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ORIGINAL RESEARCH

Cigarette Smoking and Competing Risks for 
Fatal and Nonfatal Cardiovascular Disease 
Subtypes Across the Life Course
Sadiya S. Khan , MD, MSc; Hongyan Ning, MD, MS; Arjun Sinha, MD; John Wilkins , MD;  
Norrina B. Allen, PhD; Thanh Huyen T. Vu , MD, PhD; Jarett D. Berry, MD; Donald M. Lloyd- Jones , MD, ScM; 
Ranya Sweis , MD, MSc

BACKGROUND: Cigarette smoking is significantly associated with premature death related and not related to cardiovascular 
disease (CVD). Whether risk associated with smoking is similar across CVD subtypes and how this translates into years of life 
lost is not known.

METHODS AND RESULTS: We pooled and harmonized individual- level data from 9 population- based cohorts in the United States. 
All participants were free of clinical CVD at baseline with available data on current smoking status, covariates, and CVD 
outcomes. We examined the association between smoking status and total CVD and CVD subtypes, including fatal and 
nonfatal coronary heart disease, stroke, congestive heart failure, and other CVD deaths. We performed (1) modified Kaplan– 
Meier analysis to estimate long- term risks, (2) adjusted competing Cox models to estimate joint cumulative risks for CVD or 
noncardiovascular death, and (3) Irwin’s restricted mean to estimate years lived free from and with CVD. Of 106 165 adults, 
50.4% were women. Overall long- term risks for CVD events were 46.0% (95% CI, 44.7– 47.3) and 34.7% (95% CI, 33.3– 36.0) 
in middle- aged men and women, respectively. In middle- aged men who reported smoking compared with those who did not 
smoke, competing hazard ratios (HRs) were higher for the first presentation being a fatal CVD event (HR, 1.79 [95% CI, 1.68– 
1.92]), with a similar pattern among women (HR,1.82 [95% CI, 1.68– 1.98]). Smoking was associated with earlier CVD onset by 
5.1 and 3.8 years in men and women. Similar patterns were observed in younger and older adults.

CONCLUSIONS: Current smoking was associated with a fatal event as the first manifestation of clinical CVD.

Key Words: cardiovascular disease ■ cardiovascular mortality ■ smoking

Despite increasing awareness and public health 
measures to reduce tobacco use, ≈34  mil-
lion adults in the United States report that they 

smoke cigarettes.1 Tobacco use is the leading cause 
of disability- adjusted life years and the second- leading 
risk factor for death in the United States based on the 
US Burden of Disease Collaborators.1 Smoking- related 
illness is estimated to cost >$300 billion a year in direct 
medical care and lost productivity in the United States.2

Studies have consistently demonstrated a strong 
link between cigarette use and the development of 

overall cardiovascular disease (CVD), individual CVD 
subtypes (including myocardial infarction [MI], stroke, 
and heart failure [HF]),3– 5 and noncardiovascular out-
comes, including cancer and lung disease. However, 
few studies have evaluated the long- term morbidity 
and mortality attributed to CVD subtypes while ad-
justing for competing risk of non- CVD deaths, which 
is necessary as smoking is associated with an in-
creased risk of multiple outcomes simultaneously.4,6– 8 
Furthermore, a competing- risk framework allows for 
better understanding of the comparative risk of the first 
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presentation of CVD being a fatal or nonfatal event as 
well as elucidating which of the different CVD subtypes 
are more likely to occur first. This is important to guide 
public health policies and physician– patient interac-
tions on population and individual levels.

Our primary objective was to calculate long- term 
rates of incident CVD (overall and by subtypes) in 
adults aged 20 to 79 years. We also estimated years 
lived with and without CVD, on average, by baseline 
smoking status. Finally, we determined the hazard ra-
tios (HRs) for incident CVD, overall and by subtype, 
after taking into account the competing risk from non- 
CVD mortality.

METHODS
Study Design
All data and materials are made publicly available 
by the National Heart, Lung, and Blood Institute bi-
oLINCC (Biologic Specimen and Data Repository 
Information Coordinating Center). The LRPP (Lifetime 
Risk Pooling Project) is an individual- level pooled and 
harmonized data set from 20 community- based or 

population- based cardiovascular disease (CVD) co-
horts in the United States available in BioLINCC span-
ning the past 70 years with detailed methods of cohort 
development and harmonization previously published.9 
There is nearly 100% complete follow- up for vital status. 
For the current analysis, we included data from partici-
pants free of clinical CVD at baseline from the following 
9 prospective cohorts in the LRPP: the Coronary Artery 
Risk Development in Young Adults, the Atherosclerosis 
Risk in Communities Study, the Cardiovascular Health 
Study, the Multi- Ethnic Study of Atherosclerosis, the 
Framingham Heart Study, the Framingham Offspring 
Study, the Kaiser Permanente Study of the Oldest Old, 
the Chicago Heart Association Detection Project in 
Industry Study, and the National Health and Nutrition 
Examination Survey I Epidemiologic Follow- Up Study. 
All data were deidentified, and all study protocols 
were approved by the institutional review board at 
Northwestern University. Requests to access the data 
set from qualified researchers may be submitted at 
https://bioli ncc.nhlbi.nih.gov/studi es/.

