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ABSTRACT

Background Inflammation may be important in
the pathogenesis of atherothrombosis. We studied
whether inflammation increases the risk of a first
thrombotic event and whether treatment with aspi-
rin decreases the risk.

Methods \We measured plasma C-reactive protein,
a marker for systemic inflammation, in 543 appar-
ently healthy men participating in the Physicians’
Health Study in whom myocardial infarction, stroke,
or venous thrombosis subsequently developed, and
in 543 study participants who did not report vascular
disease during a follow-up period exceeding eight
years. Subjects were randomly assigned to receive as-
pirin or placebo at the beginning of the trial.

Results Base-line plasma C-reactive protein con-
centrations were higher among men who went on to
have myocardial infarction (1.51 vs. 1.13 mg per liter,
P<0.001) or ischemic stroke (1.38 vs. 1.13 mg per liter,
P =0.02), but not venous thrombosis (1.26 vs. 113 mg
per liter, P=0.34), than among men without vascu-
lar events. The men in the quartile with the highest
C-reactive protein values had three times the risk of
myocardial infarction (relative risk, 2.9; P<0.001) and
two times the risk of ischemic stroke (relative risk,
1.9; P=0.02) of the men in the lowest quartile. Risks
were stable over long periods, were not modified by
smoking, and were independent of other lipid-relat-
ed and non-lipid-related risk factors. The use of as-
pirin was associated with significant reductions in the
risk of myocardial infarction (55.7 percent reduction,
P=0.02) among men in the highest quartile but with
only small, nonsignificant reductions among those in
the lowest quartile (13.9 percent, P=0.77).

Conclusions The base-line plasma concentration
of C-reactive protein predicts the risk of future myo-
cardial infarction and stroke. Moreover, the reduction
associated with the use of aspirin in the risk of a first
myocardial infarction appears to be directly related
to the level of C-reactive protein, raising the pos-
sibility that antiinflammatory agents may have clini-
cal benefits in preventing cardiovascular disease.
(N Engl J Med 1997;336:973-9.)
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HROMBUS formation is the proximate

cause of myocardial infarction, but ath-

erosclerosis, the chief underlying cause, is a

chronic disease that progresses over dec-
ades of life.! Laboratory and pathological data sup-
port the idea that inflammation has a role in both
the initiation and the progression of atherosclerosis,
and antiinflammatory agents may have a role in the
prevention of cardiovascular disease.2® However, there
are few data to indicate whether inflammation increas-
es the risk of first myocardial infarction, stroke, and
venous thrombosis or whether antiinflammatory ther-
apy decreases that risk.

C-reactive protein is an acute-phase reactant that
is a marker for underlying systemic inflammation.
Elevated plasma concentrations of C-reactive protein
have been reported in patients with acute ischemia$
or myocardial infarction”® and have been found to
predict recurrent ischemia among those hospitalized
with unstable angina.® C-reactive protein is also as-
sociated with a risk of myocardial infarction among
patients with angina pectoris!® and with a risk of fa-
tal coronary disease among smokers with multiple
risk factors for atherosclerosis.!! However, since con-
centrations of C-reactive protein and other acute-
phase reactants increase after acute ischemia® and are
directly related to cigarette smoking,!!-12 it has been
uncertain whether associations observed in previous
studies of acutely ill patients® or high-risk popula-
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tions!®!! are causal or are due to short-term inflam-
matory changes or to interrelations with other risk
factors, in particular smoking and hyperlipidemia.

To address these issues, we measured base-line
plasma C-reactive protein concentrations in 1086
apparently healthy men participating in the Physi-
cians’ Health Study'3!4; myocardial infarction, stroke,
or venous thrombosis subsequently developed in 543.
We hypothesized a priori that levels of C-reactive
protein would predict the risk of myocardial infarc-
tion and stroke but not of venous thrombosis — an
occlusive vascular disease generally not associated
with chronic atherosclerosis. After providing base-
line blood samples, study participants were randomly
assigned to receive aspirin or placebo. Thus, we had
the unique opportunity to evaluate directly whether
aspirin, an agent with both antiplatelet and antiin-
flammatory properties, might modify any relation
between C-reactive protein and the risk of first my-
ocardial infarction.

