRAMplusC4D2
CARDIoGRAM1
CARDIoGRAM1
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAM1
CARDIoGRAM1
CARDIoGRAMplusC4D2
CARDIoGRAM1
IBC 50k CAD
CARDIoGRAMplusC4D2
CARDIoGRAM1
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAM1
CARDIoGRAM1
Erdmann et al. (2009)
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2

HHIPL1
ADAMTS7
RASD1
SMG6
UBE2Z

C
A
G
C
A

T
G
A
G
G

0.45
0.57
0.53
0.36
0.52

1.06
1.08
1.06
1.07
1.06

CARDIoGRAMplusC4D2
CARDIoGRAM1
CARDIoGRAMplusC4D2
CARDIoGRAM1
CARDIoGRAM1

rs1122608

LDLR

G

T

0.77

1.1

CARDIoGRAMplusC4D2

rs9982601
rs4845625

KCNE2
IL6R

T
T

C
C

0.14
0.43

1.13
1.04

CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2

GGCX/VAMP8

T

C

0.43

1.05

CARDIoGRAMplusC4D2

ABCG8

G

T

0.29

1.06

CARDIoGRAMplusC4D2

rs17114036
rs11206510
rs17465637
rs6725887
rs9818870
rs17609940
rs12526453
rs12190287
rs3798220
rs10455872
rs11556924
rs4977574
rs579459
rs501120
rs12413409
rs964184
rs2259816
rs3184504
rs4773144
rs2895811
rs3825807
rs12936587
rs216172
rs46522

rs1561198
rs6544713

rs1746048 (1)

rs318090 (1)

rs2028900
(0.95)
rs4299376 (1)

2

Reference

Pleiotropy*

CARDIoGRAM1

Lipids, Type 2
Diabetes
Blood Pressure
Lipids
Lipids

Lipids
Lipids
Lipids, Blood Pressure
Lipids, Blood Pressure
Blood Pressure
Lipids
Lipids
Lipids, Blood Pressure

Type 2 Diabetes

Lipids, Type 2
Diabetes

Lipids

Lead SNP

Proxy SNP (r2)

rs515135
rs2252641
rs1878406
rs7692387
rs273909
rs10947789
rs2048327
rs4252120
rs2023938

rs11984041
(0.86)

rs10953541
rs2954029
rs3217992
rs2505083

rs2487928
(0.88)

rs2047009
rs2246833
rs974819
rs9319428
rs9515203
rs7173743
rs17514846

rs1412444
(0.98)
rs11226029 (1)