Study Population
We included data from only 1 examination for each co-
hort from participants who had available responses for 
self- reported smoking status, available data on covari-
ates, and at least 10 years of follow- up. Smoking sta-
tus was defined as yes or no based on the participant 
response in each cohort to current smoking (asked in 
each cohort at the baseline examination for current 
smoking or smoking within the past 30 days). We ex-
cluded 3192 participants who did not report White or 
Black race, 3961 participants with prevalent CVD at 
baseline, and 7773 participants without exposure or 
covariate information for the final analytic sample of 
106  165 (which represented a complete case analy-
sis). Baseline demographics of age, sex, and race and 
ethnicity were self- reported. In each cohort, trained 
clinical staff measured blood pressure, weight, and 
height. Fasting glucose and lipid profile were directly 
measured. Diagnosis of diabetes and use of diabetes/
hypertensive medications were self- reported. Fatal 
and nonfatal MI were adjudicated based on defined 
clinical criteria that included at least 2 of the follow-
ing: electrocardiographic changes consistent with MI, 
biomarker elevations consistent with myocardial injury, 
and typical chest pain or International Classification 
of Diseases, Eighth Revision (ICD- 8)/International 
Classification of Diseases, Ninth Revision (ICD- 9) 
codes. Stroke was adjudicated using the clinical crite-
ria of new neurological deficit persisting for >24 hours 
consistent with neurological injury and/or ICD- 8/ICD- 9 
codes. HF was determined by clinical criteria and/or 
ICD- 8/ICD- 9 codes. Vital status was obtained through 
linkage with the National Death Index, and cause of 

CLINICAL PERSPECTIVE

What Is New?
• Although it is well established that smoking is 

associated with both cardiovascular and non-
cardiovascular morbidity and mortality, the pre-
sent analysis reports the lifetime risk of smoking 
for each cardiovascular disease subtype adjust-
ing for noncardiovascular deaths.

• Smoking was associated with a fatal event as 
the first manifestation of clinical cardiovascular 
disease.

What Are the Clinical Implications?
• Preventive efforts focused on smoking ces-

sation at the individual and population levels 
should emphasize the increased risk of cardio-
vascular disease across the lifetime, particularly 
the higher risk of cardiovascular death as the 
first presentation among those who smoke.
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death was adjudicated by review of medical records 
and autopsy records, when available.

Statistical Analysis
The study included 1 949 658 person- years of follow-
 up, including observations from 1948 to 2017. The par-
ticipants were stratified by sex, index age groups (20– 39 
years for young adults, 40– 59 years for middle- aged 
adults, and 60– 79 years for older adults), and smoking 
status at the index examination. Long- term risk was 
calculated using a modified Kaplan– Meier analysis, 
which accounts for non- CVD death as a competing 
risk. This model accounts for fatal non- CVD events as 
a separate end point rather than a censoring event. 
Long- term risk of total CVD was estimated for each 
index age group by calculating the rates of CVD death, 
MI, stroke, and HF. We calculated cumulative risk for 
CVD events and non- CVD death by smoking status 
in age- stratified and sex- stratified analyses. We deter-
mined the proportion of incident first events, in which 
the occurrence of 1 type of event (CVD event or non- 
CVD death) precluded consideration of another event. 
The Lunn and McNeil data augmentation method was 
used to fit Cox proportional hazard models to estimate 
HRs for all CVD events combined compared with non- 
CVD death as the first event in those who currently 
smoke, stratified by index age group and sex.10,11 We 
also used the method described by Fine and Gray to 
estimate the joint and simultaneous competing haz-
ards for each CVD event subtype and non- CVD death 
as the first event in those who smoke, stratified by 
index age group and sex. Similarly, we used the Fine 
and Gray method to estimate the competing hazards 
for fatal and nonfatal CVD and non- CVD death as the 
first event in those who smoke, stratified by index age 
group and sex.11,12 The analyses were adjusted for age, 
race and ethnicity, body mass index, hypertension, hy-
perlipidemia (defined as total cholesterol ≥240 mg/dL 
or lipid- lowering therapy), and diabetes. Mean overall 
survival time, mean CVD- free survival time, and mean 
survival time with CVD were estimated using the Irwin 
restricted mean to compare compression of morbidity 
by smoking status. The restricted mean is mathemati-
cally equivalent to the area under the survival curve.11,13 
For each index age group, the restriction time point 
was set as 95 years of age. The survival times were 
then compared between individuals who do and do 
not currently smoke, stratified by the age groups and 
sex. We performed a sensitivity analysis for middle- 
aged participants with a baseline exam before and 
after 1985 to mitigate bias related to changing secular 
trends in smoking status. We used a P value of <0.05 
for a 2- sided significance test. All statistical analyses 
were performed with SAS version 9.2 (SAS Institute) 
and R version 3.1.2 (The R Foundation).

RESULTS
Study Sample
A total of 106 165 people were included in the pooled 
cohort, including 17  205 (16.2%) Black participants 
and 53 527 (50.4%) women. Baseline characteristics 
stratified by smoking status and sex in middle- aged, 
young, and older adults are described in Table 1.

