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Abstract
Background—The detrimental effects of smoking on risk of myocardial infarction and stroke
are well documented, but less information is available regarding peripheral artery disease (PAD),
particularly among women.

Objective—To prospectively assess the association of current smoking status, cumulative
smoking exposure and smoking cessation with incident symptomatic PAD in women

Design—Prospective cohort study

Setting—U.S. female health care professionals in the Women's Health Study

Participants—39825 women free of cardiovascular disease were prospectively followed for a
median of 12.7 years.

Measurements—Incident symptomatic PAD (n=178). Cox proportional hazards models were
used to compare PAD risk among never (n=20336) and former smoking (n=14263) women,
women who smoked <15 cigarettes/day (n=1967) and women who smoked ≥15 cigarettes/day
(n=3259).
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Results—Age-adjusted incidences across smoking categories were 0.12, 0.34, 0.95 and 1.63 per
1000 person-years of follow-up. Multivariable adjustment had little impact on this risk gradient;
adjusted hazard ratios (HRs) (95% confidence intervals (CIs)) were 3.14 (2.01–4.90), 8.93 (5.02–
15.89) and 16.95 (10.77–26.67) compared with never-smokers. Additional adjustment for high
sensitivity C-reactive protein and soluble intercellular adhesion molecule 1 among women with
available blood samples (n=28314, 117 events) attenuated risk estimates with HRs of 5.58 (2.61–
11.93) and 9.52 (5.17–7.53) for women smoking <15 and ≥15 cigarettes/day, respectively. We
found a strong dose-response relationship for lifetime exposure such that the fully adjusted HR’s
for 0 (reference), <10, 10–30 and ≥30 pack years were 2.52 (1.49–4.25), 6.75 (4.33–10.52) and
11.09 (6.94–17.72). Compared to current smokers, the adjusted HRs (95% CIs) for smoking
abstinence of <10 years, 10–20 years, >20 years and lifelong abstinence were 0.39 (0.24–0.66),
0.28 (0.17–0.46), 0.16 (0.10–0.26) and 0.08 (0.05–0.12).

Limitation—The use of symptomatic PAD as the primary a priori end point excludes
asymptomatic disease.

Conclusion—Among initially healthy women, smoking is a potent risk factor for symptomatic
PAD, an effect partially explained by subclinical inflammation. Smoking cessation substantially
reduces PAD risk, but an increased occurrence of PAD persists even among former smokers who
maintain abstinence.

Primary Funding Source—National Heart, Lung, and Blood Institute and National Cancer
Institute
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INTRODUCTION
Despite the reduction in smoking prevalence achieved through recent aggressive tobacco
control initiatives, one in five US adults (22.9% of men, 18.2% of women) currently report
cigarette smoking (1) and the smoking prevalence is even higher in most European countries
(2). Tobacco use therefore remains one of the leading preventable causes of morbidity and
mortality worldwide (3–5). Indeed, a British study estimated a 10 year decline in life
expectancy among male smokers compared to lifelong smoking abstinence in this
population (6). A similar devastating effect of smoking on vascular, cancer and respiratory
diseases has been documented in women (7).

Despite this vast body of literature, detailed analyses evaluating smoking as a risk factor for
peripheral artery disease (PAD) have been limited, as most prior studies did not focus on
smoking as the main exposure variable (8–14). In one of the few prospective studies
providing a more comprehensive assessment, smoking >25 pack years of cigarettes in a
lifetime was associated with an adjusted hazard ratio (HR) (95% confidence interval (CI))
for PAD of 2.72 (1.13–6.53) compared to lifelong abstinence. However, risk estimates were
based on only 64 PAD events, with less than half of these occurring in women (13).
Furthermore, the effect of smoking cessation on PAD incidence is unknown and whether
smoking confers heightened risk through vascular inflammation has not been studied in
detail (13).

In order to address these important issues, we evaluated the relationship of smoking and
smoking cessation with symptomatic PAD defined as intermittent claudication or lower
extremity artery revascularization in a large cohort of initially healthy women.
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METHODS
Participants

All study subjects participated in the Women’s Health Study, a completed randomized trial
evaluating the risks and benefits of low dose aspirin and vitamin E in the primary prevention
of cardiovascular disease and cancer. Details of the study design have been described
previously (15–17). Briefly, beginning in 1993, 39,876 female health professionals in the
United States who were 45 years or older and free of cardiovascular disease, cancer or other
major illnesses were randomized to receive 100 mg aspirin every other day, 600 IU vitamin
E every other day, both agents or placebo. Information on baseline variables was collected
using mailed questionnaires. Follow-up questionnaires asking participants about study
outcomes and other information were sent every six months during the first year and every
12 months thereafter. Self-reported PAD was systematically confirmed through participant
interview and medical record review as described below.