Other
Allele
T
T
C
A
A
C
T
C

Risk Allele
Frequency
0.83
0.44
0.13
0.8
0.13
0.75
0.41
0.71

Risk Estimate
(published)
1.08
1.04
1.06
1.06
1.09
1.06
1.06
1.06

Reference

Pleiotropy*

APOB
ZEB2-AC074093.1
EDNRA
GUCY1A3
SLC22A4/SLC22A5
KCNK5
SLC22A3/LPAL2/LPA
PLG

Risk
Allele
C
C
T
G
G
T
C
T

CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2

Lipids

HDAC9

T

C

0.09

1.07

CARDIoGRAMplusC4D2

BCAP29
TRIB1
CDKN2BAS

C
A
T

T
T
C

0.75
0.52
0.34

1.08
1.04
1.16

CAD C4D5
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2

KIAA1462

A

G

0.44

1.06

CARDIoGRAMplusC4D2

CXCL12

G

T

0.51

1.05

CARDIoGRAMplusC4D2

LIPA

T

C

0.35

1.06

CARDIoGRAMplusC4D2

PDGFD
FLT1
COL4A1/COL4A2
ADAMTS7
FURIN/FES

G
A
T
T
A

A
G
C
C
C

0.26
0.32
0.71
0.58
0.46

1.07
1.05
1.08
1.07
1.05

CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2
CARDIoGRAMplusC4D2

Gene

Blood Pressure
Lipids
Lipids

Lipids
Lipids, Blood Pressure
Type 2 Diabetes

Blood Pressure

*Obtained from phenoscanner (http://www.phenoscanner.medschl.cam.ac.uk/ accessed September 1, 2017) using p < 0.001 as cutoff.
References:
1: Schunkert H, König IR, Kathiresan S, Reilly MP, Assimes TL, Holm H, et al. Large-scale association analysis identifies 13 new susceptibility loci for
coronary artery disease. Nat Genet. 2011; 43:333-338
2: CARDIoGRAMplusC4D Consortium, Deloukas P, Kanoni S, Willenborg C, Farrall M, Assimes TL, Thompson JR, et al. Large-scale association analysis
identifies new risk loci for coronary artery disease. Nat Genet. 2013; 45:25-33
3: The IBC 50K CAD Consortium. Large-scale gene-centric analysis identifies novel variants for coronary artery disease. PLOS Genet. 2011;7(9): e1002260
4: Erdmann J, Grosshennig A, Braund PS, König IR, Hengstenberg C, Hall AS, et al. New susceptibility locus for coronary artery disease on chromosome
3q22.3. Nat Genet. 2009; 41:280-2
5: Coronary Artery Disease (C4D) Genetics Consortium. A genome-wide association study in Europeans and South Asians identifies five new loci for
coronary artery disease. Nat Genet. 2011; 43:339-344
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Supplemental Table 2. Baseline Characteristics of the Malmö Diet and Cancer Study Male
Participants According to Tertiles of the Polygenic Risk Score for Coronary Heart Disease
PRS-T1

PRS-T2

PRS-T3

Total

3110

3111

3110

9331

59.5 ± 7.2

59.1 ± 7.0

58.8 ± 7.0

59.1 ± 7.1

BMI, kg/m (mean ± SD)

26.2 ± 3.5

26.3 ± 3.5

26.2 ± 3.5

26.2 ± 3.5

SBP, mmHg (mean ± SD)

144 ± 20

144 ± 19

144 ± 19

144 ± 20

DBP, mmHg (mean ± SD)

88 ± 10

88 ± 10

88 ± 10

88 ± 10

ApoA-I, µmol/L (mean ± SD)

51.8 ± 8.6

51.8 ± 8.9

52.1 ± 9.3

51.8 ± 8.9

ApoB, µmol/L (mean ± SD)

2.12 ± 0.49

2.14 ± 0.49

2.18 ± 0.49

2.16 ± 0.49

1.5 ± 0.8

1.6 ± 0.9

1.6 ± 1.0

1.53 ± 0.93

552 (17.8)

565 (18.2)

567 (18.2)

1684 (18.1)

Lipid lowering medication, n (%)

76 (2.4)

113 (3.6)

93 (3.0)

282 (3.0)

Prevalent diabetes, n (%)

170 (5.5)

185 (6.0)

161 (5.2)

516 (5.5)

Incident CHD, n (%)

523 (16.8)

647 (20.8)

795 (25.6)

1965 (21.1)

Never, n (%)

924 (29.7)

865 (27.8)

906 (29.1)

2695 (28.9)

Former, n (%)

1303 (41.9)

1307 (42.0)

1340 (43.1)

3950 (42.3)

n
Age, y (mean ± SD)
2

Triglycerides, mmol/L (mean ± SD)
AHT, n (%)

Smoking

Current, n (%)
883 (28.4)
939 (30.2)
864 (27.8)
2686 (28.8)
PRS, polygenic risk score; T, tertile; BMI, body mass index; SBP, systolic blood pressure; DBP,
diastolic blood pressure; ApoA-I, apolipoprotein A-I; ApoB, apolipoprotein B; AHT, antihypertensive
medication; CHD, coronary heart disease
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Supplemental Table 3. Baseline Characteristics of the Malmö Diet and Cancer Study Female
Participants According to Tertiles of the Polygenic Risk Score for Coronary Heart Disease
PRS-T1

PRS-T2

PRS-T3

Total

5037

5038

5037

15112

57.4 ± 8.0

57.3 ± 8.0

57.2 ± 8.0

57.3 ± 8.0

BMI, kg/m (mean ± SD)

25.4 ± 4.3

25.4 ± 4.3

25.5 ± 4.3

25.5 ± 4.3

SBP, mmHg (mean ± SD)

139 ± 20

139 ± 21

139 ± 20

139 ± 20

DBP, mmHg (mean ± SD)

84 ± 10

84 ± 10

84 ± 10

84 ± 10

58.9 ± 10

58.9 ± 9.6

58.6 ± 9.6

58.7 ± 10

ApoB, µmol/L (mean ± SD)

2.01 ± 0.51

2.05 ± 0.51

2.07 ± 0.51

2.05 ± 0.51

Triglycerides, mmol/L (mean ± SD)

1.25 ± 0.64

1.23 ± 0.74

1.29 ± 0.72

1.26 ± 0.70

AHT, n (%)

825 (16.4)

771 (15.3)

