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Background: Recent reports have drawn attention to
the importance of pulse pressure as a predictor of car-
diovascular events. Pulse pressure is used neither by cli-
nicians nor by guidelines to define treatable levels of blood
pressure.

Methods: In the Cardiovascular Health Study, 5888
adults 65 years and older were recruited from 4 US cen-
ters. At baseline in 1989-1990, participants underwent
an extensive examination, and all subsequent cardiovas-
cular events were ascertained and classified.

Results: At baseline, 1961 men and 2941 women were
at risk for an incident myocardial infarction or stroke.
During follow-up that averaged 6.7 years, 572 subjects
had a coronary event, 385 had a stroke, and 896 died.
After adjustment for potential confounders, systolic
blood pressure (SBP), diastolic blood pressure (DBP),
and pulse pressure were directly associated with the risk
of incident myocardial infarction and stroke. Only SBP
was associated with total mortality. Importantly, SBP
was a better predictor of cardiovascular events than DBP
or pulse pressure. In the adjusted model for myocardial

infarction, a 1-SD change in SBP, DBP, and pulse pres-
sure was associated with hazard ratios (95% confidence
intervals) of 1.24 (1.15-1.35), 1.13 (1.04-1.22), and 1.21
(1.12-1.31), respectively; and adding pulse pressure or
DBP to the model did not improve the fit. For stroke,
the hazard ratios (95% confidence intervals) were 1.34
(1.21-1.47) with SBP, 1.29 (1.17-1.42) with DBP, and
1.21 (1.10-1.34) with pulse pressure. The association
between blood pressure level and cardiovascular disease
risk was generally linear; specifically, there was no evi-
dence of a J-shaped relationship. In those with treated
hypertension, the hazard ratios for the association of
SBP with the risks for myocardial infarction and stroke
were less pronounced than in those without treated
hypertension.

Conclusion: In this population-based study of older
adults, although all measures of blood pressure were
strongly and directly related to the risk of coronary and
cerebrovascular events, SBP was the best single predic-
tor of cardiovascular events.
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N MIDDLE-AGED adults, the rela-
tionship between blood pressure
level and risk of cardiovascular dis-
ease has aptly and traditionally
been characterized as “continu-

Several recent studies in older adults
have raised questions about the shape of
association between blood pressure and
cardiovascular events. In a study of older
adults from Italy,® SBP but not DBP was

The affilations of the authors
appear in the acknowledgment
section at the end of this article.

ous, graded, strong, independent, and etio-
logically significant.”! This judgment re-
flects findings from numerous studies,
including the Framingham Heart Study,**
the screenees from the Multiple Risk Fac-
tor Intervention Trial,"* and a major meta-
analysis.” Although the relationship may be
stronger for systolic blood pressure (SBP)
than for diastolic blood pressure (DBP),>*
the association of blood pressure level with
cardiovascular disease and the proven ben-
efits of treatment with low-dose diuretics and
B-blockers® have formed the basis of the cur-
rent US national guidelines on the detec-
tion and treatment of high blood pressure.”

associated with total and cardiovascular
mortality. In the Rotterdam Study,’ blood
pressure was linearly related to the risk of
stroke in untreated participants; but in par-
ticipants with treated hypertension, the re-
lationship of both SBP and DBP to stroke
risk was J-shaped with increased risks at
high and low levels of blood pressure. Sev-
eral other studies,'*!* 2 of them includ-
ing only subjects with isolated systolic hy-
pertension,'®!! emphasized the importance
of pulse pressure as a predictor of cardio-
vascular events or mortality. In a meta-
analysis of trials of isolated systolic hy-
pertension,'® for instance, SBP was directly
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PARTICIPANTS AND METHODS
SETTING

The CHS is a prospective cohort study of risk factors for
coronary heart disease and stroke in men and women 65
years and older. In June 1990, 4 field centers completed
recruitment of 5201 participants. In June 1993, the recruit-
ment of an additional 687 African Americans was com-
pleted using similar methods. Each community sample was
obtained from random samples of the Medicare eligibility
lists, and those eligible to participate included all persons
who were living in the household of each individual sampled
from the Health Care Financing Administration lists and
who (1) were 65 years or older, (2) were noninstitution-
alized, (3) expected to remain in the area for 3 years, and
(4) gave informed consent and did not require a proxy re-
spondent. Among those contacted and eligible, 57.3% were
enrolled. The CHS design and recruitment experience are
described in detail elsewhere.'”'®

BASELINE EXAMINATION

The baseline examination consisted of a home interview
and a clinic examination. Participants answered standard
questionnaires that assessed a variety of risk factors, in-
cluding smoking, physical activity, and medical history of
cardiovascular conditions and procedures.'” Self-reported
medical conditions such as myocardial infarction, angina,
and stroke were validated." Medications were assessed by
inventory at the home interview.*

Participants were asked to come to the clinic exami-
nation after an 8- to 12-hour overnight fast. All examina-
tions were scheduled in the morning. Seated blood pres-
sure measurement followed by venipuncture was performed
early in the examination. Blood pressure was measured in
the right arm of seated participants after a 5-minute rest
using an appropriately sized cuff and a Hawksley random-
zero sphygmomanometer (model 7076; Hawksley and Sons
Limited, Sussex, England) in 1989-1990 and a standard mer-
cury sphygmomanometer in 1992-1993. Duplicate mea-
sures of supine blood pressure in the right arm and both

posterior tibial arteries were assessed by an 8-MHz Dop-
pler probe attached to a stethoscope, and the ratio of SBPs
was used to calculate the ankle-arm index. Anthropo-
morphic measures included weight and height. Blood
samples from the fasting venipuncture were analyzed at
the Central Blood Analysis Laboratory for levels of glu-
cose, total cholesterol, high-density lipoprotein choles-
terol, and triglycerides, and standardized according to the
Centers for Disease Control and Prevention as previously
described.'”*' Low-density lipoprotein cholesterol was
calculated according to the Friedewald equation.*

Carotid sonography was performed with sono-
graphic units (Toshiba SSA-270A; Toshiba America Medi-
cal Systems, Tustin, Calif). A single longitudinal lateral view
with measurements taken at the distal 10 mm of the far wall
of the right and left common carotid arteries and 3 views
with measurements centered on the site of maximum wall
thickening of the proximal right and left internal carotid
arteries were recorded and read by the Ultrasound Read-
ing Center.”” The maximal intimal medial thickness was
the average of the discrete maximum separately for the both
common and both internal carotid arteries.

