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ABSTRACT

Background: Cigarette smoking is known to increase the risk of AF, and a 

recent cross-sectional analysis suggested that parental smoking may be an 

AF risk factor. 

Objectives: To assess if parental smoking predicts offspring atrial fibrillation 

(AF) in the Framingham Heart Study.

Methods: We analyzed Framingham Offspring cohort participants with 

parents in the Original cohort with known smoking status during the 

Offspring’s childhood. Framingham participants were evaluated every 2-8 

years and under routine surveillance for incident AF. We assessed AF 

incidence among Offspring participants exposed to parental smoking through

age 18 years and performed a mediation analysis to determine the extent to 

which Offspring smoking might explain observed associations. 

Results: Of 2,816 Offspring cohort participants with at least one parent in the

Original cohort, 82% were exposed to parental smoking. For every pack/day 

increase in parental smoking, there was an 18% increase in Offspring AF 

incidence (adjusted hazard ratio [HR], 1.18; 95% CI, 1.00-1.39; p=0.04). 

Additionally, parental smoking was a risk factor for Offspring smoking 

(adjusted odds ratio [OR], 1.34; 95% CI, 1.17-1.54; p<0.001). Offspring 

smoking mediated 17% (95% CI 1.5 to 103.3%) of the relationship between 

parental smoking and Offspring AF. 

Conclusions: Childhood secondhand smoke exposure predicted increased risk

for adulthood AF after adjustment for AF risk factors. Some of this 
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relationship may be mediated by a greater propensity among Offspring of 

smoking parents to smoke themselves. These findings highlight potential 

new pathways for AF risk that begin during childhood, offering new evidence 

to motivate smoking avoidance and cessation.  

Keywords: Atrial fibrillation, smoking, secondhand smoke

CONDENSED ABSTRACT:

Secondhand smoke exposure and atrial fibrillation (AF) risk remain poorly 

studied. Of 2,816 Framingham Heart Study Offspring cohort participants with

at least one parent in the Original cohort, 82% were exposed to parental 

smoking during their early childhood and development. For every pack/day 

increase in parental smoking, there was an 18% increase in Offspring AF 

incidence (adjusted hazard ratio [HR], 1.18; 95% CI, 1.00-1.39; p=0.04). 

Childhood secondhand smoke exposure predicted increased risk for 

adulthood AF, highlighting a potential new mechanistic pathway for AF that 

begins during childhood.
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ABBREVIATIONS:

AF = atrial fibrillation
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INTRODUCTION

Atrial fibrillation (AF) is increasing in prevalence and expected to affect 16 

million Americans by 2050 (1). Cigarette smoking remains one of the most 

important modifiable cardiovascular risk factors, with a 2017 adult smoking 

prevalence of 14% in the United States (2). Cigarette smoking has been 

associated with incident AF in several large epidemiologic studies, with 

estimates that up to 7% of all AF can be attributed to smoking (3–5). 

It is well-established that smoking cessation is difficult, but some evidence 

suggests that recognizing harmful effects on others may help motivate 

smoking avoidance (6). Whereas little has been published on the effects of 

secondhand smoke exposure on AF, we previously showed that exposure to 

cigarette smoke while in utero or as a child may increase AF risk later in life

(7). If true, these findings could incentivize smokers to quit and potential 

smokers to avoid smoking. The findings might also point to new mechanistic 

pathways related to AF pathogenesis. However, that study relied on self-

reported cigarette smoke exposure, and recall bias may have played a role. 

We therefore sought to leverage the multi-generational Framingham Heart 

Study to test the hypothesis that parental smoking predicts offspring AF. 

METHODS

Patient Population.
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We analyzed all Framingham Offspring cohort participants with at least one 

parent in the Original cohort with a known smoking status at any point until 

their Offspring reached the age of 18 years. The Framingham Heart and 

Offspring Studies, as well as their design and methods, have been described 

in prior publications (8,9). In brief, ambulatory men and women participants 

were recruited into the Original cohort in 1948 and followed at specific 

intervals for the development of cardiovascular disease. The Framingham 

Heart Study was then expanded to include the Offspring cohort in 1971 for 

the children of those in the Original cohort and their spouses, with continued 

longitudinal follow-up for incident cardiovascular disease. Each cohort was 

evaluated by a Framingham Heart Study physician approximately every 2 to 

4 (Original) and 4 to 8 (Offspring) years, and were under routine surveillance 

during inter-exam periods for cardiovascular outcomes through review of 

outside medical records and physician visits adjudicated by Framingham 

investigators. The most recent examination period for both the Original and 

Offspring cohorts concluded in 2014. At each visit, a physician obtained a 

medical history and administered a physical exam. All participants 

underwent serial standardized questionnaires regarding cigarette-smoking 

status. To examine a relationship between secondhand smoke exposure in 

early development and adulthood AF risk, we centered on smoking 

ascertainment during study examinations for the Original cohort up until the 

time their respective Offspring cohort participants reached 18 years of age. 
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Cardiovascular Disease and Risk Factor Definitions.

