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Study Objectives: Although both sleep-disordered breathing (SDB) and smoking are associated with cardiovascular disease (CVD), the potential for an 
interactive effect on CVD risk has not been explored. Our objective was to determine if smoking-related risk for CVD rises with greater SDB severity.
Methods: Polysomnography and smoking history were obtained in 3,852 men and women in the Sleep Heart Health Study without baseline CVD. Fine-Gray 
proportional hazard models accounting for competing risk were used to calculate risk of incident CVD associated with SDB severity (defined by clinical cutoffs 
of the apnea-hypopnea index), smoking status (never, former, and current) and their interaction adjusting for potential confounders.
Results: Over a mean (standard deviation) follow-up period of 10.3 (3.4) years, there were 694 incident CVD events. We found a significant three-way 
interaction of sex, current smoking, and moderate to severe SDB (P = .039) in the adjusted proportional hazards model. In adjusted analyses, women who 
were current smokers with moderate to severe SDB had a hazard ratio for incident CVD of 3.5 (95% confidence interval 1.6–8.0) relative to women who were 
nonsmokers without SDB. No such difference in CVD risk was observed in men or women of other strata of smoking and SDB.
Conclusions: In women, smoking-related risk for CVD is significantly higher among individuals with moderate to severe SDB.
Keywords: cardiovascular disease, sleep-disordered breathing, smoking
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INTRODUCTION

Sleep-disordered breathing (SDB) and smoking are each asso-
ciated with increased risk for cardiovascular disease (CVD).1–4 
SDB increases risk for coronary heart disease and cerebro-
vascular disease mediated via multiple effects including en-
dothelial dysfunction, increased sympathetic tone, augmented 
inflammation, and adverse metabolic effects involving glucose 
and lipid metabolism.5 Similarly, tobacco smoke predisposes 
patients to atherosclerosis and CVD, at least in part by causing 
endothelial dysfunction.3

As SDB and smoking individually cause endothelial dys-
function, it is not surprising that, among individuals without 
clinical CVD, individuals with moderate to severe SDB and 
concurrent smoking had the greatest levels of endothelial 
dysfunction, as measured by peripheral arterial tonometry, 

SCIENTIF IC INVESTIGATIONS

Risk of Cardiovascular Disease Related to Smoking Is Greater Among Women 
With Sleep-Disordered Breathing
Lucas M. Donovan, MD, MS1,2; Laura C. Feemster, MD, MS1,2; Martha E. Billings, MD, MS2; Laura J. Spece, MD, MS1,2; Matthew F. Griffith, MD1,2; 
Peter J. Rise, MS1; Elizabeth C. Parsons, MD, MS1,2; Brian N. Palen, MD1,2; Daniel J. O’Hearn, MD1,2; Susan Redline, MD, MPH3; David H. Au, MD, MS1,2; 
Vishesh K. Kapur, MD, MPH2

1Veterans Affairs Puget Sound Healthcare System, Seattle, Washington; 2Division of Pulmonary, Critical Care, and Sleep Medicine, University of Washington, Seattle, Washington; 
3Division of Sleep Medicine, Brigham and Women’s Hospital, Boston, Massachusetts

pii: jc-18-00322 ht tp://dx.doi.org/10.5664/jcsm.7496

compared to those with other intersections of SDB and smok-
ing status.6 Further work has also shown that relative to the 
isolated exposure of smoking or SDB, those with combined 
exposure to smoking and SDB had augmentation of CVD 
risk factors such as adverse lipid profiles, C-reactive protein 
levels, and insulin resistance, with analyses demonstrating 
evidence of effect modification between smoking and SDB.7,8 
These cross-sectional studies, however, do not address risk 
of incident disease, and two of these three studies focused 
exclusively on men.8

In order to evaluate whether SDB modifies the association 
between smoking and incident CVD, we analyzed long-term 
outcomes in the Sleep Heart Health Study (SHHS) among indi-
viduals without baseline CVD. In light of known differences by 
sex in cardiovascular risk associated with SDB in prior analy-
ses,2,9,10 we explored effect modification by sex. Knowledge of 