Subjects were excluded from the analysis if they had
had (1) a myocardial infarction, stroke, or congestive heart
failure prior to entry into CHS"; or (2) missing data at base-
line on key variables, including blood pressure, diabetes,
carotid ultrasound, or smoking status.

FOLLOW-UP AND CLASSIFICATION OF EVENTS

Participants were contacted every 6 months, and the con-
tacts alternated between a telephone interview and a clinic
examination, which included an electrocardiogram. At each
contact, participants were asked about cardiovascular events
and all hospitalizations. Discharge summaries and diag-
noses were obtained for all hospitalizations. For all poten-
tial incident cardiovascular events, additional informa-
tion, including history of chest pain, cardiac enzyme levels,
and serial electrocardiograms for potential myocardial in-
farction events and onset set of symptoms, duration of defi-
cits, and findings on computed tomography or magnetic
resonance imaging examinations for potential stroke events,

and DBP was inversely related to the risks of various car-
diovascular events. In trial participants with isolated sys-
tolic hypertension,'* pulse pressure was a more impor-
tant predictor of cardiovascular events than mean pressure.
Finally, using Framingham data, Port and colleagues®
recently challenged the linear association between blood
pressure and total mortality.

In the last decade, researchers and guidelines have
increasingly recognized the importance of SBP rather than
DBP, especially in older adults.”'® Clinicians and cur-
rent guidelines do not use pulse pressure to define treat-
able levels of blood pressure. Using data from the Car-
diovascular Health Study (CHS), a population-based
cohort study of risk factors for cardiovascular disease in
older adults,'” we assessed the association of SBP, DBP,
and pulse pressure with the risks of myocardial infarc-
tion, stroke, and total mortality. The analysis included a
systematic search for several nonlinear relationships that
have recently been described.”"

— T

Ineligible for this analysis were (1) 348 men and 211
women who, at baseline, had a previous history of myo-
cardial infarction; (2) 108 men and 92 women who had
a previous stroke; and (3) 49 men and 86 women who
had previous congestive heart failure. Another 29 men
and 63 women were excluded because of missing data
on blood pressure (n=15), diabetes status (n=49), ca-
rotid ultrasound (n=22), or smoking status (n=6). Of
5888 participants in CHS, 1961 men and 2941 women
who were at risk of a first myocardial infarction or stroke
were included in this analysis and followed up for an av-
erage of 6.7 years.

Table 1 summarizes the baseline risk factors in sub-
jects according to level of SBP. Level of SBP was associ-
ated with a number of risk factors, including age, ca-
rotid intimal medial thickness, race, and diabetes. In this

(REPRINTED) ARCH INTERN MED/VOL 161, MAY 14, 2001

1184

WWW.ARCHINTERNMED.COM

Downloaded from www.archinternmed.com at University Of New Mexico, on June 28, 2007
©2001 American Medical Association. All rights reserved.



http://www.archinternmed.com

was collected. All potential myocardial infarction and stroke
events were reviewed and classified by the CHS Cardio-
vascular Events Committee or the CHS Stroke Commit-
tee, respectively. The algorithms for classifying myocar-
dial infarction?* and stroke?® have been published.
Myocardial infarction in this analysis included myocar-
dial infarction by serial electrocardiography, hospitalized
nonfatal myocardial infarction, fatal myocardial infarc-
tion, and definite fatal coronary heart disease. Stroke in-
cluded fatal and nonfatal stroke.

For analyses of myocardial infarction or stroke, event
times were computed as the time to the first event. Sub-
jects could have an incident myocardial infarction and an
incident stroke during follow-up, and these subjects were
included as events in both analyses. For subjects without
amyocardial infarction or stroke, censoring times were cal-
culated according to the last date of follow-up or the date
of death. For analyses of total mortality, event times were
times to death, and censoring times were the dates of last
follow-up.

DEFINITION OF VARIABLES AND METHODS
OF STATISTICAL ANALYSIS

Although participants with a prebaseline myocardial in-
farction or stroke were excluded, some had a history of coro-
nary heart disease, defined as a history at baseline of an-
gina, coronary angioplasty, or coronary artery bypass
surgery. Clinical cardiovascular disease was defined as a
history at baseline of coronary heart disease, carotid end-
arterectomy, or peripheral vascular disease surgery. Dia-
betes was defined as a fasting glucose level of 6.99 mmol/L
or higher (=126 mg/dL)? or the use of insulin or oral hy-
poglycemic agents, and impaired fasting glucose was de-
fined as a level of 6.10 mmol/L or higher (=110 mg/dL).
Treated hypertension at baseline was defined, regardless
of blood pressure level, as a person who reported a history
of high blood pressure and who was using medications
that are usually used to treat hypertension. Pulse pressure
was the difference between systolic and diastolic blood
pressures. Blood pressure categories were defined accord-
ing to the traditional stages of hypertension: optimal

(<120/80 mm Hg), normal (<130/85), high-normal
(<140/90), stage 1 hypertension (<160/100), and the com-
bination of stages 2 and 3 hypertension (=160/100).” In
part because the mean level of DBP was “optimal” by cri-
teria of the Sixth Report of the Joint National Committee,’
and in part because there is no standard “clinical” ap-
proach to categorizing pulse pressure, we defined another
set of blood pressure categories by quintiles according to
blood pressure levels in subjects who had had an event.

We used a statistical software package for data analy-
sis (SPSS for Windows version 10; SPSS Inc, Chicago, I11).
Techniques included analysis of variance for continuous
variables, x? tests for categorical variables, and Cox pro-
portional hazards models for multivariate analysis.*” All P
values represent 2-sided tests. These analyses were based
on the updated CHS database, which incorporated minor
corrections through April 13, 1999.