The following cardiovascular risk factors at Exam 1 in the Offspring cohort 

were utilized as baseline covariates in the study analysis: hypertension, 

diabetes mellitus, body mass index, coronary heart disease, congestive heart

failure, alcohol consumption, and family history of AF. Framingham Heart 

Study participants prescribed antihypertensive therapy as well as those with 

either a systolic blood pressure ≥ 140 mmHg or a diastolic blood pressure ≥ 

90 mmHg were considered to have hypertension. Body mass index was 

calculated as weight in kilograms divided by the square of the participant’s 

height in meters at baseline examination. Either a fasting plasma glucose ≥ 

126 mg/dL or treatment with diabetes mellitus medications were used for 

diabetes mellitus status. The criteria for coronary heart disease included the 

presence of 2 of the 3 of the following findings: symptoms indicative of 

ischemia, changes in biomarkers of myocardial necrosis, and serial changes 

in ECGs suggestive of infarction. An old myocardial infarction was considered

to be present when the ECG showed a pathologic Q wave or loss of 

precordial R waves. Finally, myocardial infarction could be diagnosed based 

on autopsy. Congestive heart failure was diagnosed based on a minimum of 

2 major heart failure or 1 major and 2 minor heart failure criteria (10). 

Alcohol consumption was defined as any baseline consumption of at least 

one weekly alcoholic beverage. All Framingham Heart Study participants 

provided written informed consent, and the Framingham Heart Study 

protocols were approved by the Boston University Medical Campus 

8



Institutional Review Board. This current study utilizing the Framingham Heart

Study datasets was approved by the University of California, San Francisco 

Institutional Review Board.

Smoking Definitions.

Smoking was defined in both the Original and Offspring cohorts as 

participants reporting smoking ≥ 1 cigarette daily during the year prior to 

their study examination. For those participants who reported smoking, the 

number of mean packs of cigarettes smoked per day was calculated based 

on daily number of cigarettes (1 pack representing 20 cigarettes, ½ pack 

representing 10 cigarettes, and ¼ pack representing 5 cigarettes). Parental 

smoke exposure for the Offspring cohort was assessed and defined as the 

presence of parental smoking (either parent) of > 0 mean packs per day at 

any point in an examination period when his or her Offspring participant was 

between 0 and 18 years of age. To account for a possible dose-response 

smoking relationship from variable exposure between individual parents, 

parental smoke exposure was also defined as the summation of number of 

cigarettes smoked daily by both the mother and father. Baseline Offspring 

smoking status was defined as smoking of > 0 mean packs per day at 

Offspring Exam 1.

Atrial Fibrillation Definitions.
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Participants in the Original and Offspring cohorts were considered to have AF

if an ECG at a Framingham Heart Study examination ever demonstrated AF 

or atrial flutter. Additionally, Framingham Heart Study investigators routinely

reviewed participants’ outside medical records, interim hospitalizations, 

outside ECGs, and Holter monitor results for a diagnosis of AF. Family history 

of AF was defined by the diagnosis of AF in either parent at any point during 

a Framingham follow up examination.

Statistical Analysis.

Continuous and ordinal variables are expressed as means and standard 

deviations or median and interquartile ranges (IQR), respectively. Bivariate 

comparisons were conducted using logistic models with robust standard 

errors in order to account for family clustering, and Fisher’s exact test was 

utilized when such a comparison included at least one cell with no 

observations. Normally distributed continuous variables were compared 

using the Student’s t-tests, and variables with either a skewed distribution or

that were ordinal were compared using the Wilcoxon rank sum test. The 2 

test was used to compare categorical variables and Fisher’s exact test for 

categories with < 5 observations. Cox proportional hazard models were used

to assess the association of parental smoking from the Original cohort with 

incident AF among Offspring cohort participants. Given the natural clustering

of AF outcomes within families, the models used robust standard errors to 

account for intrafamily AF clustering. The models were adjusted for 
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established AF risk factors including age, sex, body mass index, coronary 

heart disease, hypertension, diabetes mellitus, and a family history of AF. 

Baseline congestive heart failure was not included as a covariate as it was 

only present in 1 participant in the Offspring cohort.