BRIEF SUMMARY
Current Knowledge/Study Rationale: Small cross-sectional studies suggest effect modification between smoking and sleep-disordered breathing in 
markers of cardiovascular risk, but it is unclear whether smoking augments the risk of clinically significant cardiovascular disease posed by sleep-
disordered breathing.
Study Impact: The current study finds evidence that smoking increases the risks of incident cardiovascular disease associated with moderate to 
severe sleep-disordered breathing among women but not men in the Sleep Heart Health Study. These results indicate that smoking and sleep-
disordered breathing may interact to increase risks of cardiovascular events, such as heart attacks and strokes, among women. This subgroup may 
benefit from further research to evaluate the mechanisms of this interaction.
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which patients are at particularly high risk for the development 
of CVD can help prioritize groups for large-scale interventions.

METHODS

The SHHS was a nationwide prospective cohort study that 
recruited 6,441 individuals from 7 existing cohorts in order 
to evaluate CVD outcomes related to SDB.11 Individuals were 
included in the SHHS if they were not being treated for SDB 
and were older than 40 years. Data for the current analysis 
come from the Sleep Heart Health cohorts represented in the 
National Sleep Research Resource12 (NSRR, sleepdata.org) 
which includes data for 5,804 of the 6,441 individuals; 1 of the 
7 parent cohorts, Strong Heart Study, did not provide data to 
the NSRR because of data sovereignty issues. Follow-up CVD 
data from a second cohort was not included in NSRR (n = 760) 
or included in prior SHHS longitudinal analyses9,10 because of 
concerns about data quality. We also excluded individuals with 
a history of baseline CVD (n = 626) or heart failure (n = 97), 
as heart failure substantially overlaps with CVD. Finally, we 
excluded individuals missing baseline smoking status (n = 14), 
follow-up CVD event data (n = 17), or with one or more miss-
ing covariates (total n = 438, of whom 362 were only missing 
lipids). Our final analytical cohort included 3,852 individuals 
(Figure 1). The use of the de-identified data in this analy-
sis was approved by the National Sleep Research Resource, 

Brigham and Women’s Hospital Institutional Review Board 
(# 2011P000161).

Participants underwent in-home polysomnography at the 
time of smoking history and baseline CVD risk assessment us-
ing methods described elsewhere.13 Apneas were defined as ab-
sence of airflow for at least 10 seconds, hypopneas were defined 
as at least a 30% reduction in airflow with an accompanied 4% 
drop in oxygen saturation by pulse oximetry, and apneas were 
characterized as either obstructive or central based on the pres-
ence or absence of respiratory muscle effort. All apneas and 
hypopneas were added together and divided by sleep duration 
in hours to create an apnea-hypopnea index (AHI). We catego-
rized SDB severity according to the clinical cutoffs of AHI: < 5 
events/h (no disease), 5 to < 15 events/h (mild disease), and ≥ 15 
events/h (moderate to severe). Because only 89 women had se-
vere SDB, moderate and severe SDB categories were collapsed 
into a single stratum in order to ensure that a sufficient number 
of smokers and nonsmokers were present in each SDB subgroup. 
The average as well as nadir (minimum) oxygen saturations 
during sleep were recorded. Spirometry was also obtained in 
a subset of individuals. Smoking history was obtained during 
an in-person interview that included questions regarding cur-
rent smoking status and number of lifetime pack-years smoked. 
For our analyses, we classified individuals as current, former, or 
never smokers. Former smokers were considered never smokers 
if they reported less than one pack-year smoking history.