APPROACH TO MULTIVARIATE ANALYSIS

In preliminary analyses, we used centered linear plus qua-
dratic terms to screen SBP, DBP, and pulse pressure for qua-
dratic associations between level of blood pressure and the
risk of myocardial infarction, stroke, and total mortality.
These analyses were done in the entire population and sepa-
rately in subjects with treated hypertension. Significant de-
viations from the linear model were further explored us-
ing spline models.?® The spline models assessed whether,
across the range of blood pressure values, 2 lines with dif-
ferent slopes provided a better description of the blood pres-
sure cardiovascular-disease event association than a single
linear term.

In models that used continuous measures of blood pres-
sure, each measure was divided by its standard deviation
to facilitate comparisons among systolic, diastolic, and pulse
pressures. Analyses were stratified on the presence or ab-
sence of treated hypertension. Based on previous work®
and sensitivity analyses, Cox models were adjusted for ma-
jor risk factors, including age, sex, current smoking, dia-
betes, clinical cardiovascular disease, and maximum com-
mon carotid intimal medial wall thickness. Neither total
nor high-density lipoprotein cholesterol was related to risk.”

population-based sample as a whole, 45.2% reported a
history of hypertension, 35.5% had treated hyperten-
sion, and the mean blood pressure was 136.3/71.0 mm Hg
with a mean pulse pressure of 65.3 mm Hg.

At baseline, the prevalence of stage 1 or greater hy-
pertension was higher for SBP (40.3%) than for DBP
(4.8%; Table 2). Table 2 also presents the event rates
per 1000 person-years of myocardial infarction, stroke,
and total mortality according to the traditional stages of
hypertension. In general, event rates increased across lev-
els of SBP and DBP.

In Table 3, the association between level of blood
pressure and the incidence of myocardial infarction is rep-
resented both for continuous measures and for quin-
tiles. In adjusted models (1 to 3), the hazard ratio (HR)
associated with a 1-SD change in blood pressure was
higher for SBP (HR=1.24 per 21.4 mm Hg, adjusted) than
for either DBP (HR=1.13 per 11.2 mm Hg) or pulse pres-
sure (HR=1.21 per 18.5 mm Hg). For DBP (model 3),

high levels, although 95.2% were within the normal range,
were nonetheless associated with an increased risk of myo-
cardial infarction. The addition of DBP or pulse pres-
sure to the model with SBP did not improve the model
fit (models 4 and 5). The model with both pulse pres-
sure and DBP (model 6) did improve the fit compared
with either model alone (models 2 and 3). The analysis
by quintiles suggested a generally increasing or linear as-
sociation of the risk of myocardial infarction with levels
of blood pressure, including DBP, and there was little evi-
dence of a J-shaped curve for any of the blood pressure
measures.

In subjects with treated hypertension (Table 4),
the association between level of blood pressure and risk
of myocardial infarction was less pronounced than in sub-
jects without treated hypertension. The adjusted HR for
SBP was 1.13 (95% confidence interval [CI], 1.00-1.28)
in participants with treated hypertension and 1.31 (95%
CI, 1.18-1.46) in those without treated hypertension.
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Table 1. Characteristics of Participants by Systolic Blood Pressure Level*
Systolic Blood Pressure Category, mm Hg

Characteristic I <120 =120to <130 =130to <140 =140to <160 =160 I Total
No. 1112 889 927 1298 676 4902
Age, yt 71.4 (4.9) 72.0 (5.4) 721 (5.1) 73.3 (5.7) 74.6 (5.9) 72.6 (5.5)
Weight, kgt 70.7 (14.1) 72.7 (14.6) 74.2 (14.9) 73.4 (14.5) 71.6 (15.1) 72.5 (14.6)
Height, cmt 165.4 (9.4) 165.2 (9.3) 165.2 (9.6) 163.7 (9.3) 163.6 (9.6) 164.6 (9.4)
Body mass index, kg/m?t 25.7 (4.3) 26.5 (4.7) 27.0 (4.6) 27.3 (4.8) 26.6 (4.9) 26.6 (4.7)
Physical activity, kd/wki 7866 (8908) 7799 (8899) 7644 (8678) 6740 (7945) 7071 (8883) 7406 (8623)
Systolic blood pressure, mm Hgt 110.1 (7.4) 124.7 (2.8) 134.5 (2.9) 148.3 (5.6) 173.6 (12.6) 136.3 (21.4)
Diastolic blood pressure, mm Hgt 63.3 (8.3) 68.3 (8.7) 71.0 (9.7) 74.7 (10.5) 80.1 (11.9) 71.0 (11.2)
Pulse pressure, mm Hgt 46.8 (9.5) 56.4 (8.9) 63.5 (10.0) 73.7 (11.1) 93.6 (15.8) 65.3 (18.5)
Total cholesterol, mmol/L 5.44 (1.04) 5.49 (0.99) 5.49 (0.98) 5.50 (1.01) 5.57 (0.99) 5.50 (1.00)
HDL cholesterol, mmol/Lt 1.43 (0.42) 1.42 (0.40) 1.40 (0.39) 1.43 (0.40) 1.46 (0.42) 1.43 (0.41)
LDL cholesterol, mmol/L 3.30 (0.95) 3.31 (0.93) 3.32(0.91) 3.32 (0.91) 3.37 (0.90) 3.32(0.92)
Triglycerides, mmol/Lt 1.46 (0.68) 1.57 (0.81) 1.60 (0.84) 1.59 (0.88) 1.59 (0.96) 1.56 (0.83)
Fasting glucose, mmol/Lt 5.78 (1.43) 6.10 (2.23) 6.15 (2.11) 6.16 (1.86) 6.34 (2.03) 6.09 (1.93)
Ankle-arm indext 1.11 (0.15) 1.10 (0.14) 1.08 (0.15) 1.06 (0.16) 1.00 (0.19) 1.07 (0.16)
Maximum IMT, mm

Common carotidt 1.00 (0.19) 1.03 (0.19) 1.06 (0.20) 1.08 (0.22) 1.13 (0.22) 1.05 (0.21)

Internal carotidt 1.30 (0.50) 1.34 (0.53) 1.37 (0.53) 1.45 (0.56) 1.58 (0.60) 1.40 (0.55)
History of CVD 1.4 10.6 11.4 12.4 11.9 11.6