For the purpose of this study, we excluded 15 participants with confirmed prerandomization
PAD, and 36 participants with missing baseline information on smoking. Thus, the final
study population for the present analysis consisted of 39825 women. Of these subjects,
28314 (71.1%) provided baseline blood specimens on which measurements of high
sensitivity C-reactive protein and soluble intercellular adhesion molecule 1 (sICAM-1) were
available for analysis (18). Written informed consent was obtained from all participants. The
study was approved by the institutional review board of Brigham and Women’s Hospital,
Boston, and was monitored by an external data and safety monitoring board.

Definition of Smoking Status
On the baseline questionnaire, participants answered the question “Have you smoked 100
cigarettes or more in your lifetime?” with “no”, “yes, currently smoke”, or “yes, smoked in
past but quit”. Current smokers were queried regarding the average number of cigarettes
they smoked per day at study entry (None, 1–4, 5–14, 15–24, 25–35, 36–44, or 45+
cigarettes per day). Participants answered the same questionnaire again at months 12, 24, 48,
72, and 96 and at the end of the randomized portion of the study, and again 3 more times
during the observational follow up study. According to these questions we classified women
into never smokers, past smokers, current smokers smoking <15 cigarettes per day and
current smokers smoking ≥15 cigarettes per day. Participants were asked how many total
years they had smoked (<5, 5–9, 10–19, 20–29, 30–39, 40–49 or 50+ years) and the number
of cigarettes they had smoked per day across 8 age categories ranging from <15 to 70+
years. Pack years of cigarette smoking were calculated by multiplying the midpoint of the
total number of years smoked category times the average number of cigarettes smoked per
day on the baseline questionnaire. For women who reported being former smokers at
enrollment, we calculated the number of years since smoking cessation by subtracting the
midpoint of the age category when they reported quitting smoking from the age at
enrollment.

Laboratory analyses
Blood samples were stored in liquid nitrogen (−150° to −180° C) until the time of the
analysis. All blood analyses were performed in a core laboratory certified by the National
Heart, Lung, and Blood Institute/Centers for Disease Control and Prevention Lipid
Standardization Program. High-density lipoprotein cholesterol (HDL-C) was ascertained
with direct measurement assays (Roche Diagnostics, Indianapolis, Ind). Plasma levels of
high-sensitivity C-reactive protein were measured with a validated immunoturbidimetric
method (Denka Seiken, Niigata, Japan). The interassay coefficients of variation using two
levels of control materials ranged from 1.07 to 5.20%. sICAM-1 was measured by
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quantitative sandwich Enzyme Linked Immunosorbent Assay (R&D Systems, Minneapolis,
Minn) with a reproducibility of 8.89% and 6.39% at concentrations of 171.8 and 289.1 ng/
mL, respectively.

Outcome Ascertainment
Participants are surveyed annually for multiple health outcomes, including symptomatic
PAD events, defined as intermittent claudication and/or peripheral artery surgery inclusive
of catheter-based interventions. Case confirmation occurred by telephone interview with a
cardiovascular physician blinded to the participants’ smoking status. The presence of
vascular claudication was established using the Edinburgh Claudication Questionnaire. This
instrument is a modified version of the World Health Organization/Rose Claudication
Questionnaire, which has previously been validated in a community outpatient setting with
92% sensitivity and 99% specificity for physician-diagnosed intermittent claudication (19).
In addition, we obtained medical records to assess the concordance of reported symptoms
with diagnostic testing when available. Reports of peripheral arterial surgery or peripheral
angioplasty were confirmed after review of operative notes or procedural reports,
respectively. Each case was reviewed and validated based on response to the claudication
questionnaire and medical record documentation of diagnostic procedures or vascular
intervention. Of 695 self-reported PAD events occurring as of November 23, 2007, 178
events were confirmed utilizing these methods. Among disconfirmed events, venous disease,
lower extremity arthritis, lumbar disc disease, and peripheral neuropathy were the main
causes of non-ischemic leg pain. Only confirmed events were considered in the current
analysis.