Our main outcome of interest was incident CVD. Incident 
CVD events were defined as the first occurrence of myocardial 
infarction, coronary artery bypass graft, coronary revascular-
ization (including coronary artery bypass surgery), stroke, or 
death due to cardiovascular disease. Trained abstractors in the 
parent cohorts adjudicated each incident CVD event by thor-
ough review of medical records.9

At baseline, SHHS participants completed questionnaires 
and underwent in-depth interviews regarding health history, 
current health status, and demographics. During in-person in-
terviews participants were queried regarding physician diag-
noses of CVD, heart failure, and diabetes mellitus as well as 
medication use. We defined diabetes as either participant-re-
ported physician diagnosis of diabetes, or participant-reported 
use of an oral hypoglycemic drug or insulin. Study staff mea-
sured blood pressure, height, and weight. Blood samples were 
also collected for lipid levels at select parent examinations.9

Statistical Analysis
We present baseline data stratified by sex and SDB sever-
ity. In light of the competing risk of death without CVD, we 
modeled survival using a competing risk regression according 
to the proportional hazards model created by Fine and Gray 
that accounts for the subdistribution of a competing risk.14,15 
To assess whether an interaction among sex, smoking sta-
tus, and SDB was present, we used Fine-Gray proportional 
hazard models that included sex, SDB severity modeled as a 
categorical variable with common clinical cutoff points (no 
SDB AHI < 5 events/h; mild SDB AHI 5 to < 15 events/h; 
moderate to severe SDB, AHI ≥ 15 events/h), smoking status 
(never, current, and former), and the interaction term of sex × 
SDB severity × smoking status. To ease exposition, we also 

Figure 1—Flow of patients from SHHS parent cohort to the 
current sample.

Covariates found to be missing included body mass index, blood 
pressure, and lipids (total cholesterol and high-density lipoprotein). 
CVD = cardiovascular disease, HF = heart failure, NSRR = National 
Sleep Research Resource, SHHS = Sleep Heart Health Study.
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estimated the sex-specific risk at each intersection of smoking 
and SDB severity, by constructing sex-specific Fine-Gray pro-
portional hazards models that included categories representing 
each strata of smoking status and SDB severity as independent 
variables. Never smokers with no SDB served as the referent 
group. The proportional hazards assumption was met in all 
models.16 To evaluate the cumulative exposure to cigarettes as 
ascertained at baseline, we also created proportional hazards 
models to evaluate the risk associated with every 10 pack-
years of smoking history with models adjusted for the same 
aforementioned potential confounders. We adjusted each Fine-
Gray proportional hazards model for age, race, body mass 
index (BMI), total and high-density cholesterol, systolic and 
diastolic blood pressure (SBP and DBP), and diabetes. With 
further sensitivity analyses, we repeated the initial three-way 
interaction model as a Cox proportional hazards model where 
competing risks were not considered. We also performed sep-
arate sensitivity analyses where lipids were not included as 
covariates and blood pressure was accounted for by the pres-
ence or absence of hypertension by the traditional definition 
of SBP ≥ 140 mmHg, DBP ≥ 90 mmHg, or use of an antihy-
pertensive medication17 in lieu of measured values.18–22 Given 
the known relationship between smoking and lung disease,23 
we performed analyses to determine whether our findings ex-
isted independent of the potential mediators of hypoxic burden 
or impaired lung function. To do so, we performed sensitivity 
analyses that included average and nadir oxygen saturation, 
and percent predicted forced expiratory volume in 1 second as 
covariates. For all analyses, we used STATA version 14.2 (Col-
lege Station, Texas, United States).

RESULTS

At baseline, this sample of 1,693 men and 2,159 women had a 
mean age of 63.2 years (standard deviation 10.8 years), with 
1,996 never smokers, 1,478 former smokers, and 378 current 
smokers. Half of our sample had no SDB (n = 1,927, 50.0%), 
and of the 1,925 participants who had SDB, 1,163 (60.4%) had 
mild SDB, and 834 (39.6%) had moderate to severe SDB. The 
baseline statistics are presented stratified by sex and SDB se-
verity in Table 1. Regardless of sex, those with greater severity 
of SDB tended to be older, with higher BMI, lower levels of 
education, and greater cholesterol levels. At the highest stra-
tum of SDB severity, there was a lower proportion of current 
smokers (men, 6.9% current smokers with moderate-severe 
SDB versus 15.2% with no SDB; women, 6.1% current smok-
ers with moderate-severe SDB versus 11.3% with no SDB). The 
proportion of participants with at least a 20 pack-year smoking 
history was similar across SDB strata.

