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Arterial stiffness, as evidenced by increased pulse pres-
sure (PP), is associated with adverse cardiovascular
events. However, the prognostic importance of PP in
patients who have undergone revascularization is un-
known. We examined the prognostic importance of PP
and predictors of increased PP in patients entered into
the Balloon Angioplasty Revascularization Investigation
(BARI). Estimated correlation and standardized regres-
sion coefficients were reported, indicating the relative
magnitude of independent effects of baseline character-
istics on PP. The independent association of PP and
outcome over 5 years was determined. Baseline charac-
teristics independently associated with PP were higher
mean arterial pressure, older age, female sex, noncoro-
nary vascular disease, history of diabetes mellitus, and
history of hypertension (p <0.001 for all). Cox regres-
sion covariates significantly associated with time to
death were age, smoking, male gender, diabetes his-
tory, congestive heart failure, and baseline use of an-

giotensin-converting enzyme inhibitors, diuretic, or dig-
italis. When PP was added to the model, it was found to
be an independent predictor of time to death (p 5
0.008). When PP and mean arterial pressure were
added to the model, PP remained significantly associ-
ated with time to death (p 5 0.033). When renal disease
and noncoronary vascular disease were added to the
model, the relative risk declined from 1.07 to 1.04 and
the association was no longer statistically significant.
Thus, increased PP is directly and independently associ-
ated with mean arterial pressure, hypertension, age
>65 years, diabetes mellitus, and the presence of non-
coronary vascular disease, and inversely associated
with a history of myocardial infarction. After coronary
revascularization, PP, reflecting arterial stiffness, is in-
dependently associated with total mortality. Q2001
by Excerpta Medica, Inc.

(Am J Cardiol 2001;87:675–679)

There is a growing body of evidence linking in-
creased arterial stiffness, as indicated by increased

pulse pressure (PP), to stroke, myocardial infarction,
and to cardiovascular and all-cause mortality.1–5 The
association of increased PP with adverse cardiovascu-
lar events has been found across the spectrum of left
ventricular function, from markedly reduced to nor-
mal, and in a variety of disease states, including heart
failure, coronary disease, and isolated systolic hyper-
tension. However, an assessment of the prognostic
importance of PP in a patient population undergoing

coronary revascularization has not been reported. The
present study examines the prognostic significance of
PP in patients with coronary artery disease who un-
derwent revascularization and who were entered into
the Bypass Angioplasty Revascularization Investiga-
tion (BARI).6,7 Patient characteristics that were asso-
ciated with increased conduit vessel stiffening, as ev-
idenced by elevated PP, were also studied.

METHODS
A detailed description of the BARI trial6 and its

results7 have been reported previously. Briefly, BARI
was a randomized trial comparing an initial strategy of
percutaneous transluminal coronary angioplasty
(PTCA) to an initial strategy of coronary artery bypass
grafting (CABG) in patients with multivessel coronary
disease and severe angina or ischemia. From August
1988 to August 1991, patients were randomized at 18
clinical centers in the United States and Canada.
These patients were judged to be suitable candidates
for either PTCA or CABG. Patients who underwent a
previous revascularization procedure, who had single-
vessel coronary disease, primary congenital, valvular,

From the Clinical Trials Group, Division of Epidemiology and Clinical
Applications, and the Clinical Medicine Group, Division of Heart and
Vascular Diseases, National Heart, Lung, and Blood Institute, Be-
thesda, Maryland; the Department of Epidemiology, Graduate School
of Public Health, University of Pittsburgh, Pittsburgh, Pennsylvania;
Cardiovascular Engineering, Inc., Dover, Massachusetts; the Division
of Cardiology, University of Southern California, Los Angeles, Califor-
nia; and the Division of Cardiology, University of Michigan Medical
Center, Ann Arbor, Michigan. Manuscript received September 21,
2000; revised manuscript received and accepted October 6, 2000.

Address for reprints: Michael J. Domanski, MD, Clinical Trials
Group, National Heart, Lung, and Blood Institute, Bethesda, Maryland
20892. E-mail: Domanskm@NIH.GOV.