Statistical analyses
Baseline characteristics were age-adjusted using direct standardization for categorical
variables and general linear models for continuous variables, and compared according to
smoking status at study entry (never, past, current <15 cigarettes per day, current ≥15
cigarettes per day) using 3 df tests of general linear models for continuous variables and
Mantel-Haenszel chi square tests for categorical variables. Individual person-years of
follow-up were calculated from the date of return of the baseline questionnaire to the date of
incident PAD, loss to follow-up, death or November 23, 2007, whichever came first. We
then constructed a series of multivariable Cox proportional hazards models to estimate HRs
and 95% CIs for incident PAD according to baseline smoking status, adjusted for age,
history of hypertension, history of diabetes, history of hypercholesterolemia, body mass
index, alcohol consumption and physical activity. We also constructed time-varying Cox
models in which a participant’s baseline smoking status was updated according to
information provided on subsequent questionnaires. We then assessed the dose-response
relationship between lifelong smoking exposure and incident PAD using pack years of
smoking (categorized as 0, <10, 10–29 and ≥30 pack years) with adjustment for the same
variables described above. Because prior studies described an earlier age of menopause in
smokers compared with nonsmokers (20) , we performed a stratified analysis according to
postmenopausal status. Effect modification according to menopausal status and randomized
treatment assignments was assessed using multiplicative interaction terms and likelihood
ratio tests. The incidence of PAD over time across categories of pack years was estimated
using Kaplan-Meier survival curves and compared with the log-rank test.

The impact of smoking cessation was evaluated by comparing the hazards of symptomatic
PAD among women who indicated smoking cessation <10 years ago, 10–20 years ago and
>20 years ago to that of current smokers using HRs and 95% CIs. Former smokers who did
not report when they quit smoking (n=241, 1.7%) were excluded from these analyses.
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In order to gain further insights in the relationship between smoking and incident PAD, and
identify variables that may potentially mediate such an association, we constructed another
series of Cox models among the 28314 women with available blood measures. Because of
our prior findings, we focused on high-sensitivity C-reactive protein and sICAM-1, for these
analyses (21, 22). Biomarkers were log-transformed to normalize the variable distribution
and better meet the assumption of linearity in risk.

Tests for linear trend were performed using integer scores across categories. The
proportional hazards assumption was examined by including a time by smoking interaction
term into the model (23). No violation of this assumption was detected. We used a complete-
case analysis in multivariate models without imputation for missing data. No exposure of
interest had more than 2.1% missing data (Table 1 footnote). The sample size analyzed in
each of the multivariable adjusted models is presented with the results of those models in
Tables 2, 3, and 4. In the primary analysis, no multivariable model excluded more than 865
participants (2.2%) due to missing data. All analyses were carried out using SAS version 9.1
(SAS Institute Inc, Cary, NC). A two-tailed P value <0.05 was considered to indicate
statistical significance.

Role of the sponsor
The sponsor had no role in the design and conduct of the study; collection, management,
analysis, and interpretation of the data; and in the decision to submit the manuscript for
publication.

RESULTS
At study entry, 20336 (51.1%) women were never smokers, 14263 (35.8%) former smokers,
1967 (4.9%) currently smoked <15 cigarettes per day, and 3259 (8.2%) currently smoked
≥15 cigarettes per day. Age adjusted baseline characteristics according to smoking status are
shown in Table 1. Currently smoking women were younger, had a lower body mass index,
exercised less frequently, had a lower education level and consumed more alcohol compared
with never smoking women. Among women with available blood samples, current smokers
had higher levels of total cholesterol, lower levels of HDL-cholesterol and higher levels of
high-sensitivity C-reactive protein and sICAM-1 (Table 1).

During a median (interquartile range) follow-up of 12.7 (12.4–13.8) years, 178 symptomatic
PAD events occurred. Age-adjusted incidence rates revealed a strong risk gradient for
incident PAD across the four smoking categories (Table 2). While never smoking women
had a very low incidence of symptomatic PAD (0.12 events per 1000 person-years of
follow-up), the risk was more than tenfold higher among women who actively smoked ≥15
cigarettes per day at study entry (1.63 events per 1000 person-years of follow-up),
corresponding to a 16.5 fold increased relative hazard of PAD in age-adjusted Cox
regression models. Former smokers had a 3-fold increased risk of PAD compared with never
smokers. Multivariable adjustment for traditional risk factors, menopausal status, or the use
of hormone replacement therapy had little impact on these effects. Furthermore, neither
menopausal status nor hormone replacement therapy was associated with incident PAD in
these models (data not shown). Finally, consistent findings were obtained when analyses
were performed separately for women with intermittent claudication only and those
undergoing invasive procedures (supplementary Table).

