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High sensitive CRP (hs-CRP) as a marker for Coronary
Heart Disease (CHD) in Ramallah area- Palestine.

Abstract

Mortality from (CHD) is the highest worldwide. For long time it has
been associated with high lipids concentration, mainly LDL-C. About 50-
60% of cases associated with CHD were diagnosed by lipid screening
profile. This profile failed to diagnose people who had a high risk for
CHD 1n certain cases, and in some cases associated with normal LDL-C.
Because of this, scientists are trying to identify other risk factors that may
help in diagnosing people with high risk for developing future CHD.
Atherosclerosis is considered an inflammatory and atherogenic disease.
As a result, inflammatory factors are considered as the most important
factors in this aspect. C - reactive protein (CRP) measured by high
sensitive methods is considered the most predictive factor associated with
future coronary heart disease. In this case —control study, we have
selected 160 subjects (80 cases and 80 controls) from the West Bank.
Controls were free of CHD, while cases were diagnosed to have CHD.
Both groups had the same conditional risk factors, such as smoking,
hypertension, diabetes, and dislipedemia. hs-CRP measured by ELISA
methods for both groups to find out the association between levels of hs-

CRP and CHD. In addition a comparison between hs-CRP and LDL-C in

X1l



predicting future detection rate of CHD were studied. It was found that
there was a statistically significant relationship between hs-CRP and
CHD, P < 0.005 using independent t-test. The odds ratio for equal
quartiles of hs-CRP between control and cases were found to be 4.25
95% CI (2.34-7.22). hs-CRP greater than 3.0 mg/L and LDL-C less than
130 mg/dl odds ratio was 7.66 with 95% CI (2.5-23.4) compared to the
reference group( Low CRP/ Low LDL-C). These finding indicated the
importance of adding hs-CRP to lipid screening profile. In this study it
was found that hs-CRP can be considered a good predictor for events
associated with CHD more than LDL-C, and clinically can be added with

T-cholesterol/HDL-C ratio to predict the risk for CHD.
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Introduction

Coronary heart diseases (CHD) are the most prevalent causes of
death in the industrialized nations worldwide. Half of all events
associated with CHD were reported in apparently healthy individuals.
Those individuals have normal or low cholesterol levels and have none of
the traditional risk factors associated with CHD ). Therefore, attention
has been focused on the role of other factors, such as inflammatory
markers in patients at risk for atherosclerosis and CHD ®* The goal to
search for inflammatory biomarkers was to improve the detection of CHD
risk among seemingly healthy individuals ©. Several studies " ** have
shown that hs- CRP, a protein found in blood circulation, can be
predictive of future (CHD) events, and a marker of inflammation in
detection patients at increased risk for CHD. Several prospective studies
10-11, 12, and 2D have demonstrated that hs-CRP is an independent predictor of
future risk for cardiovascular events among healthy individuals, as well as
among patients with acute coronary syndromes. hs-CRP can add
prognostic information on risk at all levels of low-density lipoprotein
cholesterol (LDL-C), Framingham Risk Score, and at all levels of
metabolic syndrome @ *?. The center for Disease Control and prevention
(CDC) and the American Heart Association (AHA) recommended that
hs-CRP should be measured among individuals without known CHD
twice and results used to evaluate the risk for the purpose of primary

prevention and risk detection ®. Most (CHD) events begin with



2
atherosclerosis early in life and can progress in the body silently for
decades without symptoms . Recent laboratory and clinical evidence
revealed that systemic inflammation plays a major role in the initiation,
progression, and destabilization of atheromas ©®. Cholesterol and (LDL-
C) were used as screening tools for identifying individuals at increased
risk of developing future coronary events. Although this approach has
been useful, it fails to identify about one-half of the 1.3 million
individuals who develop myocardial infarction (MI) in the United States
(US) each year whose cholesterol level is normal or moderately elevated
®) In a recent analysis of about 27939 healthy American females, it was
found that about 77% of future myocardial infarction (MI), strokes and
vascular related deaths occurred among women with LDL-C levels less
than 160 mg/dl, and about 46% of events occurred among women with
LDL-C less than 130 mg/dl. © . This has given rise to extensive study to
add another inflammatory risk factor mainly hs-CRP to predict future
CHD. High sensitive assays for determining hs- CRP concentration in
blood to predict first cardiovascular events were developed. The aim of
this research is to find out if hs-CRP considered as a marker of CHD in

Ramallah area -Palestine.

C-Reactive Proteins

C - reactive protein (CRP) is a member of the hepatic pentraxin
family of proteins, a group so named because they are composed of five

identical subunits. Each subunit is composed of 206 amino acids with
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molecular weight of 23027 Daltons arranged around a central pore as

shown in Figure (1) 7.
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Figure (1): CRP pentamere particle. ”

CRP is an acute phase plasma protein, it was discovered in 1930.
William Tillet and Thomas Francis define CRP as a substance present in
the serum of patients with acute inflammation and reacted with the ‘C’
polysaccharide of pneumoccocus 7 ?. CRP is a member of a special
response type protein called ‘Acute phase reactants’. CRP appears in
serum in response to a variety of inflammatory stimuli including
myocardial inflammation . CRP has a relatively stable concentration in
the body and a long half-life in the absence of major infection or
inflammation that may influence its concentration. The concentration of
CRP in the blood measured in milligram per liters (mg/L). In a
comprehensive study hs-CRP mean level was found to be 1.8 mg/L for
men and 2.0 mg/L for women. Furthermore, hs-CRP levels was found to
increase with age, approximately 30% of those subjects in the study
showed hs-CRP concentrations greater than 3.0 mg/L. . Blood

concentration of CRP can become elevated several folds during an



infection, inflammation or neoplastic diseases. Following tissue injury,
CRP levels begin to rise within 4-6 hours, doubling every 8-9 hours,
reaching peak within 24 hours. Conditions that can elevate CRP levels in
the body include rheumatoid diseases, vasculitides and chronic infections
such as tuberculosis. Other conditions that fall in this category are
allograft vasculopathy and graft occlusion, connective tissue diseases,
coronary artery diseases, obesity, sepsis, smoking and vasculitis 7 ?.
Frequent exercise, aspirin and statins (3-hydroxy-3-methylglutaryl) are
shown to exert inhibitory effect on the production of CRP resulting in a
reduced concentration of this protein in the blood @ . During major
trauma or infection, inflammatory cells (neutrophils granulocytes etc) and
red blood cells in response to the inflammation, secrete large amounts of
cytokines. The most prominent secreted cytokines are the Interleukins 1,
6 and 8 (IL-1, IL-6 and IL-8) and the tumor necrosis factor-alpha (TNF-
alpha). These cytokines then stimulate the liver to produce large amount
of C-reactive proteins (CRP) 7-**4% Tn CHD, current events suggest that
atherosclerotic lesions generate CRP, but the liver produces the bulk of
CRP 7 . Other proteins secreted by the liver in response to inflammatory
stimulation includes, serum amyloid A, fibrinogen and mannan-binding
lectin. Since these proteins are released in response to acute
inflammation, they are appropriately referred to as ‘acute phase
reactants’. Of all acute phase reactants, CRP has stood out as a novel
biomarker for predicting the development and progress of several disease

conditions, mainly cardiovascular events ¢ ' ™4 ) Ag part of its
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inflammatory response functions, CRP has been shown to stimulate
monocyte to release pro-inflammatory cytokines such as interleukin-1b
(IL-1b), IL-6, and tumor necrosis factor — alpha (TNF). It also mediates
monocytes chemotactic protein-1(MCP-1) induction in endothelial cells
and causes expression of intercellular adhesion molecule -1(ICAM-1) and
vascular cellular adhesion molecule-1(VCAM-1) by endothelial cells 7 '*
1) 1t appears that CRP has direct interaction with LDL-C ©. The binding
of atherogenic lipid in vitro and opsonization of LDL-C by CRP mediates
uptake of LDL by macrophages “?. CRP is also a factor in the
development of atherosclerotic plaque. Although CRP was believed to be
a marker of vascular inflammation, recent research indicates that it plays
an active role in atherogenesis. It is detectable in the early stages of
plaque development and believed to be involved throughout the
atherogenic process, facilitating the whole process starting with
recruitment of leukocytes to the arterial wall and eventually rupture of the
plaque " '?. Calabro et al. have proposed that the smooth muscle cells of
human coronary arteries may also produce CRP as a local response to
inflammatory cytokines ®. They further noted that this locally produced
CRP might participate in the atherogenic process ®. In addition, Khreiss
et al. have suggested that loss of the pentameric symmetry of CRP can
result in a modified or monomeric CRP, which may be the major CRP
promoter of the proinflammatory response in the coronary arteries . As

CRP concentration is traced back to inflammation, its measurement is

used to detect the presence of active inflammation. Latex,
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immunoturbidimetric or immunoelectrophorectic assays are used for the
measurement of CRP. The normal serum concentration of CRP measured
by these procedures is from 3 mg/L to above 200 mg/L @ . This range is
not sensitive enough to predict cardiovascular risk in seemingly healthy
men and women. Scientists had developed an improved and modified
technique to measure hs-CRP. The new hs-CRP assay has the ability to
detect concentrations of CRP below 0.2 mg/L. The technique relies on the
use of labeled monoclonal or polyclonal antibodies to CRP in Enzyme

linked Immunosorbent assay (ELISA) or immunofluorescent assay .

Coronary Heart Diseases

Coronary heart disease (CHD), also known as Coronary artery
disease (CAD) is the most common cause of heart disease. This condition
1s due to problems with the coronary arteries 1.e. arteries supplying blood
to heart. These arteries become narrowed and hardened due to the build
up of fat deposits and plaques on the inner walls resulting in
atherosclerosis . The cross section of a normal vein and artery are
shown in Figure (2). Arteries carry oxygenated blood away from the heart
while veins carry non-oxygenated blood back to the heart. The blue
colored veins indicate the transport of blood with relatively low content
of oxygen and high content of carbon dioxide. The red colored arteries
indicate the transport of blood with relatively high content of oxygen and

low content of carbon dioxide.
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Figure (2): Cross section of a normal vein and artery " .

The common clinical manifestations and complications that correlate
with CHD are the following: ¥

- Stable Angina.

- Unstable Angina.

- Acute Myocardial Infarction.

- Heart failure.

— Arrhythmia.

— Sudden death.

Angina

Stable angina: 1t is ischemia due to fixed atheromatous stenosis of one
or more coronary arteries, and it is known as angina pectoris. Stable
angina is chest pain or discomfort that occurs when your heart muscle

does not get enough oxygen-rich blood. There is a pressure or a
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squeezing pain in the chest and in the shoulders, arms, neck, jaw, and
back. This pain tends to get worse with activity and go away when you
rest. Emotional stress also can trigger the pain. These symptoms occur
when the vessels that carry blood to the heart become narrowed due to

atherosclerosis, as shown in the Figure (3) " 1.
Insufficient blood flow to the heart

muscle from narrowing of coronary
artery may cause chest pain

Plague in
coronary
artery

Figure (3) Angina.””

Unstable angina: A clinical syndrome that is intermediate between
stable angina and myocardial infarction. Chest pain occurs at rest or with
less exertion more often than stable angina. It is less responsive to
medication. Unstable angina and myocardial infarction known as acute
coronary syndromes (ACS). While stable angina considered as a chronic

condition 4%,



Acute Myocardial Infarction:

Acute myocardial infarction (MI) or heart attack occurs when one of
the arteries that supply the heart muscle becomes blocked. This happens
when an area of plaque in a coronary artery breaks apart, causing a
blood clot to form. The blood clot cuts off the blood to the part of the
heart muscle that has fed by that artery. Cells in the heart muscle die
because they do not receive enough oxygen-rich blood. This can cause
irreversible lasting damage and necrosis to that part of the heart tissue

as shown in the figure (4) .

Damage and death to
heart tissue shown in purple

Plaque build up in the
coronary artery
blocking blood flow
and oxygen to

the heart

L e

Figure (4) Acut Myocardial Infarction™ .
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Cardiovascular Risk Factors

Risk factors are conditions or behaviors that increase the chance of

getting a certain disease. These factors are different types: .

Nonmodifiable Risk Factors:

- Age: The risk increases after age 45 in men, and after age 55 in women.

- Gender: Male sex develops higher risk than female, but by age 60-70
years old they become equal frequency while after that age women

became higher in risk in comparison to men.

- Family history of early heart disease.

Increased risk if first-degree blood relatives have had coronary heart

disease before the age 55 years for a male or 65 years for a female.

Modifiable Risk Factors:

- Smoking.

- Hypertension.

- Dyslipidemia high total cholesterol, LDL- cholesterol and triglyceride.
Levels and low level of HDL cholesterol

- Obesity.

- Physical inactivity.

- Diabetes Mellitus.

- Unhealthy diet.

Novel Risk Factors

- Inflammation: Elevated C - reactive protein (CRP)

- Homocystine.
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CHD 1is diagnosed by medical history, physical examination, and
diagnostic tests include non- invasive and invasive test, the non-invasive
tests include  Electrocardiogram (ECG), exercise stress ECG test by

treadmill, pharmacologic stress tests, and stress echocardiography ¥,

Invasive tests such as cardiac catheterization (arteriography) used as

diagnostic test to diagnose CHD !

Atherosclerosis.

Atherosclerosis is a disease in which plaque builds up on the
insides of the blood arteries that carry oxygen-rich blood to the heart and
other parts of the body. Plaque is made up of fat, cholesterol, calcium,
and other substances found in the blood. These fatty materials deposited
in the vessel wall, resulting in narrowing, hardening of the artery.
Severely restricted blood flow in the arteries to the heart muscle leads to
certain problems such as angina and heart attack. Atherosclerosis shows

no symptoms until complications occur .

Atherosclerosis is a vascular inflammatory disease
characterized by activation of the endothelium followed by
cellular infiltration and cytokine production. This process
leads to the formation of foamy macrophages, formation of

atheromatous plaques, and atherothrombotic disease. © .
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Cigarette smoking, limited exercise, obesity, and a diet high in
carbohydrate or high in cholesterol and saturated fat are manageable
high-risk factors for atherosclerosis. Some people are genetically
susceptible to formation of plaques, while others are not genetically
susceptible. Those that are susceptible form fatty streaks in the tunica
intima at a young age. A fatty streak emerges when the endothelial cells
subjected to large concentrations of cholesterol and lipoproteins in the
blood. Prolonged exposure to cholesterol and lipoproteins transforms
the fatty streaks into a plaque . Recent medical advancement suggests
that atherosclerosis and atherogenesis is due to more than just lipid
deposits. Research studies define the process of atherosclerosis as (a
progressive inflammatory disorder of the arterial wall that is
characterized by focal lipid rich deposits of atheroma that remain
clinically silent until they become large enough to impair arterial
perfusion or disruption of the lesions results in thrombolic occlusion or
embolisation at the affected vessel ) "*. This process is divided into

four stages as shown in figure 5: ©

1: Endothelial dysfunction.
2: Fatty streak formation.
3: Formation of an advanced, complicated lesion of atherosclerosis.

4: Rupture of the fibrous cap or ulceration.



Endothelial Leukooyte Endothelial Leukocyte
permeability migration adhesion adhesion

Adherence and Adherence
Smooth-muscle Foam-cell T-cell agaregation of and entry
migration formation activation platelets of leukocytes

Macrophage accumulation Formation of Fibrous-cap formation
necrotic core

Plagque rupture Thinning of fibrous cap Hemorrhage from plague
microvesseals

Figure 5 : different stages of atherosclerosis. */”

13



14
Several proinflammatory mediators considered in atherosclerosis

Process:

1- Prolonged high levels of LDL particles in blood stream
infiltrate the arterial intima.
2- Lipoprotein particles undergo oxidation or other
modification give rise to proinflammatory and pro- oxidant derivatives.
3- Cytokines, such as interleukins-1(IL-1), tumor necrosis
factor (TNF), and angiotensin II.
4- Adipose tissue may drive inflammatory responses in the artery
wall.

5- A failure of counter regulatory mechanism, example HDL

particles may function as carriers for anti inflammatory

and anti-oxidant mediators 7 '¥ .

CRP and Atherosclerosis

Recently hs-CRP linked to future development of (CHD) and the baseline
levels of hs-CRP in the absence of any infection or tissue injury used in
cardiac risk assessment ” . Khreiss at al. provided the first evidence
suggesting structural modification of pentameric CRP to monomeric
subunits which is a potent atherogenic in human aortic endothelial cells
(3 Figure (6) illustrates the potential role of CRP in atherogenesis that is
composed of four stages: )

1- Endothelial dysfunction: CRP in this stage inhibits the

generation of endothelial nitric oxide synthase (e-NOS), nitric oxide, and
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prostacyclin. CRP also stimulates endothelial cell apoptosis and the
production of vasoconstrictor endolthelin-1 (ET-1) and IL-6 resulting in
blunting of endothelial vasoreactivity.

2- Endothelial activation: CRP activates factor NFkB and

stimulates production of IL-6, IL-8, vascular cell adhesion molecule
(VCAM-1), Intracellular adhesion molecule (ICAM-1), and E-selectin.
The result of this activation is monocyte adhesion and recruitment to the
endothelium.

3- Plaque formation: CRP stimulates the expression of monocyte

chemotactic protein (MCP-1) which promotes the transmigration of
monocyte to arterial wall. CRP also promotes LDL uptake by
macrophages and formation of foam cells and generation of both reactive
oxygen species and cytokines that fuel plaque formation. CRP may
promote plaque remolding and maturation by stimulating smooth muscle
cell proliferation and migration via the angiotensin typel receptors
(ATIR) which regulated by CRP.

4- Plagque rupture: CRP promotes matrix metalloproteinase

(MMP) activity, which denatures collagen and destabilizes the plaque.
CRP inhibits (NO) and prostacyclin release and endothelial cell
migration. On the other hand, stimulate the release of tissue factors from
monocytes and the synthesis of plasminogen activator inhibitor (PAI-1).
These conditions create a prothrombolic environment and favors plaque

rupture and vessel thrombosis.
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Endothelial Dysfunction
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Figure (6) the potential role of CRP in atherogenisis. Adopted from Ref. 7?9

hs-CRP as an Independent Risk Factor
A number of large prospective epidemiologic studies have indicated that

hs-CRP is a strong independent predictor of future cardiovascular events.
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These events include myocardial infarction, ischemic stroke, peripheral
vascular disease, and sudden cardiac death. In a Women’s Health Study
(WHS), it was found that hs-CRP compared to LDL-C was the most
powerful predictor of future vascular events. Among 27939 healthy
females studied and followed over 8 years period for future vascular
events and evaluated for a full lipid panel as well as baseline hs-CRP
levels, they found that there is a minimal relationship between hs-CRP
and LDL-C (r=0.08) and thus the inflammatory process was providing
information on plaque rupture separately from that of lipid evaluation © .
The WHS study established a clinical cut points for hs-CRP as mentioned
above less than 1.0, 1.0-3.0, and greater than 3.0. These cut points, can
predict vascular risk across all levels of LDL-C after adjustment for other
risk factors and across all levels of the Framingham Risk score © . Paul
Ridker, and others in a prospective study among women shows the
independence of hs-CRP and LDL-C as risk factors for cardiovascular
disease "%, In another study that are more recent quartiles for hs-CRP
shown to provide additive prognostic information across all levels of
LDL-C, apolipoprotien B100, T-Cholesterol/HDL ratio even after full
adjustment for traditional risk factors !” . The association between
elevated hs-CRP levels and future CHD events has generally been
consistent among different studies. In a cohort study of 1086 apparently
healthy middle-aged men, subjects with baseline levels of hs-CRP that
were in the highest quartile had a twofold increase in risk of ischemic

stroke or peripheral vascular disease (P=.02), and a threefold increase in
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risk of myocardial infarction (P<.001) relative to subjects in the lowest
quartile. These effects were independent of other cardiovascular risk
factors, including lipid levels and smoking "® . The Honolulu Heart
Program analyzed frozen serum samples to assess the relationship of hs-
CRP to the development of myocardial infarction in clinically healthy
men over a follow-up period of 20 years. Overall, hs-CRP levels in this
study were associated with coronary events that occurred as many as 15
years later. As early as five years into follow-up, the risk of myocardial
infarction grew with increasing hs-CRP levels (P=.009). At10 to 15 years
into follow-up, the relative odds of myocardial infarction in the highest
hs-CRP quartile were 2.1 times that of the lowest quartile, after
adjustment for such risk factors as total cholesterol, hypertension, and
type 2 diabetes mellitus (P=.016) " . Nested case-control analyses of
121,700 women in the Nurses' Health Study and 51,529 men in the Health
Professionals. Follow-up Study of 239 women and 265 men free of
cardiovascular disease supported the results of the Women's Health
Study, it was found that hs-CRP is a predictor of CHD and it is

20 In contrast to the

independent of other cardiovascular risk factors
results of these and many other trials, a nested case —control study of 157
elderly subjects from the Rotterdam Study in 2003 raised concerns about
whether hs-CRP adds predictive value to traditional risk factors. In this
study measurements of CRP adds no additional value to traditional risk

factors “Y . This concern raised again in 2004 by a cohort study of the

Reykjavik trial that questioned the usefulness of CRP over more
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established risk markers. In this study, 2459 patients diagnosed with CHD
after enrollment matched with 3969 controls that did not have a CHD
event. After adjustments for smoking status and other established CHD
risk factors, patients whose baseline hs-CRP levels were in the top
quartiles (cutoff value=2.0 mg/L) had an odds ratio for CHD of 1.45
(95% CI1, 1.25-1.68) compared with those in the bottom quartiles (cutoff
value=0.78 mg/L). The Reykjavik investigators concluded that hs-CRP
added only little predictive value of established risk factors * .

Relationship between hs-CRP and Coronary Heart Diseases

Recent clinical and laboratory studies have shown that atherosclerosis,
the precursor to most coronary heart diseases, is not simply a disease of
fat deposit and inflammation plays a crucial role in the progression and
development of this disease . Attention turned towards studying the role
played by C-reactive protein (CRP) in atherosclerosis and several results
emphasized the relationship between hs-CRP and (CHD), and its
prognostic value in acute coronary syndromes and the ability to
effectively predict a future coronary event in seemingly healthy men and
women. CRP extensively researched over the last couple of years as a
surrogate marker of other inflammatory mediators like IL-6, IL-1, and
TNF-alpha to understand the inflammatory component of atherosclerosis.
These barrages of studies have shown that the level of CRP in the blood
might be a yardstick to measure or predict the possibility of
cardiovascular events both in acute coronary syndromes and in seemingly

23

healthy individuals “* . Elevated hs-CRP shown to be a strong predictor
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of future cardiovascular risk in patients with established CHD, with or
without a previous CHD. In a study shows the relation between high CRP
and thromboembolic stroke, it was found that elevated CRP considered as
important risk factor in healthy men for those people. In this study,
patients in the highest quartile for hs-CRP levels had the highest risk of
stroke compared to those in the lowest quartiles *¥ . Furthermore, Blake
and Ridker had shown that elevated hs-CRP could predict risk of
cardiovascular events (including death, acute myocardial infarction, and
need for revascularization procedures) in patients with acute coronary
syndromes (ACS)"® . Morrow and his mates were able to demonstrate in
a study that elevated CRP in patients with unstable angina or non-Q wave
myocardial infarction (NQMI) is correlated with increased 14-day
myocardial infarction even in patients with a negative rapid cardiac
specific troponin T (¢TnT) ®” . A study by Liuzzo and his colleagues
showed that in 32 patients with chronic stable angina, 31 patients with
severe unstable angina, and 29 patients with myocardial infarction (MI)
hs-CRP level greater than 3mg/L on admission was associated with an
increased incidence of recurrent angina, myocardial infarction and even

cardiovascular death ©®

. Also, Bholasing, de Winter and others in a
separate study demonstrated that hs-CR concentrations greater than
Smg/L on admission of 150 patients with acute coronary syndrome was
associated with an increased incidence of major cardiac events within

6months, irrespective of cardiac troponin I values “” . To further

emphasize the relationship between hs-CRP and coronary heart events, A
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Report from a study carried out by the Multiple Risk Factors Intervention
Trial (MRFIT) showed that a direct positive association exists between
hs-CRP and coronary heart disease mortality in seemingly healthy

smoker men followed over a 17-year period ® .

hs-CRP as global risk factor

Using traditional risk factors, clinicians can predict approximately
50% to 60% of future coronary heart event in healthy individuals. The
addition of hs-CRP to current strategies for global risk assessment, such
as the Framingham Risk Score (FRS), may therefore have the potential to
increase the accuracy of cardiovascular risk prediction. The most
surprising fact about the predictive utility of hs-CRP is that the results
and estimates derived from most of the above-mentioned studies were
independent of other recognized cardiovascular risk factors. For instance,
result from the Physicians’ Health Study (PHS) demonstrated a
significantly higher predictive value associated with hs-CRP compared to
that attributed to traditional biochemical coronary heart disease (CHD)
risk markers such as Total Cholesterol (TC), (HDL-C) and (LDL-C). In a
study carried out by Ridker and his colleagues on post menopausal
women, hs-CRP was shown to predict cardiovascular risk among women
with LDL-C value of lesser than 130mg/L, a concentration that

considered to be normal for LDL-C 19,

Besides lipids, it appears that some coronary heart disease risk

factors affect inflammation response and hence hs-CRP concentrations.
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One of such outstanding facts is the relationship between obesity and hs-
CRP. Obesity has a direct association with increase concentration of hs-
CRP, Interleukin 6, the primary stimulant of the hepatic synthesis of CRP
secreted by adipose tissues. This logically explains the mechanism by
which weight loss and diet reduces cardiovascular risk — due to reduction
in inflammatory response * %, In a different study, Festa, and Ford
reported increased hs-CRP concentrations in diabetic patients, which
considered as a direct relationship between the insulin resistance
syndrome and hs-CRP ©Y. In addition, Liu et al. and McCaron et al. in
different experiments were able to demonstrate the effect of high blood
pressure on hs-CRP. The report of their experimental study showed that
high blood pressure promotes endothelial cytokines causing inflammatory
activation in rats ©®*. Recent evidence suggests that hs-CRP plays a major
role in the physiologic processes associated with the metabolic syndrome.
High levels of hs-CRP shown to be an independent predictor of
cardiovascular risk for all degrees of severity of the metabolic syndrome
(3 Albert et al., demonstrated that hs-CRP levels are correlated with the
calculated 10-year FRS in men, as well as in women not taking hormone
replacement therapy ©¥ . Data from the Augsburg cohort of the
Monitoring Trends and Determinants in Cardiovascular Disease
(MONICA) study also showed that hs-CRP enhances the assessment of
global coronary risk as measured by the FRS, particularly in persons at
intermediate risk for CHD ©°. In the Women's Health Study, both very

low (<0.5 mg/L) and very high (>10 mg/L) levels of hs-CRP were useful
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for risk prediction across a full range of FRS. Women with hs-CRP levels
of less than 0.5 mg per liter had the lowest risk of future cardiovascular
events. Women with hs-CRP levels of greater than 20 mg per liter had a
risk almost 8 times higher than normal women did. In a reanalysis of the
WHS data, a linear response between hs-CRP and vascular risk was
observed even among those with levels of hs-CRP greater than 20 mg/L.

Thus, those patients recognized as very high-risk patients (Figure 7) ©9.

=05 0.5-1.0 1.0-2.0 2.0-3.
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Figure (7): Relative risk of future cardiovascular events across a full clinical range
of hs-CRP values. Black bars represent crude relative risks and gray bars risk
adjusted to FRS. Ref. ©?

hs-CRP modified as global risk factor by calculating the Framingham
Risk Score based on current scoring system and divide patients into three
groups with 10-year risks of less than 5 percent, 5-10 percent, and 10-20

percent. Then hs-CRP data utilized in five gradations (<0.50, 0.5- <I1.0,
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1.0- <3.0, 3.0- <10, and >10.0) to generate an “hs-CRP Modified Global

CHD Risk” (Figure 8) ©".
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Figure (8): Relative risks of future vascular disease using baseline levels of
hs-CRP in addition to calculated 10-year Framingham risk. Ref ©”

Clinical trials have shown that statins reduce patient levels of CRP by
15% to 28% as early as six weeks after treatment begins independent of
the magnitude of reduction in LDL-C levels. Although statin therapy
showed to benefit individuals with elevated hs-CRP levels, not known
whether aggressive statin therapy can reduce the risk of a first

cardiovascular event in persons with low LDL-C but high hs-CRP ©*.

Guidelines for Use of hs-CRP in risk assessment
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In January 2003, guidelines from the Centers for Disease Control
and Prevention (CDC) and the American Heart Association (AHA)
named hs-CRP as the inflammatory marker of choice to assess
cardiovascular risk ®. The guidelines support the use of hs-CRP in
primary prevention and set cutoff points according to relative risk
categories: low risk (<1.0 mg/L), moderate risk (1.0-3.0 mg/L), and high
risk (>3.0 mg/L) ® . Recently, Ridker and Cook suggested that even
though levels of very low < 0.5 mg/L, and very high >10 mg/L of hs-CRP
uncertain to give positive predictive value for CHD. These values of hs-
CRP would provide clinicians with additional prognostic information on
cardiovascular risk ©®”. The CDC-AHA guidelines state that the optimal
use of hs-CRP is to help guide the evaluation and therapy for primary
CHD prevention for patients at intermediate risk *. The guidelines also
consider measurements of hs-CRP as a possible predictor of recurrent
events in patients with stable coronary disease or ACS . The use of hs-
CRP as an adjunct to lipid screening in primary prevention intended to
improve global risk prediction in patients not clearly identified as being at
high risk by cholesterol levels alone. This adjustment to the screening
procedure is especially important for individuals with low LDL-C levels
(<130 mg/dL) but high hs-CRP levels (>3 mg/L). Preliminary data
suggest that patients with low LDL-C and high hs-CRP levels may benefit
from pharmacologic intervention, preferably with statin therapy © . The
addition of hs-CRP levels to standard cholesterol evaluation protocols

improves the predictive value of lipid parameters for determining future
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risk of myocardial infarction. Men with high levels of both hs-CRP and
total cholesterol had a 5.3 times greater relative risk of a future
myocardial infarction (P<.001) than did men with either high total
cholesterol or high hs-CRP levels alone *. Furthermore, women with
high hs-CRP and low LDL-C levels had a higher absolute risk of a future
CHD event than did women with low hs-CRP and high LDL-C levels,
despite the fact that high LDL-C is traditionally targeted for aggressive
intervention in primary prevention ©. Many studies suggests that CRP
might have implications for future risk assessment, especially in
intermediate risk group , and adding it to Total Cholesterol/HDL ratio

will independently related to incident coronary events @ .

Hypothesis and Specific aims

Hypothesis
We hypothesize that hs-CRP i1s a marker of Coronary Heart

Disease (CHD) among Palestinian people in the Ramallah area, Palestine.
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Specific Aims

The specific aims of this Case —control study are:

To evaluate the association between hs-CRP and the
coronary Heart disease (CHD) in West Bank Palestine.
To compare hs-CRP and LDL-cholesterol as risk factors
associated with CHD.
To establish a relative risk for a CHD based on Total
Cholesterol/HDL ratio and hs-CRP.

Materials and Methods

A signed consent was obtained from the patients prior to enrollment in

this study.
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Subjects: Subjects enrolled in this study were divided into two groups;
the first group consisted of 80 patients (64 males and 16 females)
diagnosed to have CHD by a cardiologist. The second group consisted of
80 healthy subjects (49 males and 31 females) with no symptoms of CHD
prior to the study. All subjects are from the West Bank selected from the
Medical Relief Prevention and Diagnostic Center of Cardiovascular
Diseases —Ramallah during the period from September 2005 until Feb.
2006. Risk factors for coronary heart disease such as smoking,
hypertension, diabetes, and dyslipidemia were equal in both groups. The
cardiologist, who diagnosed these cases, completed a written
questionnaire for all patients and controls with comprehensive
information. For each patient, the medical record was reviewed to
determine the presence of risk factors for atherosclerotic cardiovascular
disease. The Total Cholesterol, HDL-cholesterol, LDL-cholesterol, and
Triglycerides were assayed using standard manual methods for all
subjects. hs- CRP was determined using Enzyme Immunoassay (ELISA)
technique and the results for hs-CRP were calculated in mg/L. The data
was analyzed to find if there is significant difference between patients

and control group.

Sample collection: Samples were collected from fasting subjects in 10-ml
plain glass tubes (Becton Dickinson Vacutainer Systems). The samples
were allowed to clot at room temperature for 30 min. The serum was then

separated by centrifugation. Each specimen was divided into two
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aliquots, one for lipid profile, and the other was kept at-20 C for hs-CRP
testing. Repeated freezing and thawing was avoided, and hemolysed

samples were rejected.

Methods

CRP assay: CRP was assayed by a sandwich enzyme immunoassay
(ELISA) kit (CRP DiaMed EuroGen, Lot No. 98104666 and expiry date
in Sep/2007) Belgium. The minimal detectable concentration for the
assay was determined by the manufacturer to be less than 1.0 mg/L.
Standards 0.0, 1.25, 2.5,5.0,10,25,and 50 mg/L were used to plot the
calibration curve to calculate the patients results. The assay was

performed according to manufacturer instructions.

Principle of the test: CRP in the patient serum samples and diluted
standards react with polyclonal anti-CRP antibodies, immobilized on the
solid phase of micro titer plates. Following an incubation period of 30
min at RT, unbound serum components were removed by a wash step.
After removal of the unbound serum proteins, the antigen- antibody
complex in each well was detected with specific peroxidase conjugated
antibodies. After the removal of the unbound conjugate, the strips were
incubated with the chromogen solution 3, 3, 5, 5-tetramethyl-benzidine
(TMB) and hydrogen peroxidase. A blue color developed in proportion to
the amount of immunocomplex bound to the wells of the strips. The
enzyme reaction was stopped by dispensing an acidic solution (H2S0O4)

into the wells turning the solution from blue to yellow. The standard
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curve was then plotted. The concentration of CRP in each sample was

determined by interpolation from the standard curve.

Total Cholesterol: Total Cholesterol was measured by using Randox, UK
reagents. The cholesterol was determined after enzymatic hydrolysis and
oxidation. Aliquetes of 10 ul of Standards, controls, and samples were
added to 1000 ul of cholesterol reagents. Then the tubes were incubated
for 5 min at 37° c. The absorbance of the samples and standards was
determined against reagent blank using spectrophotometer within 60
minutes at 546 nm Hg. The results were calculated by dividing the
absorbance of the sample against the standard and multiplying by the

concentration of the standard.

HDL — Cholesterol: HDL-Cholesterol was measured after precipitating
LDL, VLDL, and chylomicron fractions, by the addition of
phosphotungstic acid in the presence of magnesium ions (Randox).
Aliquot of 500 ul of serum was added to 1000 ul of precipitant and
allowed to stand for 10 min at room temperature. After centrifugation at
4000 rpm for 10 minutes, to get a clear supernatant containing the HDL
cholesterol, HDL —cholesterol was determined using cholesterol reagent

as mentioned previously of a Total Cholesterol.

LDL —Cholesterol: LDL- cholesterol was measured after precipitation by
heparin at their isoelectric point using Randox reagents. After

centrifugation, the HDL and VLDL remain in the supernatant and were
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measured by a spectrophotometer at 415 nm. The LDL-cholesterol was

then calculated according to the following formula:
LDL —cholesterol = Total cholesterol — Cholesterol in the supernatant.

100 ul of serum was added to 1000 ul precipitation reagent and allowed
to stand for 10 min at room temperature. The tubes were then centrifuged
for 15 min at 4000 rpm. The cholesterol concentration of the supernatant

was determined using cholesterol reagents.

Triglycerides: Randox reagent was used to assay triglycerides. The
triglycerides were determined after enzymatic hydrolysis with lipases.
Serum specimens were collected after fasting 12-14 hours. 10 ul of
standards, controls, and samples were added to 1000 ul of triglyceride
reagents. Then they were incubated for 5 min at 37° C. The absorbance
was determined for both standards and samples against reagent blank at
500 nm. The results were determined by interpolation from the standard

curve.

Statistical Analysis
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The statistical analysis was performed using the Statistical Package

for Social Sciences Software (SPSS for windows version 12).

Means and proportions for risk factors for cardiovascular events at
baseline were calculated for both cases and controls. The means for hs-
CRP, Total Cholesterol, LDL-cholesterol, HDL-cholesterol, and
Triglycerides were compared between the two groups by using 2-sample
t-test. The proportions were compared by using the chi-square test.
Analysis of trends was used to test for associations between increasing
levels of each plasma variable and the risk of cardiovascular events. The
study subjects were divided into groups according to low, medium, and
high levels of LDL-cholesterol, and hs-CRP. Logistic regression was
performed to evaluate relative risk or odds ratio of cardiovascular events
in each of these groups. The odds ratio of different quartiles of hs-CRP,
and the odds ratio of combination between quartiles of hs-CRP and LDL-
C were calculated. The likelihood-ratio test was used to determine
whether logistic-regression models that include LDL-C and hs-CRP
provide a significantly better fit than did logistic-regression models
limited to LDL-C or hs-CRP alone. All P values were two-tailed, and a
value of less than 0.05 was considered to indicate statistical significance.

All confidence intervals (CI) were calculated at the 95 percent level.

Results
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In this case control study we investigated hs-CRP as a marker of CHDin
patients from Ramallah area- West Bank —Palestine. This was done by
defining two groups: one control group free of CHD, and the other group
1s the patients group diagnosed to have CHD. Both groups (the controls
and the patients) were similar in age, and in the presence of other CHD
risk factors such as smoking, hypertension, diabetes, and dyslipedemia.
The results of the different variables, lipid profile tests as well as hs-CRP
for patients and controls are summarized in Tables 1 and 2. The means +
SD for the different variables in this study of both groups with the
significant P value are shown in Table 3. Our results showed that there 1s
a significant difference for hs-CRP concentration between controls and
patients (P<0.001). The mean = SD for hs-CRP for patients and controls
was 5.90+3.1 and 2.62 £1.59 respectively (Table 3). LDL- C showed
significant difference (P = 0.003) between the patients and controls
(Table 3). There was no significant difference for total cholesterol
(P<0.072), HDL-C (P 0.728), and TG (P=0.355) between patients and
controls. Other factors evaluated such as age, sex, hypertension, diabetes
reflected a significant difference (P<0.05) between patients and controls.
There was no significant difference for smoking (P = 0.124), and
dyslipidimia (P=0.115) between two groups tested. Analysis of hs-CRP
to find out the odds ratio was found to be 1.88 95% CI (1.54-2.3),
compared to LDL-C odds ratio 0.98 CI 95 % (0.97-0.99). These values

indicates the increased risk per unit for both hs-CRP and LDL-C.
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Table (3) - Mean and standard deviation of the different variables for both patients
and control, and statistical significance (P trend).

Variable Control N=(80) | Cases N=(80) | P trend
Age, mean £SD. | 51.1£13.6 60.7+11.9 0.000
Sex, % male 49(61.3 %) 64 (80%) 0.009
% Female 31 (38.3%) 16 (20%)

Smokers, % 26.3 16.3 0.124
Hypertension,% | 16.3 56.3 0.000
Diabetes, % 35 60 0.001
Dyslipedemia, % | 86.3 93.8 0.115
Total Cholesterol | 220+38.3 209.0+£36.1 0.072
Mean += SD

LDL-C 141.5425.1 128.2+31.0 0.003
HDL-C 36.4+7.4 36.5+7.0 0.728
TG 143+56 153.8+81.2 0.355
hs-CRP 2.62+1.59 5.90+3.1 0.000

In this study, we grouped our results for hs-CRP, LDL-C to three
quartiles. The Ratio of T-cholesterol/HDL-C was calculated and divided
into five quartiles as in Table 4. These different quartiles were used to
find out the odds ratio for both hs-CRP, and LDL-C quartiles. In addition,
these groups were used to evaluate interaction between hs-CRP and LDL-

C.

Table (4).Different quartiles of hs-CRP, LDL-C, and T-cholesterol/HDL ratio.

CRP Quartiles Total
1.00 2.00 3.00
Cases control 10 43 27 80
patient 4 13 63 80
Total 14 56 90 160
LDL Quartiles Total
1.00 2.00 3.00
Cases control 24 37 19 80
patient 42 27 11 80
Total 66 64 30 160
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T-Cholesterol/HDL ratio Total
1.0 | 2.00 | 3.00 | 4.00 | 5.0
Cases control 3 4 8 141 51 80
patient 1 7 17 11| 44 80
Total 4 11 25 25| 95 160

CRP (1.0) represents <1.0 mg/L, (2.0): 1.0-3.0 mg/L, and (3.0): >3.0 mg/L. For LDL-
cholesterol (1.0) less than 130 mg/dl, (2.0): 130-160 mg/dl, and (3.0) greater than
160 mg/dl.And for T-chol/HDL ratio (1.0) : <3.4, (2.0): 3.4-4.0, (3.0); 4.1-4.8, (4.0):
4.8-5.50, and 5.0 >5.5.

The odds ratio (OR) and the confidant interval (CI) for hs-CRP were 4.25
95% CI (2.34-7.72), P < 0.001. These finding for hs-CRP before
adjustment of other risk factors evaluated in the study. hs-CRP odds ratio
after adjustment with LDL —C was 5.93 and the 95% CI (3.0-11.6), P<
0.001. After adjustment with LDL-C and T-cholesterol/HDL ratio it was
6.5 95% CI (8.1-13.4), P <0.001. Odds ratio for hs-CRP adjusted with
other risk factors such as age, smoking, hypertension, diabetes, and
dyslipedemia, was (4.0) 95% CI (2.0-7.9) as shown in Table (5). In
comparison to hs-CRP, LDL-C odds ratio was 0.584 95% CI (0.35-
0.84), P< 0.006, which is significant ratio but the odds ratio was less than

one, indicating a decrease in risk.

Table (5) (OR) Odds Ratio, (CI) confidant Interval and P trend for different quartiles
of hs-CRP and other variables associated with CHD risk factors before and after
adjustment.

Test Odds CI P trend
Ratio

hs-CRP 4.25 2.34-7.72 0.000

hs-CRP * 5.93 3.0-11.6 0.000

hs-CRP ** 6.5 8.1-13.4 0.000

hs-CRP *** 4.0 2.0-7.9 0.000




LDL-C 0.543 0.35-0.84 0.006
T- 0.90 0.76-1.0 0.202
cholesterol/HDL

ratio

* LDL-C adjustment.

** LDL-C & T-cholesterol/HDL ratio adjustment.

*** Adjustment with Age, Sex, Diabetes, HTN, Smoking, and Dyslipedemia.

36

To explore that hs-CRP added to the predictive value of lipid-based

screening, several additional analyses were performed. First, we

computed the OR of LDL -cholesterol quartiles as well as hs-CRP (Table

6). We found that there was an increase in OR between different quartiles

of hs-CRP compared to LDL-C quartiles in this study. The odds ratio for

CRP group (> 3.0 mg/L) was 5.25 95% CI ( 1.522-18.1), P < 0.009 as

compared to reference group CRP (< 1.0mg/L) which was significant.

The second group for hs-CRP (1.0-3.0 mg/L) the odds ratio was 0.813

and 95% CI (0.218- 3.0) compared to reference group and it was not

significant. In our study, all quartiles of LDL-C showed significant P

values < 0.05, and the odds ratio showed a decrease in risk for these

different quartiles (Table 6).

Table (6): Odds Ratio for hs-CRP and LDL-C quartiles of both groups before and

after adjustment of risk factors.

Test Odds CI P value
Ratio

Quartiles of hs-CRP

CRP<1.0) * 1.0

CRP(1.0-3.0) 0.813 0.218-3.0 0.757

CRP(>3.0) 5.25 1.52-18.1 0.009

CRP (1.0-3.0) after 0.466 0.101-2.15 ]0.328




37

adjustment

CRP( >3.0) after adjustment | 3.68 1.06-15.1 0.049

Quartiles of LDL-C

(LDL<130) * 1.0

(LDL 130-160) 0.381 0.185-0.783 | 0.009
(LDL >160) 0.400 ]0.171-0.93310.034
LDL (130-160) after 0.291 0.116-0.728 | 0.008
adjustment

(LDL >160) after adjustment | 0.192 | 0.062-0.596 | 0.004

* Reference group. , (Cl): confidant Interval.
Low hs-CRP < 1.0 mg/L, high hs-CRP >3.0 mg/L. Low LDL-C < 130 mg/dL, high
LDL-C > 160 mg/dL.

To test if both hs-CRP and LDL-C interact to increase the risk of disease,
different combinations of hs-CRP and LDL-C were studied (Table 7).
The OR was computed for each combination using the low levels of hs-
CRP and LDL-C as the reference. The first quartile (hs-CRP low <1.0
and LDL-C low < 130 mg/dL) was considered as reference group (OR
1.0). The second quartile (hs-CRP high >3.0 mg/L, and LDL-C high >
160 mg/dL), the OR was (2.0) with CI (1.01-3.9) and P 0.025 before
adjustment. After adjustment with risk factors the odds ratio was still
significant 2.3 CI (1.05-5.9) P 0.036. Table 7 and Figure 9. The most
significant group was the third quartile, (high hs- CRP and low LDL-C).
Patients with LDL-C levels < 130 mg/dl and high levels of hs-CRP >3.0
mg/L have higher risk (OR 7.66) CI (2.5-23.4) than patients with low hs-
CRP, and high LDL-C, (OR 5.2) CI (0.61-46.0) Table 7. A correlation
between hs-CRP and LDL cholesterol for both groups was performed and
r=0.174 (P 0.028). This value considered low but there is a significant

correlation between hs-CRP and LDL-C. The correlation between hs-
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CRP and LDL-C in controls 0.429, p < 0.05. Where the correlation in
patients 0.385, p < 0.05.

Table (7) Odds ratio of different combinations of hs-CRP & LDL-C quartiles.

TEST OR CI P value

Low hs-CRP/Low LDL-C * | 1.0

Low hs-CRP/high LDL-C 5.278 |0.61-46.1 |0.133

high hs-CRP/low LDL-C 7.66 |2.5-234 0.00

high hs-CRP/high LDL-C 2.0 1.01-3.9 0.025

Low hs-CRP/high LDL-C** | 1.69 ]0.162-17.7 | 0.659

high hs-CRP/low LDL-C ** | 7.52 ]1.94-29.0 |0.003

high hs-CRP/high LDL-C ** | 2.3 1.05-5.19 | 0.036

* Reference group
" after adjustment with age, sex, Diabetes, HNT, smoking, and dyslipid.

Odds Ratio of different combinations of hs-CRP and LDL-C
7.66
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Figure (9) Odds Ratio for combination of different quartiles of hs-CRP & LDL-C

The likelihood-ratio tests were used to compare the fit of predictive
models that were based on measurement of hs-CRP in combination with
LDL-C, and the fit of models based on LDL-C measurements alone. The
likelihood ratio Chi-square statistics was higher for the models based on

hs-CRP than that based on LDL-C (54.35 vs.15.35, both with 2 df). The
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addition of CRP to the model based on LDL-C was stronger (chi- square
= 51.3, 3 df, and P <0.001) than the addition of LDL-C to the model
based on CRP (chi square = 44.6, 3df, and P<0.001). On the other hand,
addition of CRP to the T-Cholesterol/HDL ratio was stronger (chi square
41.5, df 3, P<0.001) than addition of the T-cholesterol/HDL ratio to CRP

(chi square 38.74, df 5, P< 0.001).

Discussion

hs-CRP was found to be a significant predictor for the risk of future
CHD events "> %*419 Tp addition, measurement of this marker increased
the predictive value of models based only on standard lipid screening.
Among different parameters measured, and evaluated in many studies hs-
CRP was the most significant predictor of the risk for CHD events; when
measured with a highly sensitive assay. This marker distinguished
between persons at high risk and those at low risk, even in the subgroup

of persons with LDL cholesterol levels below 130 mg /d1 ©.

Liuzzo and his colleagues showed that in 31 patients with no evidences of
myocardial infarction (MI), hs-CRP levels were greater than 3mg/L upon
admission to hospital. They were associated with an increased incidence
of recurrent angina, myocardial infarction and even cardiovascular death

29 Another study, done by Bholasing, de Winter and others demonstrated
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that hs-CRP concentrations of greater than Smg/L upon admission of 150
patients with acute coronary syndrome was associated with an increased

incidence of major cardiac events within 6 months *” .