METHODS

Study Population and Collection of Plasma Samples

The Physicians’ Health Study was a randomized, double-blind,
placebo-controlled two-by-two factorial trial of aspirin and beta
carotene in the primary prevention of cardiovascular disease and
cancer. A total of 22,071 U.S. male physicians 40 to 84 years of
age in 1982, with no history of myocardial infarction, stroke,
transient ischemic attack, or cancer, were assigned to one of four
treatments: 325 mg of aspirin on alternate days (Bufterin, provid-
ed by Bristol-Myers), 50 mg of beta carotene on alternate days
(Lurotin, provided by BASF Corporation), both, or neither. The
aspirin component of the study was terminated early, on January
25, 1988, primarily because of a statistically extreme 44 percent
reduction in the risk of a first infarction in the aspirin group.!3
The beta carotene component continued until the study’s sched-
uled termination on December 31, 1995.14

Before randomization, between August 1982 and December
1984, potential participants were asked to provide base-line blood
samples during a 16-week run-in period during which all subjects
were given aspirin and none received placebo. Blood-collection
kits, including EDTA Vacutainer tubes, were sent to participants
with instructions for taking blood. Participants were asked to have
their blood drawn into the EDTA tubes, centrifuge the tubes, and
return the plasma (accompanied by a cold pack provided to par-
ticipants) by overnight courier. The specimens were then divided
into aliquots and stored at —80°C. Of the 22,071 participants in
the Physicians” Health Study, 14,916 (68 percent) provided base-
line plasma samples. Over the 14 years of the trial, no specimen
inadvertently thawed during storage.

Confirmation of End Points and Selection of Controls

We requested hospital records (and for fatal events, death cer-
tificates and autopsy reports) for all reported cases of myocardial
infarction, stroke, and venous thrombosis. The records were re-
viewed by a committee of physicians using standardized criteria
to confirm or refute reported events. Reviewers of end points
were unaware of treatment assignments.

Reported myocardial infarction was confirmed if its symptoms
met World Health Organization (WHO) criteria and it was asso-
ciated with either elevated plasma concentrations of enzymes or
characteristic electrocardiographic changes. Silent myocardial in-
farctions were not included, since they could not be dated accu-
rately. Deaths due to coronary disease were confirmed on the basis
of autopsy reports, symptoms, circumstances of death, and a his-
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tory of coronary disease. Reported stroke was confirmed on the
basis of medical records showing a neurologic deficit of sudden or
rapid onset that persisted for more than 24 hours or until death.
Strokes were classified as ischemic or hemorrhagic. Computed to-
mographic scans were available for more than 95 percent of the
confirmed strokes. Reported deep venous thrombosis was con-
firmed by the documentation of a positive venography study or a
positive ultrasound study; deep venous thromboses documented
only by impedance plethysmography or Doppler examination with-
out ultrasound were not considered confirmed. Reported pul-
monary embolism was confirmed by a positive angiogram or a
completed ventilation-perfusion scan demonstrating at least two
segmental perfusion defects with normal ventilation.

Each participant who provided an adequate base-line plasma
sample and had a confirmed myocardial infarction, stroke, or venous
thrombosis after randomization was matched with one control.
Controls were participating physicians who provided base-line plas-
ma samples and reported no cardiovascular disease at the time the
patient reported his event. Controls were selected randomly from
among study participants who met the matching criteria of age
(%1 year), smoking status (smoking currently, smoked in the
past, or never smoked), and length of time since randomization
(in 6-month intervals). Using these methods, we evaluated 543
patients and 543 controls in this prospective, nested, case—control
study.