Updating smoking status during follow-up using time varying covariates further
strengthened the association for active smoking, such that currently smoking <15 cigarettes
per day conveyed an almost 12-fold increased risk and currently smoking ≥15 cigarettes per
day was associated with a more than 20-fold increased risk of symptomatic PAD (Table 2).
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When subjects were censored for a diagnosis of cardiovascular disease prior to PAD, similar
results were obtained (data not shown). However, in analyses that examined differences
according to baseline menopausal status, the risk of symptomatic PAD in smokers appeared
stronger among premenopausal than postmenopausal women. Specifically, compared with
never smoking women, HRs across smoking categories were 1.98 (0.78–5.04), 8.57 (2.79–
26.36) and 26.73 (12.0–59.54) for premenopausal women and 3.50 (2.10–5.86), 9.04 (4.61–
17.37) and 12.82 (7.29–22.55) for postmenopausal women (P for interaction 0.024). No
statistically significant evidence for an interaction between smoking and either aspirin or
Vitamin E therapy was observed (P for interaction 0.186 and 0.40, respectively).

The relationship between smoking status and risk of symptomatic PAD within the subcohort
of 28314 women who provided a blood sample was similar to the relationship observed in
the entire cohort (Table 2). The risk estimates for each category of smoking were slightly
attenuated with the addition of baseline total and HDL cholesterol levels to the regression
models. Adding high-sensitivity C-reactive protein and sICAM-1 to the multivariable
models attenuated risk estimates for current smoking more substantially, however currently
smoking <15 cigarettes per day maintained a more than 5-fold increased risk (HR 5.58
(2.61–11.93)), and currently smoking ≥15 cigarettes per day was associated with an almost
10-fold increased risk of symptomatic PAD during follow-up (HR 9.52 (5.17–17.53)). By
contrast, the increased risk among former smokers was not appreciably affected by the
inclusion of high-sensitivity C-reactive protein or sICAM-1 (Table 2).

There was a strong dose-response relationship between lifelong smoking exposure defined
by pack years of smoking and risk of symptomatic PAD, as shown in Table 3 and the
supplementary Figure. In age-adjusted models, HRs (95% CIs) among women whose
lifetime exposure was <10, 10–29 and ≥30 pack years were 2.30 (1.38–3.86), 6.43 (4.18–
9.89) and 11.06 (7.01–17.43) compared with never smoking women (P for linear trend
<0.001). Multivariable adjustment did not attenuate this relationship. Again, there was no
appreciable change in our results when subjects were censored for a diagnosis of
cardiovascular disease prior to PAD (data not shown).

Among women who quit smoking before study entry, 2906 did so within 10 years of study
entry, 4475 between 10 and 20 years before study entry and 6641 women quit smoking >20
years ago. Smoking cessation markedly decreased the risk of PAD compared with active
smoking and longer smoking abstinence was associated with an additional reduction of this
risk, as shown in the Figure. Fully adjusted HRs (95% CIs) for smoking abstinence of <10
years, 10–20 years, >20 years and lifelong non-smoking were 0.39 (0.24–0.66), 0.28 (0.17–
0.46), 0.16 (0.10–0.26) and 0.08 (0.05–0.12) (P for linear trend <0.001) (Figure).

DISCUSSION
At least two major findings are derived from this large-scale prospective study conducted
among initially healthy women. First, smoking is a potent risk factor for the occurrence of
symptomatic PAD, even after accounting for a number of established risk factors and
markers of subclinical inflammation. Second, smoking cessation is associated with a
substantial reduction in the risk of PAD, highlighting the importance of efforts to promote
smoking cessation.

While prior prospective studies consistently showed an increased risk of PAD among
smokers, few analyses specifically assessed smoking as main exposure variable and the
strength of the relationship varied widely across reports, with relative risks for current
smoking ranging from 1.6 – 10.2 (8–14). Our data represent one of the strongest associations
for current smoking reported thus far, a finding which may be explained by our focus on
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symptomatic as opposed to subclinical disease (9) and our evaluation in an exclusively
female, otherwise relatively young and low risk population. Even within this relatively
homogenous population, the risk of PAD associated with smoking is higher among younger,
premenopausal women. A higher relative risk conferred by current smoking among younger
and relatively low risk individuals has been previously reported with regard to myocardial
infarction where the odds ratio for non fatal myocardial infarction was 3.53 (3.23–3.86) in
younger as compared to 2.55 (2.35–2.76) in older individuals (P for interaction <0.001)
(24). Whether the strength of the association is also influenced by gender should be assessed
in other mixed-gender cohorts.