Over an average follow-up period of 10.3 (3.4) years, there 
were 694 incident CVD events, with 23.1% (n = 391) of men 
and 14.0% (n = 303) of women experiencing an incident CVD 
event. These events included 170 nonfatal myocardial infarc-
tions, 73 fatal myocardial infarctions, 170 nonfatal strokes, 
42 fatal strokes, and 239 coronary revascularization pro-
cedures. Additionally, 12.2% of men (n = 206) and 9.8% of 
women (n = 212) experienced a competing event of non-CVD 
related death. Unadjusted rates for incident CVD events for 
each intersection of smoking status and clinical cutoff point 
of SDB are presented in Table 2. Women with moderate to 
severe SDB who were current smokers had the highest rate 

Table 1—Baseline characteristics of sample stratified by sex and SDB severity.
Men Women

AHI < 5
(n = 617)

AHI 5 to < 15
(n = 595)

AHI ≥ 15
(n = 481)

AHI < 5
(n = 1,310)

AHI 5 to < 15
(n = 568)

AHI ≥ 15
(n = 281)

Age, years 60.8 (10.9) 63.6 (10.1) 65.4 (10.2) * 61.3 (10.9) 65.7 (10.7) 67.7 (10.0) *
BMI, kg/m2 27.1 (3.7) 28.6 (4.0) 30.3 (4.7) * 26.8 (4.6) 29.4 (5.8) 31.6 (7.0) *
Race/ethnicity, n (%)       

Non-Hispanic white 538 (87.2) 520 (87.4) 434 (90.2) 1120 (85.5) 497 (87.5) 251 (89.3)
Non-Hispanic black 33 (5.4) 34 (5.7) 28 (5.8) 89 (6.8) 38 (6.7) 22 (7.8)
Hispanic 29 (4.7) 28 (4.7) 16 (3.3) 82 (6.3) 25 (4.4) 8 (2.9)
Other 17 (2.8) 13 (2.2) 3 (0.6) 19 (1.5) 8 (1.4) 0 (0.0)

Smoking status, n (%)       
Never smoker 252 (40.8) 230 (38.7) 210 (43.7) * 777 (59.3) 346 (60.9) 181 (64.4) *
Former smoker 271 (43.9) 313 (52.6) 238 (49.5) 385 (29.4) 188 (33.1) 83 (29.5)
Current smoker 94 (15.2) 52 (8.7) 33 (6.9) 148 (11.3) 34 (6.0) 17 (6.1)

≥ 20 cigarette pack-years 179 (29.0) 191 (32.1) 164 (34.1) 247 (18.9) 102 (18.0) 53 (18.9)
AHI, events/h 2.2 (1.4) 9.3 (2.9) 30.9 (16.3) * 1.8 (1.4) 8.8 (2.8) 28.7 (14.6) *
Cholesterol, mg/dL 199.1 (37.2) 199.4 (36.4) 204.0 (3.04) 209.6 (38.0) 215.0 (40.2) 210.5 (32.0) *
HDL, mg/dL 44.5 (12.1) 44.8 (12.7) 43.7 (11.6) 58.4 (16.6) 55.0 (14.9) 54.7 (16.9) *
SBP, mmHg 123.9 (17.0) 126.1 (16.8) 126.7 (16.9) * 121.2 (18.2) 126.4 (18.8) 129.6 (19.3) *
DBP, mmHg 73.8 (10.3) 74.2 (10.2) 74.2 (11.6) 70.4 (9.9) 71.1 (10.6) 70.8 (11.4)
Diabetes, n (%) 39 (6.3) 58 (9.8) 45 (9.4) * 48 (3.7) 45 (7.9) 30 (10.7) *

Values are presented as mean (standard deviation) or n (%) as indicated. * = statistically significant group differences by chi-square or analysis of variance, 
P < .05. AHI = apnea-hypopnea index, BMI = body mass index, DBP = diastolic blood pressure, HDL = high-density lipoprotein, SBP = systolic blood 
pressure, SDB = sleep-disordered breathing.
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of CVD (40.0 events per 1000 person-years, 95% confidence 
interval [CI] 18.0–89.1).