The results of this study showed that there is a significant difference
between the patients and control groups. The odds ratio was 1.88 CI
(1.54-2.3), p < 0.001. This means that increased hs-CRP one unit will
increase the risk factor 1.88 times. This indicates a good association
between high results of hs-CRP and the CHD in West Bank —Palestine.
The mean + SD for hs-CRP for patients and controls was 5.90+3.1, and
2.62 £1.59 respectively, which was very significant. These findings
confirmed that hs-CRP marker is an important independent predictor of
the risk of CHD events. The current data supported the hypothesis that
atherosclerosis is, in part, an inflammatory disease ©, and hs- CRP can be
used as a marker of this disease. To compare hs-CRP and LDL-C as a
risk factor for CHD, different quartiles for both hs-CRP and LDL-C were
done for low, moderate, and high risk. In this study, it was found that the
odds ratio of all different quartiles of hs-CRP was 4.25, and 95 % CI
(2.34-7.72). This means that patients group had 4-fold increase in risk for
CHD than control group. After adjustment of hs-CRP with other risk
factors mainly LDL-C, and total Cholesterol / HDL ratio, the odds ratio
still very high and significant 5.9, and 6.5 respectively as shown in Table
5. These results was evident that hs-CRP remained a strong and

independent factor for CHD even in the presence or absence of other risk
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factors. In a prospective study among women, Paul Ridker, and others
shows the independence of hs-CRP and LDL-C as risk factors for
cardiovascular disease "%. The addition of hs-CRP levels to standard
cholesterol evaluation protocols improves the predictive value of lipid
parameters for determining future risk of myocardial infarction. Men with
high levels of both hs-CRP and total cholesterol had a 5.3 times greater
relative risk of a future myocardial infarction (P<.001) than did men with
either high total cholesterol or high hs-CRP levels alone ®. In a
prospective study of CRP and the risk of future cardiovascular events
among healthy women, those in the highest quartiles had five fold
increase in risk of any vascular events (Relative risk RR 4.8, ), and a
seven fold increase in risk of MI or stroke (RR 7.3) "®. In a cohort study
of 1086 apparently healthy middle-aged men, subjects with baseline
levels of hs-CRP in the highest quartile had a twofold increase in risk of
ischemic stroke or peripheral vascular disease (P=.02) and a three fold
increase in risk of myocardial infarction (P<.001), relative to subjects in
the lowest quartile. These results were independent of other

cardiovascular risk factors including lipid levels and smoking '® .

In another middle age group men, levels of CRP were positively
associated with thromboembolic stroke (TE) through 20 years follow up,
where the odds ratio of CRP was 3.8-fold excess by 10-15 years of follow
up between the highest and lowest quartiles “* . Several additional

analysis were performed on the different quartiles of hs-CRP and LDL-C
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separately. It was found that the odds ratio, for hs-CRP was 5.25 CI
(1.522-18.1), P < 0.009 when (CRP more than 3.0 mg/L) compared to a
reference group (CRP less than 1.0) which was significant. This means
that a person falls in this quartile have 5-fold chance to develop CHD
more than person in the first quartile does. The second quartiles for hs-
CRP (1.0-3.0 mg/L) was considered not significant (Odds ratio 0.813 CI
0.218- 3.0). This means that high concentration of hs-CRP more than 3.0
mg/L can be considered predictive for future events of CHD more than
the second quartile. On the other hand, all quartiles of LDL-C showed
significant values P < 0.05, where odds ratio showed a decrease in risk

for the different quartiles as shown in Table 6.

In this study we test the interaction between both quartiles of hs-CRP and
LDL-C. Table 7. Low hs-CRP and Low LDL-C were considered as a
reference group. It was found that the odds ratio was 7.66, 95% CI (2.5-
23.4) for the quartile of hs-CRP > 3.0 mg/L, and LDL-C < 130 mg/ dl.
These results support the idea that hs-CRP can predict risk if greater than
3.0 mg/L even though LDL-C less than 130 mg/dL. But in our study this
rule does not fit because all the control and patients group on drug
therapy for LDL-C lowering. Another group significant when hs-CRP >
3.0 mg/L, and LDL-C > 160 mg/dl. The odds ratio was 2.0, 95% CI
(1.01-3.9) indicating that subject fall in the highest quartile have two

times risk for CHD than subjects in the first quartile. These results for



43
this quartile less than the previous one because LDL-C results are not the

true results, where most of the patients take medication Figure 10.

These findings indicate that lipid screening needs other risk factors to
detect events of future CHD. These results for LDL-C considered not
significant because both controls and patients receive therapy to lower
LDL cholesterol. As a result, we need other risk factors independent on
LDL-C. Our study indicated that hs-CRP was an independent factor for
detection of CHD, even though there was a minimal correlation between
hs-CRP and LDL-C (r = 0.174). In a similar study on 27939 healthy
females, studied and followed over 10 years period for future vascular
events and evaluated for a full lipid panel as well as baseline hs-CRP
levels. They found that there is a minimal relationship between hs-CRP
and LDL-C (r=0.08) and thus the inflammatory process was providing
information on plaque rupture separately from that of lipid evaluation '®.
This correlation for the controls 0.429, and for the patients 0.385 when
analysis done separately for the controls and patients. In addition, in
likelihood ratio tests of the contribution of each variable, the addition of
CRP to the model based on LDL-C was stronger (chi- square = 51.3, 3 df,
and P <0.001) than the addition of LDL-C to the model based on CRP
(chi square = 44.6, 3df, and P<0.001). On the other hand, addition of
CRP to the T-Cholesterol/HDL ratio was stronger (chi square 41.5, df 3,
P<0.001) than addition of the T-cholesterol/HDL ratio to CRP (chi

square 38.74, df 5, P<0.001). Our study showed that CRP adds to the
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predictive value of Total Cholesterol/HDL ratio in determining risk of
cardiovascular disease. Where, adding hs-CRP to this ratio increases the
predictive detection value. hs-CRP and T-Cholesterol/HDL ratio were
determined and arranged in Figure (10) as shown below for both men
and women. Studies using data from the PHS have demonstrated that hs-
CRP is the most effective predictive marker and in combination with TC/
HDL ratio is the best overall predictor of relative risk estimates for future
coronary events. The relative risk estimates for MI increased significantly
with each increasing quartiles of baseline hs-CRP combined with TC/
HDL, where a relative risk (RR was 4.4) in the highest quartiles

compared to the lowest quartiles (RR 1.0) (23).

Similar to men, the combination of hs-CRP and the TC/ HDL ratio
provides the best predictive value for risk of future coronary events in
women. Women with the highest quartiles levels of combined hs-CRP
and TC:HDL ratio had a relative risk for future coronary events that were

also 8.7 times higher compared to the lowest quartiles ©%.

As a result, measuring both hs-CRP and the ratio of Total Cholesterol to
HDL cholesterol allowed significantly better prediction of risk than did
models based solely on this lipid ratio alone. Adding this risk factor to
detect the risk for healthy people for CHD will help us in the laboratories
to increase the prediction risk. Finally, we believe that these current
results have public health implications both in terms of the prediction of

the risk of cardiovascular events and in terms of the use of statin therapy
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for primary prevention. As in our findings, which indicate that hs-CRP is
a potent independent predictor of risk regardless of the LDL cholesterol
level; data from the Cholesterol and Recurrent Events trial indicated that
use of pravastatin resulted in decreased levels of hs-CRP in a manner

largely independent of LDL cholesterol “?.

Quintile of hs-C Reactive Protein, mg/L
1 2 3 4 5
<0.7 | 0.7-1.1 | 1.2-1.9 | 2.0-3.8 3.9-15.0
CholJHDL matio | Men | Women
1 <34 <34 1 1.2 1.4 1.7 2.2
2 3.4-4.0 3.4-4.1 1.4 1.7 21 25 3
3 4.1-4.7 4.2-4.7 2 2.5 29 3.5 4.2
4 4.8-5.5 4.8-5.8 29 3.5 4.2 5.1 6
5 >5.5 >5.8 4.2 5 6 7.2 8.7
Reference Ranges of Relative Risk values for a
Future Coronary Event
Low <11
Mild 1.1-1.7
Moderate 1.8-2.9
High 3.0-51
Highest 5.2-8.7

Figure (10) shows the relative risk for future coronary events among apparently
healthy men and women associated with different hs-CRP concentrations and TC:
HDL ratios. (5)

Methodological considerations:

Several limitations to be considered for this case control study: First, our
study comprised apparently healthy persons without CHD as control
group and patients with CHD as case group, and the significant difference

found to be between these groups. Therefore, we recommend doing a
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large study for the prediction of risk factors in our population to find out
who will be at increased risk for cardiovascular events. Second, we
measured hs-CRP marker and thus could not evaluate the effects of
changes in the levels of this marker over time. However, studies have
found that levels of hs-CRP are stable over long periods, as long as
measurements are not made within two to three weeks of an acute
infection. Moreover, with respect to the current results, levels of hs-CRP
over 20 mg/L where excluded from our study to avoid any acute cases of
other diseases. Finally, the patients included in the study take medication
for lowering LDL-C, as a result both LDL-C and hs-CRP marker will
decrease due to this therapy. This decrease may vary depending on the
test measured where LDL-C may decrease due to therapy more than hs-
CRP.For this reason, the results of hs-CRP considered more predictive.
For that reason to get the true level of hs-CRP to be considered as a risk
factor, a large number of subjects free of CHD with follow up over a
period are recommended. Another conditional factors included in this
study are not significant such as smoking, this because most of the people
asked if they are smoking or not during the study, not before. As a result,
the percentage of smokers is very low in this study and this affect the

results during analysis.
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Conclusions

In conclusion, in this study, the evaluation of hs-CRP proved to be
a significant predictor of the risks of future CHD events. Thus, the data
raise the possibility that the addition of hs-CRP to standard lipid
screening will generate an improved method for identifying persons at
high risk for future cardiovascular events, who would thus be candidates

for primary-prevention interventions such as the use of statin therapy.

Testing of CRP with T-cholesterol/HDL ratio is a better criteria to predict
the risk for future CHD than depending in the LDL-C and the ratio only.
This factor of inflammation is an independent risk factor, and can be

tested independent of other factors.
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Master program of Clinical Laboratory Science

High sensitive CRP (hs-CRP) as a marker for coronary heart
.disease in Ramallah area —Palestine

Questionnaire

.Questionnaire No

....................................................................... :Name
DOB:..oiii Age:....... years. Sex: M or F
.Fasting Hours: 1) less than 8 hrs 2) 8-12 hrs 3) more than 12 hrs

:Wieght: kg. Occupation

.Marital status: M/ S/ D /W

Place of living: 1) city  2) village 3) camp

Type of Diet: vegetarian 2) Non vegetarian 3) both

:Risk factors

Smoking 1) yes 2) No (1
Hypertension: 1) yes 2) No (2
Diabetes: 1) yes 2)No (3
Dyslipidemia: 1) yes 2) No (4

Family history of HTN: 1) yes 2) No DM: 1) yes 2) No (5
Dyslipidemia 1) yes 2) No
Family history of CHD: 1) yes  2) No

:Date: Patient Signature



Table (1) Summary for all cases (80 cases), and results obtained for

the patients group.
hs-
ID | Age | sex | Smoking [ HTN | Diabetes | Dyslipid | T.choles | LDL | HDL | TG | CRP
}0 56 1 2 2 2 1 221 110 |40 416 | 0.99
50 58 1 1 2 2 1 205 132 |28 442 1 7.1
;0 55 1 |2 1 1 1 238 160 |31 136 | 7
4110 64 1 |2 1 2 1 324 174 |25 167 | 7.3
;0 50 1 |2 2 1 1 181 93 37 183 [2.99
éO 75 1 1 1 1 1 232 174 |44 166 | 4.7
;O 60 1 |2 1 1 1 247 141 |34 167 [ 6.9
éo 62 1 1 1 1 1 139 58 39 210 [ 2.88
éo 71 1 2 1 2 1 188 84 42 311 | 2.8
(1)1 80 2 |2 1 1 1 188 87 33 139 [ 4.9
}1 71 1 2 2 1 1 241 154 |37 97 1.7
él 65 1 2 2 2 1 202 118 |32 183 [ 5.2
él 50 1 2 1 1 1 235 126 |39 140 [ 8.3
4111 65 1 2 1 1 1 161 92 39 147 | 5.6
;1 44 1 1 2 2 1 221 155 |46 98 7.2
él 79 1 |2 1 2 1 193 142 |33 53 |22
;1 73 1 |2 2 1 1 189 112 |47 125 |53
é131 69 1 |2 1 1 1 222 158 |46 91 |7.6
él 80 2 |2 1 1 1 250 89 35 140 9.2
(1)2 67 2 |2 1 2 1 251 184 |34 86 | 14.2
}2 43 1 2 2 2 1 192 140 | 32 101 | 7
52 38 2 |2 2 2 2 196 90 27 141 [ 6.8




12

3 66 1 2 1 1 1 193 123 149 105 | 8

4112 81 1 2 2 1 1 172 115 [35 280 [ 3.5
;2 51 2 |2 2 2 1 196 130 | 44 110 | 7.4
éz 55 1 2 2 2 1 223 141 |31 128 [ 5.9
;2 37 1 2 1 1 1 148 88 35 140 | 2.65
21%2 72 1 2 1 1 1 220 160 |31 136 | 8
;2 67 1 1 1 1 1 241 135 |28 145 [ 13.5
(1)3 59 1 2 1 1 1 161 92 39 147 | 5

}3 58 2 (2 1 1 1 196 130 |44 110 | 6.6
53 65 1 2 1 1 1 241 154 |36 97 110.7
? 42 1 2 2 1 1 161 92 39 147 1 6.2
4113 45 1 1 2 2 1 231 115 |35 140 | 11.6
;3 57 1 2 2 1 1 239 167 |28 125 19

é?, 64 1 2 1 2 2 193 123 149 105 | 8

;3 64 1 2 2 1 1 196 130 | 44 110 [ 16.3
2133 56 1 2 2 2 1 225 148 |41 416 | 6.6
;3 58 1 1 2 2 1 207 92 38 442 19.7
(1)4 55 1 2 1 1 1 220 162 |30 137 [5.9
}4 64 1 2 1 2 1 325 176 |37 165 [ 9.7
;4 50 1 2 2 1 1 182 100 | 50 185 15.9
;4 75 1 1 1 1 1 152 76 43 167 | 2.88
ID | Age | sex | Smoking | HTN | Diabetes | Dyslipid | T.choles | LDL | HDL | TG }(llsliP
4114 60 1 2 1 1 1 248 182 |32 158 | 11.8
;4 62 1 1 1 1 240 162 |32 208 | 6.8
14 |71 1 1 200 105 |35 300 | 2.2




80 212 87 30 140 | 0.89
14
8 71 241 154 |37 97 16.8
14
9 65 162 93 32 183 [ 4.9
15
0 50 235 168 |29 140 | 6.5
15
1 65 161 92 39 147 1 4.6
15
2 44 221 155 |26 98 [7.6
15
3 79 205 142 |33 53 |43
15
4 73 239 167 |47 125 16.9
15
5 69 222 158 |46 91 135
15
6 80 150 89 35 140 | 3.5
15
7 67 151 84 50 86 10.97
15
8 43 192 140 |32 101 | 6
15
9 36 165 90 27 141 1 2.99
16
0 66 193 123 149 105 [ 4.7
16
1 81 275 115 |35 280 | 6.6
16
2 51 196 130 |44 110 | 6.4
16
3 55 223 141 |32 128 | 6.3
16
4 37 248 138 |35 140 [ 3.2
16
5 72 190 160 |31 136 [ 1.8
16
6 67 196 135 |28 145 [ 6.7
16
7 59 202 92 39 147 1 6
16
8 58 196 130 |44 110 | 5.6
16
9 65 241 154 |24 97 1119
17
0 42 161 92 39 147 1 7.4




17
1 45 1 1 2 2 1 215 159 |35 140 | 6.4
17
2 57 1 2 2 1 1 189 67 47 125 |1 0.99
17
3 64 1 2 1 2 2 193 123 | 49 105 | 1.99
17
4 64 1 2 2 1 1 196 130 | 44 110 [ 1.4
17
5 50 1 1 2 2 1 201 125 |49 79 | 4.8
17
6 78 2 2 1 1 1 231 151 30 286 | 1.2
17
7 49 1 2 2 2 2 193 145 | 35 66 (24
17
8 49 2 2 2 2 1 224 130 | 36 75 3.6
17
9 65 2 2 1 1 1 298 189 [ 23 141 | 4.6
18
0 52 2 2 1 2 1 200 140 |32 152 | 4.9
For sex (1) indicates male (2) indicates female. Smoking, HTN,
Diabetes, and dyslipid (1) means yes, and (2) means NO.
Table (2) Summary for all cases (80 cases), and results obtained for
the control group.
hs-
ID | Age | sex | Smoking | HTN | Diabetes | Dyslipid Chol LDL | HDL | TG | CRP
201 | 42 1 1 2 2 1 292 165 44 157 | 2.9
202 | 68 2 2 1 1 1 256 139 44 164 | 2.3
203 | 37 1 1 2 2 1 286 171 24 110 | 3.2
204 | 54 2 2 2 2 1 217 136 38 117 | 1.8
205 | 53 1 2 1 2 1 198 115 36 163 | 1.1
206 | 73 2 2 2 2 1 244 141 29 100 | 2.3
207 | 62 1 1 2 2 1 155 84 44 111 [ 0.2
208 | 55 1 2 2 2 1 145 &2 63 113 0.3
209 | 69 2 2 2 1 1 200 128 35 &8 14
210 | 81 2 2 2 1 2 262 145 52 157 | 4.1




211 | 38 1 2 2 2 1 199 131 43 128 [ 2.2
212 | 36 1 1 1 2 1 238 146 34 88 |14
213 | 41 1 2 2 2 1 210 135 33 254 [ 3.2
214 |52 |2 1 2 1 1 120 89 49 95 0.1
215 | 38 1 1 2 2 1 214 139 33 195 | 1.3
216 | 67 1 2 2 1 1 245 155 51 162 | 3.5
217 |59 |2 2 2 1 1 232 161 34 100 | 3.1
218 | 35 1 2 2 2 1 238 165 31 218 | 5.5
219 | 68 1 2 2 1 2 183 120 32 81 |59
220 (47 |2 2 2 2 1 256 162 28 319 |1 6.2
221 |37 1 2 2 2 1 193 141 35 84 |3
222 (38 |2 2 1 2 1 186 128 29 110 | 1.8
223 164 |1 1 2 1 1 255 169 24 152 | 7.7
224 | 38 1 1 2 2 1 209 155 35 91 |24
225 (40 |1 2 2 2 2 117 77 30 156 | 1.3
226 |50 |1 1 2 2 1 211 128 35 79 |19
227 |78 |2 2 1 1 1 244 161 30 286 [ 6.2
228 149 1 2 2 2 2 213 145 35 66 |49
229 (49 |2 2 2 2 1 224 130 43 75 134
230 |65 |2 2 1 1 1 202 139 48 141 | 2.1
231 |52 |2 2 1 2 1 220 140 32 152 | 3.2
232 | 42 1 1 2 2 1 292 155 44 157 | 3.6
233 168 |2 2 1 1 1 200 141 44 164 | 2.3
234 | 37 1 1 2 2 1 286 169 24 110 | 3.7
235 154 |2 2 2 2 1 247 158 26 117 | 4.6
236 | 53 1 2 1 2 1 198 115 36 163 | 3.8
237 |73 |2 2 2 2 1 244 141 24 100 | 6.5
238 | 62 1 1 2 2 1 222 155 44 111 | 1.9
239 | 55 1 2 2 2 1 291 185 33 213 |43
240 169 |2 2 2 1 1 192 190 35 88 2.7
hs-
ID | Age | sex | Smoking | HTN | Diabetes | Dyslipid | T.choles | LDL HDL | TG | CRP
241 [ 81 |2 2 2 1 2 162 85 52 157 | 1.1
242 | 38 1 2 2 2 1 199 129 43 128 | 2.1
243 | 36 1 1 1 2 1 238 166 54 88 |1
244 | 39 1 2 2 2 1 210 135 33 254 | 1.6
245 152 |2 1 2 1 1 200 147 37 95 10.1
246 | 37 1 1 2 2 1 214 139 39 195 0.1
247 | 67 1 2 2 1 1 245 155 31 162 | 2.8
248 [ 59 |2 2 2 1 1 202 159 41 100 |3
249 | 35 1 2 2 2 1 238 154 40 218 | 2.3
250 | 68 1 2 2 1 2 241 147 30 81 4.2
251 (47 |2 2 2 2 1 208 106 38 219 (2.4
252 | 36 1 2 2 2 1 193 141 35 84 10.6
253 (37 |2 2 1 2 1 218 129 33 110 | 1.8
254 |64 |1 1 2 1 1 193 112 40 152 2.2
255 138 1 1 2 2 1 209 155 35 91 1.6
256 (40 |1 2 2 2 2 117 81 30 156 | 2.1




257 | 55 1 2 2 2 1 280 175 28 189 2.8
258 | 55 1 2 2 2 1 200 135 35 213 | 1.5
259 |69 |2 2 2 1 1 263 162 24 88 |4

260 | 81 2 2 2 1 2 195 128 32 157 125
261 |36 1 2 2 2 1 199 134 38 128 |1 0.5
262 | 36 1 1 1 2 1 238 139 36 112 | 1.5
263 | 32 1 2 2 2 1 252 168 33 254 | 3.1
264 |52 |2 1 2 1 1 225 157 39 148 0.6
265 | 36 1 1 2 2 1 246 169 33 195 | 1.4
266 | 58 1 2 2 1 1 245 155 42 162 | 4.8
267 |59 |2 2 2 1 1 240 138 33 100 | 1.2
268 | 35 1 2 2 2 1 240 160 39 220 |24
269 | 62 1 2 2 1 2 238 129 29 85 |[3.6
270 (47 |2 2 2 2 1 210 116 37 259 [ 4.6
271 |35 1 2 2 2 1 195 144 35 84 135
272 |55 1 2 2 2 1 291 185 33 213 |25
273 |55 |2 2 2 1 1 252 190 34 98 2.6
274 |62 |2 2 2 1 2 162 105 42 157 | 1.9
275 | 34 1 2 2 2 1 200 130 43 128 | 1.4
276 | 36 1 1 1 2 1 212 164 39 88 |2

277 | 55 1 2 2 2 1 235 142 31 213 |3

278 |59 |2 2 2 1 1 292 177 27 88 |4

279 |66 |2 2 2 1 2 169 125 37 157 | 1.4
280 | 35 1 2 2 2 1 201 129 43 128 | 0.6

For sex (1) indicates male (2) indicates female. Smoking, HTN,
Diabetes, and dyslipid (1) means yes, and (2) means NO.
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Novel Inflammatory Markers of Coronary Risk
Theory Versus Practice

Peter Libby, MD; Paul M. Ridker, MD, MPH

or practitioners committed to coronary risk reduction,
Frecent clinical trial data pose a considerable challenge.

Specifically, in the Air Force/Texas Coronary Athero-
sclerosis Prevention Study (AFCAPS/TexCAPS), a primary
prevention trialt treatment with lovastatin among an appar-
ently healthy group of individuals without traditional coro-
nary risk factors resulted in significant reductions in future
cardiovascular events. Application of the results of that trial
and of the West of Scotland primary prevention trial of
pravastatid suggests that tens of millions of Americans
without manifest atherosclerosis could benefit from lipid-
lowering therapy.

See p 1169

Such a blanket approach, however, may be unwise from

accurately predict future coronary events, even in high-risk
patients. The cost of these noninvasive imaging modalities
may also prohibit their application for widespread screening
application.

Provocative testing of endothelium-dependent vasodilation
has a firm pathophysiological foundation and may also
furnish information regarding an asymptomatic individual’'s
risk for future coronary events. However, as in the case of
imaging modalities, the specificity of this approach is uncer-
tain, and practical barriers preclude its utility for screening in
outpatient clinic settings. Similarly, although the rapid
progress in identifying genetic polymorphisms that correlate
with coronary risk holds great promise, we have much work
to do before we will know how to apply these data in practice.

By contrast, several serum markers have recently come to

medical as well as economic perspectives. Unnecessarythe fore as potential solutions to the challenge of detecting
exposure to pharmacological agents, even those as safe as theigh-risk individuals for primary prevention.indeed, be-
statins, will ultimately subject some asymptomatic and low- cause of their low cost and simplicity for outpatient use, the
risk individuals to unwanted side effects. Furthermore, eco- identification of a simple blood test, or a battery of such tests,
nomic constraints dictate that primary prevention strategies has become a major initiative in preventive cardiology. In this
with even modest cost must be limited to those individuals issue of Circulation, Xu and colleaguésfurnish new evi-
who are likely to gain the greatest benefit. Even when an dence that antibodies to heat-shock protein 65 (hsp65) are
inexpensive preventive therapy such as low-dose aspirin isassociated with increased risk of atherosclerotic events in a
proven effective, behavioral barriers on the parts of both free-living population. What can we learn from such studies
physicians and patients must be overcome if long-term about the pathophysiology of atherosclerosis and its compli-
compliance is to be achieved. All of these considerations cations? What criteria should we use in deciding how and
highlight the need for better methods to stratify risk of Wwhen to apply these new techniques to our clinical practice?
atherosclerotic events in apparently healthy populations.

Markers of Inflammation and Stress Furnish

New Approaches to Coronary Insight Into Pathophysiology

Risk Assessment Serum markers of inflammation provide an avenue of insight
Clinical strategies designed to improve risk prediction have into the pathophysiology of atherosclerosis and its complica-
taken several forms. Imaging techniques including carotid tions. High-sensitivity testing for C-reactive protein (hs-
ultrasound, MRI, and electron beam computed tomography CRP), @ nonspecific marker of low-grade systemic inflamma-
(EBCT) all hold promise for identifying “vulnerable plaques” tion, has received much attention, and several studies now
and detecting silent atheroma. However, prospective studiesSUpport a strong link between baseline elevations of hs-CRP
demonstrating the clinical utility of these approaches are and future risk of coronary events.“Distal” indicators of
limited. For example, a recent stuchf coronary calcification ~ inflammation likewise predict coronary risk (Figure 1). Ex-

detected by EBCT has shown that this method does not@mples include the soluble forms of leukocyte adhesion
molecules, such as intercellular adhesion molecule-1

(sICAM-1).210 These distal markers may reflect the conse-

guences of elevated levels of proinflammatory cytokines. For
The opinions expressed in this editorial are not necessarily those of the ; ol _ _
editors or of the American Heart Association. example, interleukin-6 (IL-6) probably provokes the aug

From the Cardiovascular Division, Department of Medicine, Brigham men_ted EXpres_Sion of the C-reactive pro_tein (CRP) gene in
and Women’s Hospital, Harvard Medical School, Boston, Mass. the liver. Cytokines such as tumor necrosis factqifNF-«)
CO”eSPO”degce to Peter Libby, MD, Brigham and Women'’s HOSP'tIa" or IL-1 isoforms can in turn stimulate the expression of IL-6
221 Longwood Ave, LMRC 307, Boston, MA 02115. E-mai .
plibby@rics.bwh.harvard.edu an_d of the leukocyte adhesion molecules, such as ICAM-1
(Circulation. 1999;100:1148-1150.) (Figure 1).
© 1999 American Heart Association, Inc. The source of these cytokines remains unclear. Increased
levels of cytokines might arise from atheroma themselves,
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Pro-Inflammatory Risk Factors fibrinogen —
(oxidized LDL, infectious agents, etc) SICAM-1 -
interleukin-6 e
hs-CRP L
vascular and extravascular sources hs-CRP + TC:HDL F ]
[ 1.0 2.0 4.0 6.0

Relative Risk of Future Myocardial Infarction (upper vs lower quartile}

Primary Pro-Inflammatory Cytokines
eg. IL-1, TNF-0)

Figure 2. Relative risks of future myocardial infarction for
apparently healthy middle aged men according to baseline
plasma concentrations of fibrinogen, sICAM-1, IL-6, hs-CRP,
and the combination of hs-CRP with the total cholesterol-to-
HDL cholesterol ratio (TC:HDL). Data derive from participants in
the Physicians Health Study.57:8.10 For consistency, risks are
computed for men in top vs bottom quartiles for each
parameter.

IL-6

“Messenger” Cytokine

Endothelium
& other cells

N )/

binding to proteins critical to cellular function, these molec-
ular “chaperones” can stabilize them and increase their
resistance to denaturation (for example, by heat). Whatever
their function, the expression of hsps does reflect cellular
trauma, a process that in turn appears to activate vascular
endothelium and smooth muscle cells, as well as regulate
macrophage TNR and matrix metalloproteinase expres-
sion13.14 Furthermore, cytokines and oxidized LDLs can
induce adhesion molecules such as ICAM-1 and h$p@0.

Circulation

Figure 1. Pathways by which vascular and extravascular
sources of inflammation result in circulating levels of serum
markers that provide a reflection of the underlying inflammatory

response. Inflammation, systemic or local, either in the blood
vessel itself or elsewhere, triggers the production of multipotent
proinflammatory cytokines we denote here as “primary” (eg,
IL-1B or TNF-«). These primary cytokines can directly elicit pro-
duction by endothelial and other cells of adhesion molecules,
procoagulants, and other mediators that may be released in sol-

body of work from the laboratories of Xu and Wick has
implicated hsp65 as an antigen involved in instigating the
chronic immune response characteristic of human atheroscle-
rosis. Specifically, previous cross-sectional data from this
group have shown a direct relationship between antibodies

uble form into circulating blood. Primary cytokines also stimu-
late production of “messenger” cytokine, IL-6, which induces
expression of hepatic genes encoding acute-phase reactants
found in blood, including CRP and serum amyloid-A (SAA).
Thus, these markers in serum can provide a window on the
inflammatory status of the individual, otherwise inaccessible in
the intact subject.

against hsp60 and carotid wall atheroscleré®isn the
present follow-up study, these antibodies are sustained among
those with the most severe degrees of underlying atheroscle-
rosis and were demonstrated to predict 5-year mortélity.
These new data furnish additional support for the inflamma-
tory hypothesis of atherogenesis and of the acute coronary

reflecting their quantity (atherosclerotic burden) or quality Syndromes.
(the degree of inflammatory activity within these lesions).
The cytokines might also derive from nonvascular sources Should We Use Novel Inflammatory Markers
and reflect inflammatory states such as chronic infections that ~ Of Coronary Risk in the Clinic Today?
may accelerate atherogenesis and its manifestatioBsth Although studies of serum markers of inflammation provide
vascular and extravascular sources of inflammatory cytokines substantial insight into the pathophysiology of atherothrom-
may prove important to various degrees in different individ- bosis, the clinical utility of measuring these markers remains
uals. Regardless of the source of the inflammatory cytokines, uncertain. In general, we advocate a cautious approach for
emerging work on serum inflammatory markers supports the several reasorfsFirst, for a novel inflammatory marker to
notion of a “pathway” of inflammatory activation related to have a clinical role, there must be a widely available
acute coronary events (Figure 1). The inflammation (vascular diagnostic test with reproducible assay characteristics appro-
or extravascular) begets cytokines (local and systemic), priate for patient-related purposes. Of the major inflammatory
which in turn elicit the expression of acute-phase reactants markers, only CRP has an established World Health Organi-
such as hs-CRP and fibrinogen and of other effector mole- zation standard, and high-sensitivity assays for this parameter
cules in the inflammatory response, such as adhesion mole-appear to provide reliable results. Second, there must be a
cules for leukocytes (Figure 1). Indeed, prospective epidemi- consistent series of prospective studies that indicate that
ological studies have now shown that measurements of serumbaseline elevations of a given inflammatory marker predict
inflammatory markers at each level of this pathway are future coronary events. In this regard, prospective data
associated with increased coronary risk (Figure 2). remain limited for the cellular adhesion molecules and for
Where do hsps fit into this schema? Cells that are stressedvarious hsps. In contrast, a remarkably consistent series of
by thermal and other injuries augment their synthesis of a prospective data is available for both hs-CRP and fibrinogen.
series of molecules known as hsps or chaperohirBy Third, to be of clinical use, markers of inflammation must be



1150 Circulation  September 14, 1999

shown to add substantially to our ability to predict risk
beyond that achievable by use of traditional risk factors such
as those incorporated into the Framingham risk algorithms or
the European guidelinés.Although some studies suggest
that inflammatory markers may well improve risk-prediction 8.
models?818.19we believe more data are needed before firm
clinical recommendations can be made. Finally, whether o
inflammation per se represents a modifiable risk factor is
currently uncertain, although preliminary data suggest that
several common preventive therapies may work in part
through anti-inflammatory targets.

As evidenced by the current study from Xu and colleagues
concerning hsps, we are in a rapidly expanding phase of

knowledge with respect to novel markers of vascular inflam- 11.

mation. Although extraordinarily valuable as research tools,
we must await completion of prospective evaluations of .,
various panels of these peripheral markers before implement-
ing their use in daily practice. In all likelihood, a combination

of genetic markers (reflecting heredity) and serum markers 3

(reflecting the net interaction between heredity and the
environment) will ultimately afford a solution to the current
challenges posed in primary prevention.
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Conformational Rearrangement in C-Reactive Protein Is
Required for Proinflammatory Actions on Human
Endothelial Cells

Tarek Khreiss, MSc; Levente Jozsef, MSc; Lawrence A. Potempa, PhD; Janos G. Filep, MD

Background—C-reactive protein (CRP) has been suggested to actively amplify the inflammatory response underlying
coronary heart diseases by directly activating endothelial cells. In this study, we investigated whether loss of the cyclic
pentameric structure of CRP, resulting in formation of modified or monomeric CRP (mCRP), is a prerequisite for
endothelial cell activation.

Methods and Results—We examined the impact of native CRP and mCRP on the production of monocyte chemoattractant
protein-1 (MCP-1) and interleukin-8 (IL-8), key regulators of leukocyte recruitment, and on the expression of
intercellular adhesion molecule-1 (ICAM-1), E-selectin, and vascular adhesion molecule-1 (VCAM-1) in human
cultured coronary artery endothelial cells (HCAECS). Incubation with mCRP for 4 hours increased MCP-1 and IL-8
secretion and mMRNA levels and expression of ICAM-1, E-selectin, and VCAM-1 protein and mRNA. Significant
induction occurred at 1 to 5 wg/mL, reached a maximum at 30 ug/mL, and did not require the presence of serum. Native
CRP was without detectable effects at 4 hours, whereas it enhanced cytokine release after a 24-hour incubation. An
anti-FcyRIll (CD16) but not an anti-FcyRIl (CD32) antibody produced a 14% to 32% reduction of the mCRP effects
(P<<0.05). mCRP but not CRP evoked phosphorylation of p38 mitogen-activated protein kinase, and inhibition of this
kinase with SB 203580 reversed the effects of mCRP. Furthermore, culture of HCAECSs in the presence of SB203580
markedly decreased mCRP-stimulated E-selectin and ICAM-1-dependent adhesion of neutrophils to HCAECs
(P<0.001).

Conclusions—Loss of pentameric symmetry in CRP, resulting in formation of mCRP, promotes a proinflammatory
HCAEC phenotype through a p38 MAPK—dependent mechanism. (Circulation. 2004;109: 2016-2022.)

Key Words: proteins m cell adhesion molecules m signal transduction m endothelium m inflammation

cute coronary artery diseases are associated with evi-

dence of inflammation both systemically and in the
arterial wall.12 Elevated plasma levels of C-reactive protein
(CRP) are predictive of subsequent acute coronary events
among apparently healthy subjects and patients with stable or
unstable angina.3-> However, the exact role and mechanisms
of action of CRP as a modulator of inflammation have not
been well defined, because both proinflammatory and antiin-
flammatory actions have been reported.5-12 Recent results
suggest that CRP may directly contribute to endothelia
dysfunction by inducing cytokine release and surface expres-
sion of adhesion molecules.23-15 |ntriguingly, these actions
were evident only after 12 to 24 hours of incubation, whereas
maximum increases in adhesion molecule expression can be
detected within 4 to 6 hours in response to proinflammatory

cytokines or bacterial lipopolysaccharide (LPS). These obser-
vations raise the possibility that CRP may undergo structural
changes to activate endothelial cells. Indeed, it has been
proposed that distinct isoforms of CRP are formed during
inflammation. Conformationally altered forms of CRP ex-
press several epitopes that are not present on native CRP26
and display properties distinct from those of native CRP.17-19

See p 1914

Native, pentameric CRP dissociates into free subunits within
a few hours after binding to plasma membrane2> These
subunits expressing several neoepitopes are referred to as
modified or monomeric CRP (MCRP). mCRP antigens were
detected in the wall of human normal blood vessels?* and in
inflamed tissues.22
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In the present study, we investigated whether conforma-
tional rearrangement of native CRP, resulting in formation of
mCRP, may be required for induction of release of
interleukin-8 (IL-8) and monocyte chemoattractant protein-1
(MCP-1), key regulators of leukocyte recruitment, and ex-
pression of adhesion molecules in human coronary artery
endothelial cells (HCAECSs). To gain insight into the under-
lying mechanisms, we also examined whether the mCRP
actions on HCAECs are mediated through binding to one of
the 1gG receptor subtypes similarly to that reported for
leukocytes!#2324 and via activation of p38 mitogen-activated
protein kinase (MAPK).

M ethods

CRP Isoforms

High-purity (>99%) human native CRP (Calbiochem) was stored in
a NaN;-free buffer containing CaCl, to prevent spontaneous forma-
tion of mCRP from the native pentamer. A recombinant form of
mCRP (r,-CRP) that cannot rearrange into a pentameric structure
was engineered as described previously.’® Native CRP was distin-
guished from mCRP by binding and antigenicity differences using
monoclonal antibodies described for each form of the moleculet6.17
and by their secondary structure.!® The endotoxin levels of al
peptide solutions were below the detection limit (0.125 EU/mL,
corresponding to ~0.01 ng/mL LPS) of the Limulus assay (Sigma).

HCAEC Stimulation

HCAECs (passage 3, from Clonetics) were cultured in EGM-MV
medium (Clonetics) supplemented with 10% FBS.** Monolayers of
HCAECs (passages 4 through 6) in 24-well or 96-well microplates
(confluence >97%, ~28 000 cells’cm?) were incubated with native
CRP or mCRP. In some experiments, HCAECs were pretreated with
the MAPK kinase inhibitor PD98059 (50 wmol/L), the p38 MAPK
inhibitor SB203580 (0.1 to 1 wmol/L), the phosphatidylinositol
3-kinase inhibitor wortmannin (100 nmol/L), the anti-FcyRIlII
(CD16) antibody 3G8, anti-FcyRlla (CD32) antibody FL18.26, or
the irrelevant antibody MOPC-21 (each at 2.5 wg/mL, Pharmingen)
for 30 minutes before addition of mMCRP. At the indicated times,
culture supernatants were collected, and the cells were processed as
described below.

MCP-1 and IL-8 Production

The concentrations of MCP-1 and IL-8 in culture supernatants were
determined in duplicate by selective ELISAs (BD Pharmingen).
Intra-assay and interassay coefficients of variation were typicaly
<4% and <6%, respectively. There was no cross-reactivity with
CRP isoforms in the assays.

Cell Adhesion Molecule Expression

After incubation for 4 hours, HCAECs were detached with EDTA
(0.01% in PBS) from the 24-well microplates and then stained for
intercellular adhesion molecule-1 (ICAM-1), E-selectin, or vascular
adhesion molecule-1 (VCAM-1) using fluorescent dye—conjugated
anti—-ICAM-1, anti-VCAM-1 (Pharmingen) or anti—E-selectin (Se-
rotec) antibodies as described previously.1® Nonspecific binding was
evaluated by use of appropriately labeled mouse 1gG1. Immunofluo-
rescence (10000 cells for each sample) was analyzed with a
FACScan flow cytometer with CellQuestPro software.

RNase Protection Assay

For multiprobe RNase protection assays, HCAECs were lysed with
50 ulL of lysis’denaturation solution (Ambion). [*P]-labeled anti-
sense RNA probes were generated using templates for IL-8, MCP-1,
ICAM-1, E-selectin, VCAM-1, L32, and GAPDH (RiboQuant, BD
Pharmingen), and the assays were performed with the Direct Protect
kit (Ambion) as described previously.2s

Loss of Symmetry in CRP and Inflammation 2017

Neutrophil-Endothelial Cell Adhesion Assay

The adhesion assay was performed as described previously.119 |n
brief, monolayers of HCAECs in 96-well microplates were cultured
with CRP, mCRP, or LPS (1 wg/mL, a positive control) for 4 hours
at 37°C and washed extensively, and 2x10° human 5'Cr-labeled
neutrophilsin 100 wL were then added. In some experiments, mCRP
was added back together with neutrophils to mCRP-treated
HCAECs. Some experiments were repeated using function-blocking
monoclona antibodies against E-selectin [ENA-2, 10 wg/mL, puri-
fied F(ab’),, Monosan], L-selectin (DREG-56, 20 wg/mL), CD18
(L2130, 10 pg/mL), or the irrelevant antibody MOPC-21 (20 ng/mL,
all from BD Biosciences). HCAECs were incubated with neutrophils
for 30 minutes at 37°C on an orbital shaker at 90 rpm. Loosely
adherent or unattached cells were removed by washing, and the
endothelial monolayer and the adherent neutrophils were lysed. The
number of adherent neutrophils in each experiment was calculated
from the radioactivity of a control sample.

Western Blot for p38 MAPK

Protein extracts were prepared by lysing 5X10* HCAECsin 100 uL
of lysis buffer. Western blot analysis of phosphorylated and total p38
MAPK was performed using the PhosphoPlus p38 MAPK antibody
kit (New England Biolabs).18.19

Statistical Analysis

Results are expressed as mean=SEM. Statistical comparisons were
made by ANOVA using ranks (Kruskal-Wallis test) followed by
Dunn’s multiple contrast hypothesis test to identify differences
between various treatments or by the Mann-Whitney U test for
unpaired observations. Values of P<<0.05 were considered signifi-
cant for al tests.

Results

MCRP Induces p38 MAPK-Dependent Expression
of IL-8 and MCP-1 in HCAECs

Culture of HCAECs with mCRP for 4 hours resulted in
concentration-dependent increases in 1L-8 and MCP-1 re-
lease, whereas native CRP was without effect (Figure 1A).
Significant induction was detected even with 1 wg/mL, which
peaked at 100 wg/mL mCRP. The maximal effects of mCRP
were ~50% of those of LPS 1 ug/mL (IL-8, 3.9+0.2 ng/mL;
MCP-1, 11.4=0.5 ng/mL). Native CRP induced significant
release of IL-8 and MCP-1 at 24-hours; however, it was a
considerable less potent inducer of cytokine production than
mMCRP (Figure 1B). The absence of serum did not affect the
responses to mCRP (Figure 1C).

Preincubation of HCAECs with SB203580 concentration-
dependently decreased mCRP-induced IL-8 and MCP-1 re-
lease at 4-hours, whereas neither wortmannin nor PD98059
affected the responses to mCRP (Figure 2A). Furthermore,
mMCRP but not native CRP induced phosphorylation of p38
MAPK relative to unstimulated controls. Phosphorylation
was rapid in onset (peak at ~30 minutes) and occurred in a
concentration-dependent manner (Figure 2B).

We performed RNase protection assays on RNA extracted
from HCAECs after 4 hours of incubation with mCRP.
Consistent with the observations at protein levels, mCRP
stimulated IL-8 and MCP-1 mRNA levels, which was sup-
pressed by SB203580 but not by PD98059 or wortmannin
(Figure 3). Native CRP did not produce detectable changes
(Figure 3).
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Figure 1. Effects of CRP isoforms on IL-8 and MCP-1 release in
HCAECs. HCAECs were cultured with native CRP or mCRP for
4 hours (A) or 24 hours (B) in presence of 10% FBS. C, Com-
parison of effects of 4 hours of incubation with mCRP in pres-
ence of 10% FBS (with serum) or in serum-free conditions (no
serum). Results are mean+SEM for 4 to 8 experiments.
*P<0.05, **P<0.01 vs vehicle.

MCRP Induces Expression of Adhesion Molecules
Under our experimental conditions, 2%, 39%, and 1% of
untreated HCAECs expressed E-selectin, ICAM-1, and
VCAM-1, respectively (Figure 4A). Treatment with mCRP
for 4 hours evoked concentration-dependent increases in the
overall expression and in the percentage of HCAECs express-
ing these adhesion molecules, whereas native CRP was
without effect (Figure 4A). As a positive control, LPS
produced on average 10-, 10-, and 5-fold increases in
E-selectin, ICAM-1, and VCAM-1 expression, respectively
(Figure 4A). SB203580 markedly attenuated mCRP-
stimulated expression of these adhesion molecules, whereas
PD98059 or wortmannin was without effect (Figure 4B).
Likewise, mCRP induced increases in E-selectin, ICAM-1,
and VCAM-1 mRNA levelsthat were markedly attenuated by
SB203580 (Figure 3). After 24 hours of incubation, native
CRP (100 pg/mL) increased ICAM-1 and VCAM-1 expres-
sion on HCAECs from 22.9+1.6 to 52.9+2.0 relative fluo-
rescence units (RFU) and from 3.2+0.2 to 7.6+0.5 RFU,
respectively (n=4, P<<0.05), although it was less potent than
mCRP (ICAM-1, 107.9+8.9 RFU; VCAM-1, 10.7*=0.5
RFU; n=4, P<0.05 versus native CRP). Cell viability as-
sessed by propidium iodide staining was >92% in al
experiments.
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Figure 2. Effect of p38 MAPK inhibition on mCRP-stimulated
IL-8 and MCP-1 release. A, HCAECs were preincubated with
PD98059 (an MEK inhibitor), SB203580 (p38 MAPK inhibitor), or
wortmannin (phosphatidylinositol-3 kinase inhibitor) for 20 min-
utes and then were cultured with mCRP (30 ug/mL) for 4 hours.
n=>5 to 6 per group. #P<0.05, ##P<0.01 vs mCRP alone. B,
Time- and concentration-dependent induction of phosphoryla-
tion of p38 MAPK by mCRP. HCAECs were challenged for 30
minutes with various concentrations of mMCRP or CRP or with 30
ng/mL mCRP for indicated times. Experiments were repeated 4
times with similar results.

MCRP Promotes Neutrophil Adhesion to HCAECs
The biological significance of adhesion molecule expression
was confirmed by the significant increase of adhesion of
neutrophils to HCAECs cultured with mCRP (Figure 5A).
Enhanced neutrophil attachment was evident with mCRP at 1
wg/mL and reached an apparent maximum at 100 ug/mL. By
contrast, native CRP even at 100 ug/mL failed to promote
adherence (Figure 5A). The number of adherent neutrophils
to mCRP-activated HCAECs was further enhanced when the
adhesion assay was performed in the presence of mCRP
(Figure 5B), indicating that mCRP activates both neutrophils
and HCAECs.

Because multiple receptors are involved in neutrophil
adhesion to HCAECs under nonstatic conditionst* and mCRP
affects adhesion molecule expression on both neutrophilst®
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Figure 3. Effects of mCRP and native CRP on IL-8, MCP-1,
E-selectin, ICAM-1, VCAM-1, L32, and GAPDH mRNA expres-
sion. HCAECs were cultured with CRP (100 ug/mL) or mCRP in
presence of PD98059 (PD), SB203580 (SB), or wortmannin (Wo)
for 4 hours. C indicates control (medium only). Effects of LPS (1
ng/mL) are shown for comparison. Shown is a representative
multiprobe RNase protection assay of 4 independent
experiments.

and endothelial cells (the present study), we assessed the
contribution of L-selectin, B,-integrins, and E-selectin to the
binding interaction by using function-blocking monoclonal
antibodies. mCRP-stimulated neutrophil attachment to
mMCRP-activated HCAECs was blocked by antibodies against
CD18 (57*=4%, n=6), E-selectin (38+3%), and L-selectin
(14+2%) (Figure 5C). The combination of these antibodies
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inhibited neutrophil adhesion by 92+3% (Figure 5C). The
number of adherent neutrophils was reduced from
2.8+0.2x10* cells'well to 1.4+0.1x10* cells'well when
HCAECs were cultured with mCRP (30 wg/mL) in the
absence and presence of SB203580 (n=6, P<<0.01). Neither
PD98059 nor wortmannin significantly affected the
neutrophil-HCAEC attachment (data not shown).

Sear ch for mCRP Receptors on HCAECs

Because CRP hinds predominantly to the low-affinity 1gG
FcyRlla (CD32)2324 and mCRP utilizes the low-affinity
immune-complex FcyRIll (CD16)!8 on leukocytes, we used
function-blocking antibodies as competitors to assess the
possible involvement of these receptors in mediating the
actions of mCRP on HCAECs. Preincubation of HCAECs
with the anti-CD16 antibody resulted in 14% to 32% atten-
uation of the responses to mCRP (Figure 6). Neither the
anti-CD32 antibody (Figure 6) nor the irrelevant MOPC-21
antibody (data not shown) affected the responses to mCRP.