A priori, it was hypothesized that Offspring cigarette smoking may mediate 

some of the risk for incident AF as Offspring of smokers may be more likely 

to smoke themselves. Unadjusted and multivariable adjusted logistic 

regression models were first used to measure associations between parental 

smoking as a predictor of Offspring smoking. Cox proportional hazards 

models were then used to examine the relationship between Offspring 

smoking as a predictor of Offspring AF incidence. The proportion of AF risk 

explained by parental smoking that was mediated by Offspring smoking was 

calculated based on the percent difference in multivariable adjusted beta 

coefficients for parental smoking with and without Offspring smoking 

included in the model. A 95% CI was then estimated using bootstrap 

resampling with 500 replications with robust standard errors accounting for 

intrafamily AF clustering.

All analyses were performed using STATA version 15 (STATA Corp., College 

Station, TX) and a two-tailed p-value of <0.05 was considered statistically 

significant.
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RESULTS

Out of 5,124 Offspring cohort participants, 2,816 (55%) had available 

parental smoking ascertainment during the respective Offspring childhood 

period up until age 18 years. Secondhand smoke exposure at some point 

during childhood was experienced by 82% of these  Offspring participants. 

Baseline characteristics of the studied population are listed in Table 1. 

Those exposed to smoking tended to be older, have hypertension, were 

more likely to smoke themselves, and more often had a family history of AF. 

The median number of parental cigarettes smoked daily in the exposed 

group was 0.5 packs, or 10 cigarettes, per day (interquartile range 0.07 – 1 

pack per day). 

Among the Offspring cohort with available smoking ascertainment, 404 

(14.3%) developed AF over a median follow-up of 40.5 years (interquartile 

range 33.3 – 41.9 years), with an overall incidence rate of 4.02 per 1000 

person-years. Those exposed to more parental smoking demonstrated a 

higher adjusted incidence of AF (Central Illustration). After multivariable 

adjustment, Offspring participants experienced an 18% increase in AF 

incidence for every pack per day increase in parental smoking (Table 2). 

After adjusting for Offspring age, sex, body mass index, coronary heart 

disease, diabetes, hypertension, alcohol consumption, and family history of 

AF, parental smoking was associated with a significantly increased odds of 
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Offspring smoking (adjusted odds ratio 1.34, 95% CI 1.17-1.54, p<0.001). 

Also after adjusting for the same covariates, Offspring smoking was 

associated with a 32% increase in AF incidence (adjusted hazard ratio 1.32, 

95% CI 1.11-1.56, p=0.002). In assessing the proportion of AF risk explained 

by the indirect pathway of Offspring of smoking parents smoking 

themselves, adjusting for Offspring smoking in the multivariable model 

attenuated the relationship between parental smoking and Offspring AF, 

statistically explaining, or mediating, 17% (95% CI 1.5 to 103.3%) of the 

relationship between parental smoking and Offspring AF (Table 3).

DISCUSSION

Primary Findings.

Parental smoking was associated with a higher risk of Offspring AF after 

adjustment for conventional AF risk factors and accounting for AF clustering 

within families. At least some of that relationship may be mediated by a 

greater propensity among Offspring of smoking parents to smoke 

themselves. These findings highlight potential new mechanistic pathways for

AF risk that begin during childhood and an association between secondhand 

smoke exposure and AF risk. These observations may also provide new 

information pertinent to smoking cessation and avoidance, highlighting the 

harms that may be associated not only “to others” but to close and the most 

vulnerable members of the family. 
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Despite the published health hazards of smoking and public awareness 

campaigns to reduce smoking, 14% of adult Americans continue to smoke, 

and each day, 2000 people under the age of 18 smoke their first cigarette. 

Therefore, smoking remains the primary cause of preventable death, with 

the number of attributable annual deaths expected to increase from 6 million

to 8 million by 2030 (11). In the United States, secondhand smoke exposure 

is responsible for at least 41,000 deaths annually (11). While there have 

been numerous published reports of the deleterious effects of smoking on 

other cardiovascular conditions such as coronary heart disease, the risk of AF

secondary to cigarette smoking is less well-defined (12). This is especially 

pertinent given that recent successes in smoking cessation programs have 

demonstrated a decreased incidence of myocardial infarction and a 

reduction of all-cause mortality in those with established coronary heart 

disease (13,14). With the rising prevalence of AF, even after accounting for 

the aging population, it is imperative to address modifiable risk factors such 

as cigarette smoking to reduce the global burden of AF (15). However, most 

studies to date have focused on primary smoke exposure and not 

secondhand smoke exposure and AF risk, with a recent meta-analysis 

demonstrating that active smoking was associated with a 23% higher AF risk 

across multiple longitudinal studies (5). It is hypothesized that smoking alters

plasma catecholamine concentrations and ion channel conduction, increases 

oxidative stress, and triggers atrial remodeling by disrupting fibroblasts, 

potentially all contributing to increased AF risk (16–18). We hypothesize that 
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these mechanisms should be no less relevant during passive smoke 