In a competing risks regression model assessing the three-
way interaction of smoking status, SDB severity (defined by 
clinical cutoffs), and sex, the main effect of sex was found to 
be significant in both the unadjusted (hazard ratio [HR] for fe-
male sex 0.55, 95% CI 0.39–0.80) and adjusted (HR 0.49, 95% 
CI 0.33–0.71) models (Table S1 in the supplemental material, 
model 1). No interactions were significant in the unadjusted 
model, but the interaction of female sex, current smoking, and 
moderate to severe SDB (HR 4.30, 95% CI 1.08–17.18) was sig-
nificant in the adjusted model. In sensitivity analyses, although 
point estimates and CIs varied, the interaction of female sex, 
current smoking, and moderate to severe SDB consistently had 
the highest point-estimate of any interaction term, including 
the model that incorporated average and nadir oxygen satura-
tion (Table S1, models 2 through 6).

In light of a significant three-way interaction, we then ex-
plored the relative magnitude of risk by sex. We evaluated sex-
specific risk for incident CVD at different smoking and SDB 
severity by clinical cutpoint. In Table 3, from separate mod-
els in men and women, we present unadjusted and adjusted 
HRs relative to nonsmokers without SDB. Among men, in the 
adjusted model, no significant association between SDB and 
CVD was found in any stratum. In contrast among women, 
only current smokers with moderate to severe SDB had a 

greater risk of incident CVD than nonsmokers without SDB 
in the adjusted model (HR of 3.52, 95% CI 1.55–7.97, Table 3).

To evaluate the risk of CVD by cumulative smoking history, 
we evaluated risk related to cumulative pack years in sex-spe-
cific strata of SDB severity. As outlined in Figure 2, the great-
est incidence of CVD related to cumulative smoking history 
was observed among women with moderate to severe SDB 
(HR 1.28, 95% CI 1.12 to 1.48 per 10 additional pack years).

Finally, we further explored whether measures of overnight 
oxygenation (average and nadir oxygen saturation during sleep) 
influenced the primary findings. We explored whether oxygen 
saturation values during sleep varied within strata of SDB se-
verity by smoking status. There were no consistent differences 
in these values across smoking strata, especially among those 
with moderate to severe SDB (Figure S1 and Figure S2). Fur-
thermore, inclusion of these variables as covariates in the pri-
mary model did not materially alter the significant sex × SDB 
× smoking interaction (Table S1, model 5).

DISCUSSION

Although overall prevalence of SDB and incidence of CVD was 
higher among men, we found that risk of incident CVD associ-
ated with current smoking was greater with moderate to severe 
SDB only in women. The sex-specific nature of our findings 

Table 2—Rate of incident cardiovascular disease in each intersection of smoking status and sleep-disordered breathing 
severity by sex.

 Number at Risk,
n

Incident CVD Events,
n

Person-Time at Risk,
person-years

Incident CVD Event Rate,
per 1000 person-years (95% CI)

Men
Nonsmoker × no SDB 252 46 2,642 17.4 (13.0–23.2)
Nonsmoker × mild SDB 230 49 2,307 21.2 (16.1–28.1)
Nonsmoker × mod-sev SDB 210 50 1,977 25.3 (19.2–33.4)
Former smoker × no SDB 271 55 2,755 20.0 (15.3–26.0)
Former smoker × mild SDB 313 83 3,014 27.5 (22.2–34.2)
Former smoker × mod-sev SDB 238 67 2,243 29.9 (23.5–38.0)
Current smoker × no SDB 94 23 889 25.9 (17.2–38.9)
Current smoker × mild SDB 52 11 511 21.5 (11.9–38.9)
Current smoker × mod-sev SDB 33 7 323 21.6 (10.3–45.4)
Total 1,693 391 16,661 23.5 (21.3–25.9)