801 (15.9)

2397 (15.9)

Lipid lowering medication, n (%)

72 (1.4)

80 (1.6)

107 (2.1)

259 (1.7)

Prevalent diabetes, n (%)

167 (3.3)

159 (3.2)

168 (3.3)

494 (3.3)

Incident CHD, n (%)

346 (6.9)

392 (7.8)

514 (10.2)

1252 (8.3)

Never, n (%)

2215 (44.0)

2265 (45.0)

2252 (44.7)

6732 (44.6)

Former, n (%)

1375 (27.3)

1386 (27.5)

1428 (28.4)

4189 (27.7)

n
Age, y (mean ± SD)
2

ApoA-I, µmol/L (mean ± SD)

Smoking

Current, n (%)
1447 (28.7) 1387 (27.5) 1357 (26.9) 4191 (27.7)
PRS, polygenic risk score; T, tertile; BMI, body mass index; SBP, systolic blood pressure; DBP,
diastolic blood pressure; ApoA-I, apolipoprotein A-I; ApoB, apolipoprotein B; AHT, antihypertensive
medication; CHD, coronary heart disease
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Supplemental Table 4. Baseline Characteristics of the Malmö Diet and Cancer Study Male
Participants According to Smoking Status
Never

Former

Current

Total

2695

3950

2686

9331

59.2 ± 7.0

59.9 ± 7.3

58.0 ± 6.7

59.1 ± 7.1

BMI, kg/m (mean ± SD)

26.1 ± 3.4

26.8 ± 3.4

25.5 ± 3.5

26.2 ± 3.5

SBP, mmHg (mean ± SD)

143 ± 19

146 ± 20

142 ± 20

144 ± 20

DBP, mmHg (mean ± SD)

88 ± 10

88 ± 10

87 ± 10

88 ± 10

ApoA-I, µmol/L (mean ± SD)

51.8 ± 8.6

52.5 ± 8.6

51.1 ± 9.3

51.8 ± 8.9

ApoB, µmol/L (mean ± SD)

2.09 ± 0.47

2.16 ± 0.51

2.20 ± 0.51

2.16 ± 0.49

Triglycerides, mmol/L (mean ± SD)

1.41 ± 0.71

1.56 ± 0.90

1.61 ± 1.14

1.53 ± 0.93

AHT, n (%)

491 (18.2)

794 (20.1)

399 (14.9)

1684 (18.1)

Lipid lowering medication, n (%)

67 (2.5)

132 (3.3)

83 (3.1)

282 (3.0)

Prevalent diabetes, n (%)

135 (5.0)

254 (6.4)

127 (4.7)

516 (5.5)

Incident CHD, n (%)

475 (17.6)

821 (20.8)

669 (24.9)

1965 (21.1)

T1, n (%)

924 (34.3)

1303 (33.0)

883 (32.9)

3110 (33.3)

T2, n (%)

865 (32.1)

1307 (33.1)

939 (35.0)

3111 (33.3)

n
Age, y (mean ± SD)
2

Tertile of PRS

T3, n (%)
906 (33.6)
1340 (33.9)
864 (32.1)
3110 (33.3)
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ApoA-I,
apolipoprotein A-I; ApoB, apolipoprotein B; AHT, antihypertensive medication; CHD, coronary heart
disease; PRS, polygenic risk score; T, tertile
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Supplemental Table 5. Baseline Characteristics of the Malmö Diet and Cancer Study Female
Participants According to Smoking Status
Never

Former

Current

Total

6732

4189

4191

15112

58.9 ± 8.1

56.7 ± 8.0

55.4 ± 7.4

57.3 ± 8.0

BMI, kg/m (mean ± SD)

25.8 ± 4.3

25.7 ± 4.2

24.7 ± 4.2

25.5 ± 4.3

SBP, mmHg (mean ± SD)

142 ± 20

138 ± 20

136 ± 20

139 ± 20

DBP, mmHg (mean ± SD)

85 ± 10

84 ± 10

83 ± 10

84 ± 10

ApoA-I, µmol/L (mean ± SD)

58.9 ± 9.6

59.6 ± 10

57.1 ± 10

58.7 ± 10

ApoB, µmol/L (mean ± SD)

2.05 ± 0.51

1.97 ± 0.51

2.09 ± 0.51

2.05 ± 0.51

Triglycerides, mmol/L (mean ± SD)

1.25 ± 0.70

1.22 ± 0.65

1.31 ± 0.75

1.26 ± 0.70

AHT, n (%)

