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Abstract
Background—Prospective data regarding risk factors for peripheral artery disease (PAD) are
sparse, especially among women; the relative contribution of systolic versus diastolic blood
pressure control for incident PAD has not been well-studied. We evaluated the association of self-
reported blood pressure control with incident symptomatic PAD in middle-aged and older women.

Methods—We examined the relationship between reported hypertension and incident confirmed
symptomatic PAD (n=178) in 39,260 female health professionals aged ≥45 years without known
vascular disease at baseline. Median follow-up was 13.3 years. Women were grouped according to
presence of reported isolated diastolic (IDH), isolated systolic (ISH), or combined systolic-
diastolic hypertension (SDH) using cut-points of 90 and 140 mmHg for diastolic and systolic
blood pressure, respectively. SBP and DBP were modeled as continuous and categorical
exposures. Multivariable-adjusted hazard ratios (HRs), including adjustment for CV risk factors,
were derived from Cox proportional hazards models.

Results—Adjusted HRs compared to women without reported hypertension were 1.0 (0.4–2.8)
for IDH, 2.0 (1.3–3.1) for ISH, and 2.8 (1.8–4.5) for SDH. There was a 43% increased adjusted
risk per 10 mmHg of reported SBP (95% CI 27–62%) and a gradient in risk according to SBP
category (<120, 120–139, 140–159, and ≥160 mmHg); HRs were 1.0, 2.3, 4.3, and 6.6 (p-
trend<0.001), respectively. Reported DBP, while individually predictive in models excluding SBP,
was not predictive after adjustment for SBP.

Conclusions—These prospective data suggest a strong prognostic role for uncontrolled blood
pressure and, particularly, uncontrolled systolic blood pressure in the development of peripheral
atherosclerosis in women.
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Introduction
Lower extremity peripheral artery disease (PAD) is an under-diagnosed condition, currently
estimated to affect 8 to 10 million Americans.1–2 Functional impairment due to leg
symptoms and limb threatening ischemia are the main clinical manifestations.3
Cardiovascular morbidity is high with an estimated annual major cardiovascular event rate
(myocardial infarction, ischemic stroke, or vascular death) of approximately 5–7% with
symptomatic patients having the worst prognosis.2, 4 Although the main underlying
mechanism is progressive atherosclerotic vascular occlusion, this process may differ in the
peripheral vasculature where key features of arterial mechanics including pulsatile
characteristics of flow, rheologic effects imposed by arterial branching, and tissue-specific
metabolic demands differ from other vascular beds.5

Despite these observations, risk factors for PAD have been less extensively studied than for
other manifestations of atherosclerosis. In particular, while hypertension is commonly
present at the time of PAD diagnosis, to what degree hypertension contributes to PAD
development has not been well-established since most published data derive from cross-
sectional reports. Prior prospective studies have been limited, being largely exclusive of
women and have generally considered hypertension among a broad range of traditional
cardiovascular risk factors.6–16 Furthermore, findings from these prospective investigations
are conflicting with many,6–7, 9, 11–15 but not all8, 10, 16 having demonstrated a positive
association and few studies7, 9 having evaluated the relative importance of systolic and
diastolic blood pressure control.

In light of these issues, we examined whether self-reported blood pressure control is
associated with incident symptomatic PAD (intermittent claudication and/or lower extremity
revascularization) in a large population of relatively healthy middle-aged and older
American women followed on average for 13.3 years. We first evaluated hypertension
subtypes according to presence of reported diastolic, systolic, or combined systolic-diastolic
hypertension. We then assessed the individual associations of reported systolic and diastolic
blood pressure control with future PAD and compared their relative importance in
multivariable models.