Angioplasty 1.1 0.5 0.3 1.2 0.9 0.8

Bypass surgery 1.8 2.1 2.6 2.0 1.8 2.1

Angina 9.4 9.8 9.5 10.1 95 9.7

Carotid endarterectomy 0.5 0.9 0.9 1.3 0.9 0.9

PVD surgery 1.5 0.6 1.6 15 1.2 1.3
Women 60.5 58.5 58.7 61.6 59.8 60.0
African Americant 10.3 13.9 14.6 17.2 18.9 14.8
Self-reported hypertensiont 25.2 34.9 46.0 55.4 71.0 452
Treated hypertensiont 20.9 28.2 35.7 431 54.0 35.5
Using insulin or oral hypoglycemic agentst 5.2 5.7 7.6 8.3 11.5 7.4
Diabetes or IFGT 20.9 28.2 29.2 30.9 33.9 28.2
Current smokert 14.0 15.0 11.3 10.0 9.3 12.0
=High school educationt 75.6 72.0 70.6 71.6 70.1 722
Self-reported health very good or excellentt 46.1 442 42.5 38.3 35.2 41.5
Marriedt 7.4 65.3 66.8 64.4 64.1 66.6

*Data are given as mean CVD, cardiovascular disease; (SD) or percentage of subjects. HDL indicates high-density lipoprotein; LDL, low-density lipoprotein; IMT,
intimal medial thickness; PVD, peripheral vascular disease; and IFG, impaired fasting glucose. To convert from kilojoules per week to kilocalories per week, divide
by 4.184. To convert from millimoles per liter to milligrams per deciliter, divide by 0.0259 for cholesterol, by 0.0555 for glucose, and by 0.0113 for triglycerides.

+P<.001.
tP<.05.

These HRs were marginally different (P=.056), and the stroke incidence rates by quintile of SBP for those with

myocardial infarction incidence rates by quintile of SBP and without treated hypertension are illustrated in Fig-

for those with and without treated hypertension are il- ure 1B.

lustrated in Figure 1A. For subjects with treated hy- Table 6 summarizes the association between blood

pertension, DBP and pulse pressure were minimally as- pressure and total mortality. In adjusted models, the HRs

sociated with the risk of myocardial infarction after associated with a 1-SD change in blood pressure were gen-

adjustment. erally small, and the association achieved conventional
Table 5 summarizes the association between blood levels of statistical significance for SBP (HR=1.08) and

pressure and stroke incidence. In adjusted models (1 to DBP (HR=1.07) but not for pulse pressure (HR=1.05).

3), the HR associated with a 1-SD change in blood pres- The addition of pulse pressure to the models with SBP

sure was largest for SBP (HR=1.34) and higher for DBP or DBP did not improve the fit significantly (models 5
(HR=1.29) than for pulse pressure (HR=1.21). While SBP and 6). Although the analysis by quintiles suggests the

was the single best predictor, 2-term models improved possibility of a J-shaped relationship of the risk of myo-
the fit compared with model 1 (x*=5.2, P=.02). Analy- cardial infarction with quintiles of diastolic or pulse pres-
sis by quintiles of blood pressure again suggests a gen- sure, the HR estimates were generally close to 1.00, and
erally linear relationship for all 3 measures. In model 4, few CIs excluded the null.

both SBP and DBP were directly related to the risk of In additional analyses, we used the addition of a qua-
stroke. In participants with treated hypertension, the ad- dratic term to the linear models to screen the 3 blood pres-
justed HR for SBP was 1.19 (95% CI, 1.03-1.37), and in sure measures for quadratic associations with the risk of
those without treated hypertension, it was 1.43 (95% CI, myocardial infarction, stroke, and total mortality both

1.25-1.63). These HRs were different (P=.02), and the in the whole sample and in subjects with treated hyper-
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by Traditional Levels of Systolic and Diastolic Blood Pressure*

Table 2. Rates (per 1000 Person-Years) of Myocardial Infarction, Stroke, and Total Mortality

Myocardial Infarction Stroke Total Mortality
BP Category BP Range N I n PY RaleI I n PY RateI I n PY RaleI
Systolic
Optimal <120 1112 72 7518 9.6 47 7533 6.2 166 7673 21.6
Normal =120t0 <130 889 81 5791 14.0 46 5860 7.9 157 5973 26.3
High-normal =130 to <140 927 124 6059 20.5 67 6149 10.9 153 6336 24.2
Stage 1 =140to0 <160 1298 180 8112 222 135 8127 16.6 247 8486 29.1
=Stage 2 =160 676 115 3965 29.0 90 3980 22.6 173 4197 41.2
Diastolic
Optimal <80 3834 423 24879 17.0 268 25042 10.7 697 25759 271
Normal =801t0 <85 516 72 3240 222 48 3278 14.6 103 3402 30.3
High-normal =85 to <90 317 42 1947 21.6 42 1936 21.7 54 2047 26.4
Stage 1 =90to <100 196 30 1156 26.0 21 1174 17.9 33 1219 271
=Stage 2 =100 39 5 223 22.5 6 219 27.4 9 237 37.9

*BP indicates blood pressure; N, number of persons; n, number of events, and PY, person-years.

Table 3. Risk of Myocardial Infarction by Blood Pressure Level and Quintiles of Blood Pressure in All 4902 Subjects*