Discussion
The present results provide evidence for a novel molecular
mechanism by which CRP may activate endothelial cells.
This bioactivity of CRP is expressed when the pentameric
structure dissociates and undergoes a conformational rear-
rangement, resulting in formation of mMCRP.

Formation of mCRP from native CRP involves the disso-
ciation of the CRP pentameric disk. This is accompanied by
aloss of predominantly B-sheet secondary structure with an
increase in «-helix® and exposure of intersubunit contact
residues, in particular residues 198 to 206, the predominant
neoepitope expressed on mMCRP,6 and expression of distinct
biological activities.t”2° For instance, native CRP inhibits
whereas mCRP promotes adhesion of neutrophils to LPS-ac-
tivated HCAECs.1129 Furthermore, recent results suggest that
aggregated (ie, structuraly modified) CRP rather than native
CRP may promote uptake of low-density lipoproteins by
macrophages.262” To avoid the confounding effects of spon-

Figure 4. Induction of adhesion molecule
expression by mCRP. A, Monolayers of
HCAECs were cultured for 4 hours with
mCRP, native CRP, or LPS (1 ug/mL).

Adhesion molecule expression was
assessed by flow cytometry and is
expressed as relative fluorescence inten-
sity (RFU) after subtracting nonspecific
immunostaining. Positive cells represent
percentage of HCAECs that stained pos-
itive for indicated adhesion molecule. B,

HCAECs were preincubated with
PD98059, SB203580, or wortmannin for
20 minutes and then challenged with
mCRP (30 ug/mL) for 4 hours. Values
are mean=+SEM for 4 to 6 independent
experiments. *P<0.05, **P<0.01 vs con-
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Figure 5. mCRP but not native CRP promotes neutrophil adhe-
sion to HCAECs. Confluent HCAEC monolayers were cultured in
medium only (control) or challenged with mCRP, CRP, or LPS
for 4 hours, then radiolabeled neutrophils (PMN) without (A) or
together with (B) mCRP were added and incubated with
HCAECs for 30 minutes at 37°C. C, Inhibition of mCRP-
stimulated neutrophil adhesion by function-blocking anti-E-
selectin, anti-CD18, and anti-L-selectin monoclonal antibodies
(mAb). HCAECs were cultured with mCRP (30 ug/mL, 4 hours),
then neutrophils together with mCRP (30 ng/mL) were added for
30 minutes in presence of mAbs, as indicated. Irrelevant anti-
body MOPC-21 served as a negative control. Results are
mean=*=SEM of 6 experiments. *P<0.05, *P<0.01, **P<0.001
vs control (medium only); #P<0.05; ##P<0.01 vs mCRP without
mAbs (solid column).

taneous formation of MCRP from native CRP during pro-
longed storage in the absence of calcium (our unpublished
observations), we used CRP preparations devoid of mCRP
contamination and engineered mCRP that cannot reassemble
to form a pentamer.

Our study shows that mCRP, unlike native CRP, can
induce cytokine release and expression of adhesion molecules
on HCAECs after a 4-hour incubation period. We aso
examined the mechanisms of mCRP signaling in HCAECS,
observing a predominant role for the p38 MAPK pathway.

Atlow pg/mL concentrations, mCRP induced transcription
of IL-8, MCP-1, E-selectin, ICAM-1, and VCAM-1 genes
within 4 hours of its addition to HCAECs. These effects were
comparable in magnitude to those observed with LPS, a
well-known activator of endothelia cells. Consistent with
previous studies,*325 native CRP did not evoke detectable
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Figure 6. Effect of anti-CD16 and anti-CD32 antibody on
HCAEC responses to mCRP. HCAECs were cultured with or
without mCRP (30 png/mL) plus an anti-CD16 antibody (Ab),
anti-CD32 antibody, or irrelevant antibody MOPC-21 (all at 2.5
ng/mL). Culture medium was assayed for IL-8 and MCP-1; sur-
face expression of E-selectin and ICAM-1 was assessed by flow
cytometry. n=4 for each group. *P<0.05.

changes at 4 hours. The CRP induction became detectable
only after 6 to 12 hours of incubation, reaching maximal
effects at 24 hours,*3-15 coinciding with in vitro kinetics of
dissociation into subunits.2° Although CRP clearly enhanced
IL-8 and MCP-1 production at 24 hours of culture, it was a
significantly less potent inducer of cytokine production than
MCRP. These observations suggest that conformational rear-
rangement of CRP is a prerequisite for activation of HCAECs
and that the amounts of mMCRP generated from CRP within 4
hours are not sufficient to evoke detectable responses. An-
other important difference between the actions of CRP and
MCRP is that the mCRP effects do not depend on, whereas
the CRP effects are dependent on, an as yet unidentified
serum cofactor(s).2® The mCRP action is based on a tissue
rather than a serum environment, thus minimizing the need
for serum cofactors.

The present study did not address the functiona signifi-
cance of MCRP-induced expression of IL-8 and MCP-1.
MCP-1 and IL-8 play important roles in recruitment of
monocytes into the vessel wall,2829 and IL-8 is a key
regulator of neutrophil trafficking and activation. Thus, by
enhancing chemokine production, mCRP may contribute to
the evolution of atherogenesis?® and to the widespread neu-
trophil activation observed in patients with unstable angina.2
The biological significance of adhesion molecule expression
was confirmed by the significant increase of adhesion of
neutrophils to mCRP-activated HCAECs. These observations
extend previous findings that mCRP promoted neutrophil
adhesion to LPS-activated HCAECs through upregulation of
CD11b/CD18 on neutrophils.t® Our results show that mCRP-
induced expression of ICAM-1 and E-selectin also contrib-
utes to neutrophil-HCAEC attachment. Significantly higher
numbers of neutrophils adhered to mCRP-activated HCAECs
when the adhesion assay was performed in the presence than
in the absence of MCRP, indicating that mCRP can promote
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adhesion by activating both HCAECs and neutrophils. Leu-
kocyte—endothelial cell interaction involves a complex inter-
play among adhesion molecules:3! Indeed, the anti-CD18,
anti—E-selectin, and anti—L-selectin antibody aone inhibited
57%, 34%, and 14% of neutrophil attachment, respectively,
whereas combination of the 3 antibodies blocked ~90% of
adhesion. We also detected enhanced VCAM-1 expression
after 4 hours of culture of HCAECs with mCRP, indicating
that mCRP closely mimics the effect of 24 hours of incuba
tion with CRP,13.15 although the possible role of VCAM-1in
neutrophil adhesion was not investigated.

Our results indicate that mCRP activation of HCAECs
involves p38 MAPK. mCRP stimulated rapid phosphoryla-
tion of this kinase, and the specific p38 MAPK inhibitor
SB203580 markedly inhibited HCAEC responses to mCRP,
athough the inhibition was incomplete. These results are
consistent with those observed with SB203580 on thrombin-
induced endothelial chemokine production and ICAM-1 ex-
pression,3233 and suggest involvement of other intracellular
signaling mechanism(s). Unlike in neutrophils,181® mCRP
does not appear to activate the MAPK kinase and phospha-
tidylinositol 3-kinase pathways in HCAECS, because there
was no reduction in the presence of PD98059 and
wortmannin.

Little is known at present about the CRP or mCRP
receptor(s) on endothelial cells. Human aortic endothelial
cells may express the receptors FcyRII and FcyRI,3* which
bind CRP on leukocytes2324 In HCAECs, an anti-FcyRlI
antibody failed to affect the responses to mCRP, whereas an
anti-FcyRII1 antibody that effectively blocked the apoptosis
delaying action of mCRP in neutrophilst® produced a slight
attenuation of mCRP-induced HCAEC activation. Although
these observations would suggest the involvement of
FcyRIlI, additiona studies are needed to confirm the pres-
ence of this receptor on HCAECs and to identify the major
binding site(s) for mCRP on HCAECs.

Limitations of this study are that the mechanisms regulat-
ing MCRP formation in vivo are still unidentified and that
MCRP levels are difficult to estimate in vivo, because, unlike
CRP, mCRP is expressed on cell membranes rather than in
the plasma.2122 Because the ratio of membrane-bound mCRP
to mCRP in the culture medium is unknown, it is extremely
complicated to measure the amount of native CRP that
dissociated into free subunits in vitro. If indeed mCRP is a
tissue-associated mediator, at the sites of injury it may come
in contact with the endothelium and leukocytes, amplifying
the proinflammatory response triggered by the initial endo-
thelia injury.

In summary, the present results indicate that loss of
pentameric symmetry in CRP, resulting in formation of
MCRP, is prerequisite for the appearance of proinflammatory
actions on HCAECs. Indeed, mCRP directly facilitates endo-
thelial cell adhesion molecule expression, leukocyte adhe-
sion, and MCP-1 and IL-8 production. Importantly, these
effects are, in part, mediated by activation of the p38 MAPK
pathway. These findings indicate that mCRP rather than
native CRP may contribute to the development of vascular
inflammation and suggest that inhibition of p38 MAPK may
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be a target for antiinflammatory strategies in vascular
diseases.
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C-REACTIVE PROTEIN AND OTHER MARKERS OF INFLAMMATION
IN THE PREDICTION OF CARDIOVASCULAR DISEASE IN WOMEN

PauL M. Ripker, M.D., CHARLES H. HENNEKENS, M.D., JuLE E. BURING, Sc.D., AND NADER RIFAl, PH.D.

ABSTRACT

Background Since inflammation is believed to have
a role in the pathogenesis of cardiovascular events,
measurement of markers of inflammation has been
proposed as a method to improve the prediction of
the risk of these events.

Methods We conducted a prospective, nested case—
control study among 28,263 apparently healthy post-
menopausal women over a mean follow-up period
of three years to assess the risk of cardiovascular
events associated with base-line levels of markers of
inflammation. The markers included high-sensitivity
C-reactive protein (hs-CRP), serum amyloid A, inter-
leukin-6, and soluble intercellular adhesion molecule
type 1 (sICAM-1). We also studied homocysteine and
several lipid and lipoprotein measurements. Cardio-
vascular events were defined as death from coro-
nary heart disease, nonfatal myocardial infarction
or stroke, or the need for coronary-revascularization
procedures.

Results Of the 12 markers measured, hs-CRP was
the strongest univariate predictor of the risk of car-
diovascular events; the relative risk of events for wom-
en in the highest as compared with the lowest quar-
tile for this marker was 4.4 (95 percent confidence
interval, 2.2 to 8.9). Other markers significantly asso-
ciated with the risk of cardiovascular events were se-
rum amyloid A (relative risk for the highest as com-
pared with the lowest quartile, 3.0), sICAM-1 (2.6),
interleukin-6 (2.2), homocysteine (2.0), total choles-
terol (2.4), low-density lipoprotein (LDL) cholesterol
(2.4), apolipoprotein B-100 (3.4), high-density lipopro-
tein (HDL) cholesterol (0.3), and the ratio of total cho-
lesterol to HDL cholesterol (3.4). Prediction models that
incorporated markers of inflammation in addition to
lipids were significantly better at predicting risk than
models based on lipid levels alone (P<0.001). The lev-
els of hs-CRP and serum amyloid A were significant
predictors of risk even in the subgroup of women
with LDL cholesterol levels below 130 mg per deciliter
(3.4 mmol per liter), the target for primary preven-
tion established by the National Cholesterol Educa-
tion Program. In multivariate analyses, the only plas-
ma markers that independently predicted risk were
hs-CRP (relative risk for the highest as compared with
the lowest quartile, 1.5; 95 percent confidence inter-
val, 1.1 to 2.1) and the ratio of total cholesterol to HDL
cholesterol (relative risk, 1.4; 95 percent confidence
interval, 1.1 to 1.9).

Conclusions The addition of the measurement of
C-reactive protein to screening based on lipid levels
may provide an improved method of identifying wom-
en at risk for cardiovascular events. (N Engl J Med
2000;342:836-43.)
©2000, Massachusetts Medical Society.
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ALF of all myocardial infarctions occur in

persons in whom plasma lipid levels are

normal.! In an effort to better identify

patients at high risk for cardiovascular
events, several markers of risk have been proposed for
use in screening, including homocysteine and fibrin-
ogen levels, fibrinolytic capacity, and levels of apolipo-
protein A-1, apolipoprotein B-100, and Lp(a) lipo-
protein. However, the clinical value of many of these
markers has been limited because of inadequate stand-
ardization of assay conditions, inconsistency of pro-
spective data, or lack of evidence of significant im-
provement in the prediction of risk over that afforded
by standard lipid screening alone.?

With the recognition that atherosclerosis is an in-
flammatory process,? several plasma markers of inflam-
mation have also been evaluated as potential tools for
prediction of the risk of coronary events. Among them
are markers of systemic inflammation produced in
the liver, such as high-sensitivity C-reactive protein
(hs-CRP) and serum amyloid A; cytokines such as
interleukin-6; and adhesion molecules such as soluble
intercellular adhesion molecule type 1 (SICAM-1).411
However, as with other proposed predictors of the
risk of cardiovascular events, the prognostic value of
these markers of inflammation remains uncertain. For
example, a widely held clinical view is that levels of
markers of inflammation vary too greatly over time
to allow accurate prediction of risk. Furthermore, few
prospective studies have measured all these markers
of inflammation in a single group of patients, so the
relative usefulness of each marker cannot be easily
evaluated. In addition, data supporting the hypothe-
sis that markers of inflammation significantly increase
the predictive value of lipid screening are scant and
are limited almost exclusively to data from studies of
hs-CRP in middle-aged men.”!2 Finally, clinical appli-
cation of these findings has been limited, since stand-
ardized, commercial assays for most markers of in-
flammation are only now being developed.

In a previous study, in which we used an experi-
mental assay for hs-CRP, we found higher levels of this
marker among healthy postmenopausal women par-
ticipating in the Women’s Health Study who subse-
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quently had cardiovascular events than among those
who did not have such events.!* On the basis of that
finding and in the effort to address the clinical issues
outlined above, we used a commercial assay to meas-
ure hs-CRP in the same cohort and simultaneously
measured plasma levels of serum amyloid A, interleu-
kin-6, sSICAM-1, total cholesterol, low-density lipo-
protein (LDL) cholesterol, high-density lipoprotein
(HDL) cholesterol, the ratio of total cholesterol to
HDL cholesterol, apolipoprotein A-1, and apolipopro-
tein B-100. In addition, to allow comparison with oth-
er proposed markers, we measured plasma levels of
Lp(a) lipoprotein and homocysteine. We thus were
able to evaluate directly the relative value of each of
these 12 measurements as an independent predictor
of future cardiovascular events in a large cohort of ap-
parently healthy women. We also sought to determine
whether the measurement of markers of inflamma-
tion in addition to standard screening of lipid levels
might provide a clinically useful method for improving
overall prediction of the risk of cardiovascular events.

METHODS
Study Participants

We designed a prospective, nested case—control study involving
participants in the Women’s Health Study, an ongoing trial of as-
pirin and vitamin E for primary prevention among postmenopaus-
al women with no history of cardiovascular disease or cancer.!
Blood samples were collected in tubes containing EDTA at base
line from 28,263 women (71 percent of the Women’s Health Study
participants) and stored in liquid nitrogen until the time of analysis.

For this analysis, case subjects were study participants from whom
a base-line blood sample was obtained who subsequently had a car-
diovascular event (defined as death from coronary heart disease,
nonfatal myocardial infarction or stroke, or a coronary-revascular-
ization procedure) during a mean follow-up period of three years.
Myocardial infarction was classified as confirmed if symptoms met
the criteria of the World Health Organization's and if the event
was associated with abnormal levels of cardiac enzymes or diag-
nostic electrocardiographic changes. Stroke was classified as con-
firmed if the patient had a new neurologic deficit that lasted more
than 24 hours. Computed tomographic scans or magnetic reso-
nance images were available for the majority of women in whom
stroke occurred. Performance of revascularization procedures was
confirmed by review of hospital records. Death from coronary heart
disease was confirmed by review of the autopsy report, the death
certificate, medical records, or information from family members
regarding the circumstances of death.

For each woman who had a confirmed cardiovascular event dur-
ing follow-up, two control subjects of the same age (within one
year) and smoking status (former smoker, current smoker, or non-
smoker) were selected from among the remaining study partici-
pants from whom a base-line blood sample had been obtained and
who remained free of reported cardiovascular disease during follow-
up. With use of these criteria, 122 case subjects and 244 control
subjects were selected.

Procedures

Base-line plasma samples from each woman with an event and
each control subject were thawed and assayed for hs-CRP, serum
amyloid A, and Lp(a) lipoprotein with use of latex-enhanced im-
munonephelometric assays on a BN II analyzer (Dade Behring,
Newark, Del.). Apolipoprotein A-I and apolipoprotein B-100 were
simultaneously measured with this device by immunoassay. Total
cholesterol, HDL cholesterol, and directly obtained LDL choles-

terol levels were measured on a Hitachi 911 analyzer (Roche Di-
agnostics, Indianapolis) with reagents from Roche Diagnostics and
Genzyme (Cambridge, Mass.). Plasma levels of sSICAM-1 and inter-
leukin-6 were measured by enzyme-linked immunosorbent assay
(R & D Systems, Minneapolis), and the total plasma homocysteine
level was measured with an IMx homocysteine assay (Abbott Lab-
oratories, Abbott Park, Ill.) as previously reported.!¢ Samples were
handled in identical and in blinded fashion throughout the study.
Samples were analyzed in triplicate and in random order so as to
reduce systematic bias and interassay variation.

Statistical Analysis

Means and proportions for risk factors for cardiovascular events
at base line were calculated for women who had cardiovascular
events during follow-up and those who did not. The significance
of differences in means between the two groups was assessed with
Student’s t-test, and the significance of differences in proportions
was tested with use of the chi-square statistic. Analysis of trends was
used to test for associations between increasing levels of each plas-
ma variable and the risk of future cardiovascular events, after the
sample was divided into quartiles according to the distribution of
control values for that marker. Adjusted risk estimates were ob-
tained with use of logistic-regression models that, in addition to
accounting for the variables used for matching (age and smoking
status), adjusted for random assignment to aspirin or vitamin E in
the Women’s Health Study; several risk factors for cardiovascular
events, including a history of hypertension, body-mass index, a his-
tory of diabetes, and a parental history of myocardial infarction
before the age of 60 years; and other measured plasma markers.

We evaluated the combined role of lipid levels and markers of in-
flammation as predictors of the risk of future cardiovascular events
in a series of analyses in which we explored the sensitivity and ro-
bustness of our findings from a clinical perspective. First, we used
the likelihood-ratio test to determine whether logistic-regression
models that included measurements of lipid variables and markers
of inflammation provided a significantly better fit than did logistic-
regression models limited to lipid measurements alone. Second,
to estimate the clinical relevance of these effects, we computed the
area under receiver-operating-characteristic curves for prediction
models based on lipid measurements alone and for models based
on measurements of both lipid levels and markers of inflammation.
Third, we divided the study participants into nine groups accord-
ing to low, medium, and high levels of total cholesterol and low,
medium, and high levels of each marker of inflammation. In these
analyses, logistic regression was used to evaluate simultaneously the
risk of future cardiovascular events in each of the nine groups;
the group of women in the lowest third for total cholesterol and in
the lowest third for the respective marker of inflammation was con-
sidered the reference group. Finally, to address the clinical need for
improved assessment of risk among persons with cholesterol levels
currently considered safe, we performed a subgroup analysis of
study participants with LDL cholesterol levels of less than 130 mg
per deciliter (3.4 mmol per liter), the target level for the primary
prevention of coronary heart disease according to the current guide-
lines of the National Cholesterol Education Program.\”

All P values were two-tailed, and values of less than 0.05 were
considered to indicate statistical significance. All confidence inter-
vals were calculated at the 95 percent level.

RESULTS

The base-line characteristics of the women who
subsequently had cardiovascular events (case subjects)
and those who remained free of reported cardiovas-
cular disease (controls) are shown in Table 1. As ex-
pected, women who had cardiovascular events were
heavier at base line than those who remained free of
cardiovascular disease and were more likely to have
hypertension, diabetes, or a parental history of prema-
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TABLE 1. BASE-LINE CLINICAL CHARACTERISTICS
OF THE STUDY PARTICIPANTS.*

TABLE 2. BASE-LINE PLASMA LEVELS OF MARKERS
OF INFLAMMATION AND LIPIDS.*

WomeN witH ~ WoMEN FREE OF
CARDIOVASCULAR CARDIOVASCULAR
EVENTS EVENTS P
CHARACTERISTIC (N=122) (N=244) VaLuet
Mean age (yr) 59.3 59.3 —
Mean body-mass index} 27.1 26.0 0.04
History of hypertension (%) 55.5 31.3 0.001
History of diabetes (%) 9.8 2.1 0.001
Parental history of myocardial 21.3 12.7 0.04
infarction before 60 yr (%)

Smoking status (%) —

Former smoker 29.5 29.5

Current smoker 279 279

Nonsmoker 42.6 42.6
Frequency of exercise (%) 0.9

>3 times/wk 6.6 8.2

1-3 times/wk 279 27.1

<1 time/wk 21.3 20.1

Rarely or never 44.3 44.5
Frequency of alcohol con- 0.6

sumption (%)

Daily 12.3 8.2

Weekly 27.9 31.2

Monthly 14.8 13.9

Rarely or never 45.1 46.7
Current use of hormone- 44.3 41.0 0.1

replacement therapy (%)

Women witH  WoMEN FREE OF
CARDIOVASCULAR  CARDIOVASCULAR
VARIABLE EVENTS EVENTS P VaLuE
High-sensitivity C-reactive <0.001
protein (mg/dl)
Median 0.42 0.28
Interquartile range 0.21-0.83 0.11-0.55
Serum amyloid A (mg/dl) 0.003
Median 0.63 0.52
Interquartile range 0.45-1.01 0.35-0.78
Soluble intercellular adhesion ~ 349.7+121.3  321.3*107.4 0.03
molecule type 1 (ng/ml)
Interleukin-6 (pg,/ml) 0.003
Median 1.65 1.30
Interquartile range 1.14-2.62 1.00-2.03
Total cholesterol (mg/dl) 230.5*x41.2 219.2+37.5 0.01
LDL cholesterol (mg/dl) 132.2+34.6 121.5+30.2 0.003
HDL cholesterol (mg/dl) 45.4*14.6 51.1+154 <0.001
Apolipoprotein A-I (mg/dl) 163.8+40.3 168.5+36.1 0.3
Apolipoprotein B-100 (mg/dl) 128.5+31.0 115.0+26.7 <0.001
Lp(a) lipoprotein (mg/liter) 0.3
Median 79 74
Interquartile range 34-247 29-203
Ratio of total cholesterol to 55*1.9 4.6+1.4 <0.001
HDL cholesterol
Homocysteine (umol/liter) 14.1£8.0 12.4+5.8 0.02

*Because of rounding, not all percentages total 100.

TP values were not calculated for variables used in matching of case and
control subjects, since the distribution of these variables was identical in the
two groups.

$The body-mass index is the weight in kilograms divided by the square
of the height in meters.

ture myocardial infarction (before the age of 60 years).
The frequency of exercise, the frequency of alcohol
consumption, and rate of use of hormone-replace-
ment therapy were similar in the two groups. Because
of matching, the women who had cardiovascular
events and the control subjects were virtually identi-
cal with respect to mean age and smoking status.
Base-line plasma levels of the inflammation markers
hs-CRP (P<0.001), serum amyloid A (P=0.003),
sICAM-1 (P=0.03), and interleukin-6 (P=0.003)
were higher among the women who subsequently had
cardiovascular events than among those who did not
(Table 2). Similarly, base-line plasma levels of total
cholesterol (P=0.01), LDL cholesterol (P=0.003),
apolipoprotein B-100 (P<<0.001), and homocysteine
(P=0.02) and the ratio of total cholesterol to HDL
cholesterol (P<<0.001) were significantly higher among
women with subsequent events than those without
such events, whereas levels of HDL cholesterol were
significantly lower among women with subsequent
events (P<<0.001). Base-line levels of Lp(a) lipoprotein
were somewhat higher and levels of apolipoprotein
A-1 somewhat lower among the women with events
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*Plus—minus values are means £SD. For normally distributed variables,
P values were computed with t-tests; for non-normally distributed variables,
P values were computed with the Wilcoxon rank-sum test for the difference
in medians. LDL denotes low-density lipoprotein, and HDL high-density
lipoprotein. To convert values for cholesterol to millimoles per liter, multi-
ply by 0.02586.

than among control subjects, but these differences
were not significant.

Table 3 shows the relative risks of cardiovascular
events according to the quartile of each marker of
inflammation or lipid measured in plasma. Measure-
ments of hs-CRP, serum amyloid A, sSICAM-1, and
interleukin-6 were predictive of the risk of future car-
diovascular events. Of the 12 measures, the level of
hs-CRP was the most powerful predictor of risk in the
univariate analysis (relative risk for women in the high-
est quartile as compared with the lowest quartile, 4.4;
95 percent confidence interval, 2.2 to 8.9; P<<0.001).
Of the lipid variables, the ratio of total cholesterol
to HDL cholesterol (relative risk, 3.4; P=0.001) and
the apolipoprotein B-100 level (relative risk, 3.4;
P=0.001) were the most powerful predictors of risk.
Nonsignificant trends were observed for apolipopro-
tein A-I and Lp(a) lipoprotein. As reported previ-
ously,!¢ increasing levels of homocysteine were also
associated with increased risk.

Levels of several markers of inflammation were
highly correlated. For example, the correlation coef-
ficient for the relation between hs-CRP and serum
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TABLE 3. RELATIVE RisK OF CARDIOVASCULAR EVENTS ACCORDING TO BASE-LINE PLASMA
LEVELS OF MARKERS OF INFLAMMATION AND LIPIDS.*

P VALUE
VARIABLE QUARTILE OF PLASMA LEVEL FOR TREND
1 2 3 4
High-sensitivity C-reactive
protein
Median — mg/dl 0.06 0.19 0.38 0.85
Relative risk (95% CI) 1.0 2.1 (1.0-4.5) 2.1 (1.0-44) 4.4 (2.2-89) <0.001
Serum amyloid A
Median — mg/dl 0.25 0.43 0.62 1.17
Relative risk (95% CI) 1.0 1.8(09-3.6) 1.9 (0.9-3.8) 3.0 (1.5-6.0) 0.002
Soluble intercellular adhesion
molecule type 1
Median — ng/ml 228.7 2739 319.1 439.3
Relative risk (95% CI) 1.0 1.5(0.7-3.1) 2.0 (1.0-4.1) 2.6 (1.3-5.1) 0.004
Interleukin-6
Median — pg/ml 0.82 1.15 1.58 2.70
Relative risk (95% CI) 1.0 1.3(0.6-2.7) 1.4 (0.7-2.8) 2.2 (1.1-4.3) 0.02
Total cholesterol
Median — mg/dl 176 206 224 267
Relative risk (95% CI) 1.0 1.2(0.6-2.3) 1.7 (09-3.3) 2.4 (1.3-4.7) 0.003
LDL cholesterol
Median — mg/dl 88.4 108.9 127 .4 156.6
Relative risk (95% CI) 1.0 09 (04-19) 1.7 (09-3.3) 2.4 (1.3-4.6) 0.001
HDL cholesterol
Median — mg/dl 345 44.5 54.9 68.5
Relative risk (95% CI) 1.0 0.5(0.3-0.8) 0.5(0.2-0.8) 0.3 (0.2-0.6) 0.001
Apolipoprotein A-I
Median — mg/dl 127 152 176 212
Relative risk (95% CI) 1.0 08 (04-1.4) 0.4 (0.2-0.8) 0.8 (0.4-1.4) 0.1
Apolipoprotein B-100
Median — mg/dl 86 104 121 149
Relative risk (95% CI) 1.0 1.1(0.5-2.3) 1.6 (0.8-3.3) 3.4 (1.8-6.8) <0.001
Lp(a) lipoprotein
Median — mg/liter 16 55 107 329
Relative risk (95% CI) 1.0 1.0 (0.5-1.9) 1.1(0.6-2.1) 1.3 (0.7-2.4) 0.4
Ratio of total cholesterol to
HDL cholesterol
Median 3.06 4.00 4.80 6.34
Relative risk (95% CI) 1.0 0.8(0.3-1.5) 1.7(0.9-34) 3.4 (1.8-59) <0.001
Homocysteine
Median — pmol/liter 8.2 10.3 12.1 15.7
Relative risk (95% CI) 1.0 1.1(0.6-2.2) 1.1(0.5-2.1) 2.0 (1.1-3.8) 0.02

*P values were calculated by logistic-regression analyses. In all models, subjects were matched ac-
cording to age and smoking status, and all models were adjusted for random assignment to aspirin
or vitamin E. CI denotes confidence interval, LDL low-density lipoprotein, and HDL high-density

lipoprotein. To convert values for cholesterol to millimoles per liter, multiply by 0.02586.

amyloid A was 0.81 (P<<0.001). In contrast, corre-
lations between markers of inflammation and lipid
measures were low; less than 10 percent of the vari-
ance in any marker of inflammation was explained by
any of the lipid measures.

To determine the independent predictive value
of each of the 12 measures, we performed a series of
logistic-regression analyses that simultaneously con-
trolled for increasing quartiles of hs-CRP, serum amy-
loid A, sICAM-1, interleukin-6, homocysteine, and
Lp(a) lipoprotein and the ratio of total cholesterol
to HDL cholesterol (because of colinearity with this
ratio, levels of apolipoprotein A-I, apolipoprotein
B-100, and LDL cholesterol were not included in
these analyses). As shown in Table 4, only the level

of hs-CRP and the ratio of total cholesterol to HDL
cholesterol were found to be independent predictors
of risk in models in which women were matched for
smoking status and age or in models that included
further adjustments for body-mass index, hyperten-
sion, diabetes, and parental history of premature cor-
onary artery disease. In similar models that were lim-
ited to markers of inflammation, hs-CRP remained an
independent predictor of the risk of future cardio-
vascular events. In contrast, the beta coefficients asso-
ciated with serum amyloid A, sICAM-1, and inter-
leukin-6 decreased substantially and were no longer
statistically significant in analyses that included con-
trol for the quartile of hs-CRD.

To explore whether any of the markers of inflam-
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TABLE 4. ADJUSTED RELATIVE RISK OF CARDIOVASCULAR EVENTS
ASSOCIATED WITH AN INCREASE OF ONE QUARTILE
IN THE CONCENTRATION OF EACH PLASMA MARKER.*

ADJUSTED FOR OTHER
PLASMA MARKERS AND
Risk FacTorst

ADJUSTED FOR OTHER

VARIABLE PLAsMA MARKERS

RELATIVE RISK
(95% CI)

RELATIVE RISK
P VALUE (95% CI) P VALUE
High-sensitivity C-reac-

tive protein

14 (11-19) 0.02 1.5 (1.1-21) 0.02

Serum amyloid A 1.1 (0.8-14) 0.5

11(09-14) 04

11 (0.8-1.6) 04

Soluble intercellular ad- 11 (0.8-14) 0.6

hesion molecule type 1
Interleukin-6 0.9 (0.7-1.2) 0.6
11(09-14) 0.2
Lp(a) lipoprotein 11 (09-1.3) 0.6

Ratio of total cholesterol 1.4 (1.1-1.7)  0.01
to HDL cholesterol

0.8 (0.6-1.1) 0.2
11 (0.8-1.4) 0.6
1.0 (0.8-1.2) 0.8
14(1.1-19) 0.02

Homocysteine

*In all models, subjects were matched according to age and smoking sta-
tus, and all models were adjusted for random assignment to aspirin or vita-
min E. CI denotes confidence interval, and HDL high-density lipoprotein.

tThese models were adjusted for the following additional risk factors:
body-mass index (the weight in kilograms divided by the square of the height
in meters), a history of hypertension, a history of diabetes, and a parental
history of myocardial infarction.

mation added to the predictive value of lipid-based
screening, several additional analyses were performed.
First, we computed the relative risk of cardiovascular
events in analyses in which study participants were
stratified into nine groups according to total choles-
terol level as well as each marker of inflammation. As
shown in Figure 1, for each marker of inflammation
included in this analysis, the risk of cardiovascular
events was lowest among women with low total cho-
lesterol levels and low levels of the marker in ques-
tion. In contrast, the risk tended to be highest among
women with high total cholesterol levels and high
levels of a marker of inflammation. However, even
among the women with low total cholesterol levels,
the risk of cardiovascular events was significantly high-
er among those with high levels of hs-CRP and serum
amyloid A than among those with low levels of these
markers (Fig. 1). These associations were also evident,
but to a lesser extent, for interleukin-6 and sICAM-1.
In all of the analyses, these additive effects were ro-
bust with respect to the choice of cutoff point and the
choice of the lipid variable analyzed. For example,
the addition of hs-CRP to lipid screening produced a
significant and additive predictive effect when regres-
sion analyses were based on cutoff points for quartiles
(rather than cutoft points for the division of the study
group into thirds) and on analysis of the ratio of to-
tal cholesterol to HDL cholesterol (rather than on
total cholesterol alone).

Second, likelihood-ratio tests were used to com-
pare the fit of predictive models that were based on
measurement of a marker of inflammation in combi-
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nation with lipids to the fit of models based on lipid
measurements alone. In these analyses, each of the
markers of inflammation significantly improved the
usefulness of lipid screening in predicting risk. For
example, models including both hs-CRP and total
cholesterol were significantly better in the prediction
of the risk of cardiovascular events than were models
including only total cholesterol (P<<0.001). Likewise,
models involving both hs-CRP and the ratio of total
cholesterol to HDL cholesterol allowed significantly
better prediction of risk than did models based solely
on this lipid ratio alone (P<<0.001). Similar additive
effects were seen for serum amyloid A, sSICAM-1, and
interleukin-6 when these markers were added to mod-
els based on total cholesterol or the ratio of total cho-
lesterol to HDL cholesterol alone (P<<0.01 for all
comparisons).

Third, as a measure of clinical usefulness, we com-
puted the area under the receiver-operating-character-
istic curve associated with risk-prediction models based
on lipid screening alone and compared it with those
based on a combination of lipids and markers of in-
flammation. In these analyses, the use of hs-CRP lev-
els in addition to total cholesterol increased the area
under the receiver-operating-characteristic curve from
0.59 to 0.66 (P<<0.001) and in addition to the ratio
of total cholesterol to HDL cholesterol increased the
area under the curve from 0.64 to 0.68 (P<<0.001).
Similar effects were observed for analyses that included
serum amyloid A, sSICAM-1, and interleukin-6: the
addition of these markers to screening based on total
cholesterol increased the area under the curve from
0.59 to0 0.63, 0.63, and 0.64, respectively (P<<0.003
for all three comparisons). Use of the serum amy-
loid A level in addition to the ratio of total cholesterol
to HDL cholesterol increased the area under the curve
from 0.64 to 0.67 (P=0.007); the use of SICAM-1 in
addition to this ratio led to a smaller change (area un-
der the curve, 0.65; P=0.01), as did the use of inter-
leukin-6 (area under the curve, 0.65; P=0.01).

Finally, to address the clinical observation that many
persons with “safe” lipid levels nonetheless have car-
diovascular events, we performed a subgroup analysis
limited to women whose levels of LDL cholesterol
were less than 130 mg per deciliter, the target level
currently recommended for primary prevention of cor-
onary heart disease by the National Cholesterol Ed-
ucation Program.!” In this analysis, women with in-
creased base-line levels of hs-CRP, serum amyloid A,
interleukin-6, or SICAM-1 were found to be at in-
creased risk for future cardiovascular events. This ef-
fect was strongest for hs-CRP and serum amyloid A.
In this subgroup, the relative risks of cardiovascular
events for women in the lowest to the highest quar-
tiles of hs-CRP were 1.0, 2.4, 2.9, and 4.1 (95 percent
confidence interval for women in the highest as com-
pared with the lowest quartile, 1.7 to 11.3; P=0.002;
D for trend across quartiles, 0.005). After adjustment
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Figure 1. Relative Risk of Cardiovascular Events among Apparently Healthy Postmenopausal Women According to Base-Line Levels

of Total Cholesterol and Markers of Inflammation.

Each marker of inflammation improved risk-prediction models based on lipid testing alone, an effect that was strongest for hs-CRP

and serum amyloid A.

for body-mass index, the presence or absence of hy-
pertension, diabetes, or a parental history of premature
myocardial infarction, and the level of HDL choles-
terol, the increased risk for women in the highest
quartile of hs-CRP at base line remained statistically
significant (relative risk, 3.1; 95 percent confidence in-
terval, 1.1 to 8.3; P=0.03). Thus, even among women
with “safe” levels of LDL cholesterol, the adjusted
relative risk of cardiovascular events increased approx-
imately 39 percent with each increasing quartile for
hs-CRP (95 percent confidence interval, 13 to 89
percent; P=0.03). The mean LDL cholesterol level
in this subgroup analysis was 104 mg per deciliter
(2.7 mmol per liter).

DISCUSSION

In this prospective study of apparently healthy post-
menopausal women, four markers of inflammation
— hs-CRP, serum amyloid A, interleukin-6, and

sICAM-1 — were found to be significant predictors
of the risk of future cardiovascular events. In addition,
measurement of these markers increased the pre-
dictive value of models based only on standard lipid
screening. Of the 12 plasma measures evaluated in this
study, hs-CRP was the most significant predictor of
the risk of cardiovascular events; when measured with
a widely available, standardized commercial assay,!8
this marker distinguished between women at high risk
and those at low risk, even in the subgroup of wom-
en with LDL cholesterol levels below 130 mg per dec-
iliter (mean, 104 mg per deciliter), the target consid-
ered safe in the current guidelines of the National
Cholesterol Education Program.!”

The results of the current study have several im-
portant implications. First, the findings confirm that
in women, markers of inflammation are important
predictors of the risk of cardiovascular events. Previ-
ous data on this issue have been derived largely from
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studies of middle-aged men.*!! Thus, from a patho-
physiologic perspective, the current data support the
hypothesis that atherosclerosis is, in part, an inflam-
matory disease.?

Second, because we used a commercially available
assay to measure plasma hs-CRDP!8 our results pro-
vide clinically relevant confirmation of previous find-
ings in this cohort, which were obtained with use of
an experimental assay.!3 The commercial assay is in-
expensive and can be used with standard hospital and
outpatient laboratory equipment; thus, screening for
this predictor of cardiovascular risk would be practi-
cal in many clinical settings.

Third, we believe the current results have public
health implications both in terms of the prediction of
the risk of cardiovascular events and in terms of the
use of inhibitors of 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA) reductase for primary preven-
tion. Although the results of large-scale randomized
trials have indicated that HMG-CoA reductase inhi-
bition is effective even among persons at low-to-mod-
erate risk as defined by standard lipid screening,!9:20
the large number of patients who would need to be
treated and the high cost of this approach have lim-
ited the clinical application of those findings. Thus,
our observation that measurement of markers of in-
flammation such as hs-CRP can significantly improve
models for the prediction of cardiovascular risk may
lead to better clinical identification of patients who
might benefit from primary prevention and for whom
the cost-to-benefit ratio for long-term use of statins
would be improved. This issue is particularly intrigu-
ing because recent data from the Cholesterol and Re-
current Events trial indicate that long-term therapy
with pravastatin significantly lowers plasma levels of
hs-CRP2! and that the efficacy of pravastatin in low-
ering the rate of cardiovascular events is greatest in
those with increased levels of hs-CRP.22 As in the cur-
rent findings, which indicate that hs-CRP is a potent
predictor of risk regardless of the LDL cholesterol
level, data from the Cholesterol and Recurrent Events
trial indicate that use of pravastatin resulted in de-
creased levels of hs-CRP in a manner largely independ-
ent of LDL cholesterol.2!

Several limitations of these analyses merit consider-
ation. First, our cohort comprised apparently healthy
postmenopausal women, and thus the results may
not apply to younger women, who may also be at
increased risk for cardiovascular events. Second, we
measured each marker of inflammation at study entry
and thus could not evaluate the effects of changes in
the levels of these markers over time. However, follow-
up studies have found that levels of hs-CRP are stable
over long periods, as long as measurements are not
made within two to three weeks of an acute infec-
tion.21.23 Moreover, with respect to the current results,
variation over time in levels of these markers and re-
gression dilution bias would tend, if anything, to lead
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to an underestimation of net effects. Finally, although
base-line levels of several markers of inflammation
were greater than normal among women at risk for
future cardiovascular events, the mechanisms under-
lying these elevations remain uncertain. In this study,
we did not find significant associations between car-
diovascular risk and titers of IgG antibodies against
Chilamydia pnewmonine, Helicobacter pylors, herpes sim-
plex virus, or cytomegalovirus or between titers of
these antibodies and plasma levels of hs-CRP2* On
the other hand, markers of inflammation, including
hs-CRP, interleukin-6, and interleukin-1-receptor
antagonist,25-3! have proved to have predictive value
among persons with unstable angina or acute coro-
nary syndromes. Thus, it is also possible that the in-
flammation that we detected in apparently healthy
women who were at risk for future cardiovascular
events may be an indirect marker of an enhanced cy-
tokine response to a variety of inflammatory stim-
uli that ultimately prove critical at the time of acute
plaque rupture.3?

In conclusion, in this prospective evaluation of 12
plasma variables, hs-CRP proved to be the strongest
and most significant predictor of the risk of future
cardiovascular events. As in previous population-based
epidemiologic studies, half of all cardiovascular events
in our cohort occurred among women without overt
hyperlipidemia. Thus, these data raise the possibility
that the addition of hs-CRP to standard lipid screen-
ing will generate an improved method for identifying
persons at high risk for future cardiovascular events,
who would thus be candidates for primary-prevention
interventions such as the use of HMG-CoA reduc-
tase inhibitors.
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CORRECTION

C-Reactive Protein in the Prediction of
Cardiovascular Disease

To the Editor: Ridker et al. provided a stimulating article on inflamma-
tory markers and cardiovascular disease in women (March 23 issue).1
Not surprisingly, the popular press picked up on the article and gave
their findings prominent coverage. It is not clear that Ridker et al.
wanted this to happen. Their findings are cast in terms of relative
risk only, not in terms of traditional predictive value; it is the latter that
is more relevant to the practicing physician.2 That is, we learn that
subjects in the highest quartile for high-sensitivity C-reactive protein
(hs-CRP), relative to those in the lowest quartile, had a 4.4-fold risk of
cardiovascular events. However, the overall risk was just 0.4 percent
(122 events in 28,263 subjects over a period of three years). We sus-
pect that the positive predictive value (the proportion of all subjects
with “elevated” levels of hs-CRP who had cardiac events) in this pop-
ulation was low.

We were unable to calculate the conventional predictive values from
the data supplied in the article. It would be instructive if the au-
thors provided the predictive values so that readers could determine

whether this new test is genuinely ready for “prime-time” screening.

Even though this test performed better than measurements of conven-
tional lipid markers such as low-density lipoprotein (LDL) cholesterol
in this population (at least in terms of relative risk), there are other
relevant data about LDL cholesterol that are lacking for hs-CRP. For
example, we know that lowering LDL cholesterol levels has beneficial
effects,3 we have effective methods to lower LDL cholesterol levels,
and we have data on the cost effectiveness of such strategies.4

Gary L. Horowitz, M.D.

Bruce A. Beckwith, M.D.

Beth Israel Deaconess Medical Center
Boston, MA 02215
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The authors reply:

To the Editor: In our study of inflammatory and lipid markers we used
a matched, nested case—control analysis that allowed direct compar-
ison of the magnitude of risk associated with various cardiovascular
risk factors after age and smoking status were taken into account.
Of the 12 factors evaluated — which included LDL cholesterol, high-
density lipoprotein (HDL) cholesterol, Lp(a) lipoprotein, and homocys-
teine — hs-CRP was the strongest predictor of future cardiovascular
events. Moreover, hs-CRP levels were predictive of the risk of car-
diovascular events among study participants with low levels of LDL
cholesterol; these data underscore the importance of the inflamma-
tory process in atherothrombosis.

Our matched, nested case—control study was designed to maximize
biologic validity. It is not, however, conducive to calculating absolute
risks. We thus concur with Horowitz and Beckwith that generalizing
our results to other populations must be done with caution and that
studies addressing absolute risks are needed. We further concur that
the reduction of lipid levels remains a fundamentally important method
to reduce cardiovascular risk. At the same time, since half of all heart
attacks and strokes occur among apparently healthy men and women
without overt hyperlipidemia, we believe it important for clinicians to
consider emerging biologic data that go beyond the use of cholesterol
screening as the sole method of assessing cardiovascular risk. With
regard to hs-CRP, several large-scale studies in the United States!23
and Europe“'5 have now demonstrated the potential importance of
this inflammatory marker in the detection of cardiovascular risk.

Finally, we wish to correct an error in the last sentence of the Results
section of our abstract. As described in the text and in Table 4 of our
article, our multivariate analysis was performed on a per-quartile ba-
sis. Thus, this sentence should read, “In multivariate analyses, the
only plasma markers that independently predicted risk were hs-CRP
(increase in relative risk per quartile, 1.5; 95 percent confidence in-
terval, 1.1 to 2.1) and the ratio of total cholesterol to HDL cholesterol
(increase in relative risk per quartile, 1.4; 95 percent confidence inter-
val, 1.1t0 1.9).”

Paul M. Ridker, M.D.

Julie E. Buring, Sc.D.

Nader Rifai, Ph.D.

Brigham and Women'’s Hospital
Boston, MA 02115
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INFLAMMATION, ASPIRIN, AND THE RISK OF CARDIOVASCULAR DISEASE
IN APPARENTLY HEALTHY MEN

PauL M. Ripker, M.D., MaRY CusHMAN, M.D., MeR J. STamPFER, M.D., RusseLL P. TRAcy, PH.D.,
AND CHARLES H. HENNEKENS, M.D.

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.)
©1997, Massachusetts Medical Society.

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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diovascular Disease (PM.R.) and the Channing Laboratory (M.].S.), De-
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oratory for Clinical Biochemistry Research, University of Vermont, Bur-
lington (M.C., R.PT.). Address reprint requests to Dr. Ridker at the Divi-
sion of Preventive Medicine, Brigham and Women’s Hospital, 900
Commonwealth Ave. E., Boston, MA 02215-1204.
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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,

Downloaded from www.nejm.org on January 26, 2008 . Copyright © 1997 Massachusetts Medical Society. All rights reserved.



INFLAMMATION, ASPIRIN, AND THE RISK OF CARDIOVASCULAR DISEASE IN APPARENTLY HEALTHY MEN

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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glyceride, lipoprotein(a), t-PA antigen, D-dimer, fi-
brinogen, or homocysteine. In contrast, the benefits
of aspirin in reducing the risk of a first myocardial in-
farction diminished significantly with decreasing con-
centrations of C-reactive protein — an intriguing
finding, since this substance has antiinflammatory as
well as antiplatelet properties. Finally, there was no
significant association for venous thromboembolism,
suggesting that the relation of inflammation to vas-
cular risk may be limited to the arterial circulation.
Because blood samples were collected at base line,
we can exclude the possibility that acute ischemia af-
fected levels of C-reactive protein. Furthermore, the
statistically significant associations observed were
present among nonsmokers, indicating that the ef-
fect of C-reactive protein on vascular risk is not sim-
ply the result of cigarette smoking.!12 Thus, our
prospective data relating base-line levels of C-reac-
tive protein to future risks of myocardial infarction
and stroke among apparently healthy men greatly

Relative Risk of Myocardial
Infarction (per quartile of
Plasma C-reactive protein level)

Years of Study Follow-up

Figure 1. Relative Risk (and 95 Percent Confidence Intervals) of
a First Myocardial Infarction Associated with Each Increasing
Quartile of Base-Line C-Reactive Protein Values, According to
the Year of Study Follow-up.