Methods
Study Population

The Women's Health Study (WHS) is a recently completed randomized trial of low-dose
aspirin and vitamin E in primary prevention of cardiovascular disease (CVD) and
cancer.17–19 Between November 1992 and July 1995, a total of 39,876 US female health
professionals aged ≥ 45 years without prior cancer or cardiovascular disease (including
myocardial infarction, stroke, coronary and peripheral arterial revascularization) were
enrolled and randomized into the study. Registered nurses comprised 75% of the study
population. Additionally, roughly 3% were physicians, dentists, or veterinarians and 15%
were licensed practical or vocational nurses. Information on baseline variables was collected
using mailed questionnaires. Participants provided their height and weight for body mass
index (BMI, kg/m2) estimation and answered questions regarding the presence of physician
diagnosed diabetes (yes/no), physician diagnosed hyperlipidemia (yes/no cholesterol ≥ 240
mg/dl), smoking (never/past/current), frequency of physical activity (yes/no vigorous
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activity ≥ 1× per week), and use of menopausal hormone replacement therapy (HRT) (yes/
no). Morbidity and mortality data are available on 99% and 100% of participants,
respectively.

Subjects found to have confirmed pre-randomization CVD (n=8) or PAD (n=7) were
excluded from the analysis. Participants missing baseline data on self-reported systolic or
diastolic blood pressure (n=559), diagnosis of hypertension (n=13), or treatment for
hypertension (n=29), were also excluded. The final study population thereby comprised
39,260 women without clinical CVD or PAD and with complete baseline data on blood
pressure variables. The median follow-up was 13.3 years. Less than 3% of data were
missing for other major vascular risk factors including age, history of diabetes, history of
hyperlipidemia, smoking status, BMI, and HRT. Written informed consent was obtained
from all women enrolled, and the institutional review board of Brigham and Women's
Hospital approved the trial.

Ascertainment of Baseline Blood Pressure
Self-reported blood pressure was obtained from baseline questionnaires. Women were asked
to report their current level of systolic and diastolic blood pressure if checked within the
prior two years. Blood pressure was reported within categories. For SBP, there were 9
categories in 10 mmHg increments from <110 mmHg to ≥ 180 mmHg; for DBP, 7
categories ranging from <65 mmHg to ≥ 105 mmHg. Blood pressure at baseline was self-
reported by WHS participants, all of whom were female health professionals. Self-report of
blood pressure has proven highly accurate among health professionals and as validated
against directly measured values.20–23

Ascertainment of Incident PAD Events
Participants are surveyed annually for several health outcomes including PAD events,
defined as intermittent claudication and/or peripheral arterial (lower extremity)
revascularization. Specifically, women were queried on an annual basis: “Since you last
returned a questionnaire (approximately 1 year ago), have you been NEWLY DIAGNOSED
with intermittent claudication? ”. A similar question was asked regarding peripheral arterial
revascularization. As of November 23, 2007, 690 such events were reported among 39,260
women included in this analysis. Case confirmation occurred by telephone interview
conducted by a cardiovascular physician during which the Edinburgh Claudication
questionnaire was utilized to determine the presence of vascular claudication among women
reporting intermittent claudication.24 In addition, medical records were obtained to assess
concordance of reported symptoms with diagnostic testing when available.
Revascularization procedures were confirmed after review of operative notes or procedural
reports in the case of peripheral angioplasty or stenting. A final determination of presence of
PAD was made by the physician interviewer after review of claudication symptoms, medical
record documentation of diagnostic testing, and procedural reports. Of 690 self-reported
PAD events, 178 were confirmed comprising 86 cases of IC only, 7 revascularization only,
85 IC plus revascularization. Among disconfirmed events, venous disease, lower extremity
arthritis, lumbar disc disease, and peripheral neuropathy were the main causes of
nonischemic leg pain. Only confirmed events were considered in the primary analysis.
Additionally, unconfirmed events (n=130) were included in sensitivity analyses conducted
to assess for consistency of risk associations.