Long- Term Risks of CVD Events and Non- 
CVD Death by Smoking Status
In middle- aged adults (index age of 40– 59  years), 
there were 7002 incident fatal or nonfatal coronary 
heart disease events, 3527 incident fatal or nonfatal 
strokes, and 4559 incident HF events during the dura-
tion of the study. In addition, there were a total of 6224 
deaths from all CVD causes (coronary heart disease, 
stroke, HF, and other) and 11 578 non- CVD deaths in 
middle- aged adults. The median (interquartile range) of 
follow- up was 23 years (15– 32 years). The unadjusted 
event rates for CVD and non- CVD death were higher 
in those who reported smoking compared with those 
who did not in all adults (men and women across all 3 
age groups; Table 2). The competing cumulative risks 
for both non- CVD death and total CVD events were 
higher in those who reported smoking compared with 
those who did not in all adults (across all sex and age 
groups; Figure 1 and Figures S1 and S2). Similarly, the 
long- term risk of non- CVD death and CVD were higher 
in those individuals who reported smoking compared 
with those who did not (Table  3). Middle- aged men 
had the largest absolute difference in long- term risk 
for CVD between those who reported smoking (46%) 
and those who did not (36%). MI was the most com-
mon CVD subtype, with those who reported smoking 
having a higher long- term risk than those who did not. 
Young men had the most pronounced absolute dif-
ference in long- term risk for HF between those who 
reported smoking (12%) and those who did not (5%).

Years Lived Free of and With CVD
Total survival in follow- up is composed of years lived 
free of CVD and years lived with CVD and is shown 
in Figure 2 and Figures S3 and S4 for middle- aged, 
young, and older men and women, respectively. 
Across all sex and age groups, overall survival was 
significantly shorter in those participants who reported 
baseline smoking compared with those who reported 
not smoking, which was attributed to the significantly 
lower number of years lived free of CVD or health 
span. For example, among middle- aged men, overall 
survival was significantly higher in those who reported 
not smoking (32.6 years) compared with those who re-
ported smoking (27.1  years) at baseline, leading to a 
significantly higher number of years lived free of CVD 
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(29.1 versus 24.0  years), indicating a delay in CVD 
onset by 5.1 years.

Competing Risks for CVD Morbidity and 
Non- CVD Mortality by Smoking Status
The proportions of middle- aged men and women who 
had incident CVD or non- CVD death as the first event 
are shown in Table  4, stratified by sex and smoking 
status. Incident CVD event as the first event occurred 
in a larger proportion of middle- aged men and women 
who reported smoking (52.1% and 44.1%, respec-
tively) compared with those who reported not smoking 
(49.5% and 41.2%, respectively). Similarly, non- CVD 
death as the first event was more common in middle- 
aged men and women who reported smoking (36.5% 
and 33.9%, respectively) compared with those who re-
ported not smoking (28.6% and 27.9%, respectively) at 
baseline. Similar findings were observed in young men 
and women (Table 4). However, among older men and 
women, incident CVD event as the first event occurred 
in a larger proportion of those individuals who reported 
smoking (59.2% and 57.5%, respectively) than those 
who reported not smoking (54.7% and 52.1%, respec-
tively). Non- CVD death continued to occur in a greater 
proportion of older men and women who smoked 
compared with those who did not smoke. Among all 
age groups, a majority of the first CVD events were fatal 
or nonfatal MI. Although fatal and nonfatal stroke was 
the next leading cause of first CVD event in the young 
age group, HF became the second- leading cause in 
the middle- aged and older age groups. Adjusted com-
peting HRs as determined by the Lunn and McNeil 
method was higher for CVD compared with non- CVD 
death in both middle- aged and older adults who re-
ported smoking and those who reported not smoking.

Adjusted competing HRs as determined by the Fine 
and Gray method for first CVD subtype or non- CVD 
death in men and women across all 3 age groups 
are shown in Table  5 and Table  S1. Individuals who 
reported smoking had an increased risk of non- CVD 
death and overall CVD as the first event across all age 
and sex groups compared with those who did not re-
port smoking at baseline. Those who reported smok-
ing had an increased risk of both fatal and nonfatal 
CVD events compared with those who did not smoke 
across all age and sex groups. The risk of fatal CVD 
event was higher than the risk of nonfatal CVD event 
across all age and sex groups except in older women. 
Sensitivity analysis stratified by index year before and 
after 1985 demonstrated similar findings (Table S2).

DISCUSSION
This large, pooled cohort analysis from 9 population- 
based cohorts with 1.9  million person- years of Ta
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follow- up is the first to report the long- term risks of dif-
ferent CVD subtypes according to smoking status in 
the United States while accounting for competing risk 
of non- CVD deaths. In addition, the analytic approach 
highlights the greater burden of the first clinical mani-
festation of CVD as a fatal event in those who reported 
smoking compared with those who did not. This study 
leverages the unique LRPP data set, which allows for 
robust long- term risk estimates because of the sub-
stantial person- years follow- up, large sample size that 
is representative of the diverse population, and nearly 
100% follow- up for vital status with ascertainment of 
CVD subtypes.

The current study expands on the available litera-
ture on long- term risks of CVD subtypes associated 
with smoking status. One prior analysis from England4 
only used diagnosis codes from electronic health re-
cords. The rate ratio of age- specific death rates from 
coronary artery disease in those who smoke com-
pared with those who do not smoke has previously 
been shown to decline with age because of other 
smoking- related deaths and the significant age- related 
rise in background CVD risk.14 Similarly, the relative risk 
of CVD subtypes, such as MI and HF, has also been 
shown to be lower with older age in those who smoke 
compared with those who do not smoke.15,16 However, 
these studies did not show when the absolute CVD 
risk in those who smoke equals or is less than that of 
those who do not smoke with rising age. Given the size 
of this study and the extensive follow- up, this article 

demonstrates that the cumulative incidence of CVD in 
those older adults who smoked remained higher than 
those older adults who did not smoke during the 25 
years of follow- up. The results herein emphasize the 
contribution of smoking on not only earlier onset of 
CVD overall but also the excess CVD risk well into the 
eighth decade of life for men and women even after 
adjusting for competing risk of non- CVD death.