675©2001 by Excerpta Medica, Inc. All rights reserved. 0002-9149/01/$–see front matter
The American Journal of Cardiology Vol. 87 March 15, 2001 PII S0002-9149(00)01482-X



or nonischemic myocardial heart disease, or were,17
or .80 years old, were excluded. In addition, 2,010
patients who were otherwise eligible but did not con-
sent to randomization were followed in a prospective
registry. The analysis presented here includes all
3,837 patients from the randomized trial and the reg-
istry who had blood pressure data available and who
underwent revascularization.

Follow-up contacts were made at 4 to 14 weeks, 6
months, and annually after initial revascularization. At
the time of the analysis, patients had been followed for
an average of 5.4 years. At each contact, information
pertaining to vital status, myocardial infarction (MI),
angina symptoms, and additional revascularization
procedures was obtained. Ascertainment of vital status
was 98% complete at the time the data in this study
were assembled. Cause of death was determined by an
independent morbidity and mortality review commit-
tee. Myocardial infarction was defined as new patho-
logic Q waves according to the Minnesota code8,9 or
new left bundle branch block with abnormal cardiac
enzyme levels. All electrocardiograms were inter-
preted by a central electrocardiographic and myocar-
dial infarction classification laboratory at St. Louis
University. All angiograms were evaluated by a cen-
tral radiographic laboratory located at Stanford Uni-
versity. The University of Pittsburgh served as the
coordinating center for the study and was responsible

for study administration, data man-
agement, and statistical analysis.

Blood pressure values were based
upon a single cuff pressure taken at
the baseline examination. PP was
calculated as the difference between
systolic and diastolic pressure as de-
termined by standard sphygmoma-
nometry at the time of screening.
Mean arterial pressure was calcu-
lated as (systolic pressure1 2 dia-
stolic pressure)/3.

Statistical analysis: Patients were
categorized based on quartiles of PP
and mean arterial pressure. Distribu-
tion of patients’ demographic and
clinical characteristics and medica-
tion use by quartiles of PP and mean
arterial pressure were examined us-
ing a Wilcoxon test for continuous
variables and a chi-square test for
categorical variables. The correlation
between baseline characteristics and
PP was determined using a multivar-
iate general linear model. Factors
related to PP in univariate analysis
(p ,0.05) were included in the
multivariate model and a backward
stepped approach was used. Esti-
mated standardized regression coef-
ficients were reported to indicate the
magnitude of their independent and
relative predictive effects on PP.

After verifying the proportional
hazards assumption, Cox regression analysis was used
to determine the association between PP and survival
over 5 years independent of other risk factors. Regis-
try patients who were treated medically were ex-
cluded. Risk ratios and their 95% confidence intervals
are reported. The proportional hazards assumption
was not met for PP. This indicates that the reported
risk ratio for PP cannot be assumed to be constant over
the 5-year period, but is an average risk over that
period.

RESULTS
The 4 blood pressure variables (systolic blood

pressure, diastolic blood pressure, mean arterial pres-
sure, and PP) were not normally distributed (Kolmog-
orov test, p,0.01 for all). Mean arterial pressure
ranged from 63 to 143 mm Hg (mean 94; median 93).
PP ranged from 20 to 132 mm Hg (mean 54; median
50). Diastolic pressures remained essentially constant
across the quartiles of PP so that increasing PP in this
cohort was predicated upon increasing systolic pres-
sure.

PP was divided into quartiles and evaluated against
a number of baseline factors (Table 1). Higher PPs
were seen for older subjects, women, diabetics, and
for patients with a history of hypertension, renal dis-
ease, or noncoronary vascular disease. Patients with a
history of myocardial infarction tended to have a

TABLE 1 Baseline Characteristics by Quartile of Pulse Pressure

PP Quartiles

p Value
1

(n 5 945)
2

(n 5 1,032)
3

(n 5 936)
4

(n 5 924)

PP range (mm Hg) 0–41 42–50 50–62 63–132
Systolic pressure (mm Hg) 112 6 10 123 6 11 134 6 11 152 6 16 ,0.001
Diastolic pressure (mm Hg) 76 6 9 76 6 10 76 6 11 76 6 11 0.60
Mean arterial pressure

(mm Hg)
88 6 9 91 6 10 95 6 11 101 6 12 ,0.001

Age (yrs) 58 6 10 60 6 9 62 6 9 66 6 8 ,0.001
Ejection fraction (%) 59 6 12 60 6 12 62 6 13 64 6 12 ,0.001
Women 23% 29% 34% ,0.001
African-American 3% 6% 6% 5% 0.049
Treated diabetes mellitus 11% 16% 18% 27% ,0.001
Systemic hypertension 35% 41% 54% 67% ,0.001
Prior myocardial infarction 60% 55% 49% 44% ,0.001