1209 (18.0)

673 (16.1)

515 (12.3)

2397 (15.9)

Lipid lowering medication, n (%)

107 (1.6)

89 (2.1)

63 (1.5)

259 (1.7)

Prevalent diabetes, n (%)

233 (3.5)

144 (3.4)

117 (2.8)

494 (3.3)

Incident CHD, n (%)

506 (7.5)

327 (7.8)

419 (10.0)

1252 (8.3)

T1, n (%)

2215 (32.9)

1375 (32.8)

1447 (34.5)

5037 (33.3)

T2, n (%)

2265 (33.7)

1386 (33.1)

1387 (33.1)

5038 (33.3)

n
Age, y (mean ± SD)
2

Tertile of PRS

T3, n (%)
2252 (33.5) 1428 (34.1) 1357 (32.4) 5037 (33.3)
BMI, body mass index; SBP, systolic blood pressure; DBP, diastolic blood pressure; ApoA-I,
apolipoprotein A-I; ApoB, apolipoprotein B; AHT, antihypertensive medication; CHD, coronary heart
disease; PRS, polygenic risk score; T, tertile
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Supplemental Table 6. Association between Smoking Status and Coronary Heart Disease in
Tertiles of Polygenic Risk Score among Men
PRS

Smoking

OR (95% CI) †

PValue

T1 *
Never

1.00 (ref)

Former

1.59 (1.23–2.04)

3  10-4

Current

2.17 (1.66–2,84)

1.2  10-8

1.46 (1.28–1.67)

1.1  10-8

Per category
T2
Never

1.00 (ref)

Former

1.11 (0.89–1.40)

0.35

Current

1.70 (1.34–2.16)

1  10-5

1.32 (1.17–1.49)

7.0  10-6

Per category
T3
Never

1.00 (ref)

Former

1.03 (0.84–1.25)

0.80

Current

1.31 (1.05–1.62)

0.017

1.14 (1.02–1.28)
0.017
Per category
* T1, T2, T3 designate the first, second and third tertiles of the polygenic risk score
† Odds ratio and 95% confidence interval for coronary heart disease among former or current smokers
compared to never smokers
Model adjusted for age, sex, total energy intake, alcohol intake, leisure-time physical activity, and
education
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Supplemental Table 7. Association between Smoking Status and Coronary Heart Disease in
Tertiles of Polygenic Risk Score among Women
PRS

Smoking

OR (95% CI) †

PValue

T1 *
Never

1.00 (ref)

Former

1.27 (0.95–1.69)

0.11

Current

1.95 (1.49–2.55)

9.7  10-7

1.39 (1.22–1.60)

1.0  10-6

Per category
T2
Never

1.00 (ref)

Former

1.02 (0.77–1.35)

0.90

Current

2.06 (1.60–2.64)

1.8  10-8

1.42 (1.25–1.62)

9.3  10-8

Per category
T3
Never

1.00 (ref)

Former

1.45 (1.15–1.83)

0.001

Current

1.63 (1.29–2.06)

4  10-5
2  10-5

Per category
1.29 (1.15–1.44)
* T1, T2, T3 designate the first, second and third tertiles of the polygenic risk score
† Odds ratio and 95% confidence interval for coronary heart disease among former or current smokers
compared to never smokers
Model adjusted for age, sex, total energy intake, alcohol intake, leisure-time physical activity, and
education
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Supplemental Table 8. Association between Smoking Status and Coronary Heart Disease in
Tertiles of Polygenic Risk Score among Individuals with no Family History for Myocardial
Infarction
PRS

Smoking

OR (95% CI) †

PValue

T1 *
Never

1.00 (ref)

Former

1.51 (1.17–1.95)

0.001

Current

2.17 (1.68–2.79)

2.4  10-9

1.47 (1.30–1.68)

2.1  10-9

Per category
T2
Never

1.00 (ref)

Former

1.05 (0.84–1.33)

0.62

Current

1.71 (1.36–2.15)

3.6  10-6

1.32 (1.17–1.48)

3.3  10-6

Per category
T3
Never

1.00 (ref)

Former

1.11 (0.90–1.35)

0.33

Current

1.46 (1.18–1.80)

4  10-4
5  10-4

Per category
1.21 (1.09–1.34)
* T1, T2, T3 designate the first, second and third tertiles of the polygenic risk score
† Odds ratio and 95% confidence interval for coronary heart disease among former or current smokers
compared to never smokers
Model adjusted for age, sex, total energy intake, alcohol intake, leisure-time physical activity, and
education
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Supplemental Table 9. Association between Smoking Status and Coronary Heart Disease in
Tertiles of Polygenic Risk Score among Individuals with Family History for Myocardial
Infarction
PRS