TABLE 5. RELATIVE RISk OF FUTURE MYOCARDIAL INFARCTION, ACCORDING TO
BASE-LINE PLASMA CONCENTRATIONS OF C-REACTIVE PROTEIN, ADJUSTED FOR LIPID
AND NONLIPID VARIABLES.*

QUARTILE OF C-REACTIVE PROTEIN P FoR
VARIABLES ADJUSTED FOR CONCENTRATION (mg/liter) TREND
<0.55 0.56-1.14 1.15-2.10 =211

Total and HDL cholesterol

Adjusted relative risk 1.0 1.8 22 2.3 0.002

95% CI — 1.0-3.1 1.3-3.7 1.4-39

P value — 0.05 0.004 0.002
Triglycerides

Adjusted relative risk 1.0 1.8 2.1 2.8 <0.001

95% CI — 1.0-3.2 1.2-37 1.6-49

D value — 0.06 0.008  <0.001
Lipoprotein(a)

Adjusted relative risk 1.0 2.0 2.5 2.5 <0.001

95% CI — 1.2-34 15-42 15-42

P value — 0.01 <0.001  <0.001
t-PA antigen

Adjusted relative risk 1.0 1.7 1.9 2.9 0.002

95% CI — 09-3.4 1.0-3.6 1.5-5.6

P value — 0.13 0.06 0.002
Total homocysteine

Adjusted relative risk 1.0 1.8 29 3.6 <0.001

95% CI — 1.1-3.1 1.7-48 21-59

D value — 0.02 <0.001  <0.001
D-Dimer

Adjusted relative risk 1.0 2.2 24 2.7 0.001

95% CI — 1.2-4.1 1.3-42 15-47

D value — 0.007 0.003  <0.001
Fibrinogen

Adjusted relative risk 1.0 2.2 22 2.9 0.01

95% CI — 1.1-4.7 1.0-44 1.4-59

P value — 0.04 0.04 0.005
Body-mass index, diabetes, history

of hypertension, and family
history of coronary artery discase

Adjusted relative risk 1.0 1.5 24 2.6 <0.001

95% CI — 0.9-2.5 15-40 1.6-44

P value — 0.14 <0.001  <0.001

*All models were further adjusted for random assignment of patients to receive aspirin and beta
carotene. CI denotes confidence interval.
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Infarction
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Figure 2. Relative Risk of a First Myocardial Infarction Associ-
ated with Base-Line Plasma Concentrations of C-Reactive Pro-
tein, Stratified According to Randomized Assignment to Aspi-
rin or Placebo Therapy.

Analyses are limited to events occurring before the unblinding
of the aspirin component of the Physicians’ Health Study. The
reduction in the risk of myocardial infarction associated with
the use of aspirin was 13.9 percent in the first (lowest) quartile
of C-reactive protein values, 33.4 percent in the second quar-
tile, 46.3 percent in the third quartile, and 55.7 percent in the
fourth (highest) quartile.

extend previous observations from studies of acutely
ill patients,® patients with symptomatic coronary dis-
ease,!0 or those at high risk partly because of ciga-
rette smoking.!! Moreover, in these data, the effects
of C-reactive protein were independent of a large
number of lipid-related and non-lipid-related risk
factors.

The mechanism that relates the level of C-reactive
protein to atherothrombosis is unclear. Previous in-
tection with Chlamydia pnewmonine, Helicobacter py-
lori, herpes simplex virus, or cytomegalovirus may be
a source of the chronic inflammation detected by
C-reactive protein.21?7 It is also possible that C-reactive
protein is a surrogate for interleukin-6,28 a cellular cy-
tokine associated with the recruitment of macrophages
and monocytes into atherosclerotic plaques.? In ad-
dition, C-reactive protein can induce monocytes to
express tissue factor, a membrane glycoprotein im-
portant in initiating coagulation.3¢ Finally, it had been
hypothesized that bronchial inflammation due to
smoking was responsible for associations seen in pre-
vious studies relating C-reactive protein to vascular
risk! In this regard, our observation that the effect
of C-reactive protein is present among nonsmok-
ers makes bronchial inflammation a less likely mech-
anism. Furthermore, the finding that the effects are
stable over long periods suggests that short-term ef-
fects on clotting are unlikely.

Our data regarding the interrelation of C-reactive
protein and aspirin merit careful consideration. In
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the Physicians’ Health Study, aspirin reduced the risk
of a first myocardial infarction by 44 percent.!® The
present findings indicate that the effect of aspirin in
preventing a first myocardial infarction was greatest
among the men with the highest base-line C-reac-
tive protein concentrations and that the benefit di-
minished significantly with decreasing concentrations
of this inflammatory marker. Thus, although the an-
tiplatelet effects of aspirin may be modified by un-
derlying inflammation, these data also suggest the
possibility that the benefit of aspirin may have been
due, at least in part, to antiinflammatory effects.3! Al-
ternatively, patients with large inflammatory burdens
may have a distinct vascular mechanism leading to
thrombosis that is affected differently by aspirin ther-
apy. For example, the protective effect of aspirin may
differ in the setting of plaque rupture as compared
with focal endothelial erosion.32:33

The potential limitations of these data also merit
consideration. First, our analyses are based on a sin-
gle base-line determination that may not accurately
reflect inflammatory status over long periods. Fur-
thermore, although coefficients of variation were low,
misclassification due to laboratory error cannot be
ruled out. It is important to note, however, that nei-
ther of these sources of variability can account for
the observed associations, since any random mis-
classification would bias results toward the null hy-
pothesis. Since our study was limited to measures of
C-reactive protein, other prospective studies evaluat-
ing specific cytokines, cellular adhesion molecules, and
chronic infectious agents will be required to further
elucidate the role of inflammation in the initiation
and progression of atherosclerosis.

We draw four main conclusions from these data.
First, among apparently healthy men, the base-line
level of inflammation as assessed by the plasma con-
centration of C-reactive protein predicts the risk of
a first myocardial infarction and ischemic stroke, in-
dependently of other risk factors. Second, the base-
line concentration of C-reactive protein is not asso-
ciated with the risk of venous thrombosis, a vascular
event generally not associated with atherosclerosis.
Third, C-reactive protein is not simply a short-term
marker of risk, as has previously been demonstrated
in patients with unstable angina,® but is also a long-
term marker of risk, even for events occurring six
or more years later. This observation suggests that
the effects of inflammation are probably mediated
through a chronic process and excludes the possi-
bility that undetected acute illness at base line is re-
sponsible for the observed effects. Finally, the ben-
efits of aspirin appear to be modified by underlying
inflammation — an observation that raises the pos-
sibility of antiinflammatory as well as antiplatelet
effects of this agent. The latter observation also
suggests the possibility that other antiinflammatory
agents may have a role in preventing cardiovascular
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disease. Moreover, these data suggest that inflamma-
tory markers such as C-reactive protein may provide
a method of identifying people for whom aspirin is
likely to be more or less effective — a hypothesis re-
quiring direct testing in randomized trials.
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CORRECTION

Inflammation, Aspirin, and the Risk of Cardiovascular
Disease in Apparently Healthy Men

Inflammation, Aspirin, and the Risk of Cardiovascular Disease in Ap-
parently Healthy Men . On page 974, the sentence that begins in line
13 under the heading “Laboratory Analysis” should have read, “The
C-reactive protein assay was standardized according to the WHO
First International Reference Standard and had a sensitivity of 0.08
Hg per milliliter,” not ~0.08 pg per microliter,” as printed.

N Engl J Med 1997;337:356
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Inflammatory Markers and the Risk of Coronary
Heart Disease in Men and Women
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ABSTRACT

BACKGROUND

Few studies have simultaneously investigated the role of soluble tumor necrosis fac-
tor @ (TNF-a) receptors types 1 and 2 (sSTNF-R1 and sTNF-R2), C-reactive protein, and
interleukin-6 as predictors of cardiovascular events. The value of these inflammatory
markers as independent predictors remains controversial.

METHODS

We examined plasma levels of sSTNF-R1, sTNF-R2, interleukin-6, and C-reactive pro-
tein as markers of risk for coronary heart disease among women participating in the
Nurses’ Health Study and men participating in the Health Professionals Follow-up
Study in nested case—control analyses. Among participants who provided a blood sam-
ple and who were free of cardiovascular disease at baseline, 239 women and 265 men
had a nonfatal myocardial infarction or fatal coronary heart disease during eight years
and six years of follow-up, respectively. Using risk-set sampling, we selected controls
in a 2:1 ratio with matching for age, smoking status, and date of blood sampling.

RESULTS

After adjustment for matching factors, high levels of interleukin-6 and C-reactive pro-
tein were significantly related to an increased risk of coronary heart disease in both sex-
es, whereas high levels of soluble TNF-« receptors were significant only among wom-
en. Further adjustment for lipid and nonlipid factors attenuated all associations; only
C-reactive protein levels remained significant. The relative risk among all participants
was 1.79 for those with C-reactive protein levels of atleast 3.0 mg per liter, as compared
with those with levels of less than 1.0 mg per liter (95 percent confidence interval, 1.27
to 2.51; P for trend <0.001). Additional adjustment for the presence or absence of dia-
betes and hypertension moderately attenuated the relative risk to 1.68 (95 percent con-
fidence interval, 1.18 to 2.38; P for trend=0.008).

CONCLUSIONS
Elevated levels of inflammatory markers, particularly C-reactive protein, indicate an
increased risk of coronary heart disease. Although plasma lipid levels were more
strongly associated with an increased risk than were inflammatory markers, the level
of C-reactive protein remained a significant contributor to the prediction of coronary
heart disease.
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NFLAMMATION PLAYS AN ESSENTIAL ROLE
in the development of insulin resistance and
type 2 diabetes mellitus, the initiation and pro-
gression of atherosclerotic lesions, and plaque dis-
ruption.’? Interleukin-6 and tumor necrosis fac-
tor a (TNF-w) are inflammatory cytokines and the
main inducers of the secretion of C-reactive protein
in the liver.® C-reactive protein is a marker of low-
grade inflammation, and recent studies suggest that
this protein has a role in the pathogenesis of athero-
sclerotic lesions in humans.* The effects of TNF-«
are mediated by two receptors, type 1 and type 2
(TNF-R1 and TNE-R2), which circulate in soluble
forms (sSTNF-R1 and sTNF-R2, respectively) and
can be measured with greater sensitivity and reli-
ability than can TNF-« itself.® The soluble receptors
may attenuate the bioactivity of TNF-a but may also
serve as slow-release reservoirs and promote in-
flammation in the absence of free TNF ligand.®
Nonetheless, only a few studies have examined
the relationship between levels of sSTNF-R1, sTNE-
R2, and interleukin-6 and the risk of coronary heart
disease.”*° The predictive value of C-reactive pro-
tein for screening and its causal relationship to cor-
onary heart disease remain matters of controver-
sy.12"17 We prospectively examined the association
between inflammatory markers and the risk of cor-
onary heart disease and the role of potential media-
tors among men and women in a nested case—con-
trol analysis.

METHODS

STUDY POPULATION

The Nurses’ Health Study (NHS) and the Health Pro-
fessionals Follow-up Study (HPFS) are prospective
cohort investigations respectively involving 121,700
female U.S. registered nurses who were 30 to 55
years old at baseline in 1976 and 51,529 U.S. male
health professionals who were 40 to 75 years old
at baseline in 1986. Information about health and
disease is assessed biennially, and information
aboutdietis obtained every four years by means of
self-administered questionnaires.*®° From 1989
through 1990, a blood sample was requested from
all participants in the NHS, and 32,826 women pro-
vided one. Similarly, between 1993 and 1995, a
blood sample was provided as requested by 18,225
men in the HPFS. Participants who provided blood
samples were similar to those who did not, albeit the
men who provided samples were somewhat young-
er than those who did not. In the NHS, among wom-

en without cardiovascular disease or cancer before
1990, we identified 249 women who had a nonfatal
myocardial infarction or fatal coronary heart disease
between the date of blood drawing and June 1998.
In the HPFS, we identified 266 men who had a non-
fatal myocardial infarction or fatal coronary heart
disease between the date of blood drawing and the
return of the 2000 questionnaire. Using risk-set
sampling,?® we randomly selected controls ina 2:1
ratio who were matched for age, smoking status,
and date of blood sampling from the subgroup of
participants who were free of cardiovascular dis-
ease at the time coronary disease was diagnosed in
the case patients. Within the NHS cohort, an addi-
tional matching criterion was fasting status at the
time of blood sampling.

ASSESSMENT OF CORONARY HEART DISEASE

Study physicians who were unaware of the partici-
pant’s exposure status confirmed the diagnosis of
myocardial infarction on the basis of the criteria of
the World Health Organization (symptoms plus ei-
ther diagnostic electrocardiographic changes or
elevated levels of cardiac enzymes). Deaths were
identified from state vital records and the National
Death Index or reported by the participant’s next of
kin or the postal system. Fatal coronary heart dis-
ease was confirmed by an examination of hospital
or autopsy records, by the listing of coronary heart
disease as the cause of death on the death certifi-
cate, if coronary heart disease was the underlying
and most plausible cause, and if evidence of previ-
ous coronary heart disease was available.

ASSESSMENT OF OTHER FACTORS
Anthropometric, lifestyle, and dietary data were de-
rived from the questionnaire administered in 1990
to women and 1994 to men, with missing infor-
mation substituted from previous questionnaires.
Body-mass index was calculated as the weight in
kilograms divided by the square of the height in
meters. Average nutrient intake was computed with
the use of a semiquantitative food-frequency ques-
tionnaire. Physical activity was expressed in terms of
metabolic equivalent (MET)-hours. The question-
naires and the validity and reproducibility of mea-
surements have been described previously.2®2?

MEASUREMENT OF BIOCHEMICAL VARIABLES

Blood samples from women were collected in tubes
treated with liquid sodium heparin, and those from
men were collected in EDTA-treated tubes. The
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tubes were then placed on ice packs, stored in Styro-
foam containers, returned to our laboratory by over-
night courier, centrifuged, and divided into aliquots
for storage in liquid-nitrogen freezers (-130°C or
colder).

The levels of C-reactive protein were determined
by means of a highly sensitive immunoturbidimetric
assay with the use of reagents and calibrators from
Denka Seiken; this assay has a day-to-day variability
of 1to 2 percent. Levels of sSTNF-R1, sTNF-R2, and
interleukin-6 were measured by means of enzyme-
linked immunosorbent assays (R&D Systems),
which have a day-to-day variability of 3.5 t0 9.0 per-
cent. Levels of inflammatory markers were largely
unaffected by transport conditions and reproducible
within subjects over time.?*?3 Total, high-density
lipoprotein (HDL), and directly obtained low-den-
sity lipoprotein (LDL) cholesterol and triglycerides
were measured according to standard methods with
the use of reagents from Roche Diagnostics and
Genzyme. Study samples were sent to the labora-
tory for analysis in randomly ordered batches, and
the laboratory personnel were unaware of a sam-
ple’s case—control status.

The study protocol was approved by the institu-
tional review board of the Brigham and Women’s
Hospital and the Human Subjects Committee Re-
view Board of Harvard School of Public Health.

EXCLUSIONS
After the exclusion of participants with missing data
on biomarker levels, our data sets consisted of 708
women (239 patients and 469 controls) and 794
men (265 patients and 529 controls). The assay for
interleukin-6 required slightly more plasma than we
originally reserved for this assay among women.
Therefore, analyses involving interleukin-6 were re-
stricted to the subgroup of 676 women for whom
interleukin-6 levels were available.

STATISTICAL ANALYSIS

We analyzed the two cohorts separately. Inflamma-
tory markers were divided into quintiles, from the
lowest to highest levels, on the basis of the sex-spe-
cific distributions among the controls. With risk-set
sampling, the odds ratio derived from the logistic
regression directly estimates the hazard ratio and,
thus, the relative risk.>° We analyzed the association
between biomarker levels and the risk of coronary
heart disease using both conditional and uncon-
ditional logistic regression, with adjustment for
matching factors. Because both analyses provided

essentially the same results, we present the results
of unconditional logistic regression, which parallel
the results in the subgroup analyses.

In our multivariable model, we further adjusted
for parental history of coronary heart disease before
the age of 60 years (yes vs. no), alcohol intake (non-
drinker, 0.1 to 4.9 g per day, 5.0 to 14.9 g per day,
15.0 to 29.9 g per day, or at least 30.0 g per day),
body-mass index (less than 20, 20 to 24, 25 to 29,
30 to 34, or 35 or more), physical activity (in quin-
tiles from lowest to highest level), ratio of total to
HDL cholesterol (in quintiles from lowest to high-
est ratio), and use of postmenopausal hormone
therapy (yes vs. no — for women only). Finally, we
also added a history of diabetes (yes vs. no) and hy-
pertension (yes vs. no) at baseline to the model to
assess the effect of these potential mediators. Base-
line was defined as the year blood was drawn.

Correlation coefficients were calculated with the
use of age-adjusted Spearman partial-correlation
coefficients. To test for linear trend, we used the me-
dian levels of inflammatory markers in the control
categories as a continuous variable. To pool the esti-
mates of relative risk for men and women, we used
the weighted average of estimates according to the
random-effects model of DerSimonian and Laird.>*

All P values are two-tailed, and P values below
0.05 were considered to indicate statistical signifi-
cance. All analyses were performed with the use of
SAS software, version 8.2 (SAS Institute).

RESULTS

BASELINE CHARACTERISTICS

Women in whom coronary heart disease developed
during follow-up had significantly higher baseline
levels of STNF-R1 and sTNF-R2 than did control
women; however, the levels did not differ signifi-
cantly between men in whom coronary heart dis-
ease developed during follow-up and men in the
control group (Table 1). In the case of both men and
women, patients had significantly higher baseline
levels of interleukin-6 and C-reactive protein than
controls.

The levels of sSTNF-R1 and sTNF-R2 showed a
high degree of correlation with each other (Table 2).
The correlation with and between the other inflam-
matory markers was moderate and ranged from
0.27 for sSTNF-R1 and C-reactive protein to 0.45 for
interleukin-6 and C-reactive protein. The levels of
inflammatory markers were moderately inversely
associated with HDL cholesterol levels.
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Table 1. Baseline Characteristics of Women and Men in Whom Coronary Heart Disease Developed during Follow-up
and Matched Controls.*
Characteristic Women Men
Patients Controls Patients Controls
(N=239) (N=469)  PValuef  (N=265) (N=529) P Valuef
Age (yr) 60.4+6.5 60.2+6.5 — 65.2+8.3 65.1+8.3 —
Current smoker (%) 31.4 31.8 — 12.4 11.5 —
Body-mass index 26.9+5.7 25.3+4.3 <0.001 26.2+3.5 25.7+3.5 0.05
Parental history of CHD before 213 12.4 0.002 15.1 11.0 0.10
60 yr of age (%)
Postmenopausal (%) 89.9 87.3 0.31 — — —
Postmenopausal hormone 31.7 41.0 0.03 — — —
therapy among postmeno-
pausal women (%)
Medications (%)
Aspirin¥ 15.1 21.3 0.05 39.1 349 0.25
Cholesterol-lowering drug 4.2 2.6 0.24 8.8 6.9 0.32
History of hypertension (%) 57.7 28.8 <0.001 423 30.6 0.001
History of diabetes (%) 19.7 6.4 <0.001 9.4 4.4 0.005
Metabolic syndrome (%)§ 43.9 18.3 <0.001 40.4 26.1 <0.001
Total fat intake (% of energy) 31.8+5.8 31.7+6.1 0.82 31.0+6.7 30.3+7.0 0.23
Saturated fat intake (% of energy) 10.8+2.5 10.7+2.7 0.84 10.4+2.7 10.1+2.9 0.12
Alcohol consumption (g/day)
Median 0.9 1.8 <0.001 5.5 7.0 0.11
Interquartile range 0.0-3.7 0.0-8.6 0.9-15.4 0.9-18.3
Physical activity (MET-hr/wk)
Median 11.0 11.5 0.26 22.8 27.3 0.06
Interquartile range 3.9-22.7 5.1-23.0 8.5-44.7 11.8-48.9
sTNF-R1 (pg/ml) 1438+585 12671354 <0.001 1513+502 1506+541 0.86
sTNF-R2 (pg/ml) 2777+987  2489+710 <0.001 2991+869 2945+870 0.48
Interleukin-6 (pg/ml)9q
Median 1.99 1.65 0.001 1.86 1.53 0.01
Interquartile range 1.30-3.05 1.15-2.65 1.10-3.07 0.98-2.88
C-reactive protein (mg/liter)
Median 3.10 2.20 <0.001 1.68 1.08 <0.001
Interquartile range 1.30-7.50 1.00-5.10 0.76-3.15 0.52-2.38
Cholesterol (mg/dl)
Total 235.4+40.1 225.7+38.7 0.002  214.7+39.9 204.7+36.7 <0.001
LDL 142.9+34.1 132.2+36.4 <0.001 135.6+36.4 127.0+31.1 0.001
HDL 51.5+14.7 60.5+17.4 <0.001 42.1+11.3 45.9+£12.5 <0.001
Total-to-HDL cholesterol ratio 4.91+1.55 4.02£1.31  <0.001 5.37+1.41 4.74£1.40 <0.001
Triglycerides (mg/dl) 157.6+£96.7 126.3+76.3 <0.001  181.8+116.7 153.8+121.1 0.002

* Data on women are from the Nurses’ Health Study and include eight years of follow-up, and data on men are from the
Health Professionals Follow-up Study and include six years of follow-up. Matching criteria were age, smoking status, and
date of blood sampling; among women, additional matching criteria included fasting status at the time of blood sam-
pling. Plus—minus values are means +SD. To convert values for cholesterol to millimoles per liter, multiply by 0.02586. To
convert values for triglycerides to millimoles per liter, multiply by 0.01129. sSTNF-R1 and sTNF-R2 denote soluble tumor
necrosis factor receptor types 1 and 2, CHD coronary heart disease, and MET-hr metabolic equivalent-hours. The body-
mass index is the weight in kilograms divided by the square of the height in meters.

P values for the difference between patients and controls (unadjusted) were determined by Student’s t-test for variables

expressed as means =SD, by Wilcoxon’s rank-sum test for variables expressed as medians, and by the chi-square test for

variables expressed as percentages.

I Current aspirin use was defined as every one to four days for women and as two or more times per week for men.

§ The metabolic syndrome is defined by the presence of at least three of the following five abnormalities: a body-mass in-
dex of at least 25, a triglyceride level of at least 150 mg per deciliter (1.7 mmol per liter), an HDL cholesterol level of less
than 50 mg per deciliter for women or less than 40 mg per deciliter for men, a history of hypertension or a history of diabetes
or the development of diabetes during follow-up, or a glycosylated hemoglobin level of at least 7 percent at baseline.

9§ Data on interleukin-6 levels were missing for 32 women.
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Table 2. Age-Adjusted Spearman Partial-Correlation Coefficients between Selected Cardiovascular Risk Factors
among 469 Control Women and 529 Control Men.*
Sex and
Risk Factor Risk Factor
Interleu-

sTNF-R1I  sTNF-R2 kin-67 CRP TC LDL HDL TC:HDL BMI
Women
sTNF-R1 —
sTNF-R2 0.77% —
Interleukin-6 0.31% 0.281 =
CRP 0.29% 0.283 0.443% —
TC -0.07 -0.09§ -0.05 0.03 —
LDL 0.02 <0.01 -0.03 0.04 0.87: —
HDL -0.30% -0.36% -0.159 -0.17% 0.08 -0.223 =
TC:HDL 0.221 0.27: 0.09 0.15: 0.453 0.67: -0.83% —
BMI 0.30% 0.27% 0.263 0.37% 0.12§ 0.181 -0.33% 0.37% =
Men
sTNF-R1 =
STNF-R2 0.67% —
Interleukin-6 0.323 0.28% =
CRP 0.27% 0.285 0.453 —
TC -0.165 -0.13% -0.17% 0.03 —
LDL -0161  -0.11f  -0.16%  -0.003 0.863; —
HDL -025§  -021f  -020f  -0.24% 0.20 0.139) —
TC:HDL 0.15% 0.129 0.10§ 0.253 0.39% 0.39: -0.80% —
BMI 0.16: 0.14: 0.23% 0.40:: 0.04 0.01 -0.28% 0.31% =

* STNF-R1 and sTNF-R2 denote soluble tumor necrosis factor receptor types 1 and 2, CRP C-reactive protein, TC total cho-
lesterol, LDL low-density lipoprotein cholesterol, HDL high-density lipoprotein cholesterol, and BMI body-mass index.
T Seventeen women were excluded from the analysis of interleukin-6 because they had missing values.

I P<0.001.
§ P<0.05.
€ P<0.01.

MAIN EFFECTS

After adjustment for matching factors, women in
the highest quintile of each inflammatory marker,
as compared with women in the lowest quintile, had
a significantly increased risk of coronary heart dis-
ease — by a factor of 1.95 to 2.57 — with signifi-
cant trends across quintiles (Table 3). After addi-
tional adjustment for the presence or absence of a
parental history of coronary heart disease before
the age of 60 years, alcohol intake, level of physical
activity, the ratio of total to HDL cholesterol, body-
mass index, and the use or nonuse of postmeno-
pausal hormone therapy, these associations were
attenuated and no longer significant, except for
C-reactive protein (model 2 in Table 3). Addition-
al adjustment for the presence or absence of diabe-

tes and hypertension, which are potentially in the
causal pathway, further reduced the association for
all inflammatory markers.

Among men, we did not find an association be-
tween the levels of soluble TNF-a receptors and
the risk of coronary heart disease (Table 3). Men in
the highest quintile of interleukin-6 had a 57 per-
cent increase in the risk of coronary heart disease,
as compared with men in the lowest quintile, after
adjustment for matching factors, although this as-
sociation was not significant and was further atten-
uated after multivariable adjustment. However, we
found a significant association between C-reactive
protein levels and the risk of coronary heart disease.
Multivariable adjustment and adjustment for the
presence or absence of hypertension and diabetes

N ENGL J MED 351;25 WWW.NEJM.ORG DECEMBER 16, 2004

Downloaded from www.nejm.org on December 18, 2005 . This article is being provided free of charge for use in Palestinian

2603



The NEW ENGLAND JOURNAL of MEDICINE

Table 3. Relative Risks of Coronary Heart Disease during Follow-up, According to the Quintile of Plasma Levels of Inflammatory Markers
at Baseline.*
P for
Variablej Quintile of Plasma Level Trend:
1 2 3 4 5
relative risk (95 percent confidence interval)
Women
sTNF-R1
Median — pg/ml 880 1083 1221 1379 1744
Quintile value — pg/ml <928 928-1146 1147-1296 1297-1508 =1509
Model 1 (matching factors) 1.0 1.21 (0.69-2.11) 1.20(0.68-2.09) 1.56(0.90-2.70) 2.57(1.50-4.39) <0.001
Model 2 (multivariable) 1.0 1.08 (0.60-1.97) 0.91 (0.50-1.67) 1.14 (0.63-2.08) 1.50 (0.82-2.74)  0.12
Model 3 (model 2-+diabetes 1.0 1.06 (0.57-1.97) 0.90 (0.48-1.69) 1.02 (0.54-1.90) 1.24 (0.66-2.34)  0.43
and hypertension)
sTNF-R2
Median — pg/ml 1718 2060 2365 2724 3405
Quintile value — pg/ml <1892 1892-2223 2224-2549 2550-3019 =3020
Model 1 (matching factors) 1.0 1.72 (0.97-3.04) 1.92 (1.09-3.39) 2.19 (1.24-3.88) 251 (1.41-4.45)  0.003
Model 2 (multivariable) 1.0 1.39 (0.75-2.56)  1.48 (0.80-2.74) 1.41(0.76-2.60) 1.36 (0.72-2.58)  0.59
Model 3 (model 2+diabetes 1.0 1.40 (0.74-2.65)  1.38 (0.73-2.62) 1.30 (0.69-2.46) 1.20 (0.62-2.33)  0.96
and hypertension)
Interleukin-6§
Median — pg/ml 0.82 1.23 1.65 237 4.15
Quintile value — pg/ml <1.08 1.08-1.44 1.45-1.91 1.92-2.91 =2.92
Model 1 (matching factors) 1.0 1.42 (0.81-2.51) 1.15 (0.65-2.05) 1.98 (1.16-3.40) 1.92 (1.11-3.31) 0.01
Model 2 (multivariable) 1.0 1.16 (0.63-2.13)  0.96 (0.51-1.79) 1.32 (0.72-2.40) 1.33 (0.73-2.43)  0.30
Model 3 (model 2-+diabetes 1.0 1.08 (0.58-2.03) 0.81 (0.42-1.55) 1.01 (0.54-1.89) 1.05 (0.56-1.97)  0.79
and hypertension)
C-reactive protein
Median — mg/liter 0.50 1.18 2.20 4.02 9.14
Quintile value — mg/liter <0.80 0.80-1.70 1.71-2.91 2.92-5.96 =5.97
Model 1 (matching factors) 1.0 1.28 (0.74-2.23) 1.03 (0.59-1.81) 1.54 (0.91-2.63) 2.18 (1.30-3.64)  <0.001
Model 2 (multivariable) 1.0 1.17 (0.64-2.14) 0.81 (0.43-1.52) 1.17 (0.64-2.14) 1.86 (1.00-3.46) 0.008
Model 3 (model 2+diabetes 1.0 1.23 (0.66-2.32)  0.89 (0.46-1.72) 1.22 (0.65-2.30) 1.6l (0.84-3.07)  0.08
and hypertension)
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moderately attenuated this relationship; after ac-
counting for these variables, men in the highest
quintile of C-reactive protein, as compared with
those in the lowest quintile, had a relative risk of cor-
onary heart disease of 2.55 (95 percent confidence
interval, 1.40 to 4.65; P for trend=0.02).

For comparison, in the final multivariable-adjust-
ed model (including the presence or absence of di-
abetes and hypertension and C-reactive protein lev-
els), the relative risk of coronary heart disease for
the highest quintile of the ratio of total to HDL cho-
lesterol, as compared with the lowest quintile, was

N ENGL J MED 351;25 WWW.NEJM.ORG

4.33 (95 percent confidence interval, 2.11 to 8.90;
P for trend <0.001) in women and 3.29 (95 percent
confidence interval, 1.84 to0 5.90; P for trend <0.001)
in men.

SUBGROUP ANALYSES

Overall, we found no significant interactions be-
tween various low and high cardiovascular risk
groups and the association of biomarkers with the
risk of coronary heart disease, although the associ-
ation of C-reactive protein was generally stronger in
low-risk subgroups. For example, in the multivari-
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Table 3. (Continued.)

Variabley

Men
sTNF-R1
Median — pg/ml

Quintile value — pg/ml
Model 1 (matching factors)
Model 2 (multivariable)

Model 3 (model 2 +diabetes
and hypertension)

sTNF-R2
Median — pg/ml

Quintile value — pg/ml
Model 1 (matching factors)
Model 2 (multivariable)

Model 3 (model 2 +diabetes
and hypertension)

Interleukin-6
Median — pg/ml

Quintile value — pg/ml
Model 1 (matching factors)
Model 2 (multivariable)

Model 3 (model 2 +diabetes
and hypertension)

C-reactive protein
Median — mg/liter

Quintile value — mg/liter
Model 1 (matching factors)
Model 2 (multivariable)

Model 3 (model 2 +diabetes
and hypertension)

1005
<1111
1.0
1.0
1.0

1969
<2242
1.0
1.0
1.0

0.69
<0.88
1.0
1.0
1.0

0.27
<0.44
1.0
1.0
1.0

Quintile of Plasma Level

3

4

relative risk (95 percent confidence interval)

1205
1111-1301
1.01 (0.63-1.63)
0.95 (0.57-1.58)
0.94 (0.56-1.56)

2421
2242-2614
0.80 (0.49-1.31)
0.68 (0.40-1.15)
0.72 (0.42-1.21)

1.09
0.88-1.29
1.09 (0.66-1.81)
0.94 (0.55-1.60)
0.97 (0.57-1.65)

0.60
0.44-0.80
1.81 (1.04-3.17)
1.75 (0.97-3.14)
1.75 (0.97-3.16)

1391
1302-1510
1.13 (0.70-1.82)
1.00 (0.60-1.65)
0.99 (0.60-1.65)

2812
2615-2966
0.90 (0.55-1.47)
0.81 (0.48-1.36)
0.81 (0.48-1.37)

1.53
1.30-1.89
1.19 (0.72-1.98)
0.99 (0.59-1.69)
0.98 (0.58-1.68)

1.08
0.81-1.49
2.00 (1.15-3.50)
1.83 (1.02-3.30)
1.74 (0.96-3.15)

1627
1511-1793
0.96 (0.58-1.57)
0.84 (0.49-1.42)
0.82 (0.48-1.40)

3209
2967-3564
1.12 (0.69-1.82)
0.94 (0.56-1.57)
0.98 (0.59-1.65)

2.43
1.90-3.15
1.52 (0.93-2.48)
1.25 (0.74-2.10)
1.24 (0.73-2.09)

2.05
1.50-2.78
2.74 (1.59-4.71)
2.27 (1.26-4.09)
2.14 (1.18-3.88)

2124
>1794
1.06 (0.64-1.77)
0.85 (0.49-1.46)
0.78 (0.45-1.36)

4090
>3565
1.12 (0.68-1.86)
0.91 (0.54-1.56)
0.92 (0.53-1.58)

5.73
>3.16
1.57 (0.95-2.57)
1.31 (0.78-2.21)
1.31 (0.77-2.22)

5.24

=2.79
3.29 (1.91-5.65)
2.73 (1.51-4.96)

(
2.55 (1.40-4.65)

P for
Trend::

0.90
0.48
0.32

0.33
0.78
0.80

0.06
0.17
0.19

<0.001
0.007
0.02

* The group of women included 239 patients and 469 controls with eight years of follow-up. The group of men included 265 patients and 529
controls with six years of follow-up. sTNF denotes soluble tumor necrosis factor receptor. Quintiles and median values of plasma inflamma-
tory markers are based on values in controls. For each relative risk, quintile 1 served as the reference group.

i Model 1 was adjusted for matching factors (age, smoking status, and the month of blood sampling). Among women, data were also adjusted

for fasting status at the time of blood sampling. Model 2 was adjusted for matching factors, presence or absence of a parental history of cor-
onary heart disease before the age of 60 years, alcohol intake, level of physical activity, ratio of total cholesterol to HDL cholesterol, and body-

mass index. Among women, the multivariable model was also adjusted for the use or nonuse of postmenopausal hormone therapy.

I P values for trend are based on the median levels of inflammatory markers in quintiles of the controls.
§ Atotal of 32 women were excluded from the analyses for interleukin-6 owing to missing values for interleukin; 224 patients and 452 controls

were analyzed.

able-adjusted model (excluding the presence or ab-
sence of hypertension and diabetes), the relative risk
in the highest as compared with the lowest quintile
of C-reactive protein was 2.53 among women with
a body-mass index of less than 25 (95 percent con-
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fidence interval, 1.04 to 6.18; P for trend=0.02) and
6.25 among men with a body-mass index of less
than 25 (95 percent confidence interval, 2.28 to 17.1;
P for trend=0.005). Similarly, among participants
with LDL cholesterol levels of less than 130 mg per
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deciliter (3.4 mmol per liter), the corresponding rel-
ative risks were 3.54 (95 percent confidence inter-
val, 1.19 to 10.5; P for trend=0.01) for women and
2.52 (95 percent confidence interval, 1.09 to 5.83;
P for trend= 0.04) for men. Among participants
without hypertension, the corresponding relative
risks were 1.87 (95 percent confidence interval,
0.77 t0 4.56; P for trend=0.02) for women and 3.01
(95 percent confidence interval, 1.41 to 6.44; P for
trend=0.02) for men.

CLINICAL CUTOFF POINTS FOR C-REACTIVE
PROTEIN

We further categorized the study participants, on
the basis of recently proposed cutoff points for
C-reactive protein, as having low levels (less than
1.0 mg per liter), moderate levels (1.0 to 2.9 mg per
liter), and high levels (at least 3.0 mg per liter).?*
In these analyses, participants with high levels of
C-reactive protein, as compared with those with low
levels, had a relative risk of coronary heart disease
of approximately 1.8 after adjustment for covari-
ates (including body-mass index and lipid levels)
(Table 4). When we pooled the risk estimates for
men and women, the final multivariable-adjusted
relative risk (including adjustment for the presence
or absence of diabetes and hypertension) was 1.68
in the group with high levels of C-reactive protein,
as compared with the group with low levels (95 per-
cent confidence interval, 1.18 to 2.38; P for trend=
0.008) (Table 4). This is similar to the pooled esti-
mate (relative risk, 1.48; 95 percent confidence
interval, 1.08 to 2.04; P for trend=0.03) after we
controlled for covariates from the Framingham risk
score,?® including age, presence or absence of hy-
pertension and diabetes, ratio of total to HDL cho-
lesterol, and smoking status.

We found a gradient of risk of coronary heart
disease within each increasing category of C-reac-
tive protein and ratio of total to HDL cholesterol
(Fig. 1). This finding supports the hypothesis that
the levels of C-reactive protein may predict risk be-
yond the information afforded by lipid levels. How-
ever, despite the independent associations, the gra-
dient of risk associated with lipid levels was greater
than that for C-reactive protein levels.

ADDITIONAL ANALYSES

When we stratified our analysis according to the
time to an event in two-year intervals, the relative
risk of coronary heart disease associated with
C-reactive protein levels remained relatively stable

over time (data not shown). When we repeated our
main analyses after excluding participants with
C-reactive protein levels of at least 10.0 mg per liter,
we found essentially the same results. C-reactive
protein levels may be affected by hormone therapy.*°
However, results were similar when we used quin-
tiles of C-reactive protein based on levels in women
in the control group who reported never using hor-
mones.

DISCUSSION

In these two nested case—control studies, we found
that high plasma levels of C-reactive protein were
associated with an increased risk of coronary heart
disease among women and men without previous
cardiovascular disease. Elevated plasma levels of
STNF-R1 and sSTNF-R2 were related to an increased
risk among women, but not men. We found only a
moderate suggestion of increased risk associated
with elevated levels of interleukin-6. For all mark-
ers, associations were substantially attenuated and
— with the exception of C-reactive protein — no
longer significant after adjustment for cardiovas-
cular risk factors, particularly body-mass index and
the presence or absence of diabetes and hyperten-
sion. These findings are consistent with a role of
these inflammatory markers in the elevated risk of
cardiovascular events that is associated with type 2
diabetes and hypertension.

TNF-« and interleukin-6 are the main inducers
of hepatic production of acute-phase proteins, in-
cluding C-reactive protein.® These inflammatory
markers are associated with biologic and environ-
mental risk factors for cardiovascular events, includ-
ing components of the metabolic syndrome (obe-
sity, insulin resistance, diabetes, hypertension, and
low HDL cholesterol levels), and lifestyle factors,
such as smoking, abstinence from alcohol, and
physical inactivity.2”-2°

Compelling evidence suggests that inflamma-
tion causally contributes to several precursors of car-
diovascular disease. TNF-« and interleukin-6 can
cause insulin resistance in animal models, and plas-
ma levels of C-reactive protein and interleukin-6
have been shown to predict type 2 diabetes in hu-
mans.3%3! The increased cytokine synthesis in obe-
sity may promote insulin resistance and impaired
glucose uptake, type 2 diabetes, and ultimately, cor-
onary heart disease.° In line with these hypothe-
ses, we found that plasma levels of interleukin-6
and C-reactive protein, in particular, were related to
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Table 4. Relative Risks of Coronary Heart Disease during Follow-up According to the Baseline Level of C-Reactive

Protein.*

Variablej CRP <1.0 mg/liter ~ CRP 1.0-2.9 mg/liter ~ CRP =3.0 mg/liter P for Trend:;

relative risk (95 percent confidence interval)

Women

No. of patients 41 73 125

No. of controls 114 170 185

Model 1 (matching factors) 1.0 1.22 (0.77-1.93) 1.93 (1.25-2.99) <0.001

Model 2 (multivariable) 1.0 1.21 (0.75-1.96) 1.94 (1.21-3.10) 0.002

Model 3 (model 2+body-mass 1.0 1.16 (0.71-1.90) 1.71 (1.04-2.80) 0.02
index)

Model 4 (model 3+TC:HDL) 1.0 1.09 (0.66-1.82) 1.64 (0.98-2.75) 0.02

Model 5 (model 4 +diabetes and hy- 1.0 1.17 (0.69-2.00) 1.53 (0.89-2.62) 0.09
pertension)

Men

No. of patients 86 108 71

No. of controls 254 175 100

Model 1 (matching factors) 1.0 1.90 (1.34-2.71) 2.20 (1.46-3.32) <0.001

Model 2 (multivariable) 1.0 1.88 (1.31-2.69) 2.17 (1.43-3.31) 0.002

Model 3 (model 2+body-mass 1.0 1.85 (1.28 —2.68) 2.08 (1.34-3.23) 0.006
index)

Model 4 (model 3+TC:HDL) 1.0 1.71 (1.17-2.49) 1.91 (1.22-3.00) 0.02

Model 5 (model 4 +diabetes and hy- 1.0 1.60 (1.09-2.34) 1.79 (1.14-2.83) 0.03
pertension)

Men and Women

Model 1 (matching factors) 1.0 1.61 (1.22-2.14) 2.07 (1.54-2.79) <0.001

Model 2 (multivariable) 1.0 1.61 (1.20-2.14) 2.06 (1.51-2.82) <0.001

Model 3 (model 2+body-mass 1.0 1.57 (1.17-2.11) 1.90 (1.37-2.65) <0.001
index)

Model 4 (model 3+TC:HDL) 1.0 1.46 (1.08-1.98) 1.79 (1.27-2.51) <0.001

Model 5 (model 4+diabetes and hy- 1.0 1.44 (1.05-1.96) 1.68 (1.18-2.38) 0.008
pertension)

3

Data on women are from the Nurses’ Health Study and include eight years of follow-up, and data on men are from the

Health Professionals Follow-up Study and include six years of follow-up. The subjects with the lowest level of C-reactive
protein (CRP) served as the reference group. TC:HDL denotes the ratio of total cholesterol to high-density lipoprotein

cholesterol.

i Model 1 was adjusted for matching factors (age, smoking status, and month of blood sampling); data for women were

also adjusted for fasting status at the time of blood sampling. Model 2 was adjusted for matching factors, as well as the
presence or absence of a parental history of coronary heart disease before the age of 60 years, alcohol intake, level of
physical activity, and use or nonuse of hormone therapy among postmenopausal women. Model 5 was adjusted for ev-
erything listed in model 4 as well as the presence or absence of diabetes and hypertension.

1 P values for trend are based on median levels in the three C-reactive protein groups in the controls.

the risk of coronary heart disease and that the risks
were attenuated after adjustment for the presence
or absence of diabetes and hypertension.

TNF-« has a limited half-life and is difficult to
measure in large-scale epidemiologic studies.>° In
anested case—control study, Ridker et al. reported a
multivariable-adjusted relative risk of recurrent cor-
onary events of 2.5 (95 percent confidence interval,

1.3 t0 5.1) among men whose TNF-« levels exceed-
ed the 95th percentile, as compared with men with
lower levels.32 Cesari et al. reported a relative risk of
of coronary events of 1.79 (95 percent confidence
interval, 1.18 to 2.71) among elderly participants
without cardiovascular disease who had the high-
est of three levels of TNF-«, as compared with
those who had the lowest levels.® The value of as-
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Figure 1. Multivariable-Adjusted Relative Risk of Coronary Heart Disease
among Women (Panel A) and Men (Panel B), According to the Baseline
Level of C-Reactive Protein (CRP) and the Quintile of the Ratio of Total
to HDL Cholesterol.
Data on women are from the Nurses’ Health Study and include eight years
of follow-up, and data on men are from the Health Professionals Follow-up
Study and include six years of follow-up. The model was adjusted for age,
smoking status, date of blood sampling, presence or absence of a parental
history of coronary heart disease before the age of 60 years, alcohol intake,
level of physical activity, and body-mass index. Among women, the multivari-
able model was also adjusted for fasting status at the time of blood sampling
and the use or nonuse of postmenopausal hormone therapy. In each panel,
the subjects in quintile 1 who had a CRP level of less than 1.0 mg per liter
served as the reference group.
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sessing circulating levels of TNF-« is unknown,
since such levels can be very low and unstable. The
levels of soluble TNF-« receptors may be more sta-
ble and may better reflect longer-term average cir-
culating levels of TNF-«, although data on the role
of soluble TNF-a receptors in coronary heart dis-
ease are scarce.” 33 It is unclear why we found a dif-
ference in risk between men and women associat-
ed with elevated levels of soluble TNF-a receptors;

N ENGL J MED 351;25
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however, others also have found differences be-
tween women and men with respect to lipids3* and
in the overall prediction of risk.3> Similarly, mech-
anisms of insulin sensitivity, rather than inflamma-
tion, may contribute more to the risk of coronary
heart disease in women than men.

Findings of an association between interleukin-
6 levels and the risk of coronary heart disease have
been inconsistent.®3¢ In our study, this associa-
tion was substantially reduced and no longer sig-
nificant after multivariable adjustment.

C-reactive protein is the most extensively stud-
ied inflammatory marker in prospective settings.
In an early meta-analysis of 11 prospective studies,
the relative risk of coronary heart disease in subjects
with the highest of three C-reactive protein levels, as
compared with those with the lowest levels, was 2.0
(95 percent confidence interval, 1.6 to 2.5) among
population-based studies.3” Eleven other prospec-
tive studies have since been published. In an updat-
ed meta-analysis, Danesh et al. reported an overall
odds ratio of 1.58 (95 percent confidence interval,
1.48 to 1.68) among subjects with the highest of
three levels of C-reactive protein, as compared with
subjects with the lowest level.*® This risk estimate
is similar to that in our comparisons of C-reactive
protein levels of at least 3.0 mg per liter with those
ofless than 1.0 mg per liter. However, the degree of
adjustment for traditional cardiovascular risk fac-
tors differed markedly among the studies included
in the meta-analysis.

An important question is whether knowing the
level of C-reactive protein adds materially to risk
prediction. In the Women’s Health Study, Ridker
etal. reported that the level of C-reactive protein was
a stronger predictor than the LDL cholesterol level
and that itadded to the information provided by the
Framingham risk score.»®38 Comparing C-reactive
protein levels of at least 3.0 mg per liter with those
ofless than 1.0 mg per liter, they reported a relative
risk of 1.5 (95 percent confidence interval, 1.2 to
1.9) after adjustment for the Framingham risk score
and the presence or absence of diabetes.3®

In the Atherosclerosis Risk in Communities
Study, Ballantyne et al. reported a relative risk of
coronary heart disease of 1.72 (95 percent confi-
dence interval, 1.24 to 2.39) among subjects with a
C-reactive protein level of at least 3.0 mg per liter,
as compared with subjects with a level of less than
1.0 mg per liter (adjusted for components of the Fra-
mingham risk score, including the presence or ab-
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sence of diabetes).'* In the Monitoring Trends and
Determinants in Cardiovascular Disease (MONICA)
study, comparing C-reactive protein levels of at
least 3.0 mg per liter with those of less than 1.0 mg
per liter, Koenig et al. reported a hazard ratio of
2.21 (95 percent confidence interval, 1.49 to 3.27),
adjusted for the Framingham risk score.*® In con-
trast, in the Rotterdam Study, measuring the level of
C-reactive protein did not improve the prediction
of coronary events beyond that afforded by the Fra-
mingham risk score, with an odds ratio of 1.2 (95
percent confidence interval, 0.6 to 2.2) among par-
ticipants in the highest quartile of C-reactive protein,
as compared with those in the lowest quartile.3°

In our analysis, the pooled relative risk among
men and women classified according to clinical cut-
off points for the levels of C-reactive protein was
1.48 (95 percent confidence interval, 1.08 to 2.04;
P for trend=0.03) after we accounted for covariates
in the Framingham risk score, including the pres-
ence or absence of diabetes. Our results are similar
to those of Ridker et al.3® and Ballantyne et al.,'* as
well as those of the recent meta-analysis by Danesh
et al.,*® a fact that suggests that after adjustment
for the Framingham risk score, the relative risk as-
sociated with a clinical cutoff point of at least 3.0
mg per liter, as compared with a cutoff of less than
1.0 mg per liter, is probably moderately less than
previously suggested in the guidelines for the clin-
ical assessment of inflammatory markers issued by
the American Heart Association and the Centers for
Disease Control and Prevention (relative risk, 1.5 vs.
approximately 2.0).2°> Nevertheless, our findings
support the theory that the level of C-reactive pro-
tein provides an additional measure of the risk of
coronary heart disease beyond that afforded by the
Framingham risk score.

Our study has some limitations. As with any
observational study design, there is the possibility
of unmeasured confounding. However, we con-
trolled for most known cardiovascular risk factors.
Though we obtained only a single blood sample at
baseline, previous studies have shown the levels of
biomarkers to be relatively stable over time.?*23
Since the ranges of anthropometric variables in our
cohorts were quite broad, the biologic relationships
found should be widely generalizable. Though we
excluded men and women with missing data on
blood levels, generalizability should be minimally

affected because the participants were similar to
those who did not provide blood samples.

Although the Framingham risk score is a tool for
estimating the 10-year risk of coronary heart disease
among healthy subjects,?® it does not include other
well-established risk factors, such as body-mass in-
dex, alcohol intake, level of physical activity, or the
presence or absence of a parental history of coro-
nary heart disease.*° Therefore, to examine the role
of inflammatory markers in coronary heart disease,
we used an etiologic approach in our main analyses,
to take into account the pathophysiology of coro-
nary heart disease and include the major cardiovas-
cular risk factors, beyond those included in the Fra-
mingham risk score, for comparison.