Unadjusted Model Adjusted Modelt
BP Range I HR (95% Cl) x? P I I HR (95% Cl) x? P I
Linear term
1. Systolic BP SD=21.4 1.37 (1.27-1.48) 62.1 <.001 1.24 (1.15-1.35) 28.3 <.001
2. Diastolic BP SD=11.2 1.14 (1.05-1.24) 9.5 .002 1.13 (1.04-1.22) 8.3 .004
3. Pulse pressure SD=185 1.33 (1.24-1.43) 52.2 <.001 1.21 (1.12-1.31) 20.6 <.001
2-Term models
4a. Systolic BP SD=21.4 1.40 (1.28-1.53) 1.25 (1.13-1.37)
4b. Diastolic BP SD=11.2 0.96 (0.87-1.05) ] £5l i 1.00 (0.91-1.10) ] e <Ll
5a. Systolic BP SD=21.4 1.29 (1.11-1.50) 1.24 (1.07-1.45)
5b. Pulse pressure SD =185 1.07 (0.92-1.25) ] £5l i 1.00 (0.85-1.17) ] e <Ll
6a. Diastolic BP SD=11.2 1.14 (1.05-1.24) 1.12 (1.03-1.21)
6b. Pulse pressure SD=185 1.34 (1.24-1.44) :I e85l i 1.21 (1.11-1.31) :I = o
Quintiles
7. Systolic BP
1 =125 1.00 Reference 7 1.00 Reference 7
2 >125t0 =135 1.63 (1.26-2.11) 1.45 (1.12-1.88)
3 >135t0 =147 1.64 (1.27-2.11) 77.0 <.001 1.37 (1.06-1.77) 444 <.001
4 >147 to =160 2.53 (1.96-3.27) 2.19 (1.70-2.84)
5 >160 2.69 (2.08-3.49) _| 1.98 (1.52-2.58) _
8. Diastolic BP
1 =62 1.00 Reference 7 1.00 Reference 7
2 >62 to <69 0.93 (0.72-1.20) 0.98 (0.76-1.27)
3 >69 to <75 1.10 (0.85-1.42) 13.0 .01 1.13 (0.88-1.46) 10.5 .03
4 >7510 <82 1.26 (0.97-1.63) 1.34 (1.03-1.73)
5 >82 1.42 (1.09-1.85) _ 1.37 (1.05-1.79) _
9. Pulse pressure
1 =56 1.00 Reference 7 1.00 Reference 7
2 >56 to <65 1.64 (1.28-2.12) 1.46 (1.13-1.88)
B >65to <73 1.87 (1.44-2.42) 68.5 <.001 1.65 (1.27-2.15) 324 <.001
4 >731t0 <86 2.21 (1.72-2.83) 1.83 (1.42-2.37)
5 >86 2.65 (2.05-3.44) _ 1.98 (1.50-2.60) _

*There were 572 events. BP indicates blood pressure; HR, hazard ratio; and Cl, confidence interval.
tAdjusted for age, sex, smoking, diabetes, clinical cardiovascular disease, and intimal medial wall thickness of the common carotid artery.

tension. In these 18 models, the squared term improved
the model fit in only 1 model—the association between
level of SBP and the risk of myocardial infarction; the x?
value for the addition of the squared term was 8.67 with
1 df (P=.003). In this fitted quadratic model, the risk of
myocardial infarction appeared to increase with higher
levels of SBP and then “decrease” at highest levels of SBP.

The pattern is apparent in Table 3, where the adjusted
HR increases to 2.19 in the fourth quintile and then de-
creases slightly to 1.98 in the fifth quintile.

We also used spline models to assess nonlinear as-
sociations. Based on the work by Port and colleagues,®
we allowed the HRs (slopes) to vary above and below the
75th percentile of SBP (153 mm Hg in our sample;
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Table 4. Risk of Myocardial Infarction by Blood Pressure Level in Participants With and Without Treated Hypertension*
Unadjusted Model Adjusted Modelt
I 1 I 1
BP HR (95% CI) X2 P HR (95% ClI) x? P
With Treated Hypertension (1738 Subjects, 233 Events)
Linear term
1. Systolic BP SD=214 1.21 (1.07-1.36) 8.8 .003 1.13 (1.00-1.28) 3.9 .048
2. Diastolic BP SD=11.2 1.07 (0.95-1.22) 1.2 27 1.07 (0.95-1.22) 1.3 .26
3. Pulse pressure SD =185 1.18 (1.05-1.33) 7.3 .007 1.11 (0.98-1.26) 2.6 .10
Without Treated Hypertension (3164 Subjects, 339 Events)
Linear term
1. Systolic BP SD=21.4 1.47 (1.33-1.63) 501 <.001 1.31 (1.18-1.46) 23.3 <.001
2. Diastolic BP SD=11.2 1.16 (1.03-1.29) 6.5 .01 1.15 (1.03-1.28) 5.9 .02
3. Pulse pressure SD =185 1.42 (1.28-1.57) 429 <.001 1.27 (1.14-1.42) 17.4 <.001

*BP indicates blood pressure; HR, hazard ratio; and Cl, confidence interval.

tAdjusted for age, sex, smoking, diabetes, clinical cardiovascular disease, and intimal medial wall thickness of the common carotid artery.
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Figure 1. Adjusted incidence of myocardial infarction (MI) (A) and stroke (B)
by quintiles of systolic blood pressure and hypertensive treatment status.

Table 7). In model 1, SBP was entered as a linear term
so that the HRs were forced to be the same on either side
of the cut point. In model 2, the HRs were allowed to vary
on either side of the 153 mm Hg. In the fully adjusted
model for myocardial infarction, the HR associated with
a 1-SD increase in SBP, when less than 153 mm Hg, was
1.49 (95% CI, 1.27-1.75); yet for SBP greater than or equal
to 153 mm Hg, the HR was 0.93 (95% CI, 0.76-1.14).
These HRs differed significantly. In both age-, sex-, and
fully adjusted models, the spline model represented a sig-
nificant improvement in the model fit (x? values of 10.8
and 10.7, respectively; P=.001). Figure 2 represents both
the linear and the spline models.

In subjects with treated hypertension, the HRs for
myocardial infarction, below and above SBP of 153 mm
Hg, were 1.31 (95% CI, 1.04-1.66) and 0.95 (95% CI,
0.72-1.25). In subjects without treated hypertension, the

HRs, below and above SBP of 153 mm Hg, were 1.55 (95%
CI,1.31-1.84) and 0.94 (95% CI, 0.70-1.28). Table 7 also
includes the spline analysis for the association between
SBP and total mortality. Although the HR for the upper
quartile was slightly higher than the HR for the other 4
quartiles (1.20 vs 1.07), the spline model did not signifi-
cantly improve the model fit ( x*=1.1, P=.29).