We evaluated the risk of individual CVD subtypes, 
including fatal and nonfatal events. This study high-
lights the occurrence of fatal CVD as the first presenta-
tion of CVD, which is important in risk communication 
and smoking cessation counseling on a population 
level, which is increasingly important as the use of 
computed tomography screening for malignancy be-
comes more widespread among those who smoke.17 
Yet, guidance to use coronary artery calcification 
among those who smoke remains lacking, which is 
readily calculable from these computed tomography 
images. In addition, we identified the long- term risk 
of smoking on HF that adds to the available literature 
on the short- term risk of HF with smoking.5,18– 23 The 
long- term risk of HF was higher with older index age 
at baseline. The largest absolute difference in long- 
term risk of HF between those who reported smoking 
and those who did not was seen in young men (11.5% 
versus 5.0%). In addition, in older women, those who 
reported smoking had the highest risk of HF as the first 
event among the CVD subtypes. Thus, more attention 
needs to be placed on these subgroups with regard to 

Figure 1. Cumulative incidence of cardiovascular disease (CVD) morbidity and mortality among middle- aged adults.
Risk of cardiovascular disease in (A) men and (B) women aged 40 to 59 years based on smoking status and adjusted for competing 
risks of noncardiovascular death.
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HF prevention strategies. These findings suggest that 
smoking contributes substantially to the long- term risk 
of HF across sex and age groups.

We also quantified CVD morbidity as proportion 
of life lived without and with CVD. Those who did not 
report smoking at baseline had a later age of onset 
of CVD by about 5  years than those who reported 
smoking. This greater number of years lived without 
CVD was seen across all age and sex groups in those 

who did not smoke. After developing incident CVD, the 
years lived with CVD were overall similar among those 
who smoked and those who did not smoke in men and 
women across all age groups. This highlights relative 
compression of morbidity with postponement of onset 
of CVD and longer overall lifespan in those who do not 
smoke.

Prior studies of long- term CVD risk have focused 
primarily on middle- aged and older adults.6,24,25 There 

Figure 2. Years lived (cumulative years lived under observation to date) free of and with cardiovascular disease (CVD) 
among middle- aged adults.
Years lived free of and with CVD in middle- aged (index age 40– 59 years) (A) men and (B) women. Adults who do not smoke lived 
more years free of CVD compared with those who did smoke. Years lived with CVD were similar in those who did and did not smoke. 
Compared with those who do not smoke, men and women with current cigarette smoking had an earlier onset of CVD by 5.1 and 
3.8 years, respectively, and had reduced overall survival by 5.5 and 4.0 years, respectively. *P<0.05 compared with those who smoke.

Table 4. Cumulative Incidences for First Event (CVD Event or Non- CVD Death) Among Young (Index Age 20– 39 Years), 
Middle- Aged (Index Age 40– 59 Years), and Older Adults (60– 79 Years) According to Sex and Smoking Status*

Young adults, aged 20– 39 y Middle- aged adults, aged 40– 59 y Older adults, aged 60– 79 y

Smoking Nonsmoking Smoking Nonsmoking Smoking Nonsmoking

Men

Non- CVD death, % 22.3 12.6 36.5 28.6 43.5 36.7

CVD event, % 24.6 19.9 52.1 49.5 54.7 59.2

Fatal and nonfatal MI, % 15.6 11.7 28.3 23.8 24.7 27.1

Fatal and nonfatal stroke, % 5.0 4.4 9.9 10.9 10.5 11.3

CHF, % 2.3 2.8 9.1 10.4 12.8 15.6

CVD death, % 1.7 1.0 4.8 4.4 6.7 5.2

Women

Non- CVD death, % 16.5 11.0 33.9 27.9 47.2 41.9

CVD event, % 15.3 11.4 44.1 41.2 52.1 57.5

Fatal and nonfatal MI, % 6.5 4.1 17.2 13.9 18.0 20.0

Fatal and nonfatal stroke, % 5.1 4.4 11.2 13.4 13.3 14.6

CHF, % 2.1 2.3 11.1 10.3 15.8 17.5

CVD death, % 1.6 0.6 4.5 3.6 4.9 5.4

CHF indicates congestive heart failure; CVD, cardiovascular disease; and MI, myocardial infarction.
*Lunn and McNeil method.



J Am Heart Assoc. 2021;10:e021751. DOI: 10.1161/JAHA.121.021751 9

Khan et al Smoking and CVD Subtypes

are limited data on smoking- related CVD risk in young 
adults in general. Therefore, our data build on available 
evidence with long- term CVD risk estimates of young 
adults from the index ages 20 to 39 years. In young 
men, the risk for CVD started to increase significantly 
in those who smoked near the 10- year follow- up mark, 
whereas in young women the increased risk for CVD 
in those who smoked became more evident near the 
20- year follow- up mark. With respect to CVD sub-
types, young men had the highest long- term risk for 
MI (24.0%), whereas young women had the highest 
long- term risk for other CVD death (11.3%). In general, 
the results suggest that young adults who smoke have 
an equal if not greater burden of non- CVD mortality 
compared with morbidity and mortality from CVD. In 
both young men and women, the absolute difference 
in long- term risks between those who smoked and did 
not smoke was greater for non- CVD death than overall 
CVD. These data may inform policy and population- 
level approaches to target the epidemic expansion 
of nicotine exposure in youth and young adults using 
electronic nicotine delivery systems.