Our questionnaires did not include questions on
the use of hydroxymethylglutarylcoenzyme A reduc-
tase inhibitors (statins) because these drugs were
not widely used at time of blood sampling. Howev-
er, the reported use of cholesterol-lowering drugs
was generally low in both cohorts.

In conclusion, our findings suggest that high
levels of C-reactive protein are associated with an in-
creased risk of coronary heart disease among men
and women and that the level of C-reactive protein
is a significant marker of the risk of coronary heart
disease, even after careful multivariable adjustment.
Though all other associations were attenuated after
multivariable adjustment, high levels of sSTNF-R1
and sTNF-R2 may be also associated with an in-
creased risk and deserve further exploration in other
populations. From a clinical standpoint, although
the ratio of total to HDL cholesterol was more
strongly associated with the risk of coronary heart
disease than were the levels of inflammatory mark-
ers, the level of C-reactive protein was still a signif-
icant contributor to the prediction of coronary heart
disease.
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ABSTRACT

BACKGROUND

C-reactive protein is an inflammatory marker believed to be of value in the prediction of
coronary events. We report data from a large study of C-reactive protein and other circu-
lating inflammatory markers, as well as updated meta-analyses, to evaluate their rele-
vance to the prediction of coronary heart disease.

METHODS

Measurements were made in samples obtained at base line from up to 2459 patients
who had a nonfatal myocardial infarction or died of coronary heart disease during the
study and from up to 3969 controls without a coronary heart disease event in the Reyk-
javik prospective study of 18,569 participants. Measurements were made in paired
samples obtained an average of 12 years apart from 379 of these participants in order to
quantify within-person fluctuations in inflammatory marker levels.

RESULTS
The long-term stability of C-reactive protein values (within-person correlation coeffi-
cient, 0.59; 95 percent confidence interval, 0.52 to 0.66) was similar to that of both
blood pressure and total serum cholesterol. After adjustment for base-line values for
established risk factors, the odds ratio for coronary heart disease was 1.45 (95 percent
confidence interval, 1.25 to 1.68) in a comparison of participants in the top third of the
group with respect to base-line C-reactive protein values with those in the bottom third,
and similar overall findings were observed in an updated meta-analysis involving a total
of 7068 patients with coronary heart disease. By comparison, the odds ratios in the
Reykjavik Study for coronary heart disease were somewhat weaker for the erythrocyte
sedimentation rate (1.30; 95 percent confidence interval, 1.13 to 1.51) and the von Wil-
lebrand factor concentration (1.11; 95 percent confidence interval, 0.97 to 1.27) but
generally stronger for established risk factors, such as an increased total cholesterol
concentration (2.35; 95 percent confidence interval, 2.03 to 2.74) and cigarette smok-
ing (1.87; 95 percent confidence interval, 1.62 to 2.16).

CONCLUSIONS
C-reactive protein is a relatively moderate predictor of coronary heart disease. Recom-
mendations regarding its use in predicting the likelihood of coronary heart disease may
need to be reviewed.
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INCE ATHEROSCLEROSIS MAY, IN PART, BE

an inflammatory disease,! circulating factors

related to inflammation may be predictors of
cardiovascular disease in general populations.2 A re-
cent statement from the Centers for Disease Control
and Prevention and the American Heart Association
concluded that it is reasonable to measure C-reac-
tive protein, a sensitive circulating marker of inflam-
mation, as an adjunct to the measurement of es-
tablished risk factors in order to assess the risk of
coronary heartdisease.3 The report acknowledged,
however, that the epidemiologic data to support this
view were not entirely consistent and recommend-
ed that larger prospective studies be conducted to
improve the reliability of the evidence.

We measured C-reactive protein concentrations
in approximately 2400 patients with coronary heart
disease diagnosed since their enrollment in the co-
hort and approximately 4000 controls nested within
the Reykjavik Study, a prospective cohort study of
about 19,000 middle-aged men and women with-
out a history of myocardial infarction. The number
of cases of coronary heart disease in this cohort was
about four times as great as in the largest previous
study* and should reduce the scope for random er-
ror in our estimates. We also assessed the effect of
within-person variation in the concentrations of in-
flammatory markersS in serial blood samples ob-
tained over a period of several years in several hun-
dred participants. To compare the predictive value
of the C-reactive protein concentration with that of
some other inflammatory markers studied in coro-
nary heart disease, we also analyzed the erythrocyte
sedimentation rate and circulating concentrations
of von Willebrand factor, each of which can also
fluctuate considerably in acute-phase inflammatory
responses.®? To help put the new data in context,
we updated meta-analyses of previous relevant
studies of each of these inflammatory markers.

METHODS

PATIENTS AND CONTROLS

The Reykjavik Study, initiated in 1967 as a prospec-
tive study of cardiovascular disease, has been de-
scribed in detail previously.8 All men born between
1907 and 1934 and all women born between 1908
and 1935 who were residents of Reykjavik, Iceland,
and its adjacent communities on December 1, 1966,
were identified in the national population register
and then invited to participate in the study during
five stages of recruitment between 1967 and 1991.
A total of 8888 men and 9681 women without a his-

tory of myocardial infarction were enrolled, reflect-
ing a response rate of 72 percent.®

Nurses administered questionnaires, made phy-
sical measurements, performed spirometry and
electrocardiography, and collected venous blood
samples after an overnight fast for the measurement
of the erythrocyte sedimentation rate and to prepare
aliquots of serum, which were stored at —20°C for
subsequent analysis. All participants have subse-
quently been monitored with respect to death from
any cause and the occurrence of major cardiovas-
cular conditions, with a total loss to follow-up of
only about 0.6 percent of participants.®

A total of 2459 men and women with available
serum samples had major coronary events between
the beginning of follow-up and December 31, 1995,
for a mean (£SD) duration of follow-up of 17.5£8.7
years, as compared with 20.6£8.2 years among con-
trols. Among the men, 1073 deaths from coronary
heart disease and 701 nonfatal myocardial infarc-
tions were recorded (564 confirmed and 137 possi-
ble myocardial infarctions), and among the women,
385 died of coronary heart disease and 300 had a
nonfatal myocardial infarction (237 confirmed and
63 possible myocardial infarctions). Deaths from
coronary heart disease were ascertained from cen-
tral registers on the basis of a death certificate listing
an International Classification of Diseases code of 410
through 414, and the diagnosis of nonfatal myo-
cardial infarction was based on the criteria of the
Monitoring Trends and Determinants in Cardiovas-
cular Disease study.

We selected 3969 control subjects from among
the participants who had survived to the end of the
study period without having a myocardial infarction.
The controls were frequency-matched to the pa-
tients with respect to the calendar year of recruit-
ment, sex, and age (in five-year increments).10

The National Bioethics Committee and the
Data Protection Authority of Iceland approved the
study protocol. All participants provided informed
consent.

LABORATORY METHODS

Laboratory measurements were made without
knowledge of the participants’ disease status, and
thus samples from patients and controls were ran-
domly distributed among assay plates. Concentra-
tions of C-reactive protein were measured by latex-
enhanced immunoturbidimetry, with a lower limit
of detection of 0.02 mg per liter (Roche Diagnos-
tics).11 The variation in C-reactive protein values
within runs was less than 1 percent, and the be-
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tween-day variability was 1 percent at a concentra-
tion of 14 mg per liter and 3.7 percent at a concen-
tration of 3.8 mg per liter. The concentration of
von Willebrand factor was determined by means
of a sensitive enzyme immunoassay. We also deter-
mined the concentration of von Willebrand factor in
paired plasma and serum samples from 56 healthy
persons from another study and found close agree-
ment between plasma and serum values (correla-
tion coefficient, 0.94).7 The Wintrobe method was
used to measure the erythrocyte sedimentation
rate in fresh blood samples obtained at the time of
base-line venesection.® Other biochemical and he-
matologic measurements involved the use of stan-
dard assays, as previously described.® Measure-
ments were made in pairs of samples obtained from
379 participants a mean of about 12 years apart.
Data on erythrocyte sedimentation rate from the
Reykjavik Study have been reported previously.12

STATISTICAL ANALYSIS

Comparisons between patients and controls were
made by means of unmatched stratified logistic re-
gression fitted according to the unconditional max-
imum likelihood (Stata software, version 7). To
maximize the ability to compare our results with
those of previous reports, primary analyses of values
of C-reactive protein, erythrocyte sedimentation
rate, and von Willebrand factor were prespecified
to compare extreme thirds of patients and controls
with respect to the distribution of values in the con-
trols. Subsidiary analyses involved other cutoffval-
ues. Odds ratios were sequentially adjusted for the
following variables: age, sex, calendar year of en-
rollment, smoking status, systolic blood pressure,
total cholesterol level, triglyceride level, body-mass
index (the weight in kilograms divided by the
square of the height in meters), forced expiratory
volume in one second, presence or absence of dia-
betes, socioeconomic status, and the concentra-
tions of other markers of inflammation.

To estimate the discriminative value of predic-
tive models, we calculated the areas under the re-
ceiver-operating-characteristic curve, in order to de-
termine whether the sequential addition of data on
inflammatory markers increased the predictive value
of major established coronary risk factors, as de-
scribed previously.13 We performed meta-analyses
of studies published before January 2003 that in-
cluded essentially general populations (i.e., cohorts
not selected on the basis of preexisting disease)
with more than a year of follow-up, using search,
abstraction, and data-synthesis methods that have

been described previously and using nonfatal myo-
cardial infarction or death from coronary heart dis-
ease as end points.%7:14 We combined the results
of the studies by using inverse variance-weighted
averages of logarithmic odds ratios. Heterogeneity
was assessed by means of standard y2 tests. Odds
ratios are given with 95 percent confidence inter-
vals, and two-sided P values are reported. Since pre-
vious studies have reported on the predictive values
of single base-line measurements of inflammatory
markers with respect to coronary heart disease,
odds ratios have not been corrected for regression
dilution in the present study, so as to allow direct
comparisons with previous work.s

RESULTS

The mean age at the time of the coronary heart dis-
ease event was 70.2£9.7 years. There were signifi-
cant differences between patients and controls with
respect to established coronary risk factors, such as
smoking status, body-mass index, blood pressure,
and serum lipid concentrations (Table 1).

BASE-LINE ASSOCIATIONS AND LONG-TERM
STABILITY OF INFLAMMATORY MARKERS
The partial correlation coefficients (adjusted for
age, sex, calendar year of recruitment, and smoking
status) for C-reactive protein, on the one hand, and
the erythrocyte sedimentation rate and von Wille-
brand factor, on the other, were 0.38 and 0.18, re-
spectively (P<0.001 for each comparison), and the
partial correlation coefficient for the erythrocyte
sedimentation rate and the von Willebrand factor
concentration was 0.17 (P<0.001). A higher C-re-
active protein concentration was significantly as-
sociated with cigarette smoking (P<0.001), an in-
creased body-mass index (P<0.001), a low forced
expiratory volume in one second (P<0.001), and an
increased triglyceride concentration (P<0.001)
(data not shown). Higher values for the erythrocyte
sedimentation rate were significantly associated
with older age (P<0.001), female sex (P<0.001), a
low hemoglobin value (P<0.001), a low hematocrit
(P<0.001), an elevated serum uric acid concentra-
tion (P<0.001), a low forced expiratory volume in
one second (P<0.001), and smoking (P<0.001). A
higher von Willebrand factor concentration was
significantly associated with older age (P<0.001)
and smoking (P<0.001).

Among 379 participants who provided paired
blood samples, the within-person correlation coef-
ficients for C-reactive protein, erythrocyte sedimen-
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Table 1. Base-Line Characteristics of the Patients with Coronary Heart Disease and Controls.*
Characteristic Patients (N=2459)  Controls (N=3969) P Value
Age —yr 55.8+9.3 55.7+9.1 —
Male sex — no. (%) 1774 (72) 2743 (69) —
Current smoker (including cigarettes, cigars, pipes) — no. (%) 1417 (58) 1941 (49) <0.001
Current cigarette smoker — no. (%) 962 (39) 1266 (32) <0.001
History of diabetes — no. (%) 83 (3) 63 (2) <0.001
Nonmanual occupation — no. (%) 703 (40) 1227 (42) 0.15
Education beyond high school — no. (%) 354 (27) 645 (30) 0.12
Home owner — no. (%)§ 1962 (84) 3201 (85) 0.39
Lives in apartment block — no. (%)9 1186 (53) 1833 (50) 0.09
Height —m 1.71+0.087 1.72+0.087 0.07
Weight — kg 76+14 7514 <0.001
Body-mass index 26+3.9 25+3.7 <0.001
Systolic blood pressure — mm Hg 146+22 141+20 <0.001
Diastolic blood pressure — mm Hg 89+11 87+11 <0.001
Forced expiratory volume in 1 sec — liters 2.8+0.85 2.9+0.86 0.002
Protein or glucose in urine — no. (%) 112 (5) 102 (3) <0.001
Blood value|
Total serum cholesterol — mmol/liter 6.82+1.18 6.40£1.14 <0.001
Serum triglycerides — mmol/liter** 1.19+0.79 1.03+0.62 <0.001
Fasting glucose — mmol/liter 4.6x1.1 4.5+0.8 <0.001
Serum creatinine — pmol/liter 77+14 75+13 <0.001
Serum uric acid — pmol/liter 312+73 300+66 <0.001
Hemoglobin — mmol/liter 9.2+0.80 9.1+0.81 <0.001
Hematocrit — % 44.8+3.6 44.2+3.5 <0.001
Inflammatory markeryt
C-reactive protein — mg/liter** 1.75+5.3 1.28+5.2 <0.001
Erythrocyte sedimentation rate — mm /hr** 7.4£10.6 6.3+9.7 <0.001
von Willebrand factor — 1U/dI*%* 107.4+48.1 103.2+46.2 <0.001

Plus—minus values are means +SD. The body-mass index is the weight in kilograms divided by the square of the height

in meters.

A

“duplex” and “villa.”

Information on occupation was available for 1742 patients and 2888 controls.

Information on education was available for 1292 patients and 2157 controls.

Information on home ownership was available for 2323 patients and 3754 controls.

Information on the type of residence was available for 2258 patients and 3646 controls. Other categories included

| To convert values for cholesterol to milligrams per deciliter, divide by 0.02586. To convert values for triglycerides to mil-
ligrams per deciliter, divide by 0.01129. To convert values for glucose to milligrams per deciliter, divide by 0.05551. To
convert values for creatinine to milligrams per deciliter, divide by 88.4. To convert values for uric acid to milligrams per
deciliter, divide by 59.48. To convert values for hemoglobin to grams per deciliter, divide by 0.6206.

*¥%

Values were log-transformed for analysis and presented as geometric means +SD.
7 Information on C-reactive protein, erythrocyte sedimentation rate, and von Willebrand factor was available for 2406,

2440, and 2445 patients, respectively, and 3891, 3942, and 3948 controls, respectively.

tation rate, and von Willebrand factor were 0.59
(95 percent confidence interval, 0.52 to 0.66), 0.67
(95 percent confidence interval, 0.61 to 0.73), and
0.57 (95 percent confidence interval, 0.50 to 0.64),
respectively. These values were similar with respect
to long-term consistency to the values for systolic

blood pressure (correlation coefficient, 0.66; 95
percent confidence interval, 0.60 to 0.72), diastolic
blood pressure (correlation coefficient, 0.53; 95 per-
cent confidence interval, 0.46 to 0.60), and total
serum cholesterol (correlation coefficient, 0.60; 95
percent confidence interval, 0.54 to 0.60).
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Risk Factor
Total cholesterol

Current cigarette smoking
(vs. nonsmoking)

Systolic blood pressure —a—

C-reactive protein

Erythrocyte sedimentation

von Willebrand factor ——

Area under the ROC
Curve (95% Cl)

—a— 0.61 (0.59-0.62)
—-— 0.63 (0.61-0.64)
0.64 (0.63-0.65)

—m— 0.65 (0.64-0.67)
- 0.65 (0.64-0.67)

0.66 (0.64-0.67)

T 1
1 2 4

Odds Ratio for Coronary Heart Disease

Figure 1. Odds Ratios for Coronary Heart Disease among 2459 Patients
with Coronary Heart Disease and 3969 Controls.

Comparisons are between patients and controls with values in the top third
and those in the bottom third of the distribution of values for controls, except
for comparisons involving smoking status. Squares denote odds ratios, and
horizontal lines represent 95 percent confidence intervals. The information
plotted in this figure is based on odds ratios listed in the next-to-last column
of Table 2. Logistic-regression analysis was used to calculate the areas under
the receiver-operating-characteristic (ROC) curve after adjustment for age,
sex, and period, with data on major established risk factors and inflammatory
markers added to the model in the order of the strength of each variable’s as-
sociation with coronary heart disease.

1392

INFLAMMATORY MARKERS AND INCIDENT
CORONARY HEART DISEASE

The odds ratio for coronary heart disease was 1.92
(95 percent confidence interval, 1.68 to 2.18; y2=
105, with 1 df) among patients with values in the
top third (cutoff value, 2.0 mg per liter), as com-
pared with the bottom third (cutoff value, 0.78 mg
per liter), of base-line C-reactive protein concentra-
tions in the control group. The odds ratio fell to 1.45
(95 percent confidence interval, 1.25 to 1.68; x2=
28, with 1 df) after adjustment for smoking status,
other established coronary risk factors, and indica-
tors of socioeconomic status (Table 2). Compari-
sons between the top and bottom thirds of patients
and controls with respect to the other markers gave
the following adjusted odds ratios for coronary heart
disease: for erythrocyte sedimentation rate (cutoff
value of 10 mm in first hour of measurement for
the top third and 4 mm in first hour for the bottom
third), 1.30 (95 percent confidence interval, 1.13 to
1.51; x2=13, with 1 df), and for von Willebrand
factor (cutoff value of 124 1U per deciliter for the
top third and 88 IU per deciliter for the bottom
third), 1.11 (95 percent confidence interval, 0.97 to
1.27; x2=26, with 1 df) (Table 2 and Fig. 1). The

calculated areas under receiver-operating-charac-
teristic curves indicate that information on the
C-reactive protein concentration (and the other in-
flammatory markers that were assessed) provided
comparatively little additional predictive value over
that provided by assessment of major established
risk factors (Fig. 1).

These findings were not materially changed in
analyses restricted to the 2083 patients without evi-
dence of coronary heart disease at base line (Table 2),
to the 2206 patients with C-reactive protein values
who had a confirmed myocardial infarction or died
of coronary heartdisease, or to the participants with-
out evidence of acute-phase reactions at the base-
line examination (i.e., this analysis excluded 132 pa-
tients and 152 controls with a C-reactive protein
concentration of more than 10 mg per liters or an
erythrocyte sedimentation rate of more than 30 mm
during the first hour). The findings were also unaf-
fected by changes in the cutoff values (e.g., analyses
of quarters or fifths, or according to increases of
1 SD) (Table 2).

Associations between the C-reactive protein con-
centration and the risk of coronary heart disease did
not vary significantly according to established risk
factors, such as smoking or increased blood lipid
concentrations, blood pressure, or body-mass index
(data notshown). An exploratory analysis suggested
the possibility of more extreme odds ratios among
the 1049 patients who died of coronary heart dis-
ease or had a nonfatal myocardial infarction within
10 years after enrollment (odds ratio, 1.84; 95 per-
cent confidence interval, 1.49 to 2.28), as compared
with the 1357 patients who had such an event after
the first decade (odds ratio, 1.26; 95 percent confi-
dence interval, 1.05 to 1.51). Such a trend, however,
was not observed in the updated meta-analysis, de-
scribed below, which was based on published data
from 22 studies2413,14,16-33 (Fig, 2). Therefore, it re-
quires further examination involving larger num-
bers of participants with individual data. Such
analysis is also required for a reliable characteriza-
tion of the shape of the association between C-reac-
tive protein and coronary heart disease.

UPDATED META-ANALYSIS

Twenty-two prospective studies of C-reactive pro-
tein (including the present study) have involved a
total of 7068 patients, with a weighted mean age at
entry of 57 years and a weighted mean follow-up of
12 years2413,14,16-33 (Table 3). All studies used
high-sensitivity assays, and all but two19:32 report-
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C-REACTIVE PROTEIN IN THE PREDICTION OF CORONARY HEART DISEASE

No. of Cases

Variable of CHD
Date of publication
Reykjavik (current) Study 2406 —
Between 2000 and 2002: 11 studies*13,17-20.24,2629 2794 —
Before 2000: 11 studies?1416:21,22,25,30-33 1953 _—
Study size
=500 Patients: 4 studies*1420 4107 —a—
<500 Patients: 18 studies?13,17-:19,21,22,2433 2961 |
Location
Western Europe: 11 studies!418-21,24,25,28,30,32 4520 —a—
North America: 11 studies2413.17,22,26,27,29,31,33 2548 —

Study sample

Population or general practitioners’ register: 4477 —
11 studies414.17-19,24,25,28-30

Other: 11 studies213:20-22,26,27,31-33 2591 —
Sex

Male: 12 studies214:20-22,24,25,28-30,32 4272 T —

Female: 3 studies!327 1325 —

Not reported separately: 8 studies*17-1926:31,33 1471 —
Mean duration of follow-up

=10 yr: 8 studies?1419.22.24.28,32 4174 ——

<10 yr: 14 studies*13,17,18.20,21,25-27,29:31,33 2894 ——
Plasma or serum storage temperature

—20°C: 7 studies!419,24,28,30,32 3847 —a—

<-20°C: 13 studies2413,17,18,20-22,25,27,29,33 2905 ——

1 2 4

Odds Ratio for Coronary Heart Disease

Figure 2. Twenty-Two Prospective Studies of the Association of C-Reactive Protein Concentrations with the Risk of Coro-
nary Heart Disease (CHD) in Essentially General Populations, Grouped According to Several Study Characteristics.
One of the 11 studies published before 2000 was updated in 200213:16; hence, data on 85 cases from this study contrib-
uted to two subtotals, but we did not double-count these cases in estimating the overall odds ratio. Two studies'7:18 pub-
lished in 1999 (comprising a total of 98 cases) were not included in a previous meta-analysis of studies published before
March 200014; they have been included in the 11 studies published between 2000 and 2002. Although three studies pub-
lished after 2000,17-2° involving a total of 245 cases of coronary heart disease, reported results for deaths from cardiovas-
cular causes rather than specifically from coronary heart disease, the majority of these deaths were likely to have been
due to coronary heart disease. It was not possible to separate results for 77 cases of coronary revascularization from re-
sults for nonfatal myocardial infarction and death from coronary heart disease in another study.2° The odds ratios used
were those reported in studies that had adjusted for age, sex, smoking status, and other established risk factors for cor-
onary heart disease (such as blood lipid levels, blood pressure, body-mass index, and diabetes status). The “Other” cat-
egory in “Sample” includes participants selected according to various criteria (e.g., the absence of a history of coronary
disease in randomized trials). The Reykjavik Study provided separate estimates for men (732 cases with C-reactive pro-
tein values) and women (674 cases with C-reactive protein values). Information on the storage temperature used for
samples was unavailable for two studies involving a total of 316 cases.26:31 Odds ratios involve comparisons of patients
in the top third versus those in the bottom third of C-reactive protein concentrations. The horizontal lines represent 99
percent confidence intervals.

N ENGL J MED 350;14 WWW.NEJM.ORG APRIL 1, 2004

Downloaded from www.nejm.org on December 18, 2005 . This article is being provided free of charge for use in Palestinian

1393



The NEW ENGLAND JOURNAL of MEDICINE

(VA
SN

0/~ 030§~
0¢-
0L~

(VA

0c-
(VA

(VA

0¢-
Do

ainjesadwa)
a8ei015
wnuas Jo
ewse|d

905/58 OHM
SN
905/58 OHM
(Buuyag)
|eI2JaWwwo)

905/58 OHM

905/58 OHM
SN

905/58 OHM
905/58 OHM

SN
905/58 OHM

905/58 OHM
SN
SN

SN

905/58 OHM
0L¥W¥D D24l

905/58 OHM

905/58 OHM

piepueils

vSI13
vsii3

AER

vsI3
vsIi3

(paydadsun)
ME|
vSI13
MER!
VER!

vsI3
vSsIi3

vsI3
vsI3
SN

SN

VIIN
A RE!

vSI13

MER!

TadA)

asnoy-u|

asnoy-uj

Sunuyag
aped

asnoy-u|
asnoy-uj
1028IQ
XIpaN
asnoy-uj
Suuyag
apeq
Sunuyag
apeq
Kiojesoqe
olpieony

asnoy-uj

9snoy-uj
asnoy-uj

asnoy-uj

9snoy-uj

noqqy Jo
9snoy-uj

9snoy-uj

yoa101g
pauun

aydoy

a24nos

Kessy u1a101d aA11DERY-D

01
14

01
4!

0¢
a4

dn-mojjo4 xas

Jo

uoneing
uesy

184 G9<
SN SN
00T ZL-S¥
00T 0S-0¢
€y 64-99
8C S8-GL
&y 99
00T £9-L¥
SN €/-S¥
00T SS—OF
00T ¥8-0%
00T £6—S¢
00T 6S—S¥
0 670§
0 Sp<
00T 650V
00T ¥9-S¥
& ¥9-S¥
8%  65¢¢
% a4
aSuey
sle 98y

€£9'¢
T9¢

00T°C

L£9'S
v88'¢

199
102'S

069'T

5099

180
14022

998°CT
T18C
vTL'e6

414

199‘S
§659

26L'ST

69581

sjued
-Pdiued
JOON

|eloL

vL
00T

SOT

€eT
48

Lyl
0ST

991

91¢

e
e

LA
6v¢
08¢

TLE

90§
08s

S19

90¥¢

aHd
Jo

sase)

Jo'oN

7861
6/6T-£961

G861

y861-9L61
G661

6861
06616861

¢86T-6461
£661-0661

8611861
861

9/6T-¢L61
£€861-6/61
86611661

S661-C661

0861—8.61
S66T-6861

6861—£861

16612961

Kaning
aur-oseg
joswny

a3e jo uh g9< asoyy
10y 219|dw0>/42151334 uUoiie|ndog

wiopuel/sa3||o4us ue|d-adueinsu|

wopued /421513, uoie|ndod

SHOY0D yuiq
wodj wopued /4315133, uoije|ndod

919|dwod/sa1eDBUSq 34BDIPIIN

SHOYO0D yuIq
woJj wopued /4215133, uoize|ndod

a33|dwiod/sisi| Aup1qi81ja auIpay
219|dwoo/1s1| siauonideld |esausn
919]dwod/so1ulD Aiejijiw pue ueljiAID

919|dwod/saakodwa Aiysnpuj
919|dwod/Ja3s13a1 sueisyd

919|dwod
/saakojdwia Juawiuianod pue Aiysnpuj

Wwiopuel/s||oJ |el0323|3

919|dwod/s9auaaIds |ell|
919|dwod/s|euoissajoid yijeay ajeuad

wopuel/isi| siauoiiioeid |essusn

919|dwod/21u1pd Suiuaaids Aieuolod
wopueJ/spjoyasnoy jo Sunsr

S}0yod
y1q 219|dwos/4215133. uoie|ndod

Lpoyiapy Suidwes/uonejndogd

s’n
s’n

epeue)

Jrewusg

SN

pueul4
SN

AN

SN

puegjul4
SN
‘s
S3eM
SN
SN

an
pue103§

SN

puead|

uoned’o

21159 EMO]

1£9IUBUBLLIDY 43SIEY
62299aNQ)

pedniiso|n

eeddHY

618uUI8y DjuIs|aH
eeSHD

os'gz|[@Mpaads
02SdVIXIL/SdVD4V

zeHBIH DJUIS|aH

zel1|edH suenisyd

zLIJdIN
szh||1ydiae)
2zSOIHM
erApnis
UY}eaH S USLIOM

»1SHY4
0eSdOJSOM

[alk:\4

finehioy

Apms

w'suonejndod |esauan) Ajjenuass3 ul (QHD) aseasiq MeaH A1euoio) pue uidjold dAIDEIY-D JO SAIPNIS dA1DAdS0ud Jo sonsuIEIeyD Jo uostiedwo) ¢ 3|qeL

APRIL 1, 2004

N ENGL J MED 350;14 WWW.NEJM.ORG

1394

Downloaded from www.nejm.org on December 18, 2005 . This article is being provided free of charge for use in Palestinian



IRMA WHO 85/506 -70

In-house

7

5,069 25-74 100

53

1984-1992

Population register/random

Germany

MONICA

Downloaded from www.nejm.org on December 18, 2005 . This article is being provided free of charge for use in Palestinian

Augsburg?s

-70

ELISA Commercial

In-house

5

48

24 2,484 50-75

1989-1992

Population register/random

Netherlands

Hoorn1&

(Behring)
WHO 85/506

C-REACTIVE PROTEIN IN THE PREDICTION OF CORONARY HEART DISEASE

-80

LEIA

Dade

3

508 50-72 100

16

1993

Hypertension screening clinic/random

Sweden

Goteborg

Behring

Intervention2!

* EIA denotes enzyme immunoassay, ELISA enzyme-linked immunosorbent assay, IRMA immunoradiometric assay, LEIA latex-enhanced immunoassay, MEIA microparticle capture en-
zyme immunoassay, NS not specified, ARIC Atherosclerosis Risk in Communities, WOSCOPS West of Scotland Coronary Prevention Study, BRHS British Regional Heart Study, U.K. Unit-

ed Kingdom, WHIOS Women’s Health Initiative Observational Study, MRFIT Multiple Risk Factor Intervention Trial, AFCAPS/TEXCAPS Air Force/Texas Coronary Atherosclerosis Preven-

tion Study, CHS Cardiovascular Health Study, RHPP Rural Health Promotion Project, MONICA Monitoring Trends and Determinants in Cardiovascular Disease.
T A random sampling method was one in which a randomly selected subgroup of eligible persons was invited to participate. A complete sampling method was one in which all eligible per-

sons in the study population were invited to participate.
1 Eligibility was based on more restrictive criteria in the following studies: WOSCOPS (persons with a low-density lipoprotein level of 174 to 232 mg per deciliter [4.5 to 6.0 ymol per liter]),

blood pressure, cholesterol concentration, and smoking status), Helsinki Heart Study (persons with high levels of non-high-density lipoprotein cholesterol), AFCAPS/TEXCAPS (persons

WHIOS (women ineligible for a randomized trial of hormone-replacement therapy and dietary modification), MRFIT (persons with a high risk of coronary heart disease on the basis of
with below-average levels of high-density lipoprotein cholesterol), and the Géteborg Intervention Study (persons with hypertension).

ed adjustment for atleast smoking status and some
other established risk factors for coronary heart
disease. There was evidence of heterogeneity be-
tween these studies (y2=46, with 21 df; P=0.001),
but with the exception of the date of publication
(x2=15, with 2 df; P<0.001), characteristics such
as sample size (x2=4.0, with 1 df; P=0.04), loca-
tion (x2=0.3, with 1 df; P=0.58), sampling meth-
od (x2=5.2, with 1 df; P=0.02), sex of participants
(x2=3.4, with 2 df; P=0.18), mean duration of fol-
low-up (}2=1.6, with 1 df; P=0.20), and sample
storage temperature (y2=0.1, with 1 df; P=0.77) did
not account for much of the overall heterogeneity
(Fig. 2).

The tendency toward more extreme findings in
studies published before 2000 is consistent with
the preferential publication of positive results in
earlier studies. Restriction of analyses to the four
studies involving more than 500 patients,*1420
comprising 4107 cases of coronary heart disease,
should limit any such bias, and yielded a combined
odds ratio of 1.49 (95 percent confidence interval,
1.37 t0 1.62; ¥2=10.6, with 3 df; P=0.01). This val-
ue is somewhat smaller than the overall odds ratio
of 1.58 (95 percent confidence interval, 1.48 to
1.68) derived from combining all 22 studies.

A previous meta-analysis® of prospective studies
of the effect of the erythrocyte sedimentation rate
(based on 1703 cases of coronary heart disease) re-
ported an odds ratio for coronary heart disease of
about 1.3 (95 percent confidence interval, 1.2 to
1.5), and this estimate is reinforced by the odds ratio
0f1.33 (95 percent confidence interval, 1.22 to 1.44)
that we calculated in our updated meta-analysis
(which involved an additional 2683 cases from a
further two studies34). The present updated meta-
analysis of prospective studies of von Willebrand
factor (which adds 2445 cases of coronary heart
disease to the previous total of 1524 cases) yielded
an odds ratio of 1.23 (95 percent confidence inter-
val, 1.14 to 1.33), which is probably weaker than the
previous estimate of about 1.5 (95 percent confi-
dence interval, 1.1 to 2.0).7

DISCUSSION

We found that the decade-to-decade consistency of
values for C-reactive protein, the erythrocyte sedi-
mentation rate, and von Willebrand factor is similar
to that of values for blood pressure and total serum
cholesterol concentration, suggesting that these
inflammatory markers are sufficiently stable for
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potential use in the long-term prediction of coro-
nary heart disease. Our findings — reinforced by an
updated meta-analysis — indicate, however, that
the odds ratio for coronary heart disease in people
with elevated C-reactive protein values is lower than
that reported recently. Whereas a previous meta-
analysis1* of studies published before 2000 (based
on 1953 cases of coronary heart disease) reported
an odds ratio for coronary heart disease of about
2.0 (95 percent confidence interval, 1.6 to 2.5), our
updated meta-analysis, which adds 5115 cases of
coronary heart disease from a further 12 studies,
yielded an odds ratio of about 1.5 in a comparison
of people with base-line values in the top third with
those with base-line values in the bottom third for
the population. Moreover, in comparison with major
established risk factors (such as an increased total
serum cholesterol concentration and cigarette
smoking), the C-reactive protein concentration was
a relatively moderate predictor of the risk of coro-
nary heart disease and added only marginally to the
predictive value of established risk factors for coro-
nary heart disease. These findings suggest that re-
cent recommendations regarding the use of mea-
surements of C-reactive protein in the prediction of
coronary heart disease may need to be reviewed.3

The potential limitations of our study merit care-
ful consideration. The validity of our measurements
is demonstrated by the reasonably high decade-to-
decade consistency of C-reactive protein values re-
corded in paired samples from 379 participants (a
level of stability that was atleast as high as those re-
corded in previous studies with sampling intervals
of just one to five years35-38). Further validation is
suggested by the finding of the expected base-line
associations of C-reactive protein with other in-
flammatory markers and with established coro-
nary risk factors.

The mean values and the distributions of several
established coronary risk factors (and the strength
of their associations with the risk of coronary heart
disease) in our study were generally similar to those
reported in other western European populations.8
Therefore, although the relative homogeneity of the
Reykjavik population should have minimized cer-
tain residual biases (such as that due to differences
in socioeconomic status), the present findings
should have wider relevance. Only total serum cho-
lesterol concentrations were measured in the pres-

ent study (rather than those of its subfractions,
which have opposing effects on the risk of coronary
heartdisease), thereby underestimating the predic-
tive ability of lipid concentrations (and potentially
overestimating the adjusted predictive value of the
C-reactive protein concentration).

No information was recorded on the use of aspi-
rin and statins, which, like hormone-replacement
treatment, may alter C-reactive protein values. How-
ever, fewer than 5 percent of the women in this
study reported the use of such hormonal treatment
during recruitment, and the use of aspirin and of
statins was similarly uncommon in the general
middle-aged population of Reykjavik between 1967
and 1991. We did not address the separate issues of
the predictive value of inflammatory markers with
respect to the risk of cardiac complications among
patients recently hospitalized for acute coronary
syndromes3° or the long-term risk of coronary heart
disease in patients with a history of cardiovascular
disease.1#

As suggested by the statement of the Centers for
Disease Control and Prevention and the American
Heart Association,3 further clarification of the pre-
dictive value of C-reactive protein in coronary heart
disease in general populations will require the pool-
ing of studies on the basis of data for individual
participants from each of the available prospective
studies. Such a strategy will permit more complete
adjustment for other risk factors and for within-
person fluctuations of C-reactive protein levels,
more precise quantification of the associations in
particular subgroups (such as age-, sex-, and dura-
tion-specific associations as well as assessments of
combinations of inflammatory markers), more reli-
able characterization of the shape of any dose-re-
sponse relation, and more detailed investigation of
potential sources of heterogeneity.
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Clinical Investigation and Reports

C-Reactive Protein Adds to the Predictive Value of Total
and HDL Cholesterol in Determining Risk of First
Myocardial Infarction

Paul M. Ridker, MD; Robert J. Glynn, ScD; Charles H. Hennekens, MD

Background—C-reactive protein (CRP) is a sensitive marker of inflammation, and elevated levels have been associated
with future risk of myocardial infarction (MI). However, whether measurement of CRP adds to the predictive value of
total cholesterol (TC) and HDL cholesterol (HDL-C) in determining risk is uncertain.

Methods and Results-Among 14 916 apparently healthy men participating in the Physicians’ Health Study, baseline
levels of CRP, TC, and HDL-C were measured among 245 study subjects who subsequently developed a first Ml (cases)
and among 372 subjects who remained free of cardiovascular disease during an average follow-up period of 9 years
(controls). In univariate analyses, high baseline levels of CRP, TC, and TC:HDL-C ratio were each associated with
significantly increased risks of future Ml (af values<<0.001). In multivariate analyses, models incorporating CRP and
lipid parameters provided a significantly better method to predict risk than did models using lipids alone (all likelihood
ratio testP values<<0.003). For example, relative risks of future MI among those with high levels of both CRP and TC
(RR=5.0,P=0.0001) were greater than the product of the individual risks associated with isolated elevations of either
CRP (RR=1.5) or TC (RR=2.3). In stratified analyses, baseline CRP level was predictive of risk for those with low as
well as high levels of TC and the TC:HDL-C ratio. These findings were virtually identical in analyses limited to
nonsmokers and after control for other cardiovascular risk factors.

Conclusions—In prospective data from a large cohort of apparently healthy men, baseline CRP level added to the
predictive value of lipid parameters in determining risk of first NTirculation. 1998;97:2007-2011.)

Key Words: myocardial infarctiorm epidemiologym C-reactive proteim risk factorsm cholesterol

C-reactive protein is a sensitive marker of systemic botic risk with more confidence than currently achievable
inflammation, and prospective data from a population of with standard lipid screening. We therefore reexamined data
apparently healthy men indicate that baseline levels predict from the Physicians’ Health Study to determine whether
risk of first MI.> Specifically, among men free of prior ~measuring CRP added to the predictive value of TC and
cardiovascular disease participating in the Physicians’ Health HDL-C in determining subsequent risk of first MI. In addi-
Study, we recently reported that those with baseline levels of tion, we sought to determine whether the risks of future Ml
CRP in the highest quartile had a threefold increase in risk of @ssociated with CRP were present among those with low-risk
developing future MI compared with those with levels in the @S Well as high-risk profiles as assessed by baseline lipid
lowest quartile (relative risk, 2.9<0.001) In this popula-  Status.
tion, risk estimates were stable over long periods of time,

were significant among the subgroup of nonsmokers, and . g Physicians’ Health Studyl4 916 men initially free of
were independent of a number of other risk factors for reported cardiovascular disease, cancer, or other chronic illness
cardiovascular disease. As such, these data demonstrate thgrovided a baseline plasma sample before randomization and were
CRP is a marker of cardiovascular risk not only among those prospectively followed up for the first occurrence of M. Details of

with stable and unstable angiﬁé the elderly5 and selected the Physicians’ Health Study, a randomized, double-blind, placebo-
' ' controlled trial of aspirin an@-carotene in the primary prevention of

high-risk patientsbut also among individuals with no current  cargiovascular disease and cancer, have been described elsewhere, as

Methods

evidence of cardiovascular disedse. have the methods used to collect, store, and process baseline blood
specimens.” Morbidity follow-up was>99% complete and mortal-
See p 2000 ity follow-up was 100% over the=9 years of follow-up in the

. - - - present analysis. Reported MI that occurred during the study fol-
From a clinical perspective, the question has been raised asqw-up period was confirmed if medical record review demonstrated
to whether CRP adds to the ability to predict atherothrom- symptoms consistent with M| and the presence of either diagnostic
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TABLE 1. Baseline Characteristics of Study Participants Who

Selected Abbreviations and Acronyms Subsequently Developed First Ml (Cases) and Those Who
CRP = C-reactive protein Remained Free of Reported Vascular Disease During the
HDL-C = HDL cholesterol Average 8-Year Follow-up Period (Controls)
MI = myocardial infarction
TC = total cholesterol Cases Controls
(N=245) (N=372) P
Age, y=SD 58.2+8.6 59.4+8.9

ECG changes or cardiac enzymes. Silent MIs were not included Smoking status, %
because they could not be accurately dated. Deaths due to Ml were Never 443 8
confirmed when autopsy reports, symptoms, circumstances of death, ‘ '
and a history of coronary disease were consistent with this diagnosis. ~Past 406 39.9

In our original description of CRP in the Physicians’ Health Study, Current 15.2 18.3
we reported data from 246 initially healthy study participants who Diabetes. % 53 32 0.2
subsequently developed a first Ml (cases) and from a group of 543 ’ ' ' '
age- and smoking-matched study participants who remained free of Body mass index, kg/m? 25.6 24.9 0.01
cardiovascular disease during study follow-up (contrbBjr each Systolic blood pressure, mm Hg 128.5 127.3 0.3
of these case and control subjects, blood collected at enroliment WaSp.. olic blood pressure. mm H 801 790 0.08
thawed and assayed for CRP by methods described elsetwtrere. p ’ 9 ' ' '
addition, baseline blood samples of 245 cases (99%) and 372 TC level, mg/dL 2294 210.9 0.001
controls (69%) were successfully analyzed for TC and HDL-C.  HDL-C level, mg/dL 46.4 49.3 0.008
These 617 initially healthy participants in the Physicians’ Health TC: HDL-C ratio 53 45 0.001

Study form the basis for this report.
Means or proportions for baseline clinical characteristics and

measured risk factors were computed for the case and control groups . :
and compared by Studentistest or the)? statistic. Univariate report were matched on smoking and age, these variables

logistic regression analyses were used to determine whether baselindVere similar among those who Subsequgntly developed a first
levels of CRP, TC, and the TC:HDL-C ratio were predictive of future M| (cases) and among those who remained free of reported
risk of MI. In these analyses, baseline levels were divided into cardiovascular disease over the follow-up period (controls).

quartiles based on the distribution of the control values. As expected, case subjects had less favorable lipid profiles
On an a priori basis, we evaluated the combined role of hyper- than did control subiects

cholesterolemia and elevations of CRP in predicting risk of Ml in . / ) .

three stages, which allowed us to explore from a clinical perspective ~ Correlations between log-normalized CRP and TC

the sensitivity and robustness of any findings to the choice of (r=0.15) and between log-normalized CRP and HDL-C

alternative cut points. Thus, we first used the likelihood ratio testto (r=—0.15) were small in magnitude. Thus;3% of the

determine whether logistic regression models that included lipid variance in CRP levels in these data was explained by the

parameters and CRP provided a significantly better fit than did . .

logistic regression models limited to lipid parameters alone. In these lipid pa.ram.eters. )

analyses, lipid parameters and log-normalized CRP levels were both  In univariate analyses, baseline levels of CRP, TC, and the

treated as continuous variables. TC:HDL-C ratio were each associated with increased risk of
Second, logistic regression analyses were performed in which the fytyre M (all P values<0.001). As shown in Table 2, the

referent group was those individuals with both TC and CRP levels relative risk of future MI increased 38% with each increasing

below the 75th percentile cut point for each of these parameters .
(TC—, CRP-). In this analysis, relative risks of developing a first duartile of CRP (95% ClI, 19% to 619%%,<0.001), 62% for

MI were computed for individuals with hypercholesterolemia alone each increasing quartile of TC (95% CI, 39% to 90%;
(TC+, CRP-), for individuals with elevations of CRP alone (FC P<0.001), and 59% for each increasing quartile of the
CRP+), and for individuals with both hypercholesterolemia and Tc:HDL-C ratio (95% Cl, 37% to 86%<0.001). The 95%

elevations of CRP (T€, CRPt). . . . .
Third, we divided case and control subjects into nine groups Cls for these risk estimates overlap and are consistent with

according to tertile of TC and CRP level. In this analysis, logistic Prior reports from the entire cohot.
regression was used to simultaneously evaluate the risks of first Ml To evaluate whether CRP added to the predictive value of
in each of these groups, with those with the lowest tertile of both TC |ipids on risk of first Ml, likelihood ratio tests were used to

and CRP used as the referent group. Similar analyses were per-cOmpare the fit of prediction models using CRP and lipids to

formed after case and control subjects were divided into nine groups . ) .

according to tertile of the TC:HDL-C ratio. the fit of models using lipids alone. I_n these_an_a_lyses, t_he
Finally, to evaluate whether increasing levels of CRP were a assessment of both parameters provided a significantly im-

predictor of risk for first MI among those with low as well as high  proved ability to predict risk. For example, models including

lipid parameters, we performed stratified analyses in which tests for hoth CRP and TC provided a significant improvement in
trends across increasing quartiles of CRP were computed separately

for those with levels of TC and the TC:HDL-C ratio above or below prediction £=0.003) compared with models including only
the approximate median value for the study group.

All analyses were repeated for the subgroup of nonsmokers, and TABLE 2. Relative Risks of First MI Associated With Each
additional multivariate analyses were used to control for the presence quartile Increase of CRP, TC, and TC:HDL-C Ratio
or absence of other cardiovascular risk factédtsvalues are two-

tailed, and 95% Cls were computed. Parameter RR 95% Cl P
R It CRP 1.38 1.19-1.61 0.0001
esults TC 1.62 1.39-1.90 0.0001

Table 1 presents the baseline clinical characteristics of the

subjects evaluated. Because study participants in our original TC:HDL-C 159 137-1.86 0.0001
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TABLE 3. Relative Risks of First Ml According to the Presence (TC+) or
Absence (TC—) of TC Levels in Excess of the 75th Percentile of the Control
Distribution (234 mg/dL) and/or the Presence (CRP+) or Absence (CRP—) of CRP
Levels in Excess of the 75th Percentile of the Control Distribution (2.11 mg/L)

CRP—, TC— CRP+, TC— CRP—, TC+ CRP+, TC+
Crude relative risk 1.0 15 2.3 5.0
95% Cl 0.9-2.4 1.5-3.7 2.5-9.8
P e 0.1 0.0003 0.0001
Adjusted relative risk* 1.0 1.4 21 52
95% Cl 0.8-2.3 1.3-34 2.5-10.5
P . 0.02 0.002 0.0001

*Adjusted for family history of coronary artery disease, history of hypertension, body mass index,
diabetes, age, and smoking status.

TC, whereas models involving CRP significantly improved lowest tertile of both parameters (95% CI, 2.4 to 11.7;
prediction compared with models based solely on the P=0.0001). Similarly, Fig 3 illustrates the relative risks of
TC:HDL-C ratio P=0.002) or on TC and HDL-C entered as first Ml in analyses in which study participants were stratified
separate variables®E0.002). These relationships were not into nine groups according to tertile of the TC:HDL-C ratio as
significantly altered in models limited to nonsmokers or that well as tertile of CRP.

further controlled for the effects of other cardiovascular risk
factors.

Table 3 presents the relative risks of first Ml in analyses in
which study subjects were categorized as being above or
below the 75th percentile cut point for TC and CRP. As
shown, compared with those with levels of TC and CRP less
than the 75th percentile cut point for each parameterTC
CRP-), those with elevations of TC alone (FRG CRP-)
had a 2.3-fold increase in risk, whereas those with elevations
of CRP alone (TG, CRP+) had a 1.5-fold increase in risk.

In contrast, the risk of first Ml associated with elevations of
both TC and CRP (T€, CRP+) was increased 5-fold
(RR=5.0; 95% ClI, 2.5 t0 9.82=0.0001). As shown in Table

3 and in Fig 1, these effects were not significantly altered in
analyses controlling for other risk factors.