Laboratory Analysis

For each patient and control, plasma collected and stored at
base line was thawed and assayed for C-reactive protein by en-
zyme-linked immunosorbent assay (ELISA) based on purified
protein and polyclonal anti—C-reactive protein antibodies (Cal-
biochem).!s Antibodies were used to coat microtiter-plate wells,
and biotinylated C-reactive protein, together with the patient’s
plasma, was diluted 1:700 in assay buffer (phosphate-buffered sa-
line with 0.1 percent Tween 20 and 1 percent bovine serum al-
bumin). The excess was then washed off and the amount of bio-
tinylated protein estimated by the addition of avidin—peroxidase
(Vectastain, Vector Laboratories). Purified C-reactive protein was
used as the standard, with protein concentrations as determined
by the manufacturer. The C-reactive protein assay was standard-
ized according to the WHO First International Reference Stand-
ard and had a sensitivity of 0.08 ug per microliter, with a standard
reference range of between 0.5 and 2.5 mg per liter. Methods
used to measure plasma total and high-density lipoprotein (HDL)
cholesterol, triglyceride, lipoprotein(a), total homocysteine, fi-
brinogen, D-dimer, and endogenous tissue plasminogen activator
(t-PA) antigen have been described elsewhere.16-20

Blood specimens were analyzed in blinded pairs, with the po-
sition of the patient’ specimen varied at random within the pairs
to reduce the possibility of systematic bias and decrease interassay
variability. The mean coefficient of variation for C-reactive pro-
tein across assay runs was 4.2 percent.

Statistical Analysis

Means or proportions for base-line risk factors were calculated
for patients and controls. The significance of any difference in
means was tested by using Student’s t-test, and the significance
of any differences in proportions was tested by using the chi-
square statistic. Because C-reactive protein values are skewed, me-
dian concentrations were computed and the significance of any
differences in median values between patients and controls was
assessed by using Wilcoxon’s rank-sum test. Geometric mean con-
centrations of C-reactive protein were also computed after log
transformation that resulted in nearly normal distribution. We
used tests for trend to assess any relation of increasing C-reactive
protein values with the risk of future vascular disease after divid-
ing the sample into quartiles defined by the distribution of the
control values. We obtained adjusted estimates by using condi-
tional logistic-regression models that accounted for the matching
variables and controlled for the random treatment assignment,
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body-mass index, diabetes, history of hypertension, and parental
history of coronary artery disease. Similar models were employed
to adjust for measured base-line plasma concentrations of total
and HDL cholesterol, triglyceride, lipoprotein(a), t-PA antigen,
fibrinogen, D-dimer, and homocysteine. To evaluate whether as-
pirin affected these relations, analyses were repeated for all cases
of myocardial infarction occurring on or before January 25, 1988
— the date when randomized aspirin assignment was terminated.
All P values are two-tailed, and confidence intervals were calcu-
lated at the 95 percent level.

RESULTS

Table 1 shows the base-line characteristics of the
study participants. As expected, those in whom my-
ocardial infarction subsequently developed were more
likely than those who remained free of vascular dis-
ease to have a history of hypertension or hyperlipi-
demia or a parental history of coronary artery dis-
ease. Similarly, those in whom stroke subsequently
developed were more likely to be hypertensive. Be-
cause of the matching, patients and controls were
similar in age and history of smoking.

Geometric mean and median plasma concentra-
tions of C-reactive protein at base line were signifi-
cantly higher among those in whom any vascular
event subsequently developed than among those
who remained free of vascular disease (P<<0.001).
The difference between patients and controls was
greatest for those in whom myocardial infarction
subsequently developed (1.51 vs. 1.13 mg per liter,
P<0.001), although differences were also significant
for stroke (P=0.03), particularly ischemic stroke
(P=0.02). In contrast, concentrations of C-reactive
protein were not significantly higher among those in
whom venous thrombosis subsequently developed
(P=0.34) (Table 2).

The relative risk of first myocardial infarction in-
creased significantly with each increasing quartile of

base-line concentrations of C-reactive protein (P for
trend across quartiles, <0.001), in such a way that
the men in the highest quartile had a risk of future
myocardial infarction almost three times that among
those in the lowest quartile (relative risk, 2.9; 95
percent confidence interval, 1.8 to 4.6; P<<(0.001)
(Table 3). Similarly, men with the highest base-line
C-reactive protein values had twice the risk of future
ischemic stroke (relative risk, 1.9; 95 percent confi-
dence interval, 1.1 to 3.3; P=0.02). No significant
associations were observed for venous thrombosis.
The findings were similar in analyses limited to non-
fatal events.