Strengths and Limitations
Key limitations of our study include the lack of data on 
smoking intensity given the known graded associa-
tion between number of cigarettes per day and CVD. 
However, there is a sharp increase in CVD risk even 
with low levels of cigarette exposure that we were able 
to quantify for baseline smoking status. There is the 
potential to bias our results toward the null by clas-
sifying those who smoked but quit >1 year ago as not 
smoking at baseline, which may be underestimating 
the true risk of CVD morbidity and mortality related to 
prior cigarette smoking exposure. Another limitation 
is the use of baseline risk factor levels, which does 
not incorporate change over time. Lastly, the long- 
term data required for lifetime risk estimates lead to 
the inclusion of relatively older data and the potential 
for results to be biased by changes in secular trends, 
such as declines in smoking prevalence over time. 

However, our sensitivity analysis in recent years were 
consistent, and prior analyses in the LRPP have also 
examined differences across birth cohorts with similar 
findings for the relationships of each risk factor with 
CVD.20 However, our study has many strengths includ-
ing a large sample size of adults with a representative 
sample of women and Black participants who were 
free of CVD at baseline with adjudicated CVD events 
by type and non- CVD death in follow- up. Our inclu-
sion of young adults and extended follow- up allows 
us to quantify the effects of smoking at the beginning 
and end of adulthood.

CONCLUSIONS
In summary, we demonstrate an increased risk of CVD 
across all subtypes, in particular on the occurrence of 
a fatal CVD event as first presentation of CVD, in those 
who reported smoking compared with those who did 
not. Those who reported smoking had, on average, 
earlier onset of CVD and shorter overall survival across 
the life course.

ARTICLE INFORMATION
Received March 25, 2021; accepted September 21, 2021.

Affiliations
Division of Cardiology, Department of Medicine (S.S.K., A.S., J.W., D.M.L.-J., 
R.S.); and Department of Preventive Medicine (S.S.K., H.N., J.W., N.B.A., 
T.H.V., D.M.L.-J.), Northwestern University Feinberg School of Medicine, 
Chicago, IL; and University of Texas Southwestern Medical Center, Dallas, 
TX (J.D.B.).

Acknowledgments
The funding sponsor did not contribute to the design and conduct of the 
study; collection, management, analysis, or interpretation of the data; or 
preparation, review, or approval of the manuscript. The authors take respon-
sibility for decision to submit the article for publication. Dr Lloyd- Jones had 
full access to all of the data in the study and takes responsibility for the integ-
rity of the data and the accuracy of the data analysis.

Sources of Funding
This work was supported by grants from the National Institutes of Health/
National Heart, Lung, and Blood Institute to Dr Lloyd- Jones (R21 HL085375). 
The content is solely the responsibility of the authors and does not necessarily 

Table 5. Adjusted* Competing HRs for First Presentation of CVD as a Fatal or Nonfatal Event Across the Life Course in 
Young, Middle- Aged, and Older Adults Stratified by Sex in Individuals who Reported Smoking Compared with Not Smoking 
Confirmed

Young adults, aged 20– 39 y Middle- aged adults, aged 40– 59 y Older adults, aged 60– 79 y

Men

Nonfatal CVD event 1.64 (1.41– 1.90) 1.29 (1.21– 1.38) 1.17 (1.06– 1.28)

Fatal CVD event 2.38 (2.05– 2.75) 1.79 (1.68– 1.92) 1.38 (1.27– 1.51)

Women

Nonfatal CVD event 1.58 (1.33– 1.88) 1.46 (1.35– 1.57) 1.35 (1.23– 1.48)

Fatal CVD event 2.01 (1.62– 2.49) 1.82 (1.68– 1.98) 1.30 (1.17– 1.43)

Data are presented as adjusted HR (95% CI). CVD indicates cardiovascular disease; and HR, hazard ratio.
*Adjusted for age, race and ethnicity, education, body mass index, hypertension, hyperlipidemia, and diabetes. The Fine and Gray method was used with 

nonsmokers as the reference.



J Am Heart Assoc. 2021;10:e021751. DOI: 10.1161/JAHA.121.021751 10

Khan et al Smoking and CVD Subtypes

represent the official views of the National Institutes of Health. Dr Khan is 
supported by grants from the National Institutes of Health/National Heart, 
Lung, and Blood Institute (KL2TR001424, P30AG059988, P30DK092939, 
R01HL159250) and the American Heart Association (19TPA34890060). The 
research reported in this publication was supported in part by the National 
Institutes of Health’s National Center for Advancing Translational Sciences, 
Grant Number KL2TR001424 (Dr Khan).

Disclosures
Dr Berry reports personal fees from Astra Zeneca, personal fees from the 
Cooper Institute, grants from Abbott, and grants and personal fees from 
Roche outside the submitted work. Dr Allen reports grants from the National 
Institutes of Health and grants from the American Heart Association outside 
the submitted work. The remaining authors have no disclosures to report.