Fig 2 illustrates the relative risks of first Ml in analyses in
which study participants were stratified into nine groups Figure 2. Relative risks of first MI among apparently healthy
Qccording to tertile _of TCas WeI_I as tertile of CRP. As shown, mgydﬁsgﬁldatlgav(v;t?gﬁlgnﬁ é;ﬁ?eﬂﬁég% %ﬁfd%?&h?ﬁ?gg
risks of future MI increased with each of these parameters mg/L), middle (0.72 to 1.69 mg/L), and low (<0.72 mg/L) tertiles
such that those in the highest tertile of both TC and CRP had of CRP.
a relative risk of first Ml 5.3 times that of individuals in the

P =0.0001
« 5
§
2 4
2
g 3
g,
P=0.02
referent
14
ol rofa/(
C Reactive Protein > 75th % - + - +
Total Cholesteral > 75th % - -~ + +
Figure 1. Adjusted relative risks of first Ml according to base- Figure 3. Relative risks of first Ml among apparently healthy
line levels of TC above (TC+) or below (TC—) 75th percentile of men associated with high (>5.01), middle (3.78 to 5.01), and
control group (234 mg/dL) and baseline CRP levels above low (<3.78) tertiles of the TC:HDL-C ratio and high (>1.69
(CRP+) or below (CRP—) 75th percentile of control group mg/L), middle (0.72 to 1.69 mg/L), and low (<0.72 mg/L) tertiles

2.11 mg/L). of CRP.
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TABLE 4. Relative Risks of First Ml According to Baseline Levels of CRP,

Stratified by Baseline Lipid and Lipoprotein Levels

Quartile of CRP (range, mg/L)

1 2 3 4
(=0.55) (0.56-1.14) (1.15-2.10) (=2.11) P for Trend
TC =210
All subjects
RR 1.0 15 1.6 25 .03
95% Cl 0.6-3.5 0.7-3.6 1.1-5.6
P 0.4 0.3 0.03
Nonsmokers
RR 1.0 14 1.2 2.1 A
95% Cl 0.6-3.3 0.5-3.0 0.9-5.0
P 0.5 0.6 0.09
TC >210
All subjects
RR 1.0 24 3.1 3.1 .001
95% Cl 1.2-4.9 1.6-5.9 1.6-6.0
P 0.01 0.001 0.001
Nonsmokers
RR 1.0 2.2 3.1 3.6 .001
95% Cl 1.1-4.7 1.5-6.2 1.7-7.6
P 0.03 0.002 0.001
TC:HDL-C =4.0
All subjects
RR 1.0 2.0 2.2 3.0 .03
95% Cl 0.7-5.4 0.8-5.7 1.1-7.9
P 0.2 0.1 0.03
Nonsmokers
RR 1.0 2.0 1.7 2.7 .08
95% Cl 0.7-5.6 0.6-4.5 1.0-75
P 0.2 0.4 0.05
TC:HDL-C >4.0
All subjects
RR 1.0 1.6 2.2 2.3 .008
95% Cl 0.8-3.1 1.2-4.2 1.2-4.2
P 0.2 0.01 0.01
Nonsmokers
RR 1.0 15 2.2 2.6 .004
95% Cl 0.8-3.0 1.1-4.2 1.3-5.1
P 0.2 0.02 0.007

Table 4 presents the relative risks of first Ml according to
baseline levels of CRP in analyses in which the study
population was stratified according to baseline lipid profile.
As shown, statistically significant associations were found
between baseline level of CRP and risk of first Ml for study
participants with low as well as high levels of TC and the
TC:HDL-C ratio. Similar relationships were found in analy-

ses limited to nonsmokers.

Discussion

In these prospective data deriving from a large cohort of

predictive value of TC and HDL-C in determining risk of first

MI. Indeed, interactive models evaluating elevations of CRP
and lipids raise the possibility that the joint effects of both
risk factors may be slightly greater than the product of the
individual effects of each risk factor considered separately.
Moreover, baseline level of CRP is a predictor of risk of first
MI for men at low as well as high risk as determined by their

lipid profiles. These relationships were minimally altered in
analyses either limited to nonsmokers or adjusted for other

risk factors, including hypertension, body mass, diabetes, and

apparently healthy men, baseline CRP level added to thefamily history of coronary disease. Finally, these results were
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robust to the choice of several cut points for both CRP and ers. Because relatively simple interventions such as exercise,
lipid parameters. weight loss, and diet restriction can lead to substantial
The present data describing at least additive relationships reductions in risk of first MI? assessment of CRP might have
between CRP and lipids in terms of risk prediction extend clinical utility if improved risk stratification leads to im-
prior findings relating CRP to cardiovascular diseaSe. proved compliance with lifestyle modification. Confirmation
Specifically, elevated levels of CRP are associated with of these data in other prospective cohorts is thus of critical
increased risks of MI or sudden death among those with importance, as are studies in women, for whom data are
stable and unstable angina pectdrfsas well as coronary  lacking on the predictive value of inflammatory markers.
heart disease in the eldetlgnd coronary mortality among
high-risk patient§.However, because CRP levels increase in Acknowledgments
response to acute ischemia and are chronically elevatedThis study was supported by funding from the National Institutes of
among smokert had been uncertin whether the infam- HealE, Bebera M Br MO B siprres By o S
mation detected by CRP in these studl_es IS C‘?‘usa' o_r due toauthorg wish to acknowledge the prior work of Drs Mary Cushman
the effects of other factors, such as ischemia or cigarette ang Russell Tracy in determining CRP levels in the Physicians’
consumption. Moreover, these prior studies did not evaluate Health Study cohort, as well as the prior work of Drs Frank Sacks

whether the effects of CRP were present among those with and Meir Stampfer in determining lipid parameters.

high- as well as low-risk lipid profiles or whether the risks
associated with CRP were additive to those determined by
standard lipid analysis.

All the apparently healthy men in the Physicians’ Health
Study were free of any history of cardiovascular disease when
blood samples were obtained. Thus, the potential for con-
founding by the presence of symptomatic ischemia in these
data is unlikely. Moreover, the risks of future Ml associated
with CRP in the Physicians’ Health Study were present for
nonsmokers, providing evidence against the possibility that
observed effects are simply the result of cigarette
consumptior.

The fact that lipid parameters and CRP levels were
measured only once at baseline in our study is a potential
limitation, because random fluctuation in these parameters
over time would tend to increase the variance in our data.
However, if random, such variation would most likely bias
our findings toward a null result and lead to an underestima-
tion of true predictive values. Conversely, because assays for
CRP as well as all lipid parameters were performed on the
same baseline plasma sample, these data are compatible with
the potential utility of simultaneous assessment of inflamma-
tory markers and lipid parameters as a method of risk
detection.

It is currently estimated that up to half of all Mis in the
United States occur among individuals with moderate to low
risk as determined by assessment of TC and HDL-C Ie¥els.
The present data raise the possibility that assessment of CRP,
may provide a method of determining risk of future Ml
among apparently low-risk individuals, including nonsmok-
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C-Reactive Protein and the Future Risk of Thromboembolic
Stroke in Healthy Men

J. David Curb, MD; Robert D. Abbott, PhD; Beatriz L. Rodriguez, MD, PhD;
Pamela Sakkinen, MD, MPH; Jordan S. Popper, MD; Katsuhiko Yano, MD; Russell P. Tracy, PhD

Background—Evidence suggests that C-reactive protein (CRP) is related to thromboembolic (TE) stroke. Whether
associations are atered in the presence of other risk factors is unclear. The purpose of this study was to additionally

assess the relation between CRP and TE stroke.

Methods and Results—On the basis of 20 years of follow-up after CRP measurement, 259 cases of TE stroke were
identified and compared with 1348 controls. Subjects were aged 48 to 70 years when CRP was measured. Levels of CRP
were positively associated with TE stroke throughout the 20 years of follow-up. Although associations were modest
within 5 years of CRP measurement, the odds of stroke in the top versus bottom CRP quartile increased over time to
a 3.8-fold excess by 10 to 15 years into follow-up (P<<0.001). For men without hypertension or diabetes, the overall
corresponding odds were 1.6 to 1.7 (P<0.05). In men =55 years of age, the odds increased to a 3-fold excess
(P=0.006), and in nonsmokers, there was a 5.8-fold excess (P<<0.001). Associationsin past and current smokers, in men
>55 years of age, and in those with hypertension or diabetes were not significant.

Conclusions—Findings suggest that elevated CRP in middle adulthood and in men with healthier risk factor profiles may
be important as a risk factor for TE stroke. Use of CRP levels as a clinical screen to identify an increased risk of
cardiovascular disease in otherwise healthy men warrants consideration. (Circulation. 2003;107:2016-2020.)

Key Words: stroke m inflammation m epidemiology

-reactive protein (CRP) is an acute-phase protein thought

to be a measure of inflammatory processesin cardiovas-
cular disease.r12 Although evidence suggests that CRP is
associated with stroke,™ 10 it is uncertain whether the associ-
ation has similar meaning in different age groups and in those
at high and low risk of cardiovascular disease. The purpose of
this study was to examine the relation between levels of CRP
and the development of thromboembolic (TE) stroke over a
20-year period in largely middle-aged and healthy Japanese-
American men in the Honolulu Heart Program. The associa-
tion of CRP levels to early versus late disease will also be
assessed, as will its relation with disease that may be poorly
explained by age, hypertension, diabetes, and other cardio-
vascular risk factors. Effects will also be assessed in the
absence of intervening coronary heart disease.

M ethods

Baseline Examination

From 1965 to 1968, the Honolulu Heart Program began following
8006 men of Japanese ancestry through a series of physical exami-
nations and comprehensive follow-up for cardiovascular dis-
ease.13-15 At the time of study enrollment, subjects were aged 45 to

68 years. Procedures were in accordance with institutional guidelines
and approved by an institutional review committee. Informed con-
sent was obtained from the study participants.

Because the inventory of frozen sera from the time of study
enrollment was largely depleted, measurement of CRP for this report
is based on samples that were available at examinations given from
1967 to 1970. Other risk factors included diabetes, hypertension,
total cholesterol, body mass index, and the use of cigarettes. Data on
alcohol intake and physical activity were taken from examinations
that were given at the time of study enrollment (1965 to 1968). Atrial
fibrillation was not included among the risk factors, because it was
rarely observed in this age group of Japanese-American men.
Statistical adjustment for atrial fibrillation also failed to ater the
findings in the present report.

Among the collected risk factors, diabetes was diagnosed on the
basis of amedical history or the use of insulin or oral hypoglycemic
therapy. Hypertension was defined as systolic or diastolic blood
pressures =160 and 95 mm Hg, respectively, or when high blood
pressure was being medicaly treated. Measurement of physical
activity was based on the physical activity index, a commonly used
index for quantifying overall metabolic output during a typica
24-hour period.16.17

TE Stroke Cases and Controls
Assessment of the effects of CRP on therisk of future stroke is based
on anested case-control design. There were 7498 men (=~95% of the
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surviving cohort) who were available for follow-up at the time of
CRP measurement. Among this group, cases of TE stroke and
controls were selected from 5686 subjects in whom serum samples
were available. Sera from 1812 participants were not obtained
because of depletion from random selection for special substudies or,
in a few instances, for use in small studies of rare diseases. After
excluding cases of stroke and coronary heart disease that were
identified in 20 years of follow-up, 1348 controls were randomly
selected from the remaining 4145 men.

During the 20-year course of follow-up, information on cardio-
vascular events was obtained through a comprehensive system of
surveillance of hospital discharges, death certificates, autopsy rec-
ords, and repeat examinations. For this report, subjects were fol-
lowed up for the first occurrence of a TE stroke (without distinction
between an atherothrombotic infarction and embolic event), on the
basis of medical records showing a neurological deficit of sudden or
rapid onset that persisted for longer than 24 hours or resulted in
death. A review of al suspected stroke outcomes by the Honolulu
Heart Program Morbidity and Mortality Review Committee con-
firmed al diagnoses. There were 259 cases of stroke that were
identified in the course of follow-up. All were selected without a
history of coronary heart disease.

CRP Deter mination

Serum specimens collected at the time of CRP measurement were
stored at —20°C until 1980, at which time they were transferred to
—70°C. Although specimens in the present study had previously
been thawed and refrozen, measurement of CRP is known to be
relatively stable under such conditions.’8 For each participant,
determination of a CRP level was based on an enzyme-linked
immunosorbent assay, a colorimetric competitive immunoassay that
uses purified protein and polyclonal anti-CRP antibodies. The
interassay coefficient of variation was ~5%.

Statistical Analysis

Estimated age-adjusted risk factor comparisons between the cases
and controls were derived from analysis of covariance methods after
log-transforming the CRP values.’81® Similar comparisons were
made across CRP quartiles. Estimated age-adjusted percents of men
with a TE stroke were also derived across CRP quartiles and within
separate 5-year periods of follow-up after the baseline examina-
tion.1220 Such percents were not intended to represent the incidence
of TE stroke but rather to show how the cases of TE stroke were
distributed across the observed CRP quartiles. Beyond the first 5
years of follow-up, cases of TE stroke and deaths among the controls
that preceded a follow-up period were deleted from the correspond-
ing calculations. Cases of TE stroke that came after a 5-year
follow-up period were treated as controls.

To assess the relation between levels of CRP and the odds of a TE
stroke, statistical analysis relied on proportional hazards regression
models.2t Use of the proportional hazards regression model, which
provides estimates of the relative odds of disease that are similar to
those from logistic regression,22 also allows for the modeling of the
time to an event among the cases of TE stroke and the time to death
among the controls who failed to survive the 20-year period of
follow-up. To provide a test for trend, CRP was also modeled as a
continuous variable. All reported P values were based on 2-sided
tests of significance.

Results

At the time of CRP measurement, the average ages of the
cases and controls were 58.1 years (range, 49 to 69) and 55.8
years (range, 48 to 70), respectively (P<<0.001). Among the
cases, the average age when a TE stroke occurred was 69
years (range, 51 to 87), and the average time to an event was
10.5 years (range, 2 months to 20 years).

Baseline characteristics of the study participants according to
case-control status are described in Table 1. As expected, at the
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TABLE 1. Distribution of CRP, Mean Age, and Age-Adjusted
Mean Risk Factor Levels for Controls and Cases of
Thromboembolic Stroke

Risk Factor Controls (n=1348)* Cases (n=259)
CRP, mg/L

Geometric meant 0.60 0.78%

Arithmetic meant 1.16 1.43

25th percentile 0.32 0.44

Median 0.54 0.73

75th percentile 1.00 1.39

Range 0.1 to 79.20 0.1 to 34.19
Age, y 55.8+5.4§ 58.1+5.7t
Hypertension, % 10.6 27.0%
Diabetes, % 13.3 27.0%
Total cholesterol, mmol/L 5.6+0.9 (215*35)|  5.8=1.0 (222=40)
Body mass index, kg/m? 23.5+3.0 24.3+3.3f
Past cigarette smoker, % 27.8 21.3#
Current cigarette smoker, % 37.6 54.4%
Alcohol intake, 0z/mo 13.2+225 15.2+26.6
Physical activity index 33.0+4.5 32.7+4.6

*Sample size.

tAge-adjusted.

Significantly different from controls (P<<0.001).
§Mean=+SD.

|ICorresponding units in mg/dL.

9{ISignificantly different from controls (P<<0.01).
#Significantly different from controls (P<<0.05).

time of CRP measurement, risk factor profileswere significantly
less favorable in cases than in controls. Frequency of hyperten-
sion and diabetes were more than doubled in the TE stroke cases
(P<0.001). Cases had higher levels of total cholesteral
(P<0.01) and body mass index (P<<0.001) as well. Cases were
more likely to be current cigarette smokers (P<<0.001) and less
likely to have stopped smoking than controls (P<<0.05). Cases
a so consumed more alcohol and wereless physically active than
controls, although differences were not dtatistically significant.

Risk factor differences across quartiles of CRP are addition-
ally described in Table 2. Here, frequency of hypertension was
more than doubled in the top versus bottom quartile of CRP
(19.4 versus 8.4%, P<<0.001). Although not dtatistically signif-
icant, the percent of men with diabetes also seemed positively
related to CRP concentrations. Differences in tota cholesterol
across quartile strata were modest. Smoking, however, increased
with rising CRP levels (P<<0.001), with a jump in the use of
cigarettes between the third and top CRP quartiles. Although less
clear, the percent of men who were past smokers tended to
decline with increasing CRP levels (P<<0.05). Although body
mass index increased consistently with increasing CRP levels,
amounts of physical activity declined (P<<0.001). There was no
clear association between the intake of acohol and levels of
CRP.

Table 3 provides the age-adjusted percent of men with a TE
stroke within each quartile of CRP and within separate 5-year
periods of follow-up after CRP measurement. Although associ-
ations were modest within 5 years of CRP measurement, the
relatiionship increased over time up to 10 to 15 years into
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TABLE 2. Mean Age and Age-Adjusted Risk Factor Levels by Quartile of CRP

Quartile* of CRP (Range, mg/L)

Risk Factor 1st (0.10 to 0.32)t 2nd (0.33 to 0.54) 3rd (0.55 to 1.00) 4th (1.01 to 79.2)
Sample size 386 384 412 425

Age, vE 55.8+5.2§ 55.9+5.4 56.1+5.6 56.8+5.8
Hypertension, %% 8.4 121 129 19.4
Diabetes, % 13.1 15.5 15.1 18.5

Total cholesterol, mmol/L 5.5+0.9 (214=36)| 5.6+0.9 (217+34) 5.6+1.0 (218+37) 5.6+0.9 (217+36)
Body mass index, kg/m?q| 22.7+2.7 23.4+29 24.1+31 24.3+3.3
Past cigarette smoker, %9 28.9 28.2 28.4 21.7
Current cigarette smoker, %% 32.3 36.2 37.6 54.1
Alcohol intake, 0z/mo 12.5+22.7 11.4+18.9 15.3+26.0 14.6+24.1
Physical activity index# 33.4+4.6 33.2+4.7 32.9+4.6 32.3+4.1

*Quartiles are based on the distribution of CRP among the controls.

tRange in C-reactive protein.

fSignificant increase with increasing CRP (P<<0.001).
§Mean+SD.

|ICorresponding units in mg/dL.

9ISignificant decline with increasing CRP (P<0.05).
#Significant decline with increasing CRP (P<<0.001).

follow-up. During this time, 8.3% of the men in the top CRP
quartile had a stroke compared with 2.3% in the bottom quartile
(P<0.001). Although changes in the relation between CRP and
the risk of TE stroke seemed to occur with time, differences
were not Statistically significant.

The estimated reletive odds of a TE groke for men in the top
versus bottom quartile of CRP, after age and risk factor adjustment,
is additiondly described for each 5-year period of follow-up in
Table 4. Reldive odds of a TE stroke are dso provided within risk
factor drata across the entire 20-year period.

After age and risk factor adjustment, the estimated relative
odds of a TE stroke in men in the top versus bottom queartile of
CRP were no longer statistically significant within the 5- to 10-
and 15- to 20-year periods of follow-up. For the 10- to 15-year
period, however, the odds of a TE stroke rose significantly with
increasing CRP level when CRP was modeled as a continuous
risk factor (P=0.010). There was dso a 2.6-fold excess in the
odds of a TE gtroke in the top versus bottom quartile of CRP
during this period of follow-up (P<<0.05).

Although sample sizes were reduced within risk factor strata,
the estimated odds of a TE stroke continued to increase signif-
icantly with rising CRP levels for middle-aged men (=55 years,
P=0.018), in men without hypertension or diabetes (P=0.019
and P=0.006, respectively), and in those who were never
smokers of cigarettes (P<<0.001). For men without hypertension
or diabetes, there was a 1.6- to 1.7-fold excess (P<<0.05) in the
odds of a TE dtroke in the top versus bottom CRP quartile. In
middle-aged men, the corresponding odds increased to a 3-fold
excess (P=0.006), and in nonsmokers, there was a 5.8-fold
excess (P<<0.001). Effects were aso independent of total cho-
lesterol, body massindex, acohol intake, physical activity index,
and the other risk factorsin Table 4. Although associations were
weaker in men with hypertension or diabetes, differences in
associations from those when either condition was absent were
not stetisticaly significant. In contrast, the effect of CRP on the
risk of TE stroke was significantly stronger in never smokers
compared with past smokers (P=0.005) and current smokers
(P=0.010).

TABLE 3. Age-Adjusted Percent of Men Who Suffered a Thromboembolic Stroke

by Quartile of CRP and by Period of Follow-Up After Blood Draw

Quartile* of CRP

Follow-Up Period 1st 2nd 3rd 4th
Oto5y .8 (14 of 386)t 3 (16 of 384) 1(17 of 412) .0 (18 of 425)
510 10 yt .0 (7 of 367) 7 (6 of 360) 4 (17 of 390) .8 (20 of 397)§
10 to 15 Y| .3 (8 of 356) 2.6 (9 of 346) 6.2 (22 of 359)§ .3 (31 of 361)9
15 to 20 yt .7 (12 of 333) 8 (19 of 322) 1 (19 of 314) .9 (24 of 301)§
Overall] 10.9 (41 0f 386)  13.2 (50 of 384) 18.2 (75 of 412)# 21.1 (93 of 425)q

*Quartiles are based on the distribution of CRP among the controls.
tCases of thromboembolic stroke/sample size.

FSignificant increase with increasing CRP (P<<0.05).

§Significantly different from the 1st quartile (P<0.05).

[Significant increase with increasing CRP (P<<0.001).

9ISignificantly different from the 1st quartile (P<<0.001).
#Significantly different from the 1st quartile (P<0.01).
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TABLE 4. Estimated Age-Adjusted and Risk Factor-Adjusted Relative Odds of
Thromboembolic Stroke for Men in the Top vs Bottom Quartiles of CRP

Age-Adjusted

Risk Factor—Adjusted™

Risk Strata Relative Odds ~ Test for Trend (P Relative Odds  Test for Trend (P
Follow-up period, y

Otob 1.1 (0.5 to 2.2)t 0.573 0.8 (041t01.7) 0.861

5t0 10 2.5(1.1t05.9) 0.021 1.9 (0.8 to 4.6) 0.124

10 to 15 3.8 (1.7 10 8.3) <0.001 2.6 (1.11t05.8) 0.010

1510 20 25(1.21t05.1) 0.010 1.8 (0.9 t0 3.9) 0.144

Overall 2.3 (1.6 10 3.3) <0.001 1.6 (1.1 10 2.4) 0.008
Age, y

48 to 55 3.8 (1.8 t0 8.0) <0.001 3.0 (1.4 t0 6.4) 0.018

56 to 70 1.8 (1.210 2.9 <0.001 1.3 (0.8 t0 2.0) 0.076
Hypertension

Absent 21 (1410 3.3) <0.001 1.6 (1.0 to 2.6) 0.019

Present 1.3 (0.6 t0 2.7) 0.128 1.3 (0.6 t0 2.7) 0.221
Diabetes

Absent 2.5 (1.6 t0 3.9) <0.001 1.7 (1.0t0 2.7) 0.006

Present 1.5 (0.8 to 3.0) 0.258 1.4 (0.7 t0 2.8) 0.580
Smoking status

Never 6.1 (2.5 to 14.8) <0.001 5.8 (2.3 t0 14.4) <0.001

Past 1.2 (0.5 to 2.6) 0.508 0.8 (0.31t01.8) 0.520

Current 1.6 (1.0 to 2.6) 0.052 1.3(0.8102.2) 0.152

*Adjusted for total cholesterol, body mass index, alcohol intake, physical activity index, and the

other risk factors in this table.
195% confidence interval.

Discussion

Although the longitudinal data in this report provide addi-
tional evidence for an association between CRP and the
incidence of TE stroke, specific strengths of the present study
are worth noting. To date, the Honolulu Heart Program offers
the longest and most complete follow-up of the association
between CRP and stroke.”° Follow-up also includes a
well-defined acute event without intervening coronary heart
disease. Although others have a so reported on an association
between CRP and cardiovascular disease, documentation of
an association with stroke has been equivocal. Earlier reports
have combined stroke with other forms of cardiovascular
disease as a single event. Recent findings from the Framing-
ham Study are also based on the combination of stroke with
poorly defined transient ischemic attacks as a pooled event in
an elderly sample that comprised half of surviving cohort
members.® Although the Physician’s Health Study also
showed an increase in the risk of ischemic stroke with
increasing levels of CRP, possible differences in the impor-
tance of the association between age groups, smoking strata,
and groups at high and low risk of cardiovascular disease
were not addressed.” Although an association between CRP
and the risk of stroke was observed in the Third National
Health and Nutrition Examination Survey, stroke cases were
self-reported, and the timing of events was not recorded.©
Levels of CRP were also undetectable in 71% of the study
participants.

Findings of a stronger relation between CRP levels and the
risk of stroke in low- versus high-risk groups in the Honolulu

Heart Program are also consistent with other reports. As with
stroke, similar effects of CRP on myocardia infarction were also
observed in the Honolulu Heart Program.2 Here, adverse effects
were stronger in middle-aged men, in men without hypertension
or diabetes, and in those who were nonsmokers. Although small
sample sizes could have weakened the capacity to detect effects
in higher-risk individuass, others have described strong relations
between CRP and cardiovascular disease in nonsmoking women
and in women without hypertenson or digbetes as well.8
Findings from the Framingham Study also describe stronger
associations in women than in men for the combined events of
ischemic stroke and transient ischemic attack.®

The wesker association in older or less healthy men could
have severa explanations. Although inflammation may till be
important, in the presence of other risk factors, a high risk of
stroke could mask any residual (and perhaps weaker) effects of
inflammeation. Even in the absence of important cardiovascular
conditions, stroke can till occur.2* In such cases, effects of
isolated processes, such as inflammation, may be more apparent
in disease progression.

Regardiess of susceptibility, mechanistic derangements by
which CRP is associated with the long-term incidence of
atherosclerotic disease are not clear. Inflammatory mediators
and products have been associated with cellular proliferation,
lipid accumulation, and thrombosis. Markers of low-level in-
flammation, such as CRP, may reflect activity in any of these
systems2526 | evels of CRP may also be directly related to
processes of pathophysiology through complement activation
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and tissue factor expression. Although reports are conflicting, it
is possible that CRP reflects reactions to infectious agents that
have been associated with atherosclerotic diseases?” Observar
tions in the Honolulu Heart Program that show a greater
frequency of smoking cessation in men in the bottom quartile of
CRP (where the risk of stroke is low) versus the top quartile
additionally suggest that inflammation may be reversible. Smok-
ing cessation inindividuas with an elevated CRP may also bean
effective strategy for improving CRP levels and reducing the
adverse effects of inflammation.

Among the strengths of the present study, there are aso
limitations. For example, the Honolulu Heart Program isentirely
composed of men of Japanese ancestry. Extensions to other
groups could be important. Findings in Framingham and the
Women's Hedth Study suggest that associations in men are
likely to apply to women.82 In general, the relative risk of stroke
that is associated with most risk factorsin Honolulu is similar to
therelative risk observed in other popul ation-based samples.28.29
Levels of CRP dso fal within the range of vaues reported
elsawhere. In some instances, average values are higher,210
wheress in others they are lower.3578 Overdl increases in the
risk of stroke and transient ischemic attacks in Framingham men
and in men in the Physician’s Hedlth Study in the top versus
bottom quartiles of CRP are also smilar to those found in
Hawaii.”®

Although elevated levels of CRP seem to be related to an
increased risk of TE stroke in middle-aged men and in those free
of important cardiovascular risk factors, it remains to be deter-
mined if the measurement of CRP in cigarette smokers or in
those with hypertension or diabetes can provide additiona
prognostic information. Whether CRP levels can be used as a
clinica screen to identify an increased risk of cardiovascular
disease in otherwise hedthy adults dso warrants additiona
consideration.
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DIPOSE TISSUE PREVIOUSLY WAS
considered a passive storage
depot for fat but is now
known to play an active role
in metabolism.* Among the recently
discovered compounds expressed in
human adipose tissue is the proinflam-
matory cytokine interleukin 6 (IL-6) >*
Moreover, IL-6 produced in the adi-
pose tissue of healthy humans is re-
leased into the circulation.** Adipose
tissue is estimated to produce about
25% of the systemic IL-6 in vivo.* Be-
cause of the inflammatory properties of
IL-6, including the stimulation of acute-
phase protein production in the liver,*”
the release of IL-6 from adipose tissue
may induce low-grade systemic inflam-
mation in persons with excess body fat.
A sensitive marker for systemic in-
flammation is the acute-phase C-reactive
protein (CRP). Inameta-analysis of 7 pro-
spective studies, elevated serum CRP con-
centration was shown to predict future
risk of coronary heart disease.® C-reactive
protein levels well below the conventional
clinical upper limit of normal of 1 mg/dL
have been associated with a 2- to 3-fold
increase in risk of myocardial infarction,
ischemic stroke, peripheral arterial dis-
ease, and coronary heart disease mortal-
ity in healthy men and women.” "
This study tested whether overweight
and obesity are associated with low-grade

For editorial comment see p 2169.

Context Human adipose tissue expresses and releases the proinflammatory cyto-
kine interleukin 6, potentially inducing low-grade systemic inflammation in persons
with excess body fat.

Objective To test whether overweight and obesity are associated with low-grade
systemic inflammation as measured by serum C-reactive protein (CRP) level.

Design and Setting The Third National Health and Nutrition Examination Survey,
representative of the US population from 1988 to 1994.

Participants A total of 16 616 men and nonpregnant women aged 17 years or older.

Main Outcome Measures Elevated CRP level of 0.22 mg/dL or more and a more
stringent clinically raised CRP level of more than 1.00 mg/dL.

Results Elevated CRP levels and clinically raised CRP levels were presentin 27.6 % and
6.7 % of the population, respectively. Both overweight (body mass index [BMI], 25-29.9
kg/m?) and obese (BMI, =30 kg/m?) persons were more likely to have elevated CRP
levels than their normal-weight counterparts (BMI, <25 kg/m?). After adjustment for
potential confounders, including smoking and health status, the odds ratio (OR) for el-
evated CRP was 2.13 (95 % confidence interval [CI], 1.56-2.91) for obese men and 6.21
(95% Cl, 4.94-7.81) for obese women. In addition, BMI was associated with clinically
raised CRP levels in women, with an OR of 4.76 (95% Cl, 3.42-6.61) for obese wom-
en. Waist-to-hip ratio was positively associated with both elevated and clinically raised
CRP levels, independent of BMI. Restricting the analyses to young adults (aged 17-39
years) and excluding smokers, persons with inflammatory disease, cardiovascular dis-
ease, or diabetes mellitus and estrogen users did not change the main findings.

Conclusion Higher BMI is associated with higher CRP concentrations, even among
young adults aged 17 to 39 years. These findings suggest a state of low-grade sys-
temic inflammation in overweight and obese persons.

JAMA. 1999,282:2131-2135 WWwWw.jama.com

lation. Children younger than 5 years,
persons aged 60 years or older, Mexi-
can American persons, and non-
Hispanic blacks were sampled at higher

systemic inflammation as measured by
serum CRP concentration.

METHODS

Survey Design and Data Sources

The study included 16 616 adult par-
ticipants of the Third National Health
and Nutrition Examination Survey
(NHANESIII), 1988-1994. NHANES I11
was conducted by the National Center
for Health Statistics of the Centers for
Disease Control and Prevention.'* The
survey had a complex, stratified, mul-
tistage probability-cluster design for se-
lecting a sample of approximately
40000 persons representative of the
noninstitutionalized civilian US popu-
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of all eligible adults consented to an ini-
tial interview in their household. Of the
20050 persons aged 17 years or older
who were interviewed, 18 162 were
subsequently examined in a mobile ex-
amination center or in their homes. Per-
sons with missing data on height, body
weight, or serum CRP level (n = 1239)
and pregnant women (n = 307, vali-
dated by urine pregnancy test) were ex-
cluded, leaving 16 616 persons (7938
men and 8678 women) available for the
statistical analyses.

Body weight and height were
measured using standardized proce-
dures.” Body mass index (BMI) was cal-
culated as weight in kilograms divided
by the square of height in meters and
used as an indicator of body fat.'®'" The
1998 clinical guidelines'® were used to
define overweight (BMI, 25-29.9 kg/m?)
and obesity (BMI =30 kg/m?).

Waist circumference was measured
at the level of the high point of the iliac
crest and the circumference at the level
of maximum extension of the but-
tocks.!” The waist-to-hip ratio, calcu-
lated as waist circumference divided by
hip circumference, was used as an in-
dicator of abdominal visceral fat."

Serum specimens for the measure-
ment of CRP were stored at -70°C and
analyzed within 2 months after phle-
botomy. C-reactive protein was ana-
lyzed using a modification of the Beh-
ring Latex-Enhanced CRP assay on the
Behring Nephelometer Analyzer Sys-
tem (Behring Diagnostics, Westwood,
Mass) (M.H.W., Phyllis R. Daum, MT
[ASCP], G.M.M., unpublished data,
1999). Both within- and between-assay
quality control procedures were used and
the coefficient of variation of the method
was 3.2% to 16.1% through the period
of data collection. The assay could de-
tecta minimal CRP concentration of 0.22
mg/dL, and values below this level were
classified as undetectable. The assay was
designed primarily to detect inflamma-
tion and was included as part of the
NHANES III cohort to help detect in-
flammation as a confounding variable for
interpretation of nutrition markers. Be-
cause most individuals had values less
than the minimum detectable concen-
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tration, CRP is treated as a categorical
rather than a continuous variable.

Race was defined by self-report as non-
Hispanic white, non-Hispanic black, or
Mexican American. People outside these
categories were classified as other. Smok-
ing status was based on self-report and
categorized as never, former, or current
smoking. All persons with a serum co-
tinine concentration of more than 57
nmol/L (10 ng/mL)* as measured by
high-performance liquid chromatogra-
phy and atmospheric-pressure chemi-
cal ionization tandem mass spectros-
copy?! were categorized as current
smokers, irrespective of self-report. In-
flammatory disease prevalence was de-
termined through self-report of physi-
cian-diagnosed conditions (chronic
bronchitis, asthma, emphysema, and
rheumatoid arthritis) and self-report of
“having a cold” in the past few days. A
serum tube dilution latex fixation test for
rheumatoid factor was assessed in per-
sons aged 60 years or older.?? All per-
sons with a positive test result (=1:40
titer) were categorized as having rheu-
matoid arthritis or a related inflam-
matory disorder, irrespective of self-
report. Cardiovascular disease included
self-reported physician-diagnosed myo-
cardial infarction and stroke and an-
gina as assessed by the Rose Angina
Questionnaire.” Diabetes mellitus was
defined as self-reported physician-
diagnosed diabetes mellitus with insu-
lin use or, in the case of undiagnosed dia-
betes mellitus, a fasting plasma glucose
level of at least 6.99 mmol/L (126
mg/dL).*** Estrogen use was based on
self-report, categorized as contracep-
tive medications (oral or implant) or es-
trogen replacement therapy.

Statistical Analyses

The study population was divided into
2 categories based on CRP concentra-
tion, undetectable (<0.22 mg/dL) and
elevated (=0.22 mg/dL). The popula-
tion was also divided into 2 categories
based on the conventional clinical cut
point for inflammation, a CRP concen-
tration of more than 1.00 mg/dL. Two
outcome variables were defined: el-
evated CRP level (=0.22 mg/dL), which

was compared with undetectable CRP,
and clinically raised CRP level (>1.00
mg/dL), which was compared with CRP
level of no more than 1.00 mg/dL. Within
each sex, the relationship between BMI
and CRP concentration category was ex-
amined by multiple logistic regression
analysis. We calculated odds ratios (ORs)
and 95% confidence intervals (Cls) for
BMI as a categorical variable according
to the clinical guidelines, with normal
weight (BMI <25 kg/m?) as the refer-
ence category, and for BMI as a continu-
ous variable, expressed per 5-kg/m’
(about 1 SD) increment. Moreover, ORs
per SD increment of waist-to-hip ratio
(0.1 units) were calculated. Adjust-
ments were made for potential confound-
ers, including age, race, smoking
status, estrogen use, inflammatory dis-
ease, and other diseases associated with
low-grade inflammation, including car-
diovascular disease®**?” and diabetes
mellitus.”® To assess potential effect
modification by age, smoking status, dis-
ease status, or estrogen use, the analy-
ses were repeated, restricted to young
(aged 17-39 years), healthy non-
estrogen-using nonsmokers. Odds ra-
tios do not approximate risk ratios when
the prevalence of the outcome variable
in the study population is greater than
10%.% The calculated OR for elevated
CRP concentration therefore should not
be interpreted as a risk ratio. Analyses
were performed using SAS (SAS Insti-
tute Inc, Cary, NC) and SUDAAN (Re-
search Triangle Institute, Research Tri-
angle Park, NC) and incorporated
sampling weights to account for over-
sampling and nonresponse to the house-
hold interview and examination.* Vari-
ance estimates were calculated with
SUDAAN, incorporating the complex
sampling design of NHANES I11.%°

RESULTS

Elevated CRP levels (=0.22 mg/dL) were
present in 21.8% of men and 33.1% of
women, and clinically raised CRP lev-
els (>1.00mg/dL) in4.4% and 8.9%, re-
spectively. Other characteristics of the
study population are shown in TABLE 1.

With increasing BMI, the preva-
lence of elevated CRP level increased
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in both men and women (FIGURE).
However, with increasing BMI the
prevalence of clinically raised CRP level
increased among women only; the
prevalence was 4.0% (95% ClI, 3.3%-
4.8%) in normal-weight women, 7.7%
(95% CI, 6.4%-9.4%) in overweight
women, and 20.2% (95% CI, 18.1%-
22.5%) in obese women.

Obese men were 2.13 times more
likely and obese women 6.21 times more
likely to have elevated CRP levels com-
pared with their normal-weight coun-
terparts (TABLE 2). Per 1-SD increase in
BMI, men were 1.38 and women were
2.04 times more likely to have elevated
CRPlevels. Among women, BMI was also
associated with clinically raised CRP lev-
els. Obese women were 4.76 times more
likely to have clinically raised CRP lev-

C-REACTIVE PROTEIN IN OVERWEIGHT AND OBESE ADULTS

els compared with normal-weight wom-
en. Per 1-SD increment in BMI, wom-
en were 1.69 times more likely to have
clinically raised CRP levels.

The waist-to-hip ratio was indepen-
dently associated with both elevated and
clinically raised CRP levels in men and
women. Per 1-SD increase in waist-to-
hip ratio, men were 1.41 and women
were 1.21 times more likely to have el-
evated CRP levels (Table 2). The OR for
clinically raised CRP levels per 1-SD in-
crease in waist-to-hip ratio was 1.36 in
men and 1.28 in women.

The association between BMI and
CRP was also investigated after stratifi-
cation by age group (young = 17-39
years; middle-aged = 40-59 years;
old = =60 years). Among women, the
association between BMI and CRP cat-

Table 1. Characteristics of Study Population*

Men Women

Sample size, No. 7938 8678
Age,y

17-39 50.4 45.6

40-59 30.6 30.4

=60 19.0 24.0
Race

Non-Hispanic white 76.7 76.1

Non-Hispanic black 9.9 11.3

Mexican American 5.7 4.6

Other 7.7 8.0
Body mass index, kg/m?

<25 (hormal) 41.9 50.1

25.0-29.9 (overweight) 38.8 25.6

=30 (obese) 19.3 24.3
C-reactive protein level, mg/dL

=0.21 (undetectable) 78.2 66.9

0.22-1.00 (elevated) 17.4 24.2

>1.00 (clinically raised) 4.4 8.9
Smoking status

Never 37.5 54.9

Former 27.9 18.9

Current 34.6 26.2
Disease

Inflammatory diseaset 23.6 29.6

Cardiovascular diseasef 7.4 7.3

Diabetes mellitus 6.1 5.8
Estrogen use

None 80.3

Contraceptive 11.0

Hormone replacement C 8.7
Waist-to-hip ratio, mean (SE) 0.95 (0.00) 0.86 (0.00)

*All data are expressed as percentages unless noted. Ellipses indicate data not applicable.
FIncludes current cold, asthma, emphysema, chronic bronchitis, and rheumatoid arthritis.

FIncludes angina, myocardial infarction, and stroke.

egories was influenced by age group.
Older obese women were less likely to
have elevated or clinically raised CRP
levels than young obese women. A simi-
lar effect modification by age group in
women was observed using BMI as a cat-
egorical variable. No effect modifica-
tion by age group was observed in men.
To avoid any potential effect modi-
fication by age, inflammatory disease,
cardiovascular disease, diabetes melli-
tus, current smoking, or estrogen use,
the analyses were repeated restricted to
healthy, nonsmoking, non—estrogen-
using persons aged 17 to 39 years. The
positive association between BMI cat-
egory and elevated CRP level re-
mained statistically significant after ad-
justment for age, race, smoking status
(never and former smoking only), and
waist-to-hip ratio (TABLE 3). In this re-
stricted analysis, BMI also remained
positively associated with clinically
raised CRP levels among women.

COMMENT

Previous studies in middle-aged and el-
derly persons have reported a positive
association between BMI and CRP con-
centration.'***" However, in these age
groups, the association may have been
confounded by disease. Rheumatoid ar-
thritis, diabetes mellitus, and cardio-
vascular disease are prevalent diseases

|
Figure. Prevalence of Elevated

(=0.22 mg/dL) Serum C-Reactive Protein
Concentration by BMI Category in Men

and Women Aged 17 Years or Older

807 Men Women

(n=1589)

jo2]
o
I

Subjects, %
N
?

204

<25 25-29.9 =30
BMI, kg/m?

<25 25-29.9 =230

Normal weight was considered a body mass index
(BMI) of less than 25 kg/m?; overweight, 25 to 29.9
kg/m?; and obese, 30 kg/m? or more. The preva-
lence of clinically raised (>1.00 mg/dL) serum C-
reactive protein concentration is indicated in black.
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in older persons and are associated with
both obesity*** and increased CRP con-
centrations.®*283* We carefully con-
trolled for inflammatory disease and
other factors known to influence CRP
concentrations. A higher prevalence of
low-grade systemic inflammation was
observed in overweight and obese per-
sons compared with normal-weight per-
sons. Most importantly, our study ex-
tends these findings to young adults
aged 17 to 39 years, in whom the preva-
lence of any confounding subclinical
disease is generally very low. Of inter-
est is our observation that the distri-
bution of body fat is associated with
CRP concentration independent of BML
A high waist-to-hip ratio, indicative of
a large amount of abdominal visceral
fat, was associated with low-grade sys-
temic inflammation in men and women.

Ourresults, together with the evidence
of previous studies, have importantim-

plications for the health risks of over-
weight and obese individuals, including
those atyoung ages. Based on NHANES
111 data, we estimated that 53.9% of US
adults aged 17 years or older are over-
weight or obese. Overweight, obesity,
and a large waist-to-hip ratio pose a con-
siderable health risk, including cardio-
vascular health.?**?" Low-grade systemic
inflammation has been shown to increase
the risk for cardiovascular disease.”
Some of the increased risk for cardiovas-
cular disease in overweight and obese
persons may be explained by our obser-
vation thatincreased CRP concentrations
are more prevalent in these persons.
C-reactive protein concentrations well
below the conventional clinical upper
limit of normal of 1 mg/dL have been as-
sociated with a 2- to 3-fold increase in
risk of myocardial infarction, ischemic
stroke, and peripheral arterial disease in
healthy men and women.”"* In addi-

]
Table 2. Adjusted Odds Ratios (95% Confidence Intervals) for Elevated and Clinically Raised
Serum C-Reactive Protein (CRP) Concentrations in 16 616 Men and Women*

Elevated CRP Level
(=0.22 mg/dL)t

Clinically Raised CRP Level
(>1.00 mg/dL)t

Men Women Men Women
Body mass index, kg/m?
<25 (normal weight) 0O (referent) 0O (referent) 0 (referent) 0 (referent)
25-29.9 (overweight)  1.41(1.09-1.81) 2.23(1.86-2.67) 0.90 (0.54-1.51) 1.65 (1.19-2.28)
=30 (obese) 2.13(1.56-2.91) 6.21(4.94-7.81) 0.84 (0.49-1.41) 4.76 (3.42-6.61)
Per SD increment 1.38(1.22-1.55) 2.04 (1.89-2.20) 1.08 (0.88-1.33) 1.69 (1.49-1.92)
Waist-to-hip ratio 1.41(1.17-1.69) 1.21(1.07-1.37) 1.36(1.01-1.84) 1.28 (1.07-1.54)

per SD increment

*Data are adjusted for race, age, smoking status, inflammatory disease, cardiovascular disease, diabetes mellitus, es-

trogen use (women only), and each other.
tCompared with a CRP level of less than 0.22 mg/dL.

FCompared with a CRP level of no more than 1.00 mg/dL.

]
Table 3. Adjusted Odds Ratios (95% Confidence Interval) for Elevated and Clinically Raised
Serum C-Reactive Protein (CRP) Concentrations in 3303 Young (Aged 17-39 Years),
Nonsmoking, Non—-Estrogen-Using Men and Women Without Inflammatory Disease,

Cardiovascular Disease, or Diabetes Mellitus*

Elevated CRP Level

Clinically Raised CRP Level

(=0.22 mg/dL)t (>1.00 mg/dL)t
l Men Women - Men Women I

Body mass index, kg/m?

<25 (normal weight) 0 (referent) .0 (referent) .0 (referent) 0 (referent)

25-29.9 (overweight)  1.35(0.569-3.11)  2.87 (1.47-5.58)  0.11 (0.01-1.03) 1.42 (0.36-5.64)

=30 (obese) 2.85(1.33-6.10) 12.90 (5.61-29.65) 0.64 (0.09-4.68) 8.56 (2.09-34.95)

Per SD increment 1.61(1.20-2.16)  2.46(1.83-3.32)  1.17 (0.58-2.37) 2.26 (1.49-3.41)
Waist-to-hip ratio 1.59(1.06-2.38) 1.76(1.13-2.72)  2.26(0.89-5.74) 1.43(0.75-2.71)

per SD increment

*Data are adjusted for race, age, smoking status (never and former smoking), and each other.

tCompared with a CRP level of less than 0.22 mg/dL.
FCompared with a CRP level of less than 1.00 mg/dL.
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tion, elevated CRP levels are predictive
of cardiac complications in patients with
unstable angina or myocardial infarc-
tion**** and CRP induces the produc-
tion of tissue factor, a potent procoagu-
lant, in monocytes.* Moreover, elevated
CRP concentrations are associated with
increased coronary heart disease mor-
tality and total mortality.”*!
Approximately 25% of circulating IL-6
is estimated to be released by human sub-
cutaneous adipose tissue in vivo,? and
IL-6 stimulates the production of acute-
phase proteins in the liver.®” This might
explain the observed associations be-
tween BMI and CRP. In vitro, human ab-
dominal visceral adipose tissue releases
more IL-6 compared with subcutane-
ous adipose tissue,’ possibly explaining
our observation that a higher waist-to-
hip ratio, after adjustment for BMI and
several confounders, was indepen-
dently associated with elevated CRP level.
Body mass index is an important
clinical indicator of overweight and obe-
sity,’® but its use as an indicator of body
fatness has limitations. At a similar BMI,
women have more body fat than men.*
This difference was reflected in our data,
showing a higher prevalence of el-
evated and clinically raised CRP levels
in women compared with men in over-
weight and obese persons (Figure). The
higher prevalence of elevated and clini-
cally raised CRP levels among obese
women compared with obese men
could also be due to by the fact that
women were more likely to be ex-
tremely obese: a BMI of 35 to 40 kg/m*
was prevalent among 3.4% of men and
6.4% of women, and a BMI of 40 kg/m?
or more was present among 1.7% of
men and 3.6% of women. Both phe-
nomena might also explain why BMI
was associated with clinically raised
CRP levels in women but not men.
Persons with a normal body weight
(BMI <25 kg/m?) were used as the ref-
erence group. However, this group in-
cluded a small percentage (1.3% of men
and 3.8% of women) of underweight
persons (BMI <18.5 kg/m*) who might
be more likely to be in poor health, with
associated higher CRP concentra-
tions. However, when the analyses were
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repeated after exclusion of under-
weight people in the reference group,
similar results were obtained.

Because the lower detection limit of
the CRP assay was 0.22 mg/dL, serum
CRP level was used as a categorical vari-
able. Itis unlikely that the use ofamore
sensitive assay would have changed the
conclusions of the study. The associa-
tion between obesity and CRP concen-
tration was observed regardless of the
CRP cut point that was used (=0.22 or
>1.00mg/dL). Second, although the cut
pointof 1.0 mg/dL has been used in clini-
cal studies, more recent epidemiologi-
cal studies have shown an increased risk
for cardiovascular disease at CRP levels
of 0.2 mg/dL and higher.*"

We used a single CRP measurement
that may not accurately reflect long-
term inflammation status. The biologi-
cal variability of CRP is substantial, with
reported values ranging from 10.6% to
63.0%.%"* However, because random
misclassification due to biological vari-
ability will lead to underestimation of
true associations, this limitation is un-
likely to explain our findings.

Measurements of the serum concen-
tration of IL-6 were not available in the
present study. Although the results sup-
port the hypothesis that IL-6 pro-
duced by the adipocytes increase CRP
concentration, direct assessment of IL-6
concentration is needed in future stud-
ies to further test this hypothesis.

In conclusion, the results of this
large-scale cross-sectional study show
that higher BMI is associated with
higher CRP concentrations that could
not be explained by inflammatory dis-
ease or other factors or diseases known
to increase CRP concentrations. Be-
cause these associations also were ob-
served among young adults aged 17 to
39 years, subclinical disease is un-
likely to explain our findings. These
data suggest that a state of low-grade
systemic inflammation is present in
overweight and obese persons.