We also demonstrate a strong dose response relationship between life-long smoking
exposure and subsequent PAD, confirming prior studies that were suggestive of such an
association (10, 13). While our data show no particular threshold below which smoking does
not confer an increased risk, a particularly steep risk increase emerged among women who
indicated at least 10 pack years of smoking exposure, underscoring the importance of
smoking as a determinant of PAD and a priority for intervention.

Also of importance from a public health perspective is our finding that smoking cessation is
associated with a dramatic reduction in incident PAD. Prior investigations in this context
have focused on total cardiovascular morbidity and mortality. For example, in the Nurses’
Health Study, the risk of vascular death among women who stopped smoking was gradually
reduced with an increasing duration of smoking abstinence and reached the relative risk of
never smokers after approximately 20 years (7). While we also found a gradual decrease in
risk with an increasing duration of smoking abstinence, even women who had quit smoking
>20 years prior to enrolling in our study had a higher risk of developing symptomatic PAD
than never smoking women. This residual risk may relate to chronic adverse effects of
smoking on the peripheral vasculature. Still, for patients and their physicians, the current
findings suggest that long-term smoking cessation substantially reduces the risk of
symptomatic PAD. However, the residual PAD risk even among smokers who have been
abstinent for at least 20 years underscores the importance of primary efforts for smoking
prevention.

There was no strong confounding of the adverse effects of smoking by any of the traditional
risk factor variables included in the multivariable models. Adding high-sensitivity C-
reactive protein and sICAM-1 as markers of subclinical inflammation somewhat attenuated
the coefficients for actively smoking women (Table 2) suggesting that these factors may in
part mediate the adverse smoking effects. Nevertheless, despite multivariable adjustment,
we found that the increased risk associated with smoking remains largely unexplained,
which is consistent with one of the few prior studies on this issue (13).

Strengths of the present study include the prospective design, large sample size, long-term
follow-up with a large number of confirmed endpoints, and the homogeneity of our study
participants, which may reduce confounding. Our results should also be considered in the
context of several potential limitations. First, our study included mainly Caucasian women,
and our findings may not be generalizable to other groups. Second, as our study is
observational, unmeasurable or residual confounding may be present. Third, the use of
symptomatic PAD as the primary a priori end point by definition excludes subclinical
disease, which may have otherwise been detected through abnormal pulse examination or
ankle-brachial index (25). However, we believe our data to be not only relevant from a
mechanistic perspective but also of clinical importance, because claudication and
revascularization of an ischemic limb are the principal clinical manifestations of PAD.
Importantly, events included in this analysis were confirmed by a validated claudication
questionnaire, cardiovascular physician interview and medical record review. Our focus on
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symptomatic disease may also have reduced the likelihood of endpoint misclassification, as
would the characteristics of our study population. Participants were health professionals and
therefore less likely to encounter barriers to medical care, which may otherwise have led to
misdiagnosis or underdiagnosis among all smoking exposure groups. Whether or not women
with PAD are more likely to have atypical leg symptoms or more often be asymptomatic is
controversial (26, 27), especially as some studies suggest a lower (less stringent) ABI cut-off
for PAD diagnosis may be more appropriate for women (28, 29). Nonetheless, if smoking is
even modestly associated with PAD, misclassification of women with atypical PAD
symptoms as non-cases would, if anything, tend to bias our results towards the null by
including relatively more smokers in the non-PAD group. Finally, in this study we did not
consider exposure to second-hand smoke, which has been shown to be an important risk
factor for PAD in women (30).

In conclusion, this large prospective study underscores the importance of smoking as a risk
factor for the development of symptomatic PAD. While this association appears partly
mediated by inflammation, the majority of excess risk conferred by smoking remains
unexplained. Although smoking cessation dramatically reduces the risk of PAD, an
increased disease risk remains even among long term abstinent women, highlighting the
importance of both prevention of smoking initiation and efforts to promote long-term
abstinence.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure.
Hazard Ratio for Incident PAD According to Time Since Smoking Cessation
Data are hazard ratios adjusted for age, hypertension, diabetes, hypercholesterolemia, body
mass index, alcohol consumption and physical activity. Current smokers represent the
reference group. Error bars represent 95 percent confidence intervals. PAD = Peripheral
artery disease
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