Renal disease 1% 2% 1% 3% 0.015
Noncoronary vascular
disease*

11% 12% 16% 23% ,0.001

Cigarette smoker 74% 71% 68% 64% ,0.001
Congestive heart failure (%) 6% 7% 7% 8% 0.16

Medicine Use
b blocker 60% 54% 54% 49% ,0.001
Calcium antagonists 72% 74% 77% 78% 0.001
Aspirin 79% 77% 76% 73% 0.003
Digitalis & derivatives 6% 5% 9% 10% ,0.001
ACE inhibitors 9% 9% 10% 14% ,0.001
Diuretic 18% 19% 25% 28% ,0.001

*Lower extremity vascular surgery, intermittent claudication or aortic aneurysm, history of stroke,
transient ischemic attack, carotid endarterectomy, or carotid disease documented by bruit or ultrasound.

Analysis of variance for continuous variable.
Mantel-Haenszel for categorical variable.
ACE 5 angiotensin-converting enzyme.
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lower PP as did those with a history of smoking. PP
was also associated with the use of a number of
baseline medications. Subjects taking aspirin orb
blockers tended to have lower PP, whereas those tak-
ing digitalis, angiotensin-converting enzyme inhibi-
tors, or diuretics tended to have higher PPs. Ejection
fraction was directly and significantly correlated with
an increasing quartile of PP. PP was also found to be
highly correlated with mean arterial pressure.

Independent positive associations were found be-
tween PP and mean arterial pressure, age, female sex,
noncoronary vascular disease, history of diabetes, and
a history of hypertension (Table 2, p,0.001 for all).
PP was inversely associated with a history of myocar-
dial infarction (Table 2, p5 0.004). Smoking was not
a significant correlate of PP in multivariate analysis.

In univariate analysis, quartile of PP was signifi-
cantly associated with time to death (Figure 1). The
effect was particularly strong for the highest quartile
of PP. To determine whether this effect was indepen-
dent of other factors associated with mortality, a Cox
proportional hazards model was used. The model was
first developed excluding the variables of renal disease
or noncoronary vascular disease because these are
concomitant disease conditions known to be associ-
ated with vascular stiffening.10 Important covariates
significantly associated with time to death were age,
smoking, male gender, history of diabetes, use of
angiotensin-converting enzyme inhibitors, diuretic or
digitalis use at baseline and congestive heart failure at
baseline. When PP was added to the model, it was
found to be a significant independent predictor of time
to death (p5 0.008). However, when mean arterial
pressure was used in place of PP, it was found not to
be significantly associated with time to death (p5
0.107). When PP and mean arterial pressure were
added to the model, PP remained significantly associ-
ated with time to death (p5 0.033). When renal
disease and noncoronary vascular disease were added
to the model, the relative risk declined from 1.07 to
1.04 and the association was no longer statistically
significant.

When cardiac death was used as the end point,
neither PP nor mean arterial pressure were found to be
significantly predictive. Likewise, when evaluating
the end points of angina, exercise-induced angina and

repeat revascularization, no significant contribution
was made by either PP or mean arterial pressure.

DISCUSSION
Pulse pressure and clinical events: This study is the

first to examine the prognostic importance of PP in a
population of coronary patients who underwent revas-
cularization. The analysis demonstrates that PP, but
not mean arterial pressure, is independently associated
with mortality in the BARI patients. The loss of sig-
nificance with the addition of noncoronary vascular
disease reflects the fact that the PP (and thus, arterial
stiffness) is due to abnormality of the peripheral vas-
culature. Further, the association of renal dysfunction
and increased arterial stiffness has been shown previ-
ously.10

Comparison with prior studies relating pulse pres-
sure to clinical events: These data, associating adverse
outcomes with increased PP, are consistent with grow-
ing literature suggesting the prognostic importance of
arterial stiffness. Domanski et al1 investigated the
association of PP and mortality in 6,781 patients with
left ventricular ejection fraction#0.35 randomized
into the Studies of Left Ventricular Dysfunction
(SOLVD). In a multivariate analysis that adjusted for
known covariates, including treatment assignment to
enalapril or placebo, higher PP was an independent
predictor of total and cardiovascular mortality (rela-
tive risk for total mortality 1.05 per 10 mm Hg incre-
ment; p5 0.02). Interestingly, in the SOLVD data-
base, mean arterial pressure was inversely related to
total and cardiovascular mortality.