To evaluate whether increased base-line C-reactive
protein values were associated with early rather than
late thrombosis, we stratified the analysis of myocar-
dial infarction according to the number of years of
follow-up. The relative risk of future myocardial in-
farction that was associated with the highest quartile
of C-reactive protein (as compared with the lowest
quartile) ranged from 2.4 for events occurring in the
first two years of follow-up to 3.2 for events occur-
ring six or more years into follow-up (Table 4). Sim-
ilarly, the relative risk of future myocardial infarction
that was associated with a one-quartile change in the
C-reactive protein concentration was stable over long
periods (Fig. 1).

Smokers had significantly higher median concen-
trations of C-reactive protein than nonsmokers (2.20
vs. 1.19 mg per liter, P<<0.001). By matching pa-
tients and controls for smoking status, we mini-
mized the potential for confounding by smoking. To
assess for effect modification, however, we repeated
the analyses, limiting the cohort to nonsmokers. As
Table 3 also shows, the relative risk of future myo-
cardial infarction among nonsmokers increased sig-

TABLE 1. BASE-LINE CHARACTERISTICS OF THE STUDY PARTICIPANTS.

CHARACTERISTIC
NONE
(N=543)

Age (yr) 59+9.1
Smoking status (%)

Never smoked 44

Smoked in the past 41

Currently a smoker 15
Diabetes (%) 4
Body-mass indext 25+2.8
History of high plasma cho- 9

lesterol (%)

History of hypertension (%) 16
Parental history of coronary artery 10

disease (%)

CARDIOVASCULAR DISEASE DURING FoLLow-up*

MYOCARDIAL
INFARCTION

VENOUS

ANY STROKE THROMBOSIS

(N=543)  (N=246)  (N=196)  (N=101)
59+9.2 58+8.6 62+9.1 57+9.4
44 45 42 50
41 40 40 44
15 15 18 6

7 5 12 2
26+3.2 26+3.3 25+32 26+2.9
13 17 10 7
29 27 35 20
13 17 11 8

*Plus—minus values are means +=SD.

1The body-mass index is the weight in kilograms divided by the square of the height in meters.
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TABLE 2. BASE-LINE PLASMA CONCENTRATIONS OF C-REACTIVE
PROTEIN IN STUDY PARTICIPANTS WHO REMAINED
FREE OF VASCULAR DISEASE DURING FOLLOW-UP (CONTROLS)
AND IN THOSE IN WHOM MYOCARDIAL INFARCTION, STROKE,
OR VENOUS THROMBOSIS DEVELOPED (PATIENTS).

CARDIOVASCULAR DISEASE

DURING FoLLow-up PLAsMA C-ReACTIVE PROTEIN

GEOMETRIC P P
MEAN VALUE MEDIAN  VALUE
mg/liter mg/liter
None (n=543) 1.10 — 1.13 —
Any vascular event (n=>543) 1.37 <0.001 140 <0.001
Myocardial infarction (n=246) 1.48 <0.001 151 <0.001
Any stroke (n=196) 1.30 0.03 1.36 0.03
Ischemic stroke (n=154) 1.36 0.01 1.38 0.02
Venous thrombosis (n=101) 1.24 0.22 1.26 0.34

TABLE 3. RELATIVE RISK OF FUTURE MYOCARDIAL INFARCTION,
STROKE, AND VENOUS THROMBOSIS ACCORDING TO BASE-LINE
PrAsMA CONCENTRATIONS OF C-REACTIVE PROTEIN.