Statistical Analysis
Women were first grouped according to hypertension subtypes based on presence or absence
of reported systolic and diastolic hypertension. Categories were normotensive (SBP <140
and DBP < 90 mmHg), isolated diastolic hypertension (SBP <140 and DBP ≥90 mmHg),
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isolated systolic hypertension (SBP ≥140 and DBP < 90 mmHg), and systolic-diastolic
hypertension (SBP ≥140 and DBP ≥90 mmHg). Subjects who reported being normotensive
with concurrent use of anti-hypertensive medications were included in the normotensive
category as subsequent PAD risk estimates were similar in this group compared to
normotensive subjects without treatment. Differences in baseline characteristics were then
compared according to self-reported hypertension subtype. Continuous variables are
summarized as mean and standard deviation or median and interquartile range as appropriate
based on normality of their distributions. Categorical variables are expressed as proportions.
Comparisons of continuous variables across reported hypertension subtypes were performed
by ANOVA for difference in means or the Kruskall-Wallis test for difference in medians.
Between-group differences were assessed by the Wilcoxon rank sum test. Categorical
variables were analyzed using the ×2 test.

Cox proportional hazards regression was used to estimate hazard ratios (HRs) and 95%
confidence intervals (CIs) for incident PAD, according to reported hypertension subtype.
Multivariable estimates were derived from models adjusting for age (after natural log
transformation), smoking (never, past, current), baseline history of diabetes (yes/no), BMI
(linear continuous), history of hyperlipidemia (yes/no cholesterol ≥ 240 mg/dl), randomized
treatment with aspirin and/or Vitamin E, and menopausal HRT (yes/no). In secondary
analyses, models were additionally adjusted for baseline use of anti-hypertensive and lipid-
lowering therapy.

Analyses of self-reported systolic and diastolic blood pressure values were then performed
using several approaches. First, to determine the shape of the relationship of SBP and DBP
with PAD risk, we fitted models using natural cubic splines to the data after each individual
was assigned the mid-point value for their reported blood pressure category. Participants
reporting an SBP <110 or ≥ 180 mmHg were given a value of 95 or 190 mmHg,
respectively; those with a DBP < 65 or ≥ 110 mmHg were assigned the values 55 or 110
mmHg, respectively. This method allows for a flexible shape in the association of reported
SBP and DBP with PAD and has the attractive feature that the shape of the relationship at
one extreme of the data (e.g. for SBP < 110 mmHg or SBP ≥ 180 mmHg) has little influence
on the shape in other parts of the curve.

Individuals were then grouped according to cut-points most closely approximating Joint
National Committee (JNC) VII categories.25 For SBP, these were <120, 120–139, 140–159,
and ≥ 160 mm Hg and for DBP were <75, 75–84, 85–89, ≥ 90 mmHg. Cox proportional
hazards models were then constructed first adjusted for age and then multiple variables as
indicated above. Trends across categories were tested using the mid-point for each category,
110 and 180 for extreme SBP categories, and 65 and 100 for extreme DBP categories. PAD
risk per 10 mmHg increment in reported blood pressure was also assessed.

To compare the predictive value of reported systolic and diastolic blood pressures, two
methods were used. Likelihood ratio statistics were first used to assess the added value of
each blood pressure variable to models including age and other cardiovascular risk factors.
Models inclusive of either variable were then ranked and compared following the principle
that a larger model likelihood ratio statistic corresponds to enhanced prediction and better
model fit.26

The proportionality assumption of constant hazards over time was tested using interaction
terms of reported hypertension categories with the logarithm of time. This was done for
regression models incorporating both hypertension subtypes and categories based on
continuous measures. No violation of the proportional hazards assumption was detected. All
CIs are 2-tailed and calculated at p=0.05 level of significance. All analyses were conducted
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using SAS statistical software version 9.1 (SAS Institute, Cary, NC). S-Plus 6.2 software
was used to obtain cubic spline fits for Figure 1.