Chae et al3 examined 1,621 men and women who
had PP ascertained in the community-based East Bos-
ton Senior Health Project and who were followed for
up to 3.8 years for the development of congestive
heart failure. After controlling for known covariates,
PP was found to be an independent predictor of de-
velopment of congestive heart failure (relative risk
1.14 for each 10 mm Hg increase in PP; p,0.01).

Mitchell et al5 studied PP as a predictor of mortal-
ity in 2,231 patients 3 to 16 days after a myocardial
infarction who were enrolled in the Survival and Ven-
tricular Enlargement (SAVE) trial. In a multivariate
analysis, PP remained a significant predictor of total
mortality (relative risk 1.08 per 10 mm Hg increment
in PP; p,0.05) as well as recurrent myocardial in-
farction.

Domanski et al2 studied 4,736 patients with iso-
lated systolic hypertension entered into the Systolic
Hypertension in the Elderly Program (SHEP) to de-
termine the relation of PP to prognosis. The data from
this study demonstrated a significant 16% increase in
risk of all-cause mortality and a significant 11% in-
crease in stroke risk for each 10 mm Hg increment in
PP.

These studies (SOLVD, SHEP, SAVE, and East
Boston) demonstrate the prognostic importance of PP
across the spectrum of left ventricular dysfunction,
from markedly depressed in SOLVD to moderately
depressed in SAVE to normal in SHEP and East
Boston.

TABLE 2 Independent Associations With Pulse Pressure

Standardized
Regression
Coefficient p Value

Mean arterial pressure 0.401 ,0.001
Age $65 yrs 0.215 ,0.001
Treated diabetes mellitus 0.082 ,0.001
Systemic hypertension 0.077 ,0.001
Noncoronary vascular disease* 0.067 ,0.001
Women 0.066 ,0.001
History of myocardial infarction 20.041 0.004

*Lower extremity vascular surgery, intermittent claudication or aortic aneu-
rysm, history of stroke, transient ischemic attack, carotid endarterectomy, or
carotid disease documented by bruit or ultrasound.
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The effect of aging on stiffness is likely indepen-
dent of the progression of atherosclerosis. In a study
of changing arterial stiffness in 480 Chinese patients,
there was an age-associated increase in arterial stiff-
ness in a population known to have a low risk of
atherosclerosis and in whom there was no peripheral
arterial disease.11 As discussed previously, these data
underscore the possible etiologic significance of in-
creased arterial stiffness in the development of athero-
sclerosis. Arteriosclerotic changes are accelerated by
the damaging effects of hypertension, another inde-
pendent correlate of increased PP in our study. In
SAVE, hypertension was also an important correlate
of increased PP.5

Noncoronary vascular disease was independently
associated with increased PP. The presence of athero-
sclerosis is not confined to a single region of the
vascular system and it would be expected that there
would be atherosclerosis and stiffening throughout the
vascular tree when it is found in one region. This

means that the presence of noncoronary vascular dis-
ease would make the presence of coronary disesase (as
a basis for cardiovascular death) likely.

Our finding of higher PP in women is consistent
with a number of observations in the middle aged and
elderly population.1,2,4 Women have a lower PP from
menarche to menopause. Starting at approximately
age 55 years, there is a substantial increase in the slope
of the relation between PP and age in women. As a
result, the average PP in women reaches or exceeds
that in men by the finish of the sixth decade.12–17The
rapid increase in PP just after the menopause is likely
the direct result of estrogen withdrawal and corre-
sponds to the concurrent dramatic increase in the
prevalence of cardiovascular disease after meno-
pause.17

The association of myocardial infarction with re-
duced PP is likely related to a reduction of left ven-
tricular function in these patients and a resulting re-
duction in the stroke volume generated.

Study limitations: PP depends on stroke volume and
peak aortic flow. For this reason, it could be reduced
after extensive myocardial infarction obscuring the
relation between PP and clinical end points. Nonethe-
less, a significant relation between PP and adverse
clinical events was found in this study.
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