REFERENCES

1. Flier JS. The adipocyte: storage depot or node on
the energy information superhighway? Cell. 1995;
80:15-18.

2. Mohamed-Ali V, Pinkney JH, Coppack SW. Adi-

C-REACTIVE PROTEIN IN OVERWEIGHT AND OBESE ADULTS

pose tissue as an endocrine and paracrine organ. Int
J Obes Relat Metab Disord. 1998;22:1145-1158.

3. Purohit A, Ghilchik MW, Duncan L, et al. Aro-
matase activity and interleukin-6 production by nor-
mal and malignant breast tissues. J Clin Endocrinol
Metab. 1995;80:3052-3058.

4. Mohamed-Ali V, Goodrick S, Rawesh A, et al. Sub-
cutaneous adipose tissue releases interleukin-6, but not
tumor necrosis factor-«, in vivo. J Clin Endocrinol
Metab. 1997,82:4196-4200.

5. Fried SK, Bunkin DA, Greenberg AS. Omental and
subcutaneous adipose tissues of obese subjects re-
lease interleukin-6. J Clin Endocrinol Metab. 1998;
83:847-850.

6. Banks RE, Forbes MA, Storr M, et al. The acute
phase response in patients receiving subcutaneous IL-6.
Clin Exp Immunol. 1995;102:217-223.
Papanicolaou DA, Wilder RL, Manolagas SC, Chrou-
sos GP. The pathophysiologic roles of interleukin-6
in human disease. Ann Intern Med. 1998;128:
127-137.

8. Danesh J, Collins R, Appleby P, Peto R. Associa-
tion of fibrinogen, C-reactive protein, albumin, or leu-
kocyte count with coronary heart disease. JAMA. 1998;
279:1477-1482.

9. Kuller LH, Tracy RP, Shaten J, Meilahn EN. Rela-
tion of C-reactive protein and coronary heart disease
in the MRFIT nested case-control study. Am J Epide-
miol. 1996;144:537-547.

10. Ridker PM, Cushman M, Stampfer MJ, Tracy RP,
Hennekens CH. Inflammation, aspirin, and the risk of
cardiovascular disease in apparently healthy men.
N Engl J Med. 1997;336:973-979.

11. Ridker PM, Buring JE, Shih J, et al. Prospective
study of C-reactive protein and the risk of future car-
diovascular events among apparently healthy women.
Circulation. 1998;98:731-733.

12. Koenig W, Sund M, Frohlich M, et al. C-reactive
protein, a sensitive marker of inflammation, predicts
future risk of coronary heart disease in initially healthy
middle-aged men. Circulation. 1999;99:237-242.
13. Ridker PM, Cushman M, Stampfer MJ, Tracy RP,
Hennekens CH. Plasma concentration of C-reactive
protein and risk of developing peripheral vascular dis-
ease. Circulation. 1998,97:425-428.

14. Plan and Operation of the Third National Health
and Nutrition Examination Survey, 1988-1994. Hy-
attsville, Md: National Center for Health Statistics;
1994.

15. Lohman TG, Roche AF, Martorell R, eds. Anthro-
pometric Standardization Reference Manual. Cham-
paign, Ill: Human Kinetics Books; 1988.

16. KeysA, Fidanza F, Karvonen MJ, etal. Indices of rela-
tive weightand obesity. / Chronic Dis. 1972;25:329-343.
17. Kuczmarski RJ, Flegal KM, Campbell SM, Johnson
CL. Increasing prevalence of overweight among US
adults. JAMA. 1994,272:205-211.

18. Clinical Guidelines on the Identification, Evalu-
ation, and Treatment of Overweight and Obesity in
Adults. Bethesda, Md: National Institutes of Health;
1998. Available at: http://www.nhlbi.nih.gov/
guidelines.

19. Schreiner PJ, Terry JG, Evans GW, Hinson WH,
Crouse JRIII, Heiss G. Sex-specific associations of mag-
netic resonance imaging-derived intra-abdominal and
subcutaneous fat areas with conventional anthropo-
metric indices. Am J Epidemiol. 1996;144:335-345.
20. PirkleJL, Flegal KM, BernertJT, Brody DJ, Etzel RA,
Maurer KR. Exposure of the US population to environ-
mental tobacco smoke. JAMA. 1996;275:1233-1240.
21. BernertJT, Sosnoff C, Turner WE, et al. Develop-
ment of a rapid and sensitive method for serum coti-
nine analysis as a marker of exposure to environmen-
tal tobacco smoke [abstract]. Clin Chem. 1994:40:1075.
22. Wener MH, Mannik M. Rheumatoid factors. In: Rose
NR, Conway de Macario E, Fahey JL, et al, eds. Manual
of Clinical Laboratory Immunology. 5th ed. Washing-
ton, DC: American Society for Microbiology; 1997.
23. Rose G, Blackburn H, Gillum R, et al. Cardiovas-

©1999 American Medical Association. All rights reserved.

cular Survey Methods. Geneva, Switzerland: World
Health Organization; 1982.

24. Report of the Expert Committee on the Diagno-
sis and Classification of Diabetes Mellitus. Diabetes
Care. 1997;20:1183-1197.

25. Harris MI, Flegal KM, Cowie CC, et al. Preva-
lence of diabetes, impaired fasting glucose, and im-
paired glucose tolerance in US adults. Diabetes Care.
1998;21:518-524.

26. Mendall MA, Patel P, Ballam L, Strachan D, North-
field TC. C-reactive protein and its relation to cardio-
vascular risk factors. BMJ. 1996;312:1061-1065.
27. Tracy RP, Lemaitre RN, Psaty BM, et al. Relation-
ship of C-reactive protein to risk of cardiovascular dis-
ease in the elderly. Arterioscler Thromb Vasc Biol.
1997;17:1121-1127.

28. Pickup JC, Mattock MB, Chusney GD, Burt D.
NIDDM as a disease of the innate immune system. Dia-
betologia. 1997;40:1286-1292.

29. ZhangJ, Yu KF. What's the relative risk? a method
of correcting the odds ratio in cohort studies of com-
mon outcomes. JAMA. 1998;280:1690-1691.

30. Third National Health and Nutrition Examina-
tion Survey, 1988-1994, Reference Manuals and Re-
ports [CD-ROM]. Hyattsville, Md: Centers for Dis-
ease Control and Prevention; 1996.

31. CassanoPA, Rosner B, Vokonas PS, Weiss ST. Obe-
sity and body fat distribution in relation to the incidence
of non-insulin-dependent diabetes mellitus. Am J Epi-
demiol. 1992;136:1474-1486.

32. Voigt LF, Koepsell TD, Nelson JL, et al. Smoking,
obesity, alcohol consumption, and the risk of rheu-
matoid arthritis. Epidemiology. 1994;5:525-532.
33. Rimm EB, Stampfer MJ, GiovannucciE, et al. Body
size and fat distribution as predictors of coronary heart
disease among middle-aged and older US men. Am J
Epidemiol. 1995;141:1117-1127.

34. Blackburn WD Jr. Validity of acute-phase pro-
teins as markers of disease activity. J Rheumatol Suppl.
1994,42:9-13.

35. Pi-Sunyer FX. Health implications of obesity. Am
J Clin Nutr. 1991;53:15955-1603S.

36. Rexrode KM, Carey VJ, Hennekens CH, et al. Ab-
dominal adiposity and coronary heart disease in
women. JAMA. 1998;280:1843-1848.

37. Folsom AR, Stevens J, Schreiner PJ, McGovern PG.
Body mass index, waist/hip ratio, and coronary heart
disease incidence in African-Americans and whites. Am
J Epidemiol. 1998;148:1187-1194.

38. Liuzzo G, Biasucci LM, Gallimore JR, et al. The
prognostic value of C-reactive protein and serum amy-
loid A protein in severe unstable angina. N Engl J Med.
1994,331:417-424.

39. Anzai T, Yoshikawa T, Shiraki H, et al. C-reactive
protein as a predictor of infarct expansion and car-
diac rupture after a first Q-wave acute myocardial in-
farction. Circulation. 1997,96:778-784.

40. Cermak J, Key NS, Bach RR, et al. C-reactive pro-
tein induces human peripheral blood monocytes to syn-
thesize tissue factor. Blood. 1993;82:513-520.

41. Harris TB, Ferrucci L, Tracy RP, et al. Associa-
tions of elevated interleukin-6 and C-reactive pro-
tein levels with mortality in the elderly. Am J Med.
1999;106:506-512.

42. Gallagher D, Visser M, Sepulveda D, et al. How
useful is body mass index for comparison of body fat-
ness across age, gender, and ethnic groups? Am J Epi-
demiol. 1996;143:228-239.

43. Clark GH, Fraser CG. Biological variation of acute
phase proteins. Ann Clin Biochem. 1993;30:373-376.
44. Macy EM, Hayes TE, Tracy RP. Variability in the
measurement of C-reactive protein in healthy sub-
jects. Clin Chem. 1997;43:52-58.

45. Sebastian-Gambaro ME, Liron-Hernandez FJ, Fu-
entes-Arderiu X. Intra- and inter-individual biological
variability data bank. Eur J Clin Chem Clin Biochem.
1997,35:845-852.

46. Franzini C. Need for correct estimates of biologi-
cal variation. Clin Chem Lab Med. 1998;36:131-132.

JAMA, December 8, 1999—Vol 282, No. 22 2135

Downloaded from www.jama.com on January 26, 2008


http://www.jama.com

Y o , ez
American Heart
lr‘ : l I a 1 0 I I Associatione
Learn and Live..
JOURNAL, OF THE AMERICAN HEART ASSOCIATION

Rosuvastatin in the Primary Prevention of Cardiovascular Disease Among
Patients With Low Levelsof Low-Density Lipoprotein Cholesterol and Elevated
High-Sensitivity C-Reactive Protein: Rationale and Design of the JUPITER
Trial*

Paul M Ridker and on behalf of the JUPITER Study Group
Circulation 2003;108;2292-2297

DOI: 10.1161/01.CIR.0000100688.17280.E6
Circulation is published by the American Heart Association. 7272 Greenville Avenue, Dallas, TX
72514
Copyright © 2003 American Heart Association. All rights reserved. Print ISSN: 0009-7322. Online
ISSN: 1524-4539

The online version of this article, along with updated information and services, is
located on the World Wide Web at:
http://circ.ahajournal s.org/cgi/content/full/108/19/2292

Subscriptions: Information about subscribing to Circulation is online at
http://circ.ahajournal s.org/subscriptions/

Permissions: Permissions & Rights Desk, Lippincott Williams & Wilkins, a division of Wolters
Kluwer Health, 351 West Camden Street, Baltimore, MD 21202-2436. Phone: 410-528-4050. Fax:
410-528-8550. E-mail:

journal permissions@I|ww.com

Reprints: Information about reprints can be found online at
http://www.Ilww.com/reprints

Downloaded from circ.ahajournals.org by on January 26, 2008


http://circ.ahajournals.org/cgi/content/full/108/19/2292
http://circ.ahajournals.org/subscriptions/
mailto:journalpermissions@lww.com
http://www.lww.com/reprints
http://circ.ahajournals.org

Rosuvadatin in the Primary Prevention of Cardiovascular Disease
Among Patients With Low Levds of Low-Dengty Lipoproten
Choleserol and Elevated High-Senstivity C-Reactive Protein
Rationale and Design of the JUPITER Trial*

Paul M Ridker, MD, MPH; on behalf of the JUPITER Study Group

ompleted randomized trials of statin therapy demonstrate

that 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-
CoA) reductase inhibitors reduce the risk of myocardia
infarction, stroke, and other cardiovascular events among
individuals with established coronary disease and overt hy-
perlipidemia.’-¢ In aggregate, use of statin therapy in these
trials has been associated with an approximate 30% reduction
in cardiovascular event rates. Largely on the basis of these
cholesterol reduction trials, current trestment algorithms from
the National Cholesterol Education Program (NCEP) Adult
Treatment Panel |11 endorse the use of statins in secondary
prevention and encourage increased use of statins in primary
prevention among those with hyperlipidemia and diabetes.”

Unfortunately, despite evidence provided by the Air Force/
Texas Coronary Atherosclerosis Prevention Study (AFCAPS/
TexCAPS?) and the West of Scotland Coronary Prevention
Study (WOSCOPS?3), use of statinsfor the primary prevention
of cardiovascular disease has not been widely adopted in a
cost-effective manner. From a clinical perspective, there are
several reasons for this slow adoption.

First, amost half of al cardiovascular events occur among
apparently healthy men and women who have normal or even
low levels of LDL cholesterol (LDL-C). Thus, better screen-
ing methods are needed in primary prevention to detect
high-risk individuals for whom the number needed to treat
(NNT) is small enough to make prophylactic statin therapy
cost effective. Second, there has been controversy within the
completed clinical trials suggesting that the benefits of statins
may extend beyond LDL-C reduction aone. In both the Heart
Protection Study of stable high-risk patients® and the MIR-
ACL (Myocardial 1schemia Reduction with Aggressive Cho-
lesterol Lowering) study of patients with acute coronary
syndromes,8 the risk reduction associated with statin therapy
was almost identical among those with low as well those with
as high levels of LDL-C. Further, statin therapy reduces the
risk of stroke, yet LDL-C is not an important risk factor for
this disease.210

The Role of High-Sensitivity C-Reactive
Protein (hsCRP) in Cardiovascular Disease
In an effort to improve vascular risk detection, many physi-
cians screen for hsCRP, an inflammatory biomarker associ-
ated with a markedly increased risk of myocardial infarction,
stroke, periphera arterial disease, and sudden cardiac death,
even among apparently healthy individuals with low levels of
LDL-C.2t To date, more than a dozen large-scale studies
demonstrate in aggregate that hsCRP levels are a strong,
independent predictor of future vascular events2-20 and that
hsCRP adds prognostic information on risk at al levels of
LDL-C, at all levels of the Framingham Risk Score, and at all
levels of the metabolic syndrome?s21-23 (Figure 1). Moreover,
hsCRP predicts risk of recurrent coronary events and has
important prognostic value in acute coronary ischemia and

after coronary interventions,24-30

As our understanding that atherothrombosis is fundamen-
taly an inflammatory disease has developed,3! so too has
evidence regarding CRP as a direct participant both in the
early initiation of atherosclerotic lesions and in the conver-
sion of stable to unstable plagues. In particular, evidence has
recently accumulated that shows CRP to be a direct partici-
pant in the atherothrombotic process capable of augmenting
the innate inflammatory response, triggering expression of
adhesion molecules and monocyte chemoattractant protein-1,
attenuating expression of endothelial NO synthase, inducing
plasminogen activator inhibitor-1, and having a direct effect
on arterial thrombosis32-37 (Figure 2).

On the basis of these data, an expert panel assembled by
the Centers for Disease Control and Prevention and the
American Heart Association provided the first guidelines for
use of inflammatory biomarkers in clinical practice in Janu-
ary 2003.38 Thisreport confirmed the importance of hsCRPin
clinical risk detection and recommended use of hsCRP as part
of global risk prediction, particularly among those deemed at
“intermediate risk” by standard risk factors. One of the most
important groups likely to benefit from hsCRP evaluation is
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composed of those with normal or low levels of LDL-C. As
shown in Figure 3 in data from the large-scale Women’'s
Health Study, apparently healthy individuals with low levels
of LDL-C but high levels of hsCRP are at higher absol ute risk
of future vascular events than are those with high levels of
LDL-C but low levels of hsCRP.15 Such patients, however,
are not currently considered for statin therapy, as they have
LDL-C levels <130 mg/dL, the current treatment target in
primary prevention. Nonetheless, both experimental and clin-
ica studies indicate that statins may have direct anti-
inflammatory effects, and it is now established that statins
lower hsCRP levels on a population basis.2*-41 Thus, it has
been hypothesized that hsCRP screening might provide a
method to improve the targeting of statin therapy, particularly
among those with low to normal levels of LDL-C.42

hsCRP, Statin Therapy, and the Prevention of
Cardiovascular Events

To address this issue, a hypothesis-generating study was

recently completed in which hsCRP levels were measured at

baseline among 5742 participants enrolled in AFCAPY

TexCAPS, a randomized, double-blind, placebo-controlled

trial of lovastatin in the primary prevention of cardiovascular
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Figure 1. hsCRP adds prognostic infor-
mation on vascular risk at all levels of
LDL-C (right) and at all levels of the Fra-
mingham Risk Score (left). Data are
derived from Ridker et al.11.15.21
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events conducted among American men and women with
average cholesterol levels and below-average HDL choles-
terol levels.#3 Inthat trial, lovastatin allocation was associated
with a 37% reduction in the primary clinical end point of fatal
or nonfatal myocardial infarction, hospitalization for unstable
angina, or sudden cardiac death. However, after measuring
baseline hsCRP as well as lipid levels in the AFCAPSY
TexCAPS population, several critical observations regarding
the efficacy of statin therapy in primary prevention were
observed.43

First, coronary event rates increased with entry hsCRP
levels such that the relative risks from lowest to highest
quartiles of baseline hsCRP among those allocated to placebo
were 1.0, 1.2, 1.3, and 1.7 (P=0.01), an effect that was
independent of traditional risk factors included in the Fra-
mingham Risk Score.

Second, compared with placebo, allocation to lovastatin in
AFCAPS/TexCAPS resulted in a statistically significant re-
duction in median hsCRP levels at the end of the first year of
treatment (95% CI of the median, —17.4 to —12.5%,
P<0.001); data were consistent with those of other statins.3°-4
As also demonstrated in the Pravastatin INflammation CRP
Evauation (PRINCE),* this reduction in hsCRP was not
related to the effect of statin therapy on lipid levels.

CRP induced production of
cell adhesion molecules, MCP-1, ET-1

Figure 2. Mechanisms relating
C-reactive protein (CRP) to development
and progression of the atherothrombotic
process. eNOS indicates endothelial NO
synthase; ET-1, endothelin-1; MCP-1,
monocyte chemoattractant protein-1;
and PAI-1, plasminogen activator
inhibitor-1.

CRP triggered oxidation
of LDL cholesterol
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Figure 3. Cardiovascular event—free survival according to base-
line levels of LDL-C and hsCRP. Note that those with elevated
levels of hsCRP but low LDL-C (the target population for the
JUPITER trial) appear at higher vascular risk than those with
high LDL-C but low hsCRP. Data are derived from Ridker et al.’®

Third, and most importantly, there were major differences
in the observed efficacy of lovastatin when AFCAPS/Tex-
CAPS participants were stratified into 4 groups on the basis
of median LDL-C and median hsCRP levels®® (Table). As
expected, lovastatin was highly effective in preventing first
vascular events among participants with elevated levels of
LDL-C. However, lovastatin was aso highly effective in
reducing coronary events among those with low LDL-C
levels but who had elevated levels of hsCRP, data that
suggest that statin therapy may well have efficacy in the
presence of systemic inflammation even in the absence of
hyperlipidemia. In fact, the low LDL-C/high hsCRP sub-
group in AFCAPS/TexCAPS had a risk of future vascular
events just as high as that observed in the subgroups with
overt hyperlipidemia In marked contrast, event rates were
low among AFCAPS/TexCAPS participants with low LDL-C
and low hsCRP, a subgroup in which there was no evidence
that lovastatin reduced the risk of future cardiovascular
events. These hypothesis-generating data in primary preven-
tion paralel the data in secondary prevention from the
Cholesterol and Recurrent Events (CARE) trial that previ-
ously suggested that the benefit of statin therapy was greater
among those with elevated hsCRP levels.24

Since publication of the AFCAPS/TexCAPS* and
CARE?* trial data for hsCRP, several clinical registries have

corroborated the observation that individuals with elevated
hsCRP levels benefit preferentially from the use of statins
both among those with angiographically severe coronary
disease*#4> and in the setting of percutaneous coronary
interventions and stent placement.#6-47 Moreover, a number of
studies have suggested direct anti-inflammatory mechanisms
for statin therapy that appear largely independent of LDL
reduction.#8-51 One recent study has shown a dose-response
relationship between statin therapy and hsCRP reduction that
was augmented by the addition of ezetimibe.52

For some physicians, these data have been interpreted as
evidence that hsCRP screening should be broadly applied and
that those with elevated levels of hsCRP should be placed on
statin therapy for the primary prevention of cardiovascular
events. It is critical to recognize, however, that observations
regarding hsCRP in both the AFCAPS/TexCAPS and CARE
trials were made on a post hoc basis and that the total number
of events within the low LDL-C/high hsCRP stratain each of
those studies was small. Thus, a large-scale, prospective,
placebo-controlled trial of statin therapy among individuals
without overt hyperlipidemia but with evidence of systemic
inflammation is needed to directly test this hypothesis.

The JUPITER Trial

Study Objectives

The primary objective of the JUPITER trial is to determine
whether long-term treatment with rosuvastatin (20 mg orally
per day) will reduce the rate of first mgor cardiovascular
events, defined as the combined end point of cardiovascular
death, stroke, myocardial infarction, hospitalization for un-
stable angina, or arteria revascularization among individuals
with LDL-C levels <130 mg/dL (3.36 mmol/L) who are at
high vascular risk because of an enhanced inflammatory
response as indicated by hsCRP levels =2 mg/L. Secondary
objectives of JUPITER are to evaluate the safety of long-term
treatment with rosuvastatin in terms of total mortality, non-
cardiovascular mortality, and adverse events and to determine
whether rosuvastatin reduces the incidence of type 2 diabetes.
This latter objective reflects the fact that hsCRP levels also
predict the onset of diabetes®® and that inflammation appears
to be acritical link between diabetes and atherothrombosis.>*
Finaly, on the basis of observational evidence regarding
statins, osteoporosis, and hypercoagulability, the JUPITER
trial will aso determine whether rosuvastatin reduces the
incidence of bone fractures and venous thromboembolic
events.5556

Crude Event Rates, Relative Risks (RR), and the No. Needed to Treat (NNT) Associated With
Lovastatin Allocation Among AFCAPS/TexCAPS Participants, According to Baseline Levels of

LDL Cholesterol and hsCRP

Lovastatin Placebo
Study Group N Rate* N Rate* RR 95% ClI NNT*
Low LDLC/low hsCRP 19/726 0.025 17/722 0.022 1.08 0.56-2.08
Low LDLC/high hsCRP 22/718 0.029 37/710 0.051 0.58 0.34-0.98 48
High LDLC/low hsCRP 15/709 0.020 37711 0.050 0.38 0.21-0.70 33
High LDLC/high hsCRP 29/741 0.038 40/705 0.055 0.68 0.42-1.10 58

*Event rates and NNT calculated on the basis of 5 patient-years at risk. Data are derived from Ridker et al.**
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Study Population

The JUPITER trial will enroll up to 15 000 men age 55 years
and older and women age 65 years and older, who, on initia
screening, are found to have hsCRP =2 mg/L, LDL-C <130
mg/dL, and triglycerides <500 mg/dL (5.65 mmol/L), and
who have no history of myocardial infarction, stroke, arterial
revascularization, or coronary risk equivalent as defined by
current NCEP guidelines. Additional exclusion criteria are as
follows: current use of statins or other lipid-lowering thera-
pies, including fibrates, niacin, and bile-acid sequestrants;
known hypersensitivity to statin therapy; current use of
postmenopausal oral hormone therapy; current use of immu-
nosuppressants; active liver disease or elevated liver enzymes
(alanine aminotransferase [ALT] >2 times upper limit of
normal [ULN]); cregtine kinase [CK] >3 times ULN; diabetes
mellitus (fasting serum glucose >126 mg/dL [7.0 mmol/L],
or use of insulin or oral hypoglycemic agent); uncontrolled
hypertension (systolic or diastolic blood pressure >190 or
100 mm Hg, respectively); history of cancer, except nonma-
lignant skin cancer, within the past 5 years; uncontrolled
hypothyroidism (thyroid-stimulating hormone >1.5 above
ULN); chronic inflammatory conditions such as severe ar-
thritis, lupus, or inflammatory bowel disease; history of
acohol or drug abuse within the past year; and serious
medical or psychological conditions that may compromise
successful study participation.

Study Design

The overall design of the JUPITER trial isshown in Figure 4.
At theinitial screening visit, informed consent will be sought,
apreliminary assessment of subject eligibility will occur, and
afasting blood sample will be obtained for analysis of hsCRP
and lipid levels. At a second screening visit, a physical
examination and medical history focusing on cardiovascular
risk factors will be conducted, and fasting blood and urine
samples will be collected for further lipid analysis, hemato-
logic indices, creatinine, thyroid-stimulating hormone, ALT,
CK, glucose, and hemoglobin A,. For participants who
provide additional consent, plasma and buffy coat samples
will be stored for future genomic and proteomic analyses
relating to lipid metabolism, inflammatory function, and
statin therapy. Eligible subjects will then be enrolled in a
4-week prerandomization run-in period designed to ensure a

HbA1C

group of study participants capable of long-term protocol
compliance.

Following the run-in period, participants will be randomly
assigned to either oral rosuvastatin (20 mg/d; supplied as
CRESTOR by AstraZeneca [Wilmington, Del]) or placebo
for a period of 3 to 4 years, the estimated time needed to
accrue the 520 cardiovascular end points on which the study
is powered. The dose of rosuvastatin selected should result in
~50% reductions in LDL cholesterol5” as well as a substan-
tial reduction in hsCRP.

All study participants will visit the clinic sites for evalua-
tion at 3 and 6 months after randomization and thereafter at
6-month intervals for the duration of follow-up. At these
visits, staff will dispense study medication; assess compliance
with pill taking, the use of concomitant medications, and the
development of major illnesses, study end points, or adverse
effects; and collect fasting blood and urine samples to
evaluate changesin lipid and inflammatory parameters and to
monitor safety. Study medication will be discontinued among
subjects who develop myopathy (CK >10 times ULN and
muscle aches or weakness) or a persistent elevation in ALT
(>3 times ULN on 2 consecutive tests). Subjects whose
blinded LDL-C levels rise to =130 mg/dL during the study
will be counseled to adopt lifestyle changes recommended by
the NCEP. If, after 3 months, LDL-C levels remain elevated
and the calculated Framingham Risk Score exceeds 10%
despite lifestyle changes, investigators will be encouraged to
consider lipid-lowering therapy with bile-acid sequestrants or
cholesterol-absorption inhibitors for those subjects. However,
if the responsible study physician believes statin therapy is
indicated, the study medication will be discontinued and
open-label statin therapy will be initiated. All subjects in
whom study medication is discontinued will be followed for
the duration of the trial and included in data analyses.

Data Analysis, Power, and Trial Organization

The primary end point under study is the first occurrence of
amajor cardiovascular event defined as cardiovascular death,
stroke, myocardial infarction, hospitalization for unstable
angina, or arterial revascularization. Secondary end points are
total mortality, noncardiovascular mortality, diabetes melli-
tus, venous thromboembolic events, bone fractures, and
discontinuation of the study medication because of adverse
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effects. All primary analyses will be on an intention-to-treat
basis. Event rates for the rosuvastatin and placebo groups will
be compared using the proportional-hazards regression model
to adjust for variable length of follow-up.

Power estimates are based on the assumption of a mean
follow-up of 3.5 years, a placebo event rate of 1.5 per 100
patient-years at risk, and a net attrition rate of 5% per year.
Given asample size of 15 000, the power of thetrial to detect
a 25% reduction in risk of major vascular events associated
with rosuvastatin exceeds 90%.

The JUPITER trial was designed as an investigator-
initiated protocol from the Center for Cardiovascular Disease
Prevention at the Brigham and Women's Hospital, Harvard
Medical School, Boston, Mass.#2 Members of the JUPITER
Steering Committee are listed in Appendix A.

A fully independent 5-member Data and Safety Monitoring
Board has been established and will review unblinded safety
data at least twice yearly. Frequency of interim efficacy
analyses and rules for early trial termination have been
prespecified and approved by al members of this board
(listed in Appendix B).

What Will the JUPITER Trial Teach Us?
The JUPITER tria has been carefully designed to address a
critica unanswered question regarding inflammeation, statins,
and atherothrombosis, as follows: Will statin therapy prevent
first-ever cardiovascular events among those with LDL-C <130
mg/dL, but who are nonetheless at increased vascular risk
because of elevated levels of hsCRP? Thisissueis of exceptional
clinica importance, as half of all vascular events occur among
those with normal or even low levels of LDL-C. Within the
United States alone, as many as 25 to 30 million adults fal into
this potentially high-risk category. Thus, a strong postive
finding from JUPITER will dramatically affect public health and
prevention and would provide a clear rationale for much broader
use of statin therapy for the primary prevention of cardiovascular
events than currently endorsed. On the other hand, a negative
finding would also be of great importance, asit would direct the
use of scarce prevention resources to other nonstatin methods for
coronary risk reduction.

By using rosuvastatin, JUPITER will aso be addressing
whether aggressive LDL-C reductions” has efficacy in pri-
mary prevention among those with relatively low LDL-C
levels. However, because JUPITER is evaluating an agent
that dramatically lowers LDL-C as well as hsCRP, the
JUPITER trial will not directly answer whether CRP reduc-
tion alone leads to reduced vascular risk. This hypothesis will
require testing of agents with targeted vascular anti-
inflammatory effects that lack proven beneficial effects such
as LDL-C reduction.

Initial site recruitment for the JUPITER tria within the
United States and Canada began in mid-2003. Further infor-
mation on the JUPITER tria can be obtained at www.
JUPITERstudy.com or by calling (888) 660-8254.

Appendix A: JUPITER Steering Committee

(United States and Canada)
Paul M Ridker, Harvard Medical School (Study Chairman)
Antonio Gotto, Weill Medical College of Cornell University

Jacques Genest, McGill University

Peter Libby, Harvard Medical School
James Willerson, University of Texas
James Blasetto, Astra-Zeneca (nonvoting)

Appendix B: JUPITER Independent Data and

Safety Monitoring Board
Rory Collins, Oxford University (Chair)
Gervasio Lamas, Miami Heart Institute
Douglas Vaughan, Vanderbilt University
Sidney Smith, University of North Carolina
Kent Bailey, Mayo Clinic
Robert J Glynn, Harvard Medical School (nonvoting)
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C-Reactive Protein in Healthy Subjects: Associations With
Obesity, Insulin Resistance, and Endothelial Dysfunction
A Potential Role for Cytokines Originating From Adipose Tissue?

John S. Yudkin, C.D.A. Stehouwer, J.J. Emeis, S.W. Coppack

Abstract—C-reactive protein, a hepatic acute phase protein largely regulated by circulating levels of interleukin-6, predicts
coronary heart disease incidence in healthy subjects. We have shown that subcutaneous adipose tissue secrete
interleukin-6 in vivo. In this study we have sought associations of levels of C-reactive protein and interleukin-6 with
measures of obesity and of chronic infection as their putative determinants. We have also related levels of C-reactive
protein and interleukin-6 to markers of the insulin resistance syndrome and of endothelial dysfunction. We performed
a cross-sectional study in 107 nondiabetic subjects: (1) Levels of C-reactive protein, and concentrations of the
proinflammatory cytokines interleukin-6 and tumor necrosis faatorere related to all measures of obesity, but titers
of antibodies tdHelicobacter pyloriwere only weakly and those @hlamydia pneumoniaand cytomegalovirus were
not significantly correlated with levels of these molecules. Levels of C-reactive protein were significantly related to
those of interleukin-6r=0.37, P<<0.0005) and tumor necrosis factar{r=0.46, P<<0.0001). (2) Concentrations of
C-reactive protein were related to insulin resistance as calculated from the homoeostasis model assessment model, bloo
pressure, HDL, and triglyceride, and to markers of endothelial dysfunction (plasma levels of von Willebrand factor,
tissue plasminogen activator, and cellular fibronectin). A mean standard deviation score of levels of acute phase markers
correlated closely with a similar score of insulin resistance syndrome variabi€s50, P<<0.00005), this relationship
being weakened only marginally by removing measures of obesity from the insulin resistance rse0re3
P<0.00005). These data suggest that adipose tissue is an important determinant of a low level, chronic inflammatory
state as reflected by levels of interleukin-6, tumor necrosis fagt@nad C-reactive protein, and that infection with
H pylori, C pneumoniagand cytomegalovirus is not. Moreover, our data support the concept that such a low-level,
chronic inflammatory state may induce insulin resistance and endothelial dysfunction and thus link the latter phenomena
with obesity and cardiovascular diseag&rterioscler Thromb Vasc Bial 1999;19:972-978.)

Key Words: C-reactive proteim insulin resistanca obesitym endothelial dysfunctiom interleukin-6

I nflammatory processes have important roles in the etiology Cohort Studyg, and the MRFIT Study? where CRP levels

of coronary heart disease (CHB3,but the mechanisms  predicted cardiovascular events or CHD mortality during a
underlying this relationship are poorly understood. Several follow-up of between 2 and 17 years. These observations
studies have shown that elevated plasma levels of fibrinogen,imply that atheroma progression, as well as plaque rupture,
C-reactive protein (CRP), and interleukin-6 (IL-6) are asso- may be predicted by raised CRP levels. It has nevertheless
ciated with the risk of CHD and the severity of atherosclero- remained an issue of debate as to whether the relationship
sis3-6 Whether these molecules play a causative role, or between CRP and cardiovascular disease reflects inflamma-
simply act as markers of the acute phase reaction, is debat-tion in the vascular wall, perhaps because of chronic infec-
able. Elevated IL-6 levels have been reported in patients with tions such ahlamydia pneumoni&, or inflammation orig-
unstable angina where inflammatory processes may facilitateinating in a more remote site, with secondary effects on the
the transition from the clinically stable to unstable atheroscle- vascular wall through cytokines and other mediators.

rotic plaques. However, it has also been shown that CRP ~ The synthesis of CRP by the liver is largely regulated by
levels are associated with CHD in healthy subjects, both in a IL-6.12 Although the activated leukocyte is widely assumed to
cross-sectional study in general pracfiand longitudinally be the major source of circulating IL-6, with additional
in the US Physicians Health Stuflyhe MONICA-Augsburg contributions from fibroblasts and endothelial cédsjovel
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observations from our laboratory have proposed a previously Systems). Thrombomodulin, von Willebrand factor, cellular fi-
unsuspected source for this cytokine. Using the technique of bronectini® tissue plasminogen activator (tPA) antigen, PAI-1 anti-

arteriovenous difference measures across a subcutaneoug
adipose tissue bed and radio-xenon measures of adipose,

tissue blood flow, we have demonstrated IL-6 production by
human subcutaneous adipose tissue in ¥vbhe production

of IL-6, as well as systemic concentrations, increase with
adiposity, and we have estimated thaB0% of total circu-
lating concentrations of IL-6 originate from adipose tissue in
healthy subject& Both IL-6 and tumor necrosis factaer-
(TNF-a) are expressed in adipose tisst# and in vitro
release of TNFx by adipocytes has been reportédmong

the known effects of these cytokines are inhibition of insulin
signaling” and induction of both hypertriglyceridemfeand
endothelial activatioA®

en, and C-reactive protein (CRP) were measured at the Gaubius
aboratory, TNO-PG, Leiden, Netherlands. Thrombomodulin was
ssayed using an ELISA kit (Stag®)von Willebrand factor antigen
was measured by an ELISA essentially as desctbaesing poly-
clonal antibodies from DAKO; and cellular fibronectin was mea-
sured with a sandwich ELISA using a monoclonal antibody IST-9
(Harlan Sera Labs) against the ED-A domain for capture, and a
peroxidase-conjugated polyclonal fibronectin antibody (DAKO) for
detection. Tissue plasminogen activator and PAI-1 antigens were
measured by ELISA (Organon Teknika), which recognizes both free
forms of the factors and complexes of tPA with PAI-1. C-reactive
protein was measured using a highly sensitive ELISA proce#ure,
with a range of 0.25 to 10.2kg/mL and an interassay coefficient of
variation (CV) of 8%. Antibody titers tddelicobacter pyloriwere
measured using an enzyme immunoassay (Helico-G, Porton Cam-
bridge). C pneumoniaelgG antibody titers were determined by

These observations have led us to explore the links of ELISA according to a published meth&Cytomegalovirus (CMV)
levels of acute phase markers and concentrations of proin-'gG titers were determined using a standard microtiter complement

flammatory cytokines with two of their proposestktermi-
nants ie, obesity and chronic infection with 3 organisms
proposed to be related to risk of CHBD20-22\We have also

fixation assay, using in-house CMV antigen prepared from the
AD169 strain of CMV. These assays were performed in the Depart-
ments of Microbiology and Virology, UCL Hospitals, London.

Insulin sensitivity was calculated using the homeostasis model

explored relationships of acute phase markers with features ofassessment (HOMA) mod&,a mathematical estimate of insulin

the insulin resistance syndroMend of markers of endothe-
lial dysfunction, ie, with the proposedonsequencesf a
chronic low-level inflammatory statg:’® We hypothesized

that: (1) If adipose tissue were responsible for production of

proinflammatory cytokines, then circulating concentrations of

sensitivity based on fasting glucose and insulin concentrations.

Statistical Methods

Linear correlation was used to look at relationships between vari-
ables, with logarithmic transformation of skewed variables. Compar-
ison of groups was performed using unpaired Studetttest.

C-reactive protein and of proinflammatory cytokines would Multiple regression analysis was used to explore the independence of
be related to measures of obesity; (2) If IL-6 were responsible observed relationships between clusters of variables, with forced

for the metabolic and vascular consequences of obesity, then
measures of IL-6 and of CRP would relate to insulin

entry of age, gender, smoking, and prevalent CHD, followed by the
standard deviation scores (see below) for the putative independent
variables. Data are presented as me8b or as median (interquar-

resistance syndrome and endothelial markers, independentliytile range) for skewed variables. Significance levels are shown for all

of measures of adiposity.

comparisons and relationships whéte0.05 although, because of

We have explored these relationships in a population of the number of tests being performed, a more rigorous criterion of

107 healthy subjects in whom a large number of measures

significance should be applied. Nevertheless, because the purpose is
to explore relationships of acute phase markers with obesity, insulin

had been gssessed,_ recognizing th"f‘t this size of study, and _it$esistance syndrome, and endothelial activation, another approach
cross-sectional design, must, by its nature be hypothesishas also been used.

generating. We have explored associations both between To explore the association between predefined clusters of vari-

individual measures of obesity, insulin resistance syndrome,
endothelial and acute phase activation, as well as between

predefined groups of these variables.

Methods

Subjects
We studied 107 white nondiabetic subjects as a follow-up investi-
gation of cardiovascular risk factot$:28In summary, we originally

ables, we createthean standard deviation scorés insulin resis-

tance variables, endothelial markers, and acute phase markers for
each subject. This approach was taken to reduce the influences of
biological variability of each measuéwhich would make the usual
multivariate approach less suitable, as well as to reduce the number
of associations explored. We also preferred this approach to a formal
factor analysis, as we were interested in possible etiological relation-
ships between three predefined, and ostensibly distinct, groups of
variables. For each subject, each variable was expressed as standard
deviations of difference from the population mean, if necessary after

investigated subjects aged 40 to 75 randomly selected from the |ogarithmic transformation, a value that ranged frem-2.5 to 2.5.
age-sex register of a north London general practice, and 36 (SD5) The mean scores were calculated as the mean of these standard
months later restudied 125 of those with normal glucose tolerance. In deviation scores as follows: (1psulin resistance score{systolic

107 of the recall subjects, sufficient serum and plasma was available blood pressurediastolic blood pressuretriglyceride+[HDL cho-

to study a range of other variables, these being similar to the total |esterok (—1)]+[insulin sensitivityx(—1)]+body mass index
population in age, gender ratio, and levels of the risk factors under +wajst-to-hip ratio-subscapular-to-triceps ratio}/8. (Endothelial

investigation. The details of the study methods for anthropometry,

marker score=(thrombomodulir-cellular fibronectintvon Wille-

blood pressure, daytime and overnight albumin excretion rate, prand factor-mean albumin excretion rate)/4. (Fcute phase
cardiovascular disease history, and Minnesota code classification of marker score(fibrinogen+C-reactive proteirIL-6 + TNF-a)/4.

electrocardiograms have been described previcdidshp.

Methods

Fasting blood from these 107 subjects was collected, spun ag2000
for 15 minutes, and used for assay of total and HDL cholesterol,
triglycerides, insulin, proinsulin, des 32,32 proinsulin, plasminogen
activator inhibitor-1 (PAI-1) activity, and fibrinogen as previously

describedt*-27and for additional measures of endothelial and acute
phase markers and other related variables. Tumor necrosis factor-
(TNF-) and interleukin-6 (IL-6) were measured by ELISA (R&D

For some of the analyses, including those shown in Table 2, the
obesity variables were omitted from the insulin resistance seere
follows: {systolic blood pressurediastolic blood pressuretriglyc-
eridet+[HDL cholesterok (—1)]+[insulin sensitivity< (—1)]}/5.

For some analyses we also derived abesity scoreas a mean
standard deviation score: (body mass ingewaist-to-hip
ratio+subscapular-to-triceps ratio)/3.

Where results were missing, for insulinX2), albumin excretion
rate (n=1), thrombomodulin (510), or fibrinogen (r=4), the mean
standard deviation scores were calculated for the smaller denomina-
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TABLE 1.

C-Reactive Protein and the Insulin Resistance Syndrome

Characteristics of Study Subjects

Number (M/F)

Age (v)

Body mass index (kg/m?)
Waist-to-hip ratio
Subscapular-to-triceps ratio
Systolic blood pressure (mm Hg)
Diastolic blood pressure (mm Hg)
Triglyceride (mmol/L)

HDL cholesterol (mmol/L)

LDL cholesterol (mmol/L)

Fasting plasma glucose (mmol/L)
2-h plasma glucose (mmol/L)

PAI-1 activity (AU/mL)
PAI-1 antigen (ng/mL)
tPA (ng/mL)

von Willebrand factor (%)

Thrombomodulin (ng/mL)
Cellular fibronectin (%)

Mean albumin excretion rate (n.g/min)

Fibrinogen (mg/mL)
CRP (wg/mL)
TNF-o (pg/mL)
IL-6 (pg/mL)

107 (59/48)
59.0+10.9

25.9+4.5
0.86+0.08
1.31x0.59

124.8+18.4
80.4+11.0

1.3 (1.0, 1.7)
1.38+0.37
3.62+1.05
4.8+05
49+11

8.1 (4.2, 15.9)
95.6+58.9
21.0+9.4

109.7-40.9

33.7 (10.9, 121.3)
108 (71, 159)
10.2 (7.0, 20.6)

289.2+75.9
1.35 (0.57, 2.18)
3.65 (2.98, 4.53)
219 (1.18, 4.40)

Variables are presented as mean=SD, or as median (interquartile range) for

skewed variables.

TABLE 2. Relationships of Concentrations of Proinflammatory
Cytokines and C-reactive Protein With Antibody Titers
and Obesity

TNF-o§ IL-6§ CRP§

H pylori titer (n=80) 0.18 0.28* 0.24*
C pneumoniae titer (n=70) 0.21 0.15 0.25*
CMV titer (n=80) 0.21 0.17 0.23*
Body mass index 033t 019 041%
Waist-to-hip ratio 051 0.41F 0.32f
Subscapular-to-triceps ratio 0.37f 0.26f 0.21*
CRP 0.46% 0.37% -

Values are shown as Pearson correlation coefficients.

*P<0.05.

tP<0.01.

$P<0.001.

§Data logarithmically transformed.

Concentrations of CRP correlated both with those of IL-6
(r=0.37,P<0.0005) and of TNFx (r=0.46,P<0.0001). In
Table 3 the relationships of concentrations of IL-6, TNF-
and C-reactive protein with the components of the insulin
resistance syndrome and with endothelial markers are shown.
Univariate correlations are given as these were little affected
by adjustment for age and gender. Concentrations of &NF-
were related to all insulin resistance variables, including
proinsulin-like molecules, tPA, and PAI-1. Concentrations of
IL-6 were also related to several of the insulin resistance
syndrome and endothelial markers, including albumin excre-
tion rate, although the relationships for C-reactive protein
were generally stronger. Although there is a weak relation-
ship between concentrations of low-density LDL cholesterol

tor, but the relationships observed were almost identical if all data gnd those of CRP, no such relationships are seen with &NF-
from these subjects were omitted. Data for PAI-1 antigen were not . || _g.

used as a component of the insulin resistance score because this
molecule is also an acute phase protein. Furthermore, tPA antigen
was excluded from the endothelial score because tPA circulates
partly bound to PAI-1, the complex being measured by the assay we
used.

Results

The characteristics of these middle-aged white subjects with
normal glucose tolerance are shown in Table 1. The low
levels of CRP are similar to those found in other healthy

populations.®

To explore the possible determinants of the acute phase
markers and of the levels of proinflammatory cytokines, we
explored their relationships with titers of IgG antibodies to 3
organisms which have been proposed as playing a potential
role in atherogenesid:20-22 Concentrations of C-reactive
protein correlated weakly with titers dfl pylori, C pneu-
moniag and cytomegalovirus antibodies (Table 2). However,
the only significant correlation seen between titers of such
antibodies and concentrations of cytokines was that of IL-6

with H pylori.

Both IL-6 and TNFe are expressed in adipose tisséés
and we have recently described the release of the former, but
not the latter, from a subcutaneous adipose tissue bed in
vivo.t3 Concentrations of IL-6, TNk, and C-reactive pro-
tein were strongly related to measures of total, and particu-

larly central, obesity (Table 2).

The population was dichotomized into those with high and
those with low concentrations of CRP, based on the median

TABLE 3. Relationship of Concentrations of Proinflammatory
Cytokines and of C-Reactive Protein With Components of
Insulin Resistance Cluster and Endothelial Markers

TNF-a§ IL-68 CRP§

Insulin sensitivity§ —-0.35¢ —0.09 —0.22*
Triglyceride§ 0.37% 0.03 0.271
HDL cholesterol 027t —-0.26f —0.21*
LDL cholesterol 0.08 0.04 0.25*
Systolic blood pressure 0.33% 0.311 0.34%
Intact proinsulin§ 0.33% 0.16 0.16

Des 31,32 proinsulin§ 0.28t 0.11 0.08

PAI-1 antigen 0.35% 0.18 0.19*
tPA antigen 0.40% 0.321 0.40%
von Willebrand factor 0.38% 0.11 0.31%
Thrombomodulin§ 032t —0.05 0.13

Cellular fibronectin§ 0.36% 0.13 0.28t

Mean albumin excretion rate§ 0.25* 0.20* 0.07

Values are shown as Pearson correlation coefficients.
*P<0.05.

1P<0.01.

$P<0.001.