Women
Nonsmoker × no SDB 777 83 8,613 9.6 (7.8–11.9)
Nonsmoker × mild SDB 346 52 3,648 14.3 (10.9–18.7)
Nonsmoker × mod-sev SDB 181 26 1,858 14.0 (9.5–20.6)
Former smoker × no SDB 385 52 4,050 12.8 (9.8–16.8)
Former smoker × mild SDB 188 36 1,878 19.2 (13.8–26.6)
Former smoker × mod-sev SDB 83 18 829 21.7 (13.7–34.4)
Current smoker × no SDB 148 21 1,560 13.5 (8.8–20.7)
Current smoker × mild SDB 34 9 306 29.4 (15.3–56.6)
Current smoker × mod-sev SDB 17 6 150 40.0 (18.0–89.1)
Total 2,159 303 22,892 13.2 (11.8–14.8)

SDB severity defined as: no SDB = AHI < 5 events/h, mild SDB = AHI 5 to < 15 events/h, mod-sev SDB = AHI ≥ 15 events/h. AHI = apnea-hypopnea index, 
CVD = cardiovascular disease, mod-sev = moderate to severe, SDB = sleep-disordered breathing.
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may relate to differences between men and women in the rela-
tionship between SDB and endothelial dysfunction. Prior work 
among older adults found that SDB was associated with greater 
endothelial dysfunction in women than men, a finding that may 
be related to sex-specific mechanisms in endothelial responses 
to stress and changes in blood flow.24,25 Furthermore, because 
SDB tends to develop after menopause, women are exposed to 
SDB at an older age than men, when rates of other CVD risk 
factors are increasing.26

In contrast to the relationship between sex and SDB related 
endothelial dysfunction, contradictory evidence exists with re-
gard to sex differences in the association of SDB with CVD. 
Prior research from the SHHS, based on a follow-up period 
of approximately 8 years, demonstrated a relationship between 
SDB and incident coronary heart disease, heart failure, and 
stroke in men but not women.9,10 However, the Wisconsin Sleep 
Cohort Study found the opposite scenario with women tending 
to have greater risk for coronary heart disease related to SDB 
than men.2 The disparate results between these two groups 
have been attributed to the younger age group in the Wisconsin 
Sleep Cohort, which could capture SDB-related incident dis-
ease among individuals in middle age.2 The Wisconsin Sleep 
Cohort Study also followed participants over a longer period of 
time, 24 years. Furthermore, 14-year follow-up from of one of 
the subcohorts within SHHS, the Atherosclerosis Risk in Com-
munities study, demonstrated a stronger association between 
high-sensitivity troponin, a marker of early cardiac injury, and 
SDB among women compared to men.27,28 It is possible that this 
longer duration of outcome assessment is necessary to fully 
capture the greater SDB-related CVD risk among women.

Our findings persisted after controlling for several poten-
tial confounders and possible mediators, including diabetes, 
hypertension, lipids, and intermittent hypoxemia, suggesting 
that the mechanism of our disparate sex-related findings occurs 

Figure 2—Risk of CVD related to smoking history by SDB 
status.

Forest plot indicates hazard ratio and 95% confidence interval for CVD 
associated with each 10 pack-years of smoking history in models stratified 
by sex SDB severity. Models were adjusted for age, race, body mass 
index, blood pressure, lipids, and diabetes status. CVD = cardiovascular 
disease, Mod-Sev = moderate to severe, SDB = sleep-disordered 
breathing.

Table 3—Risk of cardiovascular disease event by interaction of smoking status and sleep-disordered breathing severity 
stratified by sex.