Smoking

OR (95% CI) †

PValue

T1 *
Never

1.00 (ref)

Former

1.20 (0.91–1.58)

0.20

Current

1.99 (1.51–2.63)

1.4  10-6

1.41 (1.23–1.63)

1.8  10-6

Per category
T2
Never

1.00 (ref)

Former

1.19 (0.91–1.54)

0.20

Current

1.82 (1.40–2.38)

9.2  10-6

1.35 (1.18–1.4)

1.2  10-5

Per category
T3
Never

1.00 (ref)

Former

1.14 (0.91–1.43)

0.26

Current

1.41 (1.11–1.81)

0.006

Per category
1.19 (1.05–1.34)
0.006
* T1, T2, T3 designate the first, second and third tertiles of the polygenic risk score
† Odds ratio and 95% confidence interval for coronary heart disease among former or current smokers
compared to never smokers
Model adjusted for age, sex, total energy intake, alcohol intake, leisure-time physical activity, and
education
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Supplemental Table 10. C-statistics and Discrimination by Polygenic Risk Score for Incident
Coronary Heart Disease by Smoking Status among Men
AUC (95%CI)

IDI (SE)

PValue

0.702 (0.676-0.727)

0.023 (0.004)

3  10-11

0.673 (0.652-0.693)

0.007 (0.001)

4  10-06

Traditional Model *

Traditional Model + PRS

Never Smokers

0.675 (0.649-0.700)

Former Smokers

0.664 (0.644-0.685)

Current Smokers
0.661 (0.637-0.685)
0.664 (0.640-0.688)
0.004 (0.001)
0.003
* Traditional model includes: age, sex, family history of myocardial infarction, systolic blood
pressure, antihypertensive medication, ApoB as a proxy for LDL cholesterol, ApoA-I as a proxy for
HDL cholesterol and diabetes at baseline
AUC, area under receiver operating curve; CI, confidence interval; IDI: integrated discrimination
improvement; PRS, polygenic risk score
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Supplemental Table 11. C-statistics and Discrimination by Polygenic Risk Score for Incident
Coronary Heart Disease by Smoking Status among Women
AUC (95%CI)

IDI (SE)

PValue

0.753 (0.732-0.773)

0.005 (0.001)

0.0001

0.764 (0.737-0.790)

0.006 (0.002)

0.004

Traditional Model *

Traditional Model + PRS

Never Smokers

0.745 (0.725-0.765)

Former Smokers

0.755 (0.727-0.782)

Current Smokers
0.729 (0.704-0.754)
0.734 (0.710-0.759)
0.004 (0.001)
0.003
* Traditional model includes: age, sex, family history of myocardial infarction, systolic blood
pressure, antihypertensive medication, ApoB as a proxy for LDL cholesterol, ApoA-I as a proxy for
HDL cholesterol and diabetes at baseline
AUC, area under receiver operating curve; CI, confidence interval; IDI: integrated discrimination
improvement; PRS, polygenic risk score
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Odds Ratio for Coronary Heart Disease

Supplemental Figure 1. Odds Ratio for Coronary Heart Disease According to Tertiles of
Polygenic Risk Score and Smoking Status among Men

Never
Smoker

Former
Smoker

Low

Medium

Current
Smoker

4

2

1
High

Tertiles of PRS
0.5

Individuals who are in the lowest tertile of polygenic risk score (PRS) and are never smokers
were considered as a reference group. Smoking was associated with higher risk for coronary
heart disease among individuals within each tertile of PRS. The magnitude of risk relative risk
increase by smoking was higher among men with low PRS (OR: 1.46; 95% CI: 1.28–1.67)
compared to men with high PRS (OR: 1.14; 1.02–1.28).
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Odds Ratio for Coronary Heart Disease

Supplemental Figure 2. Odds Ratio for Coronary Heart Disease According to Tertiles of
Polygenic Risk Score and Smoking Status among Women