QuARTILE OF C-REACTIVE PROTEIN P For
CONCENTRATION (mg/liter) TREND

<0.55 0.56-1.14 1.15-2.10 =2.11

VASCULAR EVENT*

Myocardial infarction
(total cohort)

Relative risk 1.0 1.7 2.6 2.9 <0.001

95% CI — 1.1-29 1.6-4.3 1.8-4.6

P value — 0.03 <0.001 <0.001
Myocardial infarction

(nonsmokers)

Relative risk 1.0 1.7 2.5 2.8 <0.001

95% CI — 1.0-2.8 15-4.1 17-47

P value — 0.06 <0.001 <0.001
Ischemic stroke

Relative risk 1.0 1.7 1.9 1.9 0.03

95% CI — 09-29 1.1-32 1.1-3.3

P value — 0.07 0.02 0.02
Venous thrombosis

Relative risk 1.0 1.1 1.2 1.3 0.38

95% CI — 0.6-2.0 0.7-2.3 0.7-24

P value — 0.78 0.51 0.42

*CI denotes confidence interval.

TABLE 4. RELATIVE RISK OF FIRST MYOCARDIAL INFARCTION
ASSOCIATED WITH THE HIGHEST QUARTILE OF BASE-LINE
PrASMA C-REACTIVE PROTEIN CONCENTRATIONS
AS COMPARED WITH THE LOWEST QUARTILE, ACCORDING TO
THE YEAR OF STUDY FOLLOW-UP.

GRroup* FoLLow-up (YR)
0-2 2-4 4-6 =6
Total cohort
Relative risk 2.4 29 2.8 3.2
95% CI 0.9-6.8 1.1-7.6 1.1-6.9 1.2-8.5
P value 0.09 0.03 0.03 0.02
Nonsmokers
Relative risk 2.8 29 2.7 29
95% CI 0.9-8.7 1.0-8.3 1.0-7.0 1.1-8.2
P value 0.07 0.05 0.05 0.04

*CI denotes confidence interval.
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nificantly with each increasing quartile of C-reac-
tive protein (P for trend, <0.001). Similarly, the
long-term effects of the concentration of C-reactive
protein on the risk of myocardial infarction were
virtually identical among nonsmokers (Table 4).
Moreover, the relation between the concentration of
C-reactive protein and myocardial infarction was not
significantly altered in analyses that adjusted for
body-mass index; the presence or absence of diabe-
tes, hypertension, or a family history of premature
coronary artery disease; and the plasma concentra-
tions of total cholesterol, HDL cholesterol, triglyc-
erides, lipoprotein(a), t-PA antigen, D-dimer, fibrin-
ogen, or homocysteine (Table 5).

Finally, to assess whether the beneficial effect of
aspirin on the risk of myocardial infarction varied ac-
cording to the base-line level of C-reactive protein,
we repeated these analyses for events occurring be-
fore January 25, 1988, the date when randomized
aspirin treatment was terminated.

The risk of future myocardial infarction increased
with each increasing quartile of C-reactive protein
values for men randomly assigned to either aspirin
or placebo, and the rates of myocardial infarction were
lower in the aspirin group for all quartiles of C-reac-
tive protein (Fig. 2). However, the magnitude of the
beneficial effect of aspirin in preventing myocardial
infarction was directly related to base-line levels of
C-reactive protein. Specifically, randomized aspirin
assignment was associated with a large and statis-
tically significant reduction in the risk of myocar-
dial infarction among men with base-line levels of
C-reactive protein in the highest quartile (risk re-
duction, 55.7 percent; P=0.02). Among those with
base-line levels of C-reactive protein in the lowest
quartile, however, the reduction in risk associated
with aspirin was far smaller and no longer statistical-
ly significant (risk reduction, 13.9 percent; P=0.77).
These eftects were linear across quartiles, so that the
apparent benefit of aspirin diminished in magnitude
with each decreasing quartile of inflammatory risk
(Fig. 2). This finding remained essentially unchanged
after further adjustment for other coronary risk fac-
tors, and the interaction between assignment to the
aspirin group and base-line levels of C-reactive pro-
tein (treated as a log-transformed continuous vari-
able) was statistically significant (P =0.048).

DISCUSSION

These prospective data indicate that the base-line
plasma concentration of C-reactive protein in appar-
ently healthy men can predict the risk of first myocar-
dial infarction and ischemic stroke. In addition, the
risk of arterial thrombosis associated with the level of
C-reactive protein was stable over long periods and
was not modified by other factors, including smoking
status, body-mass index, blood pressure, or the plas-
ma concentration of total or HDL cholesterol, tri-
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