Results
Table 1 demonstrates the baseline characteristics according to four self-reported blood
pressure categories: normotensive (SBP <140 and DBP <90 mmHg), isolated diastolic
hypertension (SBP <140 and DBP ≥ 90 mmHg), isolated systolic hypertension (SBP ≥ 140
and DBP <90 mmHg), and systolic-diastolic hypertension (SBP ≥ 140 and DBP ≥ 90
mmHg). A number of risk factors including age, BMI, dyslipidemia, diabetes, and physical
inactivity increased in severity or prevalence across groups. Use of anti-hypertensive
medications also increased across groups. Median SBP was incrementally higher across
categories (p-trend < 0.001). PAD incidence rates were similar in the normotensive and IDH
groups (0.28 events per 1000 person-years in both groups) but 3 to 4-fold higher in women
with ISH (0.82 events per 1000 person-years) and SDH (0.93 events per 1000 person-years)
(Table 2). In multivariable analyses adjusting for differences in baseline risk factors, we
found similar results; adjusted HRs were 1.0, 1.03, 2.03, and 2.83, respectively (p-trend
<0.001). Additional adjustment for anti-hypertensive or lipid-lowering therapy only slightly
attenuated this effect.

Figure 1 shows the continuous association between self-reported SBP and DBP controlling
for potential confounding variables. Women with lower SBP levels had lower PAD risk with
no apparent risk threshold. DBP was associated with a slight increase in risk at roughly 85 to
90 mmHg. Age-adjusted and multivariable-adjusted HRs for PAD according to clinically
defined categories of blood pressure and per 10 mmHg increments are shown in Table 3.
Compared to women with a reported SBP <120 mmHg, those reporting pre-hypertension
(SBP 120–139 mmHg) had a nearly 2-fold increase in multivariable adjusted risk (HR 1.84;
95% CI 1.24–2.74), those with stage 1 hypertension (SBP 140–159 mmHg) a 3-fold increase
in risk (HR 3.30; 95% CI 2.07–5.28), and stage 2 hypertension (SBP ≥160 mmHg) a 5.5-
fold increase in risk (HR 5.51; 95% CI 2.50–12.13). A more modest association was noted
for reported DBP with significant effects noted only in the highest category (≥ 90 mmHg;
HR 1.98; 95% CI 1.22–3.22). Accounting for baseline use of anti-hypertensive and lipid-
lowering therapy had minimal effect; the multivariable hazard ratios across categories of
reported SBP were 1.00, 1.80, 3.09, and 5.07 (p-trend <0.001) and for DBP were 1.00, 0.96,
1.06, and 1.67 (p-trend =0.11). In comparison, HRs associated with current smoking, past
smoking, diabetes, and family history of premature coronary disease were 13.31(95% CI
8.64–20.51), 3.01 (95% CI 1.94–4.69), 2.44 (95% CI 1.40–4.26), and 0.94 (0.6–1.5),
respectively.

An increase in SBP by 10 mmHg conferred a 35% increase in PAD risk (95% CI 23– 48%)
and for DBP a 23% (95% CI 4–45%) increase in risk. In models including both reported
SBP and DBP both as categorical or continuous measures, DBP was no longer significant
and, if anything, appeared inversely related to PAD [HR per 10 mmHg: 0.84 (95% CI 0.69–
1.03), p=0.10] whereas SBP remained strongly associated with incident PAD [HR per 10
mmHg: 1.43 (95% CI 1.27–1.62), p<0.001]. Models with both SBP and DBP were no better
than models with SBP alone. The likelihood ratio statistic for difference between models
was not statistically significant (BP categories: LR X2=5.07, 3 df; p=0.17 and per 10 mmHg:
LR X2=2.68, 1 df; p=0.10). Based on all criteria used, SBP was the better predictor of future
PAD than DBP. Our findings persisted in sensitivity analyses in which women with
unconfirmed PAD (n=130) were included among events. Adjusted HR for reported IDH,
ISH, and SDH compared to normotensive women were 1.03 (95% CI 0.51–2.11), 1.70 (95%
CI 1.22–2.39), and 2.31 (95% CI 1.57–3.39) and SBP remained a stronger predictor of
future PAD than DBP. Given the marked association of systolic hypertension with aging, we
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also stratified the cohort into two groups based on age < or ≥ 50 years (Figure 2). In these
analyses, there was a persistent association of reported systolic but not diastolic blood
pressure in both age groups without evidence for effect modification (both p-values for
interaction of age with SBP and DBP >0.2).