inhalation, and that this may be even more critical during early human 

growth and development in the childhood and adolescent years. In addition 

to these direct mechanisms for AF risk, secondhand smoke is a previously 

established risk factor for coronary heart disease and diabetes mellitus, each

themselves important risk factors for AF development and thus, may 

indirectly affect AF risk (19–21).  

Our study highlights the relationship between smoking and AF risk, with a 

magnitude very similar to previous studies (3,4). Given this, we recognize 

that the relationship between parental smoking on Offspring AF may be 

related to direct (rather than secondhand) smoking itself. Indeed, we found 

that Offspring of smoking parents were themselves substantially more likely 

to smoke. As specified a priori, adjustment for Offspring smoking 

demonstrated that at least some of the observed relationships were 

mediated by Offspring smoking, suggesting that this learned behavior 

(smoking parents begetting smoking Offspring) may also explain how 

parental smoking might predispose to Offspring AF. While the point estimate 

suggested that only 17% of these relationships were explained by Offspring 

smoking, the wide 95% confidence intervals make it difficult to determine 

how much of the enhanced Offspring AF risk may be due to detrimental 

secondhand smoke effects during development versus the direct smoking 

that is more likely to occur if one’s parents smoke. 
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Despite public health efforts in reducing primary smoking and secondhand 

smoke exposure, 8.4% of women report smoking at some point during 

pregnancy, and the exposure to secondhand smoke during pregnancy is 

likely even higher (22). Within a family, smoking status is linked among 

individual members. Consistent with our findings in the current study, 

previous investigations have shown that a smoking parent increases the 

likelihood of his or her partner smoking and a child’s chance of smoking later

in life (23,24). Given these relationships, smoking cessation by one parent 

may lead to cessation by the other and a decreased smoking incidence for 

their children, thus impacting the overall cardiovascular health and AF 

burden within the family. 

Study Strengths and Limitations.

Our study has several strengths including a moderately large sample size, a 

unique longitudinal, community-based cohort spanning across generations, 

and long-term and robust follow-up for our primary outcome of interest. In 

addition to AF, the Framingham Heart Study is renowned for its rigorous 

ascertainment of relevant covariates that were used in multivariable 

adjustment. We recognize several limitations to our analysis. Parental 

smoking status was not available in nearly 45% of potentially exposed 

Offspring participants. This is attributed to incomplete smoking 

ascertainment in the early Framingham Heart Study examinations (Exams 1 
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and 2) due to lack of awareness of the harmful effects of smoking in the 

1950’s. Additionally, there may be variations in parental smoke exposure 

among children of separated, divorced, single parents or other smoking 

family members that may also live in the household. To minimize this 

variability, we utilized the total sum of parental smoke exposure between the

mother and father. While we cannot exclude the possibility that these 

limitations introduced some bias, we suspect this primarily decreases our 

power to detect significant associations and would not meaningfully 

influence our measures of association in either direction—specifically, our 

analysis demonstrated a graded response regarding amount of parental 

smoking and Offspring AF, which at least should maintain internal validity 

even in a selected sample. We also recognize that AF may be clinically silent 

and not routinely detected on follow-up examinations. However, as 

mentioned, the Framingham Heart Study is well-established in its thorough 

assessment of cardiovascular outcomes, and AF events were ascertained 

from outside records in addition to routine examinations; again this limitation

would be expected to reduce power rather than result in spurious false 

positive results. Importantly, the demographic makeup of the Framingham 

Heart Study is a predominantly White cohort in one geographic area, which 

may limit the generalizability to the remainder of the population. Finally, as 

this was an observational study, we cannot prove causal effects and 

recognize that both unmeasured and residual confounding may yet be 

important factors in explaining our observations. 
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Conclusions.

As the world experiences an increasing burden of AF, it is imperative to 

identify AF risk factors beyond traditional cardiovascular comorbidities and 

ideally to highlight lifestyle factors that can be readily modified (25). 