Supplementary Material
Tables S1– S2
Figures S1– S4

REFERENCES
 1. Wang TW, Asman K, Gentzke AS, Cullen KA, Holder- Hayes E, 

Reyes- Guzman C, Jamal A, Neff L, King BA. Tobacco product use 
among adults— United States, 2017. MMWR Morb Mortal Wkly Rep. 
2018;67:1225– 1232. doi: 10.15585/ mmwr.mm6744a2

 2. Xu X, Bishop EE, Kennedy SM, Simpson SA, Pechacek TF. Annual 
healthcare spending attributable to cigarette smoking: an update. Am J 
Prev Med. 2015;48:326– 333. doi: 10.1016/j.amepre.2014.10.012

 3. Banks E, Joshy G, Korda RJ, Stavreski B, Soga K, Egger S, Day C, 
Clarke NE, Lewington S, Lopez AD. Tobacco smoking and risk of 36 
cardiovascular disease subtypes: fatal and non- fatal outcomes in a 
large prospective Australian study. BMC Med. 2019;17:128– 128. doi: 
10.1186/s1291 6- 019- 1351- 4

 4. Pujades- Rodriguez M, George J, Shah AD, Rapsomaniki E, Denaxas 
S, West R, Smeeth L, Timmis A, Hemingway H. Heterogeneous asso-
ciations between smoking and a wide range of initial presentations of 
cardiovascular disease in 1 937 360 people in England: lifetime risks 
and implications for risk prediction. Int J Epidemiol. 2014;44:129– 141. 
doi: 10.1093/ije/dyu218

 5. Brouwers FP, de Boer RA, van der Harst P, Voors AA, Gansevoort RT, 
Bakker SJ, Hillege HL, van Veldhuisen DJ, van Gilst WH. Incidence and 
epidemiology of new onset heart failure with preserved vs. reduced ejec-
tion fraction in a community- based cohort: 11- year follow- up of PREVEND. 
Eur Heart J. 2013;34:1424– 1431. doi: 10.1093/eurhe artj/eht066

 6. Lloyd- Jones DM, Leip EP, Larson MG, D’Agostino RB, Beiser A, Wilson 
PW, Wolf PA, Levy D. Prediction of lifetime risk for cardiovascular dis-
ease by risk factor burden at 50 years of age. Circulation. 2006;113:791– 
798. doi: 10.1161/CIRCU LATIO NAHA.105.548206

 7. Carter BD, Abnet CC, Feskanich D, Freedman ND, Hartge P, Lewis 
CE, Ockene JK, Prentice RL, Speizer FE, Thun MJ, et al. Smoking and 
mortality– beyond established causes. N Engl J Med. 2015;372:631– 
640. doi: 10.1056/NEJMs a1407211

 8. Pirie K, Peto R, Reeves GK, Green J, Beral V. The 21st century hazards 
of smoking and benefits of stopping: a prospective study of one mil-
lion women in the UK. Lancet. 2013;381:133– 141. doi: 10.1016/S0140 
- 6736(12)61720 - 6

 9. Wilkins JT, Karmali KN, Huffman MD, Allen NB, Ning H, Berry JD, 
Garside DB, Dyer A, Lloyd- Jones DM. Data resource profile: the 
cardiovascular disease lifetime risk pooling project. Int J Epidemiol. 
2015;44:1557– 1564. doi: 10.1093/ije/dyv150

 10. Lunn M, McNeil D. Applying Cox regression to competing risks. 
Biometrics. 1995;51:524– 532. doi: 10.2307/2532940

 11. Khan SS, Ning H, Wilkins JT, Allen N, Carnethon M, Berry JD, Sweis 
RN, Lloyd- Jones DM. Association of body mass index with lifetime risk 
of cardiovascular disease and compression of morbidity. JAMA Cardiol. 
2018;3:280– 287. doi: 10.1001/jamac ardio.2018.0022

 12. Fine JP, Gray RJ. A proportional hazards model for the subdistribution 
of a competing risk. J Am Stat Assoc. 1999;94:496– 509.

 13. Karrison TG. Use of Irwin’s restricted mean as an index for comparing 
survival in different treatment groups– interpretation and power con-
siderations. Control Clin Trials. 1997;18:151– 167. doi: 10.1016/S0197 
- 2456(96)00089 - X

 14. Thun MJ, Myers DG, Day- Lally C, Namboodiri MM, Calle EE, Flanders 
WD, Adams SL, Heath CW Jr. Age and the Exposure- Response 
Relationships Between Cigarette Smoking and Premature Death in 
Cancer Prevention Study II. Monograph 8: Changes in Ciagerette- 
Related Disease Risks and Their Implications for Prevention and 
Control. National Cancer Institute; 1997:383– 413.