Discussion
In this large-scale study of otherwise healthy middle-aged and older American women, we
found a strong association between participant-reported systolic hypertension and incident
symptomatic PAD. IDH was not associated with future PAD whereas both ISH and SDH
conferred a 2–3 fold increase in risk. We also found a linear increase in PAD risk with
increasing SBP throughout the range of baseline values. A prominent association was
evident even among women with reported SBP levels below current JNC thresholds for
diagnosis of hypertension. While reported DBP was individually predictive of future PAD,
this relationship was no longer significant after accounting for association with elevated
SBP. Furthermore, baseline SBP was the more informative blood pressure variable in all risk
prediction models evaluated. Importantly, a 10 mmHg difference in reported SBP was
associated with incident PAD among both younger (HR 1.54; 95% CI 1.11–2.14) and older
women (HR 1.42; 95% CI 1.25–1.62).

These prospective data among a large cohort of women add to prior information regarding
hypertension and development of PAD. The first prospective evaluation of this issue derives
from the Framingham Heart Study.6 Gender-adjusted multivariable results demonstrated a
gradient in risk for intermittent claudication with a roughly 2-fold increase in the highest
blood pressure category (SBP ≥160 mmHg or DBP ≥100 mmHg),12 while gender-specific
risk estimates suggested a stronger association in women (standardized regression
coefficients 0.356 for women and 0.178 for men; risks in BP categories were not
provided).6–7 Similar to our results, the age-adjusted incidence rate was shown to increase
over the continuum of SBP while a threshold effect for DBP occurred at >85 mmHg for
women (>95 mmHg in men).7.

Among studies confined to men, hypertension is either not associated with subsequent PAD
or findings are limited by methodological concerns. In French-Canadian men,9 while an
increase in risk in the highest quintile of both SBP (RR 2.7; 95% CI 1.8–4.2) and DBP (1.5;
95% CI 1.0–2.1) were observed, results were not adjusted for baseline diabetes. In the
Honolulu Heart Study11 of Japanese American men, hypertension was associated with a
roughly 2-fold increased risk, however the analysis was restricted to men who survived 25
years from baseline to PAD assessment [ankle-brachial index (ABI) < 0.9]. Three other
prospective cohort studies8, 10, 16 in men did not share these methodological issues and no
effect of hypertension on incident PAD was seen. In other longitudinal population-based
studies inclusive of women, a history of hypertension was associated with a significant 1.6–
1.8 fold increase in risk.13–15 In general, it should be noted that in all but one of these
reports, hypertension was considered amongst a broad range of traditional cardiovascular
risk factors.9 Consequently, assessment for linearity of associations, blood pressure
categories, and comparison of systolic versus diastolic hypertension was rarely performed.

The influence of aging is an important confounder in the pathophysiologic link between
hypertension and PAD as the age-associated degenerative changes in vascular structure and
function distinct from those attributable to elevated blood pressure alone are not easily
discerned. While our data do not allow characterization of the underlying mechanisms, our
findings do demonstrate that in otherwise healthy women at low risk for cardiovascular
disease, a relationship between reported systolic hypertension and future peripheral artery
events persisting even among younger women in the cohort. Our findings in this population

Powell et al. Page 6

Vasc Med. Author manuscript; available in PMC 2012 August 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



of relatively healthy women are discordant with null findings from prior longitudinal studies
exclusively comprised of men8, 10, 16 and thereby suggest heightened susceptibility to the
effects of hypertension among women. Our results may also indicate an important role of
central arterial stiffness in the development of peripheral atherosclerosis in women. Arterial
stiffening results in higher transmission velocities of both forward and reflected pulse waves
causing premature return of reflected waves in the central aorta during late systole rather
than diastole as normally occurs. The resulting systolic augmentation of blood pressure is
further amplified with progressive loss of aortic elasticity. For instance, Khaleghi et al.
demonstrated that the degree of systolic augmentation significantly correlates with lower
ankle-brachial index independent of other cardiovascular risk factors.27 Whether
abnormalities in ABI precede arterial stiffening is not clear from this community-based,
cross-sectional study27 and whether this association is stronger in women has not been
evaluated.