In sensitivity analyses, changing the cut point from
153 to 146 mm Hg (approximately the 60th percentile)
had little effect on the improved fit of the spline model
for describing the association between level of SBP and
the risk of myocardial infarction (x*,=6.7, P=.01). In
analyses stratified on median age, sex, diabetes, and car-
diovascular disease, the associations between level of blood
pressure and risk were generally similar between groups.
Of 40 interactions examined, only 2 (as expected by
chance alone) were significant. Models adjusting for ca-
rotid intimal medial thickness or race were generally simi-
lar to models that omitted these covariates. In addi-
tional analyses using the Doppler brachial SBP rather than
the seated sphygmomanometric SBP, the association with
risk of myocardial infarction still appeared to be flat at
high levels of SBP.

BN COMMENT

In this population-based study, all 3 blood pressure mea-
sures alone—SBP, DBP, and pulse pressure—were di-
rectly associated with the risk of incident myocardial in-
farction and stroke. Systolic blood pressure or DBP, but
not pulse pressure, was associated with total mortality
in adjusted models. Importantly, SBP was a better pre-
dictor of cardiovascular events than either DBP or pulse
pressure. For myocardial infarction, neither pulse pres-
sure nor DBP improved the prediction provided by SBP
alone. For stroke, while SBP was the best predictor, ei-
ther DBP or pulse pressure did improve the model fit sig-
nificantly. The association between blood pressure level
and cardiovascular disease risk was generally linear. Spe-
cifically, there was no evidence of a J-shaped relation-
ship, either for SBP and the risk of stroke or for DBP and
the risk of coronary events among the treated hyperten-
sive participants; however, for SBP and myocardial in-
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Table 5. Risk of Stroke by Blood Pressure Level and Quintiles of Blood Pressure in All 4902 Subjects*

Unadjusted Model

Adjusted Modelt

1
X P

BP Range HR (95% C1) HR (95% CI) 2 P
Linear term
1. Systolic BP SD=21.4 1.52 (1.39-1.67) 76.8 <.001 1.34 (1.21-1.47) 33.8 <.001
2. Diastolic BP SD=11.2 1.25 (1.13-1.38) 18.5 <.001 1.29 (1.17-1.42) 25.2 <.001
3. Pulse pressure SD =18.5 1.43 (1.31-1.57) 57.2 <.001 1.21 (1.10-1.34) 141 <.001
2-Term models
4a. Systolic BP SD=21.4 1.53 (1.38-1.70) 1.25 (1.11-1.40)
4b. Diastolic BP SD=11.2 1.00 (0.89-1.11) ] R <40 114 (1.02-1.28) ] iy <[
5a. Systolic BP SD=21.4 1.51 (1.26-1.82) 1.61 (1.34-1.94)
5b. Pulse pressure SD =185 1,01 (0.84-121) ] e e 0.80 (0.66-0.97) ] iy LU
6a. Diastolic BP SD=11.2 1.24 (1.13-1.37) 1.28 (1.16-1.42)
6b. Pulse pressure SD=185 1.44 (1.32-1.58) :I fa e 1.21 (1.10-1.33) :I el LU
Quintiles
7. Systolic BP
1 =125 1.00 Reference 7] 1.00 Reference 7]
2 >125t0 <135 1.47 (1.05-2.05) 1.28 (0.92-1.80)
3 >135to =147 1.81 (1.32-2.48) 76.3 <.001 1.48 (1.08-2.03) 36.4 <.001
4 >147 to <160 2.78 (2.03-3.81) 2.16 (1.57-2.97)
5 >160 3.39 (2.49-4.62) _| 2.29 (1.66-3.14) _|
8. Diastolic BP
1 =62 1.00 Reference 7] 1.00 Reference 7]
2 >62 to =69 0.98 (0.71-1.35) 1.03 (0.75-1.42)
3 >69 to =75 1.10 (0.80-1.52) 22.5 <.001 1.20 (0.87-1.66) 274 <.001
4 >75 to =82 1.25 (0.91-1.73) 1.40 (1.01-1.94)
5 >82 1.90 (1.39-2.59) _| 2.10 (1.54-2.88) _|
9. Pulse pressure
1 =56 1.00 Reference 7] 1.00 Reference 7]
2 >56 to <65 1.17 (0.84-1.63) 0.97 (0.70-1.35)
3 >65to =73 1.68 (1.23-2.31) 59.0 <.001 1.32 (0.96-1.83) 171 .002
4 >73t0 <86 2.29 (1.71-3.07) 1.60 (1.19-2.17)
5 >86 2.75 (2.03-3.73) _| 1.62 (1.17-2.24) _|

*There were 385 events. BP indicates blood pressure; HR, hazard ratio; and CI, confidence interval.
tAdjusted for age, sex, smoking, diabetes, clinical cardiovascular disease, and intimal medial wall thickness of the common carotid artery.

farction risk, the 2-slope spline model improved the model
fit over the simple linear model. In treated hypertensive
participants, the HRs for the association of SBP with the
risks for myocardial infarction and stroke were less pro-
nounced than in participants without treated hyperten-
sion.

This population-based study included a more repre-
sentative sample than is recruited to clinical trials, mea-
surements were done in a standardized fashion, and events
follow-up was complete. Since the primary effort was to
describe associations and to test previously reported find-
ings in CHS, we made no adjustment for multiple testing.

Findings from the CHS are similar to those reported
by some other cohort studies of older adults. In a study
from Italy,® SBP but not DBP was associated with both car-
diovascular and total mortality, and there was no evi-
dence of a J-shaped curve for either SBP or DBP. In a re-
port from the Established Populations for Epidemiologic
Studies of the Elderly," pulse pressure was a slightly bet-
ter predictor mortality than SBP or DBP in age- and sex-
adjusted models. In nontreated subjects in the Rotter-
dam Study, both SBP and DBP were directly related to the
risk of stroke, but in treated subjects, the association
appeared to be J-shaped, significantly so for DBP.’