 15. Gopal DM, Kalogeropoulos AP, Georgiopoulou VV, Smith AL, Bauer 
DC, Newman AB, Kim L, Bibbins- Domingo K, Tindle H, Harris 
TB, et al. Cigarette smoking exposure and heart failure risk in older 
adults: the Health, Aging, and Body Composition Study. Am Heart J. 
2012;164:236– 242. doi: 10.1016/j.ahj.2012.05.013

 16. Tolstrup JS, Hvidtfeldt UA, Flachs EM, Spiegelman D, Heitmann BL, 
Bälter K, Goldbourt U, Hallmans G, Knekt P, Liu S, et al. Smoking and 
risk of coronary heart disease in younger, middle- aged, and older adults. 
Am J Public Health. 2014;104:96– 102. doi: 10.2105/AJPH.2012.301091

 17. Force USPST, Krist AH, Davidson KW, Mangione CM, Barry MJ, 
Cabana M, Caughey AB, Davis EM, Donahue KE, Doubeni CA, Kubik 
M, et al. Screening for lung cancer: US Preventive Services Task Force 
Recommendation Statement. JAMA. 2021;325:962– 970. doi: 10.1001/
jama.2021.1117

 18. Eaton CB, Pettinger M, Rossouw J, Martin LW, Foraker R, Quddus A, 
Liu S, Wampler NS, Hank Wu WC, Manson JE, et al. Risk factors for in-
cident hospitalized heart failure with preserved versus reduced ejection 
fraction in a multiracial cohort of postmenopausal women. Circ Heart 
Fail. 2016;9:e002883. doi: 10.1161/CIRCH EARTF AILURE.115.002883

 19. Kamimura D, Cain LR, Mentz RJ, White WB, Blaha MJ, DeFilippis 
AP, Fox ER, Rodriguez CJ, Keith RJ, Benjamin EJ, et al. Cigarette 
smoking and incident heart failure: insights from the Jackson Heart 
Study. Circulation. 2018;137:2572– 2582. doi: 10.1161/CIRCU LATIO 
NAHA.117.031912

 20. Kershaw KN, Albrecht SS, Carnethon MR. Racial and ethnic resi-
dential segregation, the neighborhood socioeconomic environment, 
and obesity among Blacks and Mexican Americans. Am J Epidemiol. 
2013;177:299– 309. doi: 10.1093/aje/kws372

 21. Huffman MD, Berry JD, Ning H, Dyer AR, Garside DB, Cai X, Daviglus 
ML, Lloyd- Jones DM. Lifetime risk for heart failure among white and 
black Americans: cardiovascular lifetime risk pooling project. J Am Coll 
Cardiol. 2013;61:1510– 1517. doi: 10.1016/j.jacc.2013.01.022

 22. Ahmad FS, Ning H, Rich JD, Yancy CW, Lloyd- Jones DM, Wilkins JT. 
Hypertension, obesity, diabetes, and heart failure- free survival: the 
cardiovascular disease lifetime risk pooling project. JACC Heart Fail. 
2016;4:911– 919. doi: 10.1016/j.jchf.2016.08.001

 23. Lloyd- Jones DM, Larson MG, Leip EP, Beiser A, D’Agostino RB, 
Kannel WB, Murabito JM, Vasan RS, Benjamin EJ, Levy D. Lifetime 
risk for developing congestive heart failure: the Framingham Heart 
Study. Circulation. 2002;106:3068– 3072. doi: 10.1161/01.CIR.00000 
39105.49749.6F

 24. Berry JD, Dyer A, Cai X, Garside DB, Ning H, Thomas A, Greenland 
P, Van Horn L, Tracy RP, Lloyd- Jones DM. Lifetime risks of cardiovas-
cular disease. N Engl J Med. 2012;366:321– 329. doi: 10.1056/NEJMo 
a1012848

 25. Wilkins JT, Ning H, Berry J, Zhao L, Dyer AR, Lloyd- Jones DM. 
Lifetime risk and years lived free of total cardiovascular disease. JAMA. 
2012;308:1795– 1801. doi: 10.1001/jama.2012.14312

https://doi.org/10.15585/mmwr.mm6744a2
https://doi.org/10.1016/j.amepre.2014.10.012
https://doi.org/10.1186/s12916-019-1351-4
https://doi.org/10.1093/ije/dyu218
https://doi.org/10.1093/eurheartj/eht066
https://doi.org/10.1161/CIRCULATIONAHA.105.548206
https://doi.org/10.1056/NEJMsa1407211
https://doi.org/10.1016/S0140-6736(12)61720-6
https://doi.org/10.1016/S0140-6736(12)61720-6
https://doi.org/10.1093/ije/dyv150
https://doi.org/10.2307/2532940
https://doi.org/10.1001/jamacardio.2018.0022
https://doi.org/10.1016/S0197-2456(96)00089-X
https://doi.org/10.1016/S0197-2456(96)00089-X
https://doi.org/10.1016/j.ahj.2012.05.013
https://doi.org/10.2105/AJPH.2012.301091
https://doi.org/10.1001/jama.2021.1117
https://doi.org/10.1001/jama.2021.1117
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002883
https://doi.org/10.1161/CIRCULATIONAHA.117.031912
https://doi.org/10.1161/CIRCULATIONAHA.117.031912
https://doi.org/10.1093/aje/kws372
https://doi.org/10.1016/j.jacc.2013.01.022
https://doi.org/10.1016/j.jchf.2016.08.001
https://doi.org/10.1161/01.CIR.0000039105.49749.6F
https://doi.org/10.1161/01.CIR.0000039105.49749.6F
https://doi.org/10.1056/NEJMoa1012848
https://doi.org/10.1056/NEJMoa1012848
https://doi.org/10.1001/jama.2012.14312


 

 

 

SUPPLEMENTAL MATERIAL 

 



Table S1. Adjusted* Competing Hazard Ratios for First Event† (Cardiovascular disease event or Non-Cardiovascular death) Stratified by Sex and 

Smoking Status. 