Smoking remains the most important modifiable cause of death and 

morbidity in the world, and new information regarding the harms of 

secondhand smoke may prove useful to motivate smoking cessation and 

avoidance (11). These data show that parental smoking influences the risk of

AF among Offspring, demonstrating chronic deleterious effects that are 

relevant decades after the initial exposure. These observations reveal an 

association between an early life exposure and AF which may suggest new 

mechanistic pathways for AF risk deserving of further mechanistic 

exploration. Whether related to acute smoke inhalation during development 

and/or learned behaviors that influence risk later in life, these observations 

may provide new evidence to motivate current smokers to quit and potential 

smokers to avoid smoking altogether.

 

PERSPECTIVES

Competency in Medical Knowledge: Smoking is a known risk factor for AF, 

but secondhand smoke exposure and AF risk have rarely been the focus of a 

scientific study. Early, parental secondhand smoke exposure during one’s 

childhood is associated with a higher risk for AF. Some of this relationship 
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may be mediated by the offspring of smoking parents to be more likely to 

smoke themselves. This study reveals a potential new mechanistic pathway 

for AF risk that begins during early life which may provide further evidence 

to motivate current smokers to quit or avoid smoking around children.

Translational Outlook: The relationship between early secondhand smoke 

exposure and AF risk should prompt additional investigations into the 

biologic mechanism of early smoke exposure and atrial substrate 

modification during in utero and childhood development. 
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FIGURE TITLES AND LEGENDS

Central Illustration. Adjusted Atrial Fibrillation Incidence for Amount

of Parental Smoking

Cumulative incidence of Offspring atrial fibrillation by number of cigarettes 

smoked per day by their parents. Adjusted for Offspring age, sex, race, body 

mass index, coronary heart disease, diabetes, hypertension, alcohol 

consumption, and accounting for family clustering of atrial fibrillation.
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TABLES

Table 1. Baseline Offspring Characteristics, by the

Presence or Absence of Parental Smoking (up until

age 18)
Characteristic Parental

Smoking (n =

2316)

No Parental

Smoking (n =

500)

p-

value

Age, mean, years 32.9 ± 10.0 29.5 ± 7.1 <0.00

1
Male Sex 1100 (48%) 263 (53%) 0.03

Body Mass Index, mean, 

kg/m2

24.7 ± 4.2 24.6 ± 4.4 0.58

Smoking History 1100 (48%) 185 (37%) <0.00

1
Coronary Heart Disease 10 (<1%) 0 (0%) 0.23

Congestive Heart Failure 1 (<1%) 0 (0%) 1.00

Hypertension 394 (17%) 54 (11%) 0.001

Diabetes Mellitus 26 (1%) 1 (<1%) 0.09

Alcohol Consumption 1973 (85%) 397 (79%) 0.004

Parental AF 940 (41%) 176 (35%) 0.15

Maternal & Paternal 

Smoking

797 (34%) 0 (0%)

Maternal Smoking 1256 (54%) 0 (0%)

Paternal Smoking 1857 (80%) 0 (0%)

Included participants are those with parental smoking ascertainment 

between ages 0 and 18.

AF, atrial fibrillation
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Table 2. Parental Smoking (mean packs/day up until Offspring

age 18) as a Predictor of Incident Atrial Fibrillation
Covariate Unadjusted Models Multivariable Adjusted

Models

HR 95% CI p-

value

HR 95% CI p-

value
No Parental 

Smoking

1.00 (Refere

nt)

1.00 (Referen

t)
Parental Smoking 1.35 1.16-

1.58

<0.001 1.18 1.00-

1.39

0.04

No Paternal 

Smoking

1.00 (Refere

nt)

1.00 (Referen

t)
Paternal Smoking 1.67 1.38-

2.02

<0.001 1.24 1.01-

1.51

0.04

No Maternal 

Smoking

1.00 (Refere

nt)

1.00 (Referen

t)
Maternal Smoking 1.49 1.07-

2.07

0.02 1.16 0.83-

1.61

0.38

Models were adjusted for Offspring age, sex, body mass index, coronary heart 

disease, diabetes, hypertension, alcohol consumption, and accounted for 

family clustering of atrial fibrillation. 
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Table 3. Mediation  of the Relationship between Parental Smoking

(mean packs/day up until Offspring age 18) and Offspring Incident

Atrial Fibrillation by Offspring Smoking
Covariate Multivariable Adjusted Models

Adjusted for Offspring

Smoking

Proportion of Associated AF

Risk Explained by Offspring

Smoking
HR 95% CI p-value % 95% CI (bias

corrected)
Parental 

Smoking

1.15 0.98-1.35 0.10 16.57 1.49 – 103.26

Models were adjusted for Offspring age, sex, body mass index, coronary heart disease, 

diabetes, hypertension, alcohol consumption, and accounted for family clustering of atrial 

fibrillation.
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