Previous studies have reported a J-shaped associa-
tion between treated level of DBP and the risk of coro-
nary events.’® Many®*>* but not all*® of these studies

included subjects with prevalent heart disease. One hy-
pothesized source of the J-shaped association may be the
possibility of an adverse effect of overtreatment, or al-
ternatively, a wide pulse pressure may simply be a re-
flection of underlying vascular disease.>* The CHS analy-
sis excluded subjects who had had a previous myocardial
infarction, stroke, or heart failure at entry into the study
and focused only on the association with incident events.
Adjustment for potential confounders included not only
traditional risk factors but also carotid intimal medial
thickness, which is strongly associated with coronary
events.”*®

Portand colleagues' recently used Framingham 18-
year data to examine the association between level of SBP
and total mortality. Although there was little associa-
tion with total mortality for the lower 4 quintiles of SBP,
mortality risk was strongly associated with level of SBP
for levels in the upper quintile. In their analysis, the spline
model significantly improved the fit. In the CHS, the spline
model used by Port and colleagues did not improve pre-
diction of total mortality.

In CHS, the spline model (Figure 2), compared with
either the linear or the quadratic models, did improve
the fit for assessing the association between level of SBP
and the risk of myocardial infarction. Analyses using the
Doppler brachial blood pressure, which is more accu-
rate than the standard seated blood pressure measure-
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Table 6. Risk of Death by Blood Pressure Level in All 4902 Subjects™
Unadjusted Model Adjusted Modelt
1
BP Range HR (95% CI) X P HR (95% CI) X P
Linear term
1. Systolic BP SD=214 1.24 (1.17-1.32) 43.6 <.001 1.08 (1.01-1.16) 5.6 .02
2. Diastolic BP SD=11.2 1.03 (0.96-1.10) 0.7 40 1.07 (1.00-1.14) 3.9 .048
3. Pulse pressure SD=185 1.26 (1.18-1.34) 49.9 <.001 1.05 (0.99-1.13) 2.4 13
2-Term models
4a. Systolic BP SD=214 1.30 (1.21-1.40) 1.06 (0.98-1.15)
4b. Diastolic BP SD=11.2 0.90 (0.84-0.97) ] il =0 1.04 (0.96-1.12) ] a8 &
5a. Systolic BP SD =214 1.07 (0.95-1.21) 1.13 (1.00-1.28)
5b. Pulse pressure SD =185 118 (1.05-1.34) ] 31l e 0.95 (0.83-1.07) ] a8 S
6a. Diastolic BP SD=11.2 1.04 (0.97-1.11) 1.07 (1.00-1.14)
6b. Pulse pressure SD =185 1.26 (1.18-1.34) ] il e 1.05 (0.99-1.13) ] o8 S
Quintiles
7. Systolic BP
1 =125 1.00 Reference 7 1.00 Reference ]
2 >125to <135 1.05 (0.86-1.28) 0.92 (0.75-1.12)
3 >135t0 =147 1.12 (0.93-1.36) 43.0 <.001 0.91 (0.75-1.11) 10.8 .03
4 >147 to <160 1.49 (1.22-1.83) 1.16 (0.95-1.43)
5 >160 1.81 (1.48-2.20) _| 1.21 (0.99-1.48) _|
8. Diastolic BP
1 =62 1.00 Reference 7 1.00 Reference ]
2 >62 to <69 0.94 (0.77-1.14) 1,03 (0.85-1.25)
3 >69 to =75 0.96 (0.78-1.17) 23 67 1.07 (0.87-1.30) 4.6 .33
4 >75to <82 1.07 (0.87-1.31) 1.22 (1.00-1.50)
5 >82 1.05 (0.85-1.31) _| 1.14 (0.92-1.42) _|
9. Pulse pressure
1 =56 1.00 Reference ] 1.00 Reference ]
2 >56 to <65 1.03 (0.84-1.25) 0.84 (0.69-1.02)
3 >65 to =73 1.19 (0.97-1.46) 50.7 <.001 0.92 (0.75-1.14) 75 A1
4 >73to <86 1.48 (1.22-1.79) 1,02 (0.84-1.25)
5 >86 1.92 (1.58-2.33) _| 1.12 (0.91-1.38) _|

*There were 896 deaths. BP indicates blood pressure; HR, hazard ratio; and Cl, confidence interval.
tAdjusted for age, sex, smoking, diabetes, clinical cardiovascular disease, and intimal medial wall thickness of the common carotid artery.

and the Risk of Myocardial Infarction and Total Mortality

Table 7. Spline Models for Assessing the Association Between Systolic Blood Pressure (SBP)

Hazard Ratio (95% Confidence Interval)

T 1
SBP <153 mm Hg SBP =153 mm Hg

Outcome Model* Adjusted x? df P

Myocardial infarction 1 Age, sex 41.8 1 <.001 1.30 (1.20-1.41) 1.30 (1.20-1.41)
2 Age, sex 52.6 2 <.001 1.55 (1.36-1.78) 0.98 (0.80-1.19)

Myocardial infarction 1 Full+ 28.3 1 <.001 1.25 (1.15-1.35) 1.25 (1.15-1.35)
2 Fullt 39.0 2 <.001 1.49 (1.30-1.71) 0.93 (0.76-1.14)

Total mortality 1 Age, sex 10.8 1 .001 1.12 (1.05-1.19) 1.12 (1.05-1.19)
2 Age, sex 11.9 2 .003 1.07 (0.97-1.18) 1.20 (1.03-1.40)

*Model 1 = linear (1 slope across the entire range of SBP); model 2 = spline (piecewise linear, 2 slopes possible, 1 on each side of cut point).
tAdjusted for age, sex, smoking, diabetes, clinical cardiovascular disease, and intimal medial wall thickness of the common carotid artery.

ment, yielded similar results, so measurement error at
high levels of SBP is an unlikely explanation for these non-
linear findings. While it is possible that subsequent treat-
ment reduced the risk at high levels of SBP, the spline
models improved the fit for those with and without treated
hypertension at baseline. These findings need to be ex-
amined and, if possible, replicated in other settings.
There appeared to be differences in blood pressure
associations between subjects with and without treated
hypertension. The HRs for the association of SBP with
myocardial infartion and stroke incidence were less pro-

nounced for participants with than without treated hy-
pertension. The treatment of blood pressure to low lev-
els did not return the incidence of myocardial infarction
and stroke to the levels of persons with those levels in
the absence of treatment (Figure 1). This gap may be re-
lated to the inability of treated blood pressure level to
serve as a valid surrogate for the effects of pharmaco-
logic treatment on risk reduction.’*%’