 

 Adjusted HR (95% CI) 

Young Adults 

(20-39 years) 

Adjusted HR (95% CI) 

Middle-Aged Adults 

(40-59 years) 

Adjusted HR (95% CI) 

Older Adults  

(60-79 years) 

Men 

Non-CVD death 2.28 (2.04-2.54) 1.92 (1.81-2.05) 1.58 (1.46-1.70) 

CVD event 2.05 (1.85-2.28) 1.61 (1.54, 1.69) 1.33 (1.25-1.42) 

 Fatal and nonfatal MI  2.23 (1.95-2.56) 1.62 (1.52-1.73) 1.20 (1.10-1.32) 

Fatal and nonfatal stroke 1.67 (1.32-2.12) 1.39 (1.24-1.55) 1.17 (1.01-1.35) 

CHF 1.54 (1.14-2.09) 1.31 (1.17-1.46) 1.27 (1.11-1.44) 

CVD death 1.69 (1.24-2.31) 1.53 (1.30-1.79) 1.69 (1.38, 2.08) 

Women 

Non-CVD death 1.82 (1.62-2.05) 1.73 (1.62-1.85) 1.64 (1.52, 1.78) 

CVD event 1.76 (1.54, 2.01) 1.69 (1.60-1.79) 1.38 (1.29-1.48) 

 Fatal and nonfatal MI  2.01 (1.61-2.52) 1.80 (1.65-1.96) 1.25 (1.11-1.39) 

Fatal and nonfatal stroke 1.75 (1.38-2.20) 1.20 (1.08-1.34) 1.24 (1.08-1.41) 

CHF 1.19 (0.89-1.59) 1.59 (1.43-1.77) 1.40 (1.24-1.58) 

CVD death  2.12 (1.30-3.47) 1.81 (1.53-2.16) 1.33 (1.06-1.67) 
 

*Adjusted for age, race/ethnicity, education, body mass index, hypertension, hyperlipidemia, and diabetes;  
†Fine and Gray Method with those who do not smoke as reference.  

CVD = Cardiovascular disease; MI = myocardial infarction; CHF = congestive heart failure 

  



Table S2. Adjusted* Competing Hazard Ratios for First Presentation of Cardiovascular Disease Across the Life Course in Middle-Aged Adults 

Stratified by Sex and Year of Baseline Exam (before or after 1985)† 
 

 

 Adjusted HR  

(95% CI) 

Exam year before 1985 

Adjusted HR  

(95% CI) 

Exam year after 1985 

Male   

Nonfatal CVD Event 1.32 (1.14-1.52) 1.83 (1.60 - 2.08) 

Fatal CVD Event 1.88 (1.70-2.07) 2.10 (1.65 – 2.67) 

Female   

Nonfatal CVD Event 1.16 (0.98 - 1.38) 2.21 (1.92 - 2.55) 

Fatal CVD Event 2.25 (1.95- 2.59) 2.96 (2.19 - 3.98) 
*Adjusted for age, race/ethnicity, education, BMI, HTN, HLD, and diabetes;  

†Fine and Gray Method with those who do not smoke as reference.  

 

CVD = Cardiovascular disease; MI = myocardial infarction; CHF = congestive heart failure 

 

 

  



Figure S1. Cumulative Incidence of Cardiovascular Disease Morbidity and Mortality Among Young Adults.  

Men (A) and Women (B) (Index Age 20-39 years) Stratified by Baseline Smoking Status and Adjusted for 

Competing Risks of Non-Cardiovascular Death 

 

 

  



Figure S2. Cumulative Incidence of Cardiovascular Disease Morbidity and Mortality Among Older Adults.  

 

 

Men (A) and Women (B) (Index Age 60-79 years) Based on Smoking Status and Adjusted for Competing Risks 

of Non-Cardiovascular Death 

 

 

  



Figure S3. Years Lived# Free of and With Cardiovascular Disease (CVD) Among Young Adults. 

 

 

Years lived free of and with CVD in young (index age 20-39 years) men (A) and women (B). Adults who did not 

smoke lived more years free of CVD compared with those who reported smoking at baseline. Years lived with 

CVD was similar in both groups. Compared with those who did not smoke, men and women who reported 

cigarette smoking had an earlier onset of CVD by 4.2 and 2.0 years, respectively, and had reduced overall survival 

by 3.6 and 2.2 years, respectively.  

#Cumulative years lived under observation-to-date 

*p<0.05 compared to smokers 

 

 

 

 

 

 

 

 

 

 

 

  



Figure S4. Years Lived# Free of and With Cardiovascular Disease (CVD) Among Old Adults. 

 

Years lived free of and with CVD in old (index age 60-79 years) men (A) and women (B). Adults who did not 

smoke lived more years free of CVD compared with those who reported smoking at baseline. Years lived with 

CVD was similar in smokers and non-smokers. Compared to non-smokers, men and women with current cigarette 

smoking had an earlier onset of CVD by 2.9 and 2.8 years, respectively, and had reduced overall survival by 3.1 

and 3.1 years, respectively.  

#Cumulative years lived under observation-to-date; *p<0.05 compared to smokers 

 

 

 

 

 

 