AHI < 5 events/h AHI 5 to < 15 events/h AHI ≥ 15 events/h
Men

Unadjusted
Nonsmoker 1.00 (ref) 1.17 (0.78–1.74) 1.35 (0.90–2.02)
Former smoker 1.10 (0.74–1.63) 1.53 (1.07–2.20) * 1.60 (1.10–2.33) *
Current smoker 1.43 (0.86–2.37) 1.23 (0.64–2.35) 1.16 (0.52–2.57)

Adjusted
Nonsmoker 1.00 (ref) 1.03 (0.68–1.56) 0.93 (0.60–1.43)
Former smoker 0.92 (0.61–1.37) 1.06 (0.73–1.56) 1.07 (0.72–1.61)
Current smoker 1.45 (0.85–2.47) 1.34 (0.70–2.59) 0.97 (0.44–2.10)

Women
Unadjusted

Nonsmoker 1.00 (ref) 1.45 (1.03–2.05) * 1.39 (0.89–2.16)
Former smoker 1.30 (0.92–1.84) 1.91 (1.29–2.84) * 2.22 (1.32–3.72) *
Current smoker 1.34 (0.83–2.16) 2.82 (1.42–5.57) * 3.85 (1.67–8.88) *

Adjusted
Nonsmoker 1.00 (ref) 1.01 (0.72–1.42) 0.68 (0.42–1.08)
Former smoker 1.32 (0.93–1.88) 1.19 (0.79–1.78) 1.35 (0.80–2.29)
Current smoker 1.51 (0.91–2.49) 1.96 (0.76–5.05) 3.52 (1.55–7.97)

Values are presented as hazard ratios with 95% confidence interval in parentheses. * = statistically significant unadjusted hazard ratios compared to 
referent. Statistically significant adjusted hazard ratios in bold. Adjusted model includes age, race, body mass index, total and high-density cholesterol, 
systolic and diastolic blood pressure, and diabetes. 
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outside of these pathways and may be related to direct effects 
of SDB and smoking on the endothelium. However, we can-
not exclude the possibility of unmeasured confounding. For 
example, adverse health behaviors associated with CVD such 
as inactivity could have been concentrated among individu-
als with a significant smoking history and SDB,29,30 and it is 
possible that these unmeasured confounders could be differ-
entially distributed between men and women. For instance, 
we did not assess lung function over time, and women may be 
more susceptible to the deleterious effects of smoking on lung 
function.23 It is also worth noting that there were few women in 
our sample with moderate to severe SDB who were currently 
smoking within the cohort, and this could have allowed a small 
number of CVD events to bias our results. This concern is miti-
gated by the fact that our findings were robust and persisted 
in multiple sensitivity analyses, including analyses of cigarette 
pack- years as a continuous variable among all women with 
moderate to severe SDB.

This work has several limitations. The reliance on self-re-
ported smoking history rather than an objective and more con-
tinuous marker of exposure such as urine cotinine increases 
the risk of exposure misclassification.31 This misclassification 
would likely bias toward a null finding, and would serve to 
blunt our ability to ascertain effect modification within other 
strata. Another limitation is the dearth of younger individu-
als in our cohort. As the disparate results of the Wisconsin 
Sleep Cohort and SHHS suggest, age plays a major role in the 
CVD risks of SDB, and therefore analysis of these findings in 
a younger cohort would be recommended. The study also has 
a number of strengths, including robust long-term follow-up 
with comprehensive ascertainment of CVD outcomes in mul-
tiple cohorts, a large sample size, and assessment of SDB with 
the gold standard, polysomnography.

This analysis presents evidence of an important sex-specific 
interaction between smoking and SDB in the risk of CVD. Such 
an interaction suggests that women who are current smokers 
and who have SDB are at particularly high risk for incident 
CVD. Future work evaluating the sex-specific effects of SDB 
treatment among individuals of different smoking status may 
yield additional insights into the possible mechanisms of our 
findings. For now, women who are current smokers may derive 
benefit from testing and therapy for SDB in addition to smok-
ing cessation counseling to reduce their risk for CVD.

ABBRE VI ATIONS

AHI, apnea-hypopnea index
BMI, body mass index
CVD, cardiovascular disease
DBP, diastolic blood pressure
HR, hazard ratio
NSRR, National Sleep Research Resource
SBP, systolic blood pressure
SDB, sleep-disordered breathing
SHHS, Sleep Heart Health Study
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