A number of recent studies, including a subset of
the Framingham population,'* have emphasized the im-
portance of pulse pressure. Most of the reports focus on
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Figure 2. Adjusted association between level of systolic blood pressure and
risk of myocardial infarction, linear and spline models.

older adults who participated in clinical trials of iso-
lated systolic hypertension.'®''* In an analysis of data
from the Systolic Hypertension in the Elderly Project
(SHEP), pulse pressure was a strong predictor of stroke
and total mortality."! In a recent meta-analysis, Staessen
and colleagues' report that among 15693 patients with
isolated systolic hypertension, SBP is strongly and di-
rectly associated with a number of cardiovascular events,
but DBP was inversely associated with the same end
points. In another analysis of data from 3 of these trials,
the authors reported that pulse pressure not mean pres-
sure determined cardiovascular risk in older hyperten-
sive patients.'*

For the CHS, both the findings and the population
are different. In CHS, SBP rather than pulse pressure was
the best predictor of coronary events, cerebrovascular
events, and total mortality. The CHS was a population-
based sample of older adults recruited regardless of their
level of blood pressure. In contrast, the clinical trial par-
ticipants included in many of these recent reports were
selected on the basis of having had a large pulse pres-
sure, and it is not surprising that extremes of the selec-
tion criteria may be related to risk. To randomize 4736
participants, moreover, the SHEP investigators had to
screen 447921 persons. Although isolated systolic hy-
pertension is the most common form of high blood pres-
sure in older adults, the observational findings from the
clinical trials are properly generalized to other persons
who would have met entry criteria for the trial. The find-
ings of the CHS are more readily generalizable to the popu-
lation of older adults as a whole.

In this population-based study of older adults, al-
though all measures of blood pressure were strongly and
directly related to the risk of coronary and cerebrovas-
cular events, SBP and not pulse pressure was the best pre-
dictor of cardiovascular events. For myocardial infarc-
tion, pulse pressure did not improve the fit of the model
including SBP alone. For stroke, although a 2-blood pres-
sure model was the best, any 2 of the 3 blood pressure
measures provide the same information (models 4 to 6
in Tables 3, 5, and 6). The third measure is redundant,
always a linear combination of the other 2. Physicians
already think in terms of SBP and DBP. Pulse pressure is
not now used clinically. To become useful clinically or
to form part of future guidelines for the definition or treat-
ment of high blood pressure, pulse pressure would have

CHS Participating Institutions and Principal Staff

Forsyth County, North Carolina—Wake Forest Univer-
sity School of Medicine: Gregory L. Burke, Sharon Jack-
son, Alan Elster, Curt D. Furberg, Gerardo Heiss, Dalane
Kitzman, Margie Lamb, David S. Lefkowitz, Mary F. Lyles,
Cathy Nunn, Ward Riley, John Chen, Beverly Tucker;
Forsyth County, North Carolina—Wake Forest Univer-
sity—Electrocardiography Reading Center: Farida Rau-
taharju, Pentti Rautaharju; Sacramento County, Califor-
nia—University of California, Davis: William Bonekat,
Charles Bernick, Michael Buonocore, Mary Haan, Cal-
vin Hirsch, Lawrence Laslett, Marshall Lee, John Rob-
bins, William Seavey, Richard White; Washington County,
Maryland—The Johns Hopkins University, Baltimore: M.
Jan Busby-Whitehead, Joyce Chabot, George W. Com-
stock, Adrian Dobs, Linda P. Fried, Joel G. Hill, Steven
J. Kittner, Shiriki Kumanyika, David Levine, Joao A. Lima,
Neil R. Powe, Thomas R. Price, Jeff Williamson, Moy-
ses Szklo, Melvyn Tockman; Washington County, Mary-
land—The Johns Hopkins University—MRI Reading Cen-
ter: Norman Beauchamp, R. Nick Bryan, Douglas Fellows,
Melanie Hawkins, Patrice Holtz, Naiyer Iman, Michael
Kraut, Cynthia Quinn, Grace Lee, Carolyn C. Meltzer,
Larry Schertz, Earl P. Steinberg, Scott Wells, Linda
Wilkins, Nancy C. Yue; Allegheny County, Pennsylvania—
University of Pittsburgh: Diane G. Ives, Charles A. Jun-
greis, Laurie Knepper, Lewis H. Kuller, Elaine Meilahn,
Peg Meyer, Roberta Moyer, Anne Newman, Richard
Schulz, Vivienne E. Smith, Sidney K. Wolfson; Univer-
sity of California, Irvine—Echocardiography Reading Cen-
ter (Baseline): Hoda Anton-Culver, Julius M. Gardin, Mar-
garet Knoll, Tom Kurosaki, Nathan Wong; Georgetown
Medical Center, Washington, DC—Echocardiography Read-
ing Center (Follow-up): John Gottdiener, Eva Hausner,
Stephen Kraus, Judy Gay, Sue Livengood, Mary Ann Yohe,
Retha Webb; New England Medical Center, Boston, Mass—
Ultrasound Reading Center: Daniel H. O’Leary, Joseph F.
Polak, Laurie Funk; University of Vermont, Colchester—
Central Blood Analysis Laboratory: Elaine Cornell, Mary
Cushman, Russell P. Tracy; University of Arizona, Tuc-
son—Pulmonary Reading Center: Paul Enright. Univer-
sity of Washington, Seattle—Coordinating Center: Alice
Arnold, Annette L. Fitzpatrick, Richard A. Kronmal, Bruce
M. Psaty, David S. Siscovick, W. T. Longstreth, Jr, Pa-
tricia W. Wahl, David Yanez, Paula Diehr, Corrine Dul-
berg, Bonnie Lind, Thomas Lumley, Ellen O’Meara, Jen-
nifer Nelson, Charles Spiekerman; National Heart, Lung,
and Blood Institute Project Office: Robin Boineau, Teri A.
Manolio, Peter J. Savage, Patricia Smith.

to be clearly superior to the traditional measures of SBP
or DBP. Data from this population-based cohort study
suggest that it is not superior and that there is no need
to revise clinical or guideline approaches to the defini-
tion of hypertension in older adults.
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