Our findings should be interpreted in the context of both strengths and potential limitations.
The major strengths of this study are the large sample size, the prospective design, long-term
follow-up and annual assessment with validation of symptomatic PAD events. However, the
study included predominantly non-Hispanic white women with higher levels of education
and income, and our findings should not be generalized to other racial/ethnic groups, to
populations of lower socioeconomic status, or to men. In addition, these findings are
observational, and we cannot rule out the possibility that these associations are related to
unmeasured, healthier behaviors among participants who report lower blood pressures.
Perhaps more importantly, WHS participants do not undergo health examination. Therefore,
the use of symptomatic PAD as our primary a priori endpoint by definition excludes
subclinical disease, which may have otherwise been detected by physical examination
through abnormal pulse exam or ABI. It should be noted that women in particular may be
less symptomatic relative to men.1 Although potential misclassification resulting from
atypical or occult disease may have occurred, this, if anything, would have biased our results
toward the null by inclusion of women with PAD among the control population. Our event
rate (0.03 annualized percent) is similar to other large prospective cohorts such as the
Women's Health Initiative (WHI) which defined incident PAD using hospitalizations and
revascularizations. In the WHI, the annualized percentage ranged from 0.03 to 0.08.28–29

The use of self-reported blood pressure may also have led to exposure misclassification;
however, in this population of female health professionals a high proportion of subjects
underwent surveillance for hypertension (92.3% reported blood pressure evaluation within
the first year of follow-up) and good correlation between self-reported and measured values
in cohorts of medical professionals has been previously demonstrated.20 Furthermore, self-
reported blood pressure in the WHS has been shown to have similar prognostic value for
cardiovascular events as compared to measured blood pressure in other population-based
cohort studies.23, 30

Thus, in assessing the association between participant-reported blood pressure control with
incident PAD, our data demonstrate a strong prognostic role of uncontrolled blood pressure,
in particular, uncontrolled systolic blood pressure in the clinical development of PAD in
women. Our findings highlight the need for additional longitudinal investigations evaluating
the proatherogenic effects of hypertension from other large cohorts inclusive of women.
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Figure 1.
SBP, DBP, and hazard of peripheral artery disease by use of cubic splines in a Cox model
adjusting for covariates in Table 1.
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Figure 2.
Multivariable adjusted hazard ratio (HR) for peripheral artery disease according to 10
mmHg increment in SBP and DBP stratified by age (< 50 versus ≥ 50 years) adjusting for
covariates in Table 1.
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Table 2

PAD Incidence Rates and Multivariable Hazard Ratios According to Hypertension Subtype*

Normotensive† (N=32,978) IDH (N=1,141) ISH (N=3,158) SDH (N=1,983)

Number of Events 119 4 32 23

Follow-Up (1000 person-years) 422.3 14.3 39.2 24.7

Incidence (per 1000 person-years) 0.28 0.28 0.82 0.93

Model 1 HR‡ 1.0 1.03 (0.38–2.80) 2.03 (1.33–3.09) 2.83 (1.76–4.54)

Model 2 HR§ 1.0 0.98 (0.36–2.68) 1.89 (1.22–2.93) 2.55 (1.53–4.22)

*
Blood pressure categories are based on self-report.

†
The normotensive category includes participants with a history of hypertension who report taking anti-hypertensive medications.

‡
Model 1 adjusted for age (logage), BMI (continuous), non-Hispanic White ethnicity (yes/no), history of hyperlipidemia (yes/no cholesterol ≥ 240

mg/dl), history of diabetes (yes/no), smoking (never/past/current), family history of premature CAD (yes/no), physical activity (vigorous activity <
1 × per week yes/no), use of postmenopausal hormone therapy (yes/no), and randomized treatment with aspirin and/or vitamin E.

§
Model 2 additionally adjusted for pharmacologic treatment for hyperlipidemia or hypertension.
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