4

Never
Smoker

Former
Smoker

Current
Smoker

Low

Medium

High

2

1

Tertiles of PRS
0.5

Individuals who are in the lowest tertile of polygenic risk score (PRS) and are never smokers
were considered as a reference group. Smoking was associated with higher risk for coronary
heart disease among individuals within each tertile of PRS. The magnitude of risk relative risk
increase by smoking was higher among women with low PRS (OR: 1.39; 95% CI: 1.22–1.60)
compared to women with low PRS (OR: 1.29; 1.15–1.44).
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Supplemental Figure 3. Interaction Estimates between each Single Nucleotide
Polymorphism and Smoking Status on the Risk of Coronary Heart Disease
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Supplemental Figure 4. Interaction Estimates between each Single Nucleotide
Polymorphism and Smoking Status on the Risk of Coronary Heart Disease among Men
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Supplemental Figure 5. Interaction Estimates between each Single Nucleotide
Polymorphism and Smoking Status on the Risk of Coronary Heart Disease among Women
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This is an overview of an article entitled “A Polygenic Risk Score for Coronary Heart
Disease Modifies the Elevated Risk by Cigarette Smoking for Disease Incidence”,
published in the January 2018 issue of Circulation: Genomic and Precision Medicine.
It can’t be emphasized enough that cigarette smoking is the number one, single
strongest modifiable risk factor for coronary heart disease, or CHD. There are many
good reasons to stop smoking, but one of the best reasons is the fact that after a
person stops smoking, the risk of CHD diverges from that of people who continue to
smoke and approaches the risk of people who never smoked. [pause] Even though
we know that smoking is a powerful risk factor for CHD, and that one’s genetics also
can affect risk of CHD, a relatively unexplored question is whether smoking affects
genetic risk of CHD.
The authors of the study under discussion set out to answer this question. They
used a polygenic risk score comprising 50 common variants previously found to be
associated with CHD in genome-wide association studies. The score provides a way
of assessing the aggregate effects of a number of genes on disease. The authors
calculated polygenic risk scores for more than 24,000 participants in the Malmo Diet
and Cancer Study in Sweden who had been followed for many years. About 13% of
these participants had incident coronary heart disease events during the time they
were being followed. The individuals in the study were stratified by smoking
status—never smokers, former smokers, and current smokers, the last one defined
as having smoked in the past year.
Here are multivariable adjusted odd ratios for coronary heart disease. Not
surprisingly, the higher the genetic risk score, the higher the risk of disease. Current
smokers had substantially higher CHD risk than never smokers, with an odds ratio
of 1.67. In contrast, former smokers were much more similar to never smokers, with
an odds ratio of 1.19. It should be noted that these observations are very consistent
with previously published studies.
Here’s the answer to the major question posed by this particular study, whether
there is an interaction between smoking status and genetic risk. Here you see data
for subgroups defined by PRS tertile—low, medium, and high—and by smoking
status. [transition]
The first notable observation is that among people in the lowest PRS tertile,
[transition] current smokers had double the risk of never smokers, with former
smokers being intermediate. [transition] This contrasts with people in the highest
PRS tertile, for whom smoking had less of effect on CHD risk.
The second notable observation is that among never smokers, indicated in blue, a
high polygenic risk score predicted double the risk of that seen with a low polygenic
risk score. [transition] This contrasts with current smokers, indicated in red, for
whom the PRS had less of effect on CHD risk.

Perhaps the key point to take away here is that smokers with a low PRS—or, to put
it another way, people with quote-unquote “good genes”—have almost exactly the
same level of CHD risk as never smokers with a high PRS, with quote-unquote “bad
genes”. In this context, smoking does as much harm as “bad genes”.
Formal statistical analysis found that there is indeed a significant interaction
between smoking status and polygenic risk score. Notably, the interaction was
stronger in men than in women, although that might in part be due to the fact that
there were fewer women in the cohort with incident coronary heart disease, and so
the women-only analysis was underpowered. Interestingly, the smoking-PRS
interaction was unchanged after adjustment for family history of heart disease. It’s
also worth noting that individual variants near the genes PPAP2B and HDAC9 had
the strongest interactions with smoking status with respect to CHD risk, although
whether these interactions are genuine and the mechanisms by which they might
occur will require follow-up studies.
In conclusion, this study confirmed that both a polygenic risk score and smoking
status were associated with coronary heart disease risk, and the study found a
significant interaction between the two risk factors. The polygenic risk score did not
seem to have as much of an effect on CHD risk in current smokers, perhaps because
their risk was already substantially higher due to their tobacco use. As such, one of
the key implications of this work is that smoking largely negates the protective
effect of a low PRS score, or to put it another way, the protective effect of “good
genes”—highlighting the fact that the choices we make in life can override the
effects of the genes we inherited from our parents.