§Data logarithmically transformed.
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TABLE 4. Characteristics of Subjects With Low (<1.35 png/mL) and High (=1.35 ng/mL) of

C-Reactive Protein

Low CRP High CRP P
Number (M/F) 53 (27/26) 54 (32/22) 0.38
Age (v) 55.9+11.0 62.1+9.9 0.003
Smokers (non/ex/current) 37/3/113 26/6/22 0.17
Body mass index (kg/m?) 243*4.0 27545 <0.001
Waist-to-hip ratio 0.84+0.08 0.89+0.07 0.001
Subscapular-to-triceps ratio 1.15%+0.51 1.47+0.62 0.004
H pylori titer 1/<10 (1/<10, 1/48) 1/24 (1<10, 1/70) 0.57
C pneumoniae titer 1/100 (1<<100, 1/400) 1/200 (1/<100, 1/200) 0.55
Cytomegalovirus titre 1/20 (1/<5, 1/80) 1/40 (1/10, 1/80) 0.1
Insulin (pmol/L) 21.4 (14.4, 429 32.8 (19.1, 46.0) 0.032
Insulin sensitivity (HOMA) (%) 107.6 (55.9, 165.6) 73.8 (51.0, 127.6) 0.027
Systolic blood pressure (mm Hg) 118.7+15.7 130.8+18.9 0.001
Diastolic blood pressure (mm Hg) 77.7+x11.0 83.0+10.3 0.011
Triglyceride (mmol/L) 1.2 (0.9, 1.6) 1.35 (1.18, 1.93) 0.036
HDL cholesterol (mmol/L) 1.44+0.39 1.33+0.35 0.14
Fasting plasma glucose (mmol/L) 48+0.4 48+0.5 0.40
PAI-1 activity (AU/mL) 6.5 (3.6, 12.2) 10.7 (4.8, 17.2) 0.051
PAI-1 antigen (ng/mL) 83.4+55.1 107.6+60.5 0.033
tPA (ng/mL) 17186 249+8.6 <0.001
von Willebrand factor (%) 101.5+37.8 117.8+42.6 0.038
Thrombomodulin (ng/mL) 33.2 (27.7, 39.6) 34.8 (28.1, 41.1) 0.35
Cellular fibronectin (%) 84.0 (62.0, 138.5) 130.0 (83.3, 178.5) 0.001
Mean albumin excretion rate (wg/min) 10.8 (7.3, 19.4) 9.6 (6.8, 21.6) 0.34
Fibrinogen (mg/mL) 275.2+68.7 301.8+80.4 0.22
TNF-« (pg/mL) 3.18 (2.63, 3.69) 4.12 (3.58, 5.06) <0.001
IL-6 (pg/mL) 1.35 (0.89, 3.11) 3.22 (1.79, 5.39) <0.001

Variables are presented as mean=SD, or as median (interquartile range) for skewed variables.

value of 1.35 mg/mL (Table 4). Subjects with high concen- score, the relationship with the acute phase score was only
trations of CRP were more obese than those with lower slightly weakened r=0.53, P<<0.00005). Moreover, the
levels, and had higher levels of blood pressure, triglyceride, strength of the relationship was not substantially affected by
von Willebrand factor, cellular fibronectin, PAI-1, tPA, and omitting any particular variable from either score. In multiple
of the proinflammatory cytokines TNE&-and IL-6, but did regression models, controlling for age, gender, smoking, and
not differ in titers of antibodies télelicobacter Chlamydia prevalent CHD, if the acute phase and endothelial scores were
or cytomegalovirus. included in the same model, the former remained signifi-
To overcome the problems of biological variability of the cantly associated with insulin resistance syndrome score
different measures, and to explore these inter-relationships(partial r=0.61, P<0.00005), but not the latter (partial
further while controlling for potential confounds, we used r=-0.02,P=0.82). We have also approached the analysis of
summary scores for the insulin resistance syndrome variables,clustering of the variables using factor analysis, with gener-
for endothelial dysfunction, and for acute phase markers by ally similar results. The insulin resistance variables associate
calculating a mean of a standard deviation score for eachas two clusters, one comprising altered lipid concentrations
group of variables (see Methods). The relationships of these with central obesity, and the other blood pressure with body
are shown in Figure 1. Whereas the insulin resistance syn-mass index. Although both clusters correlate with acute phase
drome and endothelial scores correlate with a coefficient of markers, it is the second that relates more closely to endo-
0.32 (P=0.0008), there is a strong relationship between the thelial dysfunction (data not shown).
insulin resistance syndrome and acute phase scorx39,
P<0.00005). The third of these correlations, between endo- Discussion
thelial and acute phase scores, is also significant0(43, There has been much interest in the prognostic significance of
P<0.00005). A sum obesity score correlated with measures raised levels of C-reactive protein in patients with angfa,
of both endothelial (=0.33, P=0.001) and acute phase with the proposal that it points to release of IL-6 by activated
(r=0.54,P<0.0005) scores. Nevertheless, if the 3 measures macrophages in an unstable plaguélore recently, how-
of obesity are removed from the insulin resistance syndrome ever, the observations that raised concentrations of CRP in
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a may contribute to circulating levels. Alternatively, the ex-
pression of one of the TNE-soluble receptors by adipose
tissue! raises the possibility that the circulating cytokine is in
the form of a complex, the relationships with measures of
obesity representing secretion of the soluble receptor. Even if
free, it is likely that the presence of this cytokine in the
circulation represents spillover from the interstitial compart-
ment in adipose tissue, and perhaps from adipocytes within
muscle.
J We report a relationship between circulating concentra-
tions both of CRP and of two proinflammatory cytokines with
a number of features of the insulin resistance syndré&me,
reflecting our previous report of a relationship between
fibrinogen concentrations and measures of insulin resis-
tance?® Although relationships of CRP levels with triglycer-
ides, HDL, glucose, and diabetes have been noted previous-
ly,749no such relationship appears to have been reported with
insulin concentrations or measures of insulin resistance. It is
clearly not possible, in a cross-sectional study, to attribute
1 . causality to one of a set of correlated variables, but we have
2 1=0:58, P <0.00008 explored some hypotheses in this setting. The relationship
2 . 0 i between elevated concentrations of CRP and of the proin-
Acute phase marker Z-score flammatory cytokines with the insulin resistance syndrome
(a) The relationship between a derived score of insulin resis- could represent associations produced by a confounding
tance variables and a score for measures of endothelial dys- variable, such as adiposity. However, the relationships be-
function. (b) The relationship between a derived score of insulin . . b . .
resistance variables and a score for acute phase markers and tyveen a derived insulin resistance syndrome_standard devia-
proinflammatory cytokines. For the derivation of these scores, tion score and one for the acute phase variables was only
see Methods. slightly weakened by removing all obesity measures from the
former score. We also excluded PAI-1 from the calculation of
healthy subjects predicted the incidence of CHD over a an insulin resistance score, both because the measure of
period of years-1°have suggested a role for inflammation in  antigen may represent inactive PAI-1 (complexed to tPA or
the initiation of atherosclerosis as well as in the precipitation released from platelets), and also because PAI-1 is recognized
of an acute event. The synthesis of CRP is predominantly to respond to acute phase stimuli.
under the control of IL-682 which in turn has been assumed Our observations could suggest that the cytokines, arising
to originate largely from activated leukocytes, either in the in part from adipose tissue, might themselves be partly
vessel wall itself or at a remote site of infecti®tt We found responsible for the metabolic, hemodynamic, and hemostatic
that concentrations of C-reactive protein were related to titers abnormalities that cluster with insulin resistance. Although
of IgG antibodies, evidence of previous infection, for each of not itself an inducer of acute phase proteins, TdNFRduces
the 3 organisms we investigated. However, the correlations production of IL-642 which is itself the major determinant of
between these antibody titers and concentrations of fibrino- the acute phase resporiéeAmong the known metabolic
gen, TNFe, and IL-6 were weaker and generally insignifi- effects of TNFe are inhibition of the action of lipoprotein
cant. In this study,Chlamydia antibodies were measured lipase® and stimulation of lipolysig8 these actions being
using an ELISA method, and it is possible that antibody titers shared with IL-6445 Furthermore, TNFx impairs the func-
by an immunofluorescence assay would have been moretion of the insulin signaling pathway by effects on phosphor-
closely related to markers of inflammatiéhse ylation of both the insulin receptor and its substrate,
We have found close relationships between circulating IRS-127.46
CRP and cytokine concentrations and each of the anthropo- In addition to their associations with insulin resistance
metric measures of obesity, compatible with an adipose tissuesyndrome variables, elevated levels of CRP and of cytokines
origin for TNF-« and IL-6. Mendall et al have previously were associated with a series of indicators of endothelial
shown associations of circulating concentrations of CRP, dysfunction. Tracy et al have previously reported associations
and of TNF«,3 but not of IL-63° with BMI, and the of levels of CRP with a variety of measures of procoagulant
relationship of CRP levels with obesity were also noted in the activity and fibrinolysisi® and have suggested that these
MRFIT cohorti® and, among nonsmokers, in the Cardiovas- represent consequences either of inflammation in underlying
cular Health Study® By contrast, we found no significant  atherothrombotic disease or of inflammatory cells activated
influence of smoking status on the relationships between by products of ongoing coagulation processes. TN
acute phase markers and obesity. Both cytokines are ex-known to influence endothelial cell functiéf??and a recent
pressed in, and released by, adipose tig3u€.We have study suggests that IL-6 may also induce endothelial expres-
recently reported significant in vivo release of IL-6, but not sion of chemokines and adhesion molecules in the presence
TNF-«, by a subcutaneous adipose tissue dépblowever, of IL-6 soluble receptor, which is released in inflammatory
the relationships of circulating concentrations of ThRvith states'® If endothelial dysfunction, perhaps as a consequence
obesity suggests that adipose tissue, perhaps in other sitespf elevated concentrations of cytokines, resulted in impair-

Insulin resistance Z-score

r=0.32,P =0.0008
-2 T T T T T T T

T
-2 -1 0 +1 +2

Insulin resistance Z-score




ment of vasodilatation of resistance vesseld, could be

postulated that the cluster of variables that have been attrib- 1.

uted to insulin resistance (dyslipidemia, hypertension, and
impaired fibrinolysis), as well as insulin resistance itself,
might all result as consequences of a common antecedent. 3
The strong relationship between concentrations of C-reactive
protein and insulin resistance variables (Table 3), compared
with those seen for IL-6, may simply reflect the longer

half-life of C-reactive protein providing a more stable marker 5.

of acute phase mediators. Levels of C-reactive protein are
predominantly modulated by hepatic effects of 128yhich
suggests a more important role for this cytokine in the cluster

than suggested by the correlations shown in Table 3. If 6.

circulating TNFe represents spillover from adipose tissue
and muscle, where the local concentrations would be more
likely to approximate to those required to exert metabolic
effects in vitro$°51 this might imply autocrine or paracrine,
and not endocrine, metabolic effects of TNF-Adipose
tissue release of IL-6, also induced by T2 may then be

responsible for systemic effects on endothek®inand 9.

lipids.4445
In conclusion, we have shown, in healthy subjects, rela-
tionships between levels of CRP and measures of obesity,

consistent with our finding of adipose tissue release of IL-6 in 10.

vivo®® and implicating adipose tissue as a major source for

circulating IL-6. We have also found associations between ;;

levels of acute phase proteins and of proinflammatory cyto-

kines not only with blood pressure and dyslipidemia, but both 12.

with a measure of insulin resistance and with markers of
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Chronic Subclinical Inflammation as Part of the
Insulin Resistance Syndrome
The Insulin Resistance Atherosclerosis Study (IRAS)

Andreas Festa, MD; Ralph D’Agostino, Jr, PhD; George Howard, DrPH; Leena MgkkaVD, PhD;
Russell P. Tracy, PhD; Steven M. Haffner, MD

Background—Inflammation has been suggested as a risk factor for the development of atherosclerosis. Recently, s
components of the insulin resistance syndrome (IRS) have been related to inflammatory markers. We hypothesize
insulin insensitivity, as directly measured, may be associated with inflammation in nondiabetic subjects.

Methods and Results-We studied the relation of C-reactive protein (CRP), fibrinogen, and white cell count to componer
of IRS in the nondiabetic population of the Insulin Resistance Atherosclerosis Study (IRAIDOB; age, 40 to 69
years; 33% with impaired glucose tolerance), a multicenter, population-based study. None of the subjects had cli
coronary artery disease. Insulin sensitivity) (8as measured by a frequently sampled intravenous glucose tolerance te
and CRP was measured by a highly sensitive competitive immunoassay. All 3 inflammatory markers were correl
with several components of the IRS. Strong associations were found between CRP and measures of body fat (body
index, waist circumference),,Sand fasting insulin and proinsulin (all correlation coefficiert8.3, P<<0.0001). The
associations were consistent among the 3 ethnic groups of the IRAS. There was a linear increase in CRP levels wi
increase in the number of metabolic disorders. Body mass index, systolic blood pressurgwenel iglated to CRP
levels in a multivariate linear regression model.

Conclusions—We suggest that chronic subclinical inflammation is part of IRS. CRP, a predictor of cardiovascular eve
in previous reports, was independently related tor8ese findings suggest potential benefits of anti-inflammatory or
insulin-sensitizing treatment strategies in healthy individuals with features of(lR&ulation. 2000;102:42-47.)

Key Words: inflammationm proteinsm insulin resistance syndroneeinsulin m atherosclerosis

A relationship between C-reactive protein (CRP), a sensi- and/or hyperinsulinemia may be associated with circulating
tive marker of inflammation, and the development of CRP levels. Such an association would potentially provide
atherosclerotic disease has been observed in experiféntal insights into the role of CRP in atherosclerotic disease and
and epidemiological studiés? It is still unknown, however, further clarify the association of hyperinsulinemia with car-
whether elevated CRP levels merely reflect an epi- diovascular diseasé.
phenomenon accompanying established atherosclerotic dis- We studied the relation of inflammatory markers (CRP,
ease or whether the protein itself is involved in the initiation fibrinogen, white cell count) and components of IRS, includ-
and/or progression of atherosclerosis. ing insulin sensitivity, as directly measured by a frequently
Previous reports suggest a positive association betweensampled intravenous glucose tolerance test. Furthermore, we
components of the insulin resistance syndrome (IRS) and sought to investigate whether CRP levels were independently

markers of the acute-phase response, includingé@RPand related to insulin (or its precursors), insulin sensitivity, or
fibrinogeni3 CRP levels were associated with body mass both. The analyses were restricted to nondiabetic subjects
index (BMI)28-1012 serum lipids38-1012 gnd fasting glu- without clinical coronary artery disease to avoid possible

cose? Elevated levels of inflammatory markers (including confounding by preexisting cardiovascular disease. It has
CRP) were also found in type 2 diabetic patients with features been shown previously that patients with type 2 diabetes
of IRS11 present with higher levels of inflammatory marké&¥sand a

The nature of the association of CRP with IRS, however, is high prevalence of atherosclerosis, including clinically unde-
poorly understood. We hypothesized that insulin insensitivity tected diseas®.
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Methods TABLE 1. Descriptive Data in Nondiabetic Subjects Without
Clinical Coronary Artery Disease: The IRAS

Study Subjects

The Insulin Resistance Atherosclerosis Study (IRAS) is a multi- n 1008
center, population-based epidemiological study exploring relation- Male sex, % 43
ships between insulin resistance, cardiovascular risk factors, and i )
cardiovascular disease across different ethnic groups and various Impaired glucose tolerance, % 33
states of glucose tolerance. A full description of the design and Age, y 54.7+0.3
methods of the IRAS has been publisiédhe IRAS protocol was 2

I - . : BMI, kg/m 28.4+0.2
approved by local institutional review committees, and all subjects T
gave informed consent. Waist C|rCumferenCe, cm 90.4+0.4

A total of 1088 nondiabetic individuals participated in the IRAS. Systolic BP, mm Hg 119.6+0.5
Subjects with a current acute iliness (including clinically significant -
infectious disease) were excluded from IRAS examination. Subjects D'?sm"c_BP’ mm Hg 771203
with clinically overt coronary artery disease, defined as past myo- Triglyceride, mmol/L 1.51+0.03
cardial infarction, PTCA or CABG, or ECG evidence of ischemic Total cholesterol, mmol/L 5.48+0.03
heart disease, were excluded from the present analyses. This report LDL cholesterol " 3.66+0.03
includes data on 1008 nondiabetic subjects in whom CRP and cholesterol, mmo Rt
fibrinogen levels were measured. Cigarette smoking was dichoto- HDL cholesterol, mmol/L 1.23+0.01
mized into “never” and_”ever” (inclu_ding past and current) by use of Fasting glucose, mmol/L 5.47+0.02
a standard questionnaire. BMI (weight/hefgiig/m?]) was used as R
an estimate of overall adiposity. Waist circumference (estimate of Fasting insulin, pmol/L 94.1x27
visceral fat) was measured at the natural indentation between the Proinsulin, pmol/L 6.0-0.2
10th rib and the iliac crest (minimum waist). PP .

A standard 75-g oral glucose tolerance test was performed. Spli primsglmypmol/h : 8303
Glucose tolerance status was based on World Health Organization §x107%, min~" - pU~" - mL™ 2.19+0.07
criteriat” CRP, mg/L 3.53+0.18

CRP >10 mg/L, n (% 70 (6.9
Laboratory Measurements _ oL, n (%) €9
White cell count, X10%/mm?® 5.81+0.07

Plasma glucose was measured with the glucose oxidase technique on
an automated autoanalyzer (Yellow Springs Equipment Co). Insulin Fibrinogen, mg/dL 276.4+1.8
was measured with the dextran-charcoal radioimmunod8shyis

insulin assay cross-reacts with proinsulin. Fasting serum intact
proinsulin and 32—33 split proinsulin were determined at the Depart-
ment of Clinical Biochemistry at Addenbrook’s Hospital, Cam- paired [IGT] glucose tolerance). In these models, we also tested for
bridge, UK (Professor C.N. Hales), by means of highly specific interactions between the independent variables of interest (BMI,

BP indicates blood pressure. Data are mean+SE.

2-site monoclonal antibody—based immunoradiometric assays. fasting glucose, insulin, proinsulin, split proinsulin, ang &nd
Insulin sensitivity was assessed by a frequently sampled intrave- ethnicity and glucose tolerance status, respectively. The distribution
nous glucose tolerance t&tvith minimal model analysist Two of CRP levels was highly skewed. Logarithmically transformed

modifications of the original protocol were used: (1) an injection of  values of CRP (log CRP) were used because the distribution of the
regular insulin, rather than tolbutamide, to ensure adequate plasmaresiduals from the fitted models became normally distributed after
insulin levels for the accurate computation of insulin sensitivity |og transformation. Thus, mean values of log CRP (adjusted for age,
across a broad range of glucose toleréh@nd (2) the reduced  sex, ethnicity, clinic, and smoking status) in relation to the number of
sampling protocaP because of the large number of subjects. Insulin - metabolic disorders were calculated by ANCOVA (Figure 1). Fur-
sensitivity, expressed as the insulin sensitivity indey), (8/as
calculated by mathematical modeling methods (MINMOD, version
3.0, 1994). TABLE 2. Partial Spearman Correlation Analysis of

Plasma lipoprotein measurements were obtained from fasting Inflammation Markers With Variables of IRS Adjusted for Age,
single fresh plasma samples through Lipid Research Clinic methods Sex, Clinic, Ethnicity, and Smoking Status
at the central IRAS laboratory at Medlantic Research Institute,

Washington, DC (Professor B.V. Howard). CRP WBC Fibrinogen
CRP was r_neas_ured by in-_house uItrasens_itive comp_etitive_immu- BMI 0.40% 0.17f 0.22f

noassay (antibodies and antigens from Calbiochem) with an interas- )

say coefficient of variation of 8.9% Fibrinogen was measured in Waist 0.43% 0.18% 0.27%

citrated plasma with a modified clot-rate assay by use of the Diastolic BP 0.17% 0.01 0.1t

Diagnostica STAGO ST4 instrument, as described previdisly. ’ "

Complete blood cell counts were performed with standard Systolic B 020 0.08 0111

techniques. Triglyceride 0.23% 0.15% 0.03

L . Cholesterol (total) 0.10t —0.01 0.01

Statistical Analysis _ o HDL cholesterol 041t 042t —0.15%

Statistical analyses were performed with the SAS statistical software .

system. Descriptive statistics (mea8E) and number/percent are LDL cholesterol 0.09 —0.01 0.05

shown on Table 1. CRP levels differed by sex and ethnicity in the Fasting glucose 0.18% 0.13t 0.07*

present populgtlon, and age and smoking were determinants of C_:RP Fasting insulin 0.33t 0.24% 0.18¢

levels in previous reports; therefore, multivariate models (partial o

Spearman correlations, multiple linear regression analysis) were Proinsulin (intact) 0.30% 0.17% 0.20%

tailored to account for these possible confounders. Partial Spearman Proinsulin (split) 0.32¢ 0.21% 0.20%

correlations (adjusting for age, sex, ethnicity, clinic, and smoking S 037+ 0.24¢ 0.18¢

| —U. —U. — U

status) for inflammatory markers with components of the IRS were
estimated for the overall population (Table 2) and stratified by  WBC indicates white cell count; BP, blood pressure.
ethnicity and glucose tolerance status (normal [NGT] versus im-  *P<0.05, 1P<0.005, +P<<0.0001.
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Mean values (SE), Log CRP

0,4 1

Number of metabolic disorders

Figure 1. Mean levels of log CRP (SE represented by bars)
adjusted for age, sex, ethnicity, clinic, and smoking status
according to number of metabolic disorders (0 to 4), including
(1) dyslipidemia (high triglyceride >2.27 mmol/L [200 mg/dL]
and/or low HDL: men =0.91 mmol/L [35 mg/dL] and women
=1.16 mmol/L [45 mg/dL]), (2) upper body adiposity (=75th per-
centile for waist circumferences: men=103.0 cm and wom-
en=99.3 cm), (3) insulin resistance (<25th percentile for S;:
<0.88x107*min~" - uU™" - mL™" or in 47 subjects without fre-
quently sampled intravenous glucose tolerance test, =75th per-
centile for fasting insulin: 114 pmol/L), and (4) hypertension (sys-
tolic blood pressure of =140 mm Hg and/or diastolic blood
pressure of =90 mm Hg or current use of antihypertensive med-
ication). All comparisons, P=0.0001, except for 2 versus 4
(P<0.005) and 3 versus 4 (P=NS).

TABLE 3. Stepwise Multiple Linear Regression Analysis With
Log of CRP as the Dependent Variable

Independent Partial
Variable B SE(B) P R% %
BMI 0.06 0.006 0.0001 14.2
S —0.11 0.02 0.0001 3.1
SBP 0.008 0.002 0.0001 1.2

After forcing age, sex, clinic, ethnicity, and smoking status into the model,
BMI, diastolic and systolic blood pressures (SBP), fasting glucose, fasting
insulin, S;, and proinsulin (intact) were analyzed as independent variables. Only
variables that had a P=0.05 were considered in the final fitted model. R? for
the model=26.0%.

the following independent variables were considered for the model:
BMI, diastolic and systolic blood pressures, fasting glucose, S

fasting insulin, and proinsulin (intact). Only variables that had a
P=0.05 were considered in the final fitted model (Table 3). A value

of P<<0.05 (2-sided) was considered statistically significant.

Results
Table 1 shows descriptive data. All 3 inflammatory markers
were correlated with several components of IRS (Table 2).
The associations were generally stronger for CRP than for
white cell count and fibrinogen. Strong associations (corre-

thermore, we calculated (unadjusted) mean values of log CRP by lation coefficients >0.3) were found between CRP and

tertile for S, BMI, and triglycerides and for hypertension (Figure 2).

measures of body fat (BMI, waist circumference),fasting

Stepwise linear regression models were fit for log CRP as a jngyjin, and proinsulin. There was a linear increase in CRP

dependent variable, including all variables of interest at the same
time as independent variables to demonstrate the relative contribu-

levels with an increase in the number of metabolic disorders

tion of each of these variables to the outcome variable. After age, (dyslipidemia, upper body adiposity, insulin resistance, hy-
sex, ethnicity, clinic, and smoking status were forced into the model, pertension; Figure 1). The respective mean log of CRP levels
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Figure 2. A through D, Distributions and mean values of log CRP stratified by tertiles for S, (A), BMI (B), and triglycerides (C). Mean
values by tertiles are depicted by vertical solid lines (first tertile), dashed lines (second tertile), and dotted lines (third tertile). A, First ter-
tile represents subjects with high insulin resistance (low S)). D, Solid vertical line depicts mean value of log CRP in hypertensive sub-

jects; dashed line, mean value in nonhypertensive subjects.
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(=SE) were 0.07%0.06, 0.51%*0.06, 0.845-0.07,
1.34+0.10, and 1.320.17 in the presence of 0, 1, 2, 3, or 4
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lesterol level (inverselyy;1212 total cholesterol leved, and
blood pressuré!? Mendall et at found an association be-

metabolic disorders. The percentage of subjects presentingtween CRP levels and fasting glucose, confirmed by Tracy et

with 0, 1, 2, 3, and 4 disorders was 30.3%, 32.7%, 22.7%,

altoin the elderly but only in a nonsmoking subset. However,

10.4%, and 4.0%, respectively. When mean values of log information about the association of serum levels of inflam-

CRP were analyzed by tertiles of, 8MI, and triglycerides
and by hypertension (Figure 2), higher levels of log CRP
were found in the lower tertiles of, @ndicating a relation of
higher CRP levels with higher insulin resistance), in the
higher tertiles of BMI, in the highest tertile of triglycerides,

matory markers with insulinemia and insulin sensitivity,
hallmarks of the IRS, is scarce. Recently, we have reported
from the IRAS associations of fibrinogen and plasminogen
activator-1 with several components of IRS, including insu-
lin, proinsulin, and ¢ In 3 other studies, fibrinogen levels

and in hypertensive subjects. Furthermore, the distribution were independently associated with fasting insulin levels in

curves of log CRP values showed a shift to the right for
hypertensive subjects and for increasing tertiles of BMI and
triglycerides or a shift to the left for increasing tertiles of S

nondiabetic subjects:27.28In 107 nondiabetic subjects, CRP
levels were related to insulin resistance, as calculated with the
homeostasis model assessment métdhe present study

The associations as shown in the overall population (Table clearly corroborates and extends these results, indicating tha
2) were also consistent among the 3 ethnic groups. Correla-chronic, subclinical inflammation is part of IRS. We have

tion coefficients for CRP in non-Hispanic whites<899),
blacks (r=267), and Hispanics &342) were 0.43, 0.43, and
0.38 (BMI); 0.43, 0.46, and 0.39 (waist); 0.35, 0.29, and 0.36
(fasting insulin); 0.30, 0.31, and 0.29 (intact proinsulin); 0.38,
0.28, and 0.29 (split proinsulin); ane0.41, —0.33, and
—0.38 (9), respectively (allP<0.0001). The correlation
coefficient of CRP with fasting glucose was 0.15<0.005)

in non-Hispanic whites, 0.12PENS) in blacks, and 0.25
(P<0.0001) in Hispanics. The association of fasting insulin
with CRP and fibrinogen was less pronounced in blacks
compared with non-Hispanic whites and Hispanies.0.005
andP<<0.05 for interaction terms), respectively, although the

associations were clearly in the same direction and, for CRP,

highly significant in all 3 ethnic groups. All other interaction
terms were not statistically significant.

shown that various components of IRS were correlated to
inflammatory markers (Table 2 and Figure 2) and that an
increasing number of components of IRS (dyslipidemia,
abdominal obesity, low S and hypertension) paralleled
increasing levels of CRP (Figure 1). The results were consis-
tent across a variety of ethnic groups that differ in insulin
sensitivity2? indicating that the relations found in our study
apply to populations with high and low.S

There are several possible explanations for these findings,
which are not necessarily exclusive. First, it is possible that
chronic inflammation may represent a triggering factor in the
origin of IRS, and eventually type 2 diabetes, as previously
discussed by Pickup and Cro&kAccording to this hypoth-
esis, stimuli such as overnutrition would result in cytokine
hypersecretion and eventually lead to insulin resistance and

The associations were also consistently seen in subjectsdiabetes in genetically or metabolically predisposed individ-

with NGT and IGT. Correlation coefficients for CRP in
subjects with NGT and IGT were 0.34 and 0.41 (BMI), 0.37
and 0.40 (waist), 0.32 and 0.23 (fasting insulin), 0.23 and
0.29 (intact proinsulin), 0.25 and 0.31 (split proinsulin), and
—0.35 and —0.26 (S), respectively (allP<0.0001). The
correlation of CRP with fasting glucose was weak in NGT
(r=0.11,P<0.05) and not significant in IGTr&0.09). The
association of fasting insulin with CRP was stronger in
subjects with NGT than with IGTR<0.0001 for interaction
term). All other interaction terms were not statistically
significant.

Multivariate linear regression analyses showed that BMI,
systolic blood pressure, and@wversely) were independently
associated with log CRP levels in the overall population
(Table 3).

Discussion

uals. Cytokines, mainly interleukin (IL)-1, IL-6, and tumor
necrosis factor (TNF}, exert major stimulatory effects on
hepatic synthesis of acute-phase protéins.

Second, clustering of cardiovascular risk factors as typi-
cally encountered in subjects with the IRS may yield cardio-
vascular disease (yet undetected), and elevated CRP level
thus would be the result of preexisting atheroscler#sis.
Previous cross-sectional analyses show an association be
tween CRP levels and atherosclerotic dis€es€RP was
also elevated in elderly women with subclinical atheroscle-
rosis in the Cardiovascular Health Stdpgyowever, in a
larger cohort from the same population, no significant asso-
ciation of CRP with carotid intimal-medial thickness was
found1° Atherosclerosis starts very early in life, and insulin
resistance potentially accelerates this proé@3herefore, it
is highly likely that in our “healthy” middle-aged population,
atherosclerosis prevails, particularly in those with features of

In the present study, we have shown that in healthy, nondi- IRS. However, the degree and extent of atherosclerosis
abetic subjects, CRP, a sensitive marker of inflammation that operative in increasing CRP levels is unknown; therefore,
has previously been associated with cardiovascular dis- even relatively sensitive methods of assessing preclinical
ease;8 was independently related to insulin sensitivity. atherosclerosis (such as carotid ultrasound) may lack accu-
Chronic subclinical inflammation emerged as part of IRS. racy in this respect.
The findings were consistent across the 3 ethnic groups of the Third, decreased insulin sensitivity may lead to enhanced
IRAS (non-Hispanic whites, blacks, and Hispanics) and in CRP expression by counteracting the physiological effect of
subjects with NGT and IGT. insulin on hepatic acute-phase protein synth&si€lamp
Previously, in various populations, CRP levels were asso- studies in normal subjects showed that insulin exerts selective
ciated with BMIg-8-10.12triglyceride levelé-8-10.12HDL cho- effects on hepatic protein synthesis, with an increase in
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albumin synthesis and a decrease in fibrinogen syntfesis, Acknowledgments

the inverse of the picture typically seen during the acute- This work was supported by the National Heart, Lung and Blood
phase responsé Resistance to this effect would then lead to Institute (grants HL-47887, HL-47889, HL-47890, HL-47892, HL-
increased synthesis of acute-phase proteins, such as fibrino#47902, HL-55208, and RO1-HL-58329) and the General Clinic

gen and CRP.

Finally, the effect could be indirect via body fat; we
observed a strong and independent association of CRP levels
with measures of body fat and triglycerides. This is in
accordance with results of previous cross-sectional analy-
ses$8-10.12|n a previous interventional study, the synthesis of 2
proinflammatory cytokines by peripheral monocytes (T&F-

IL-1) was suppressed by dietary fish oil supplementation, 3
suggesting an effect of dietary fat on cytokine producg®n.
Another (speculative at this time) mechanism would be a
generally enhanced adipose tissue—derived cytokine expres- ,
sion (TNF«, IL-6). Accordingly, weight loss was associated
with a decrease in CRP in the Women’s Healthy Lifestyle
Project (E. Meilahn, personal communication, 1996), also
supporting an association of body fat and chronic
inflammation. 6.

We found a strong and independent association of eleva-
tions in inflammatory markers, namely CRP, with decreased
S. The association of low,Sindicating high insulin resis 7
tance) with elevated CRP levels found in the present study
could potentially explain the association of hyperinsulinemia
(another indicator of insulin resistance) with cardiovascular
disease# Several experimental studies suggest a direct role
of CRP in the initiation and/or progression of atherosclerotic
lesions. CRP has been shown to (1) be a potent stimulator of 9
tissue factor production by macrophafje@) activate the
complement system in viv# (3) accumulate in early athero-
sclerotic lesions in human aottand coronary arteriés
(4) bind to lipoproteins, such as LDL and VLDL, thus
inducing their aggregatidnand (5) be expressed by mono-
cytes?° In epidemiological studies, CRP levels in the upper
normal range have consistently been predictive of cardiovas-
cular disease in various populationg.Moreover, sensitive
assays and the biological properties of CRP (such as its stable*
half-life4t) make this protein a clinically useful marker of
chronic subclinical inflammation.

The results of the present study are potentially clinically
important. As previously shown, treatment of several com- ,,
ponents of IRS (adiposity, dyslipidemia, hypertension) may
have beneficial effects in terms of preventing type 2 diabe-
tes2 and cardiovascular disea&et4 Therefore, if subclinical
inflammation is indeed another facet of the IRS, anti-
inflammatory treatment may also be beneficial. Accordingly,
it has been suggested that the effects of aspirin may, at least
partly, be mediated through its anti-inflammatory rather than
its antiplatelet propertiesFurthermore, treatment aiming at

1.

improving insulin resistance, whether nonpharmacological, 1s.

such as exercise and weight reduction, or pharmacological,

such as metformin and thiazolidinediones, may lower CRP 1%

levels and thus provide additional therapeutic benefits beyond

mere glucose lowering. Alternatively, if elevated CRP levels 20.

were merely a marker of prevalent or developing atheroscle-

rosis, these treatment strategies would then be clinically 2L

fruitless. Prospective studies are clearly needed to address
these issues.

10.

11.

13.

15.

16.

17.

Research Centers Program (grants NCRR GCRC, M01 RR431, and
MO1 RR01346).
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C-Reactive Protein Modulates Risk Prediction Based on the
Framingham Score

Implications for Future Risk Assessment: Results From a Large Cohort
Study in Southern Ger many

Wolfgang Koenig, MD; Hannelore Lowel, MD; Jens Baumert, MS; Christa Meisinger, MD, MPH

Background—The Framingham Coronary Heart Disease (CHD) prediction score is recommended for globa risk
assessment in subjects prone to CHD. Recently, C-reactive protein (CRP) has emerged as an independent predictor of
CHD. We sought to assess the potential of CRP measurements to enhance risk prediction based on the Framingham Risk
Score (FRS) in alarge cohort of middle-aged men from the general population.

Methods and Results—We measured CRP and traditional cardiovascular risk factors at baseline in 3435 white men of
German nationality, 45 to 74 years of age. All men were drawn from 3 random samples of the general population in the
Augsburg arealocated in Southern Germany in 1984 to 1985, 1989 to 1990, and 1994 to 1995 (response rate, 80%), and
the FRS was calculated in all of them. Outcome was defined as nonfatal and fatal coronary events, including sudden
cardiac death. During an average follow-up of 6.6 years, atotal of 191 coronary events occurred. Cox regression showed
a significant contribution of CRP to coronary event risk prediction independent of the FRS (P=0.0002). In stratified
analysis for 5 categories of FRS, CRP significantly added prognostic information to the FRS in subjects in 2

intermediate risk categories (P=0.03 and P=0.02).

Conclusions—Our results suggest that CRP enhances global coronary risk as assessed by the FRS, especidly in
intermediate risk groups. This might have implications for future risk assessment. (Circulation. 2004;109:1349-1353.)

Key Words: inflammation m risk factors m coronary disease m epidemiology m prevention

he Framingham Risk Score (FRS) is widely recom-

mended to assess global risk for coronary heart disease
(CHD) events.t However, classic risk factors do not account
for al incident coronary events, and there may be a substan-
tial number of subjects with normal lipoprotein concentra-
tions who have the disease.2 This has led to the search for
additional diagnostic tools,® and in more than 15 large
prospective studies, C-reactive protein (CRP), through the
use of new high-sensitivity (hs) assays, has emerged as a
strong and consistent predictor of an incident cardiovascular
eventininitially healthy subjects. A recent prospective study
in women has suggested that CRP may even better predict
future cardiovascular eventsthan LDL cholesterol2 and that it
may add to the prediction of the estimated 10-year risk
according to the FRS.

We sought to investigate the potential of CRP measure-
ments to modify risk prediction based on the FRS in a large
CHD-event free cohort of middle-aged white men of German
nationality sampled from the general population.

M ethods

Study Design, Population, and Follow-Up

The population-based MONICA (MONItoring of trends and deter-
minants in CArdiovascular disease) Augsburg studies (Southern
Germany) conducted between 1984 and 1998 were used as the
database.®

Three independent cross-sectional surveys covering the city of
Augsburg and two adjacent counties were conducted in 1984 to 1985
(S1), 1989 to 1990 (S2), and 1994 to 1995 (S3) to estimate the
prevalence of cardiovascular risk factors among men and women.
Altogether, 13,428 white subjects of German nationality (6725 men,
6703 women; response rate, 77%), 25 to 74 years of age, randomly
drawn from the general population, participated in at least one of the
three studies. In a follow-up study, vital status was assessed for all
persons of the three surveys in 1998. During the observation period,
772 participants (531 men, 241 women) had died, and vital status
could not be assessed for 56 persons (31 men, 25 women) who had
moved to an unknown |ocation.

The outcome variable was a combination of incident fatal or
nonfatal acute myocardial infarction (MI) and sudden cardiac death.
They were identified through the MONICA/KORA (KOoperative
Gesundheitsforschung in der Region Augsburg) coronary event
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TABLE 1. Age- and Survey-Adjusted Means and Prevalences (%) for Men With
and Without Incident Coronary Event: MONICA/KORA Augsburg Cohort Study,

1984 to 1998

Men With Event

Men Without Event

(n=191) (n=3244) P

Age,*y 59.2 56.2 <0.0001
TC/HDL-C ratio (antilog) 5.44 4.85 <0.0001
CRP, mg/L (antilog) 2.56 1.64 <0.0001
Cholesterol

In mg/dL 257.4 2444 0.0001

In mmol/L 6.65 6.32 0.0001
HDL-C

In mg/dL 48.4 51.8 0.0034

In mmol/L 1.25 1.33 0.0034
Systolic blood pressure, mm Hg 142.6 138.5 0.0029
Diastolic blood pressure, mm Hg 83.8 83.3 0.5768
BMI, kg/m? 28.0 27.7 0.2083
Normal weight (BMI <25.0 kg/m?), % 18.3 20.8 0.4136
Overweight (BMI 25 to 29.9 kg/m?), % 53.3 57.4 0.2783
Obesity (BMI =30.0 kg/m?), % 28.2 21.7 0.0431
Alcohol intake, %

0 g/d 18.1 15.4 0.3288

110 39.9 g/d 41.8 48.0 0.1016

=40 g/d 39.6 35.9 0.3264
History of diabetes (yes), % 12.0 5.4 0.0004
Education (<12 y), % 76.6 735 0.36
Physical activity (=1 h/wk), % 14.0 18.0 0.1580
Current smoker, % 442 26.4 0.0001

*Only survey-adjusted.

register of the 25- to 74-year-old study population and censored at
the 75th year of age.® According to the MONICA manua,® the
diagnosis of a major nonfatal M| event was based on symptoms,
cardiac enzymes, and typical ECG changes. Deaths from cardiovas-
cular causes were vaidated by autopsy reports, death certificates,
chart review, and information from the last treating physician.

The present analysis was restricted to men 45 to 74 years of age
(response rate, 80%) at the baseline examination (n=3667). Of
those, 990 (27%) subjects were from survey S1, 1324 (36%) from
S2, and 1353 (37%) from S3. A total of 48 subjects had missing
values on CRP or other variables. Participants with prevalent Ml
(n=184) were excluded. Thus, 3435 subjects were available for the
present analysis.

Survey Methods

All participants completed a standardized questionnaire, including
medical history, lifestyle, and drug history. Blood pressure, body
height (meters) and body weight (kilograms), body mass index
(BMI, kg/m?), smoking behavior, and alcohol consumption (g/d)
were determined as described elsewhere.” The number of education
years was calculated on the basis of the highest level of formal
education completed.

Laboratory Procedures

A nonfasting venous blood sample was collected from all partici-
pants in a supine resting position. Samples for measurement of CRP
were stored at —70°C until analysis. Serum CRP concentrations
were measured with the use of an hs-iimmunoradiometric assay
(range, 0.05to 10 mg/L ), as previously described.8 The coefficient of
variation (CV) for repeated measurements was 12% over al ranges.

Total serum cholesterol (TC) and HDL cholesterol (HDL-C) were
measured in multiple batches by routine enzymatic methods. Corre-
sponding CVswere between 1% and 3% for TC and between 3% and
4% for HDL-C.

Statistical Analysis

Means or proportions (adjusted for age and survey) for baseline
demographic and clinical characteristics were computed by AN-
COVA for men with and without incident coronary events. Cox
proportional hazards analysis was used to assess the independent risk
for the incidence of a first fatal or nonfatal acute coronary event
separately in quartiles of TC/HDL-C and in quartiles of CRP.
Relative risks for both variables were adjusted for age and survey
(S1, S2, or S3) and were further adjusted for BMI (according to
Bray, 7), current smoking (yes/no), hypertension (blood pressure less
than versus =140/90 mm Hg), education years (less than versus =12
years), acohol consumption (0, 0.1 to 39.9, versus =40 g/d),
physical activity (inactive versus active, that is, =1 hour in at least
1 season), and history of diabetes (yes versusno) in al other models.
Results are presented as hazard ratios (HR), together with their 95%
confidence intervals. Probability values are based on the Wald
statistic.

Finally, using Cox proportional hazards analysis, we assessed
whether CRP contributed information on risk beyond that conveyed
by the 10-year risk calculated with the FRS according to the formula
of Wilson et a® and beyond the risk associated with the ratio of
TC/HDL-C. In these analyses, CRP concentrations were categorized
according to recently proposed cut-points (<1.0 mg/L; 1.0 to 3.0
mg/L; >3.0 mg/L).2> Moreover, to estimate the effects of the
additional value of CRP on the prediction of coronary events in
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TABLE 2. Risk of a First Coronary Event Estimated by Cox Proportional Hazards Model
Without and With CRP for the Ratio of TC/HDL-C (A) and the Framingham Risk Score With
Three Categories (B) and Five Categories (C)

Model Without CRP

Model With CRP

1351

Factor Events/n HR (95% Cl) P HR (95% Cl) P
A
TC/HDL-C ratio <0.0001 0.0023
<43 46/1100 Reference Reference
43105.6 55/1152 1.25 (0.85-1.86) 1.18 (0.80-1.74)
=5.6 90/1183 2.06 (1.45-2.95) 1.80 (1.26-2.57)
CRP, mg/L <0.0001
<1 371178 Reference
1103 64/1262 1.73 (1.15-2.60)
>3 90/995 2.91 (1.98-4.29)
AlC 2853 2824 AAIC: 29
AuC 0.704 0.725 0.1029
B
FRS 1, % <0.0001 <0.0001
<6 18/809 Reference Reference
6to 19 117/2090 2.81 (1.71-4.62) 2.39 (1.45-3.94)
=20 56/536 6.19 (3.64-10.54) 4.85 (2.82-8.33)
CRP, mg/L <0.0001
<1 3711178 Reference
1t03 64/1262 1.54 (1.02-2.32)
>3 90/995 e 2.47 (1.67-3.65)
AlC 2816 2797 AAIC: 19
AUC 0.713 0.740 0.0077
C
FRS 2, % <0.0001 <0.0001
<6 18/809 Reference Reference
6to 10 32/914 1.63 (0.91-2.90) 1.46 (0.82-2.61)
111014 35/650 2.70 (1.53-4.77) 2.35 (1.32-4.16)
1510 19 50/526 5.61 (3.27-9.62) 4.50 (2.59-7.80)
=20 56/536 6.21 (3.65-10.57) 5.01 (2.91-8.62)
CRP, mg/L 0.0002
<1 371178 Reference
1103 64/1262 1.44 (0.95-2.17)
>3 90/995 2.21 (1.49-3.27)
AlC 2789 2776 AAIC: 13
AuC 0.735 0.750 0.0163

different FRS categories, separate Cox proportional hazards
analyses stratified for FRS categories (3 or 5, respectively) were
performed. For each of the 3, respective 5 FRS categories, a Cox
proportional hazards model was calculated with the inclusion of
CRP (3 categoreis) as exposition variable and FRS (continuous)
and survey as confounding covariates. The percentages of a first
incident coronary event within 10 years estimated by these Cox
models were compared according to percentages estimated by
Cox models with FRS categories (3 or 5, respectively) adjusted
only for survey.

To assess the goodness of fit of the different prediction models, we
calculated Akaike's Information Criterion (AIC) regarding an AIC
difference between two models of >10 as essentially different.1.12

Although ROC analysis can be only a rough estimate for the
predictive value of a Cox proportional hazards model in our study
design with censored data, we performed such analysis for reasons of
comparison with other studies. We estimated the area under the
curve (AUC) as a measure for the predictive ability of a Cox
proportional hazards model. Different AUCs were tested by a
nonparametric approach of DelLong et a.’3 The “change-in-
estimate” method (CIE) was used to evaluate the impact of the
addition of CRP on the HRs of the FRS with a 10% criterion.4
Significance tests are 2 tailed, and probability values <0.05 were
considered statistically significant. All analyses were performed with
the use of the Statistical Analysis System (Version 8.2 for Unix, SAS
Institute Inc).
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Results

Baseline Characteristics

During an average follow-up of 6.6 years, a total of 191
coronary events occurred. Men with an incident event were
significantly older; had a higher TC/HDL-C ratio, higher
systolic blood pressures, and elevated CRP concentrations;
were more frequently smokers; and had a higher prevalence
of obesity and diabetes (Table 1).

Relative Risks Associated With CRP and the Ratio
of TC/HDL-C

In multivariable analyses, the relative risks associated with
increasing quartiles as compared with the bottom quartiles
were 1.21, 1.43, and 2.03 for CRP (P=0.0079) and 1.72,
1.76, and 2.62 for the ratio of TC/HDL-C (P=0.0006).

Additive Effect of CRP to the Risk Associated
With the Ratio of TC/HDL-C and the FRS

We performed Cox proportional hazards analyses to assess
the influence of CRP measurements on the risk of a first
coronary event, independent of the TC/HDL-C ratio and the
calculated FRS. For this purpose, TC/HDL-C was catego-
rized into tertiles and the FRS was divided into low (<6%),
intermediate (6% to 19%), and high (=20%) risk over 10
years (FRS 1), according to Greenland et a,*> and into 5 risk
categories <6%, 6% to 10%, 11% to 14%, 15% to 19%, and
=20% (FRS 2) (Table 2). For each of these factors, two Cox
regression models were calculated: The first model included
only the factor under concern as covariate (model without
CRP) and the second model additionally included CRP as
covariate (model with CRP). As shown in Table 2, CRP
significantly contributed to the prediction of incident coro-
nary events through the use of the TC/HDL-C ratio, FRS 1,
and FRS 2 (probability values <0.001). As suggested by
AIC, with differences >10 between models without CRP and
those including CRP, the fit of each model containing CRP
was superior to that of the TC/HDL-C ratio and FRS aone.

P=0.28

CRP

P=0.03

11-14 1519 =220

E<1mg/l [ 11-3mg/L Il =3 mg/L

P=0.14

Occurrence of a first coronary event
within 10 years, estimated by Cox pro-
portional hazards models in percentages.
Left, Percentage estimated by a model
with FRS (5 categories) adjusted for sur-
vey. Right, Percentage estimated for
each of 5 FRS categories by a model
with CRP (3 categories) adjusted for FRS
(continuous) and survey. Probability val-
ues indicate significance status of CRP
in the Cox model. MONICA/KORA-
Augsburg Cohort Study, 1984 to 1998.

P=0.02

The AUC as arough estimate (in our study design) for the
predictive value of the different Cox models reveded a
statistically significant increase from 0.735 (model with FRS
2) to 0.750 (model with FRS 2 and CRP) (P=0.0163). The
inclusion of CRP was associated with a remarkable decrease
in the HR of the FRS. The HR of the highest FRS 2 category
(risk >20%/10 years) compared with the lowest FRS 2
category (risk <6%/10 years) decreased from 6.2 to 5.0,
indicating a CIE of 19.4%. All CIEs are greater than the 10%
criterion, indicating a strong impact of CRP on the HRs of
FRS 2. Similar results were observed for the FRS 1 model.

Moreover, we compared the proportions of incident coro-
nary events within 10 years estimated by the Cox model for
the five categories of FRS 2 aone (Figure, left panel) and for
different CRP categories in each category of FRS 2, adjusted
for survey and FRS (Figure, right panel). Probability values
of the stratified analyses are given in the Figure (right panel,
above each FRS category). Cox regression revealed a con-
siderable modification in coronary event incidence based on
CRP concentrations and, more importantly, in categories of
FRS 2 associated with a 10% to 20% risk per 10 years,
elevated concentrations of CRP were consistently and statis-
tically significantly associated with a further increased risk
(P=0.03 and P=0.02). In contrast, in men with a risk <6%
and 6% to 10% per 10 years, CRP had no statistically
significant additional effect on the prediction of a first
coronary event. Regarding the different AUCs, a remarkable
increase was found for the intermediate FRS categories of
11% to 14% and 15% to 19% (increase in the AUC from
0.725 to 0.776 and from 0.695 to 0.751).

Discussion
In this prospective population-based study, increased CRP
concentrations and an elevated TC/HDL-C ratio were both
independently related to incident coronary events. However,
even if the strongest lipid/lipoprotein variable was chosen for
risk assessment, our data clearly show that the measurement
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of CRP contributes significantly to the prediction of a first
coronary event and adds clinically relevant information to the
TC/HDL-C ratio. Finaly, and most importantly, these pro-
spective data from a large European cohort of middle-aged
men clearly suggest that CRP modul ates the risk conveyed by
the FRS as the HRs from the top to the bottom category
decreased remarkably after inclusion of CRP in the various
models. Thiswas observed in particular in those with an FRS
between 10% and 20% over a period of 10 years. These men
may benefit from additional noninvasive tests such as deter-
mination of CRP by a hs assay.

Such conclusions are in agreement with recent findings by
Albert et a.® They found significant correlations between
CRP concentrations and the FRS but only minimal correla-
tions with its individual components. However, our data are
in contrast to a report from the Rotterdam Study,*” which
found no additional value of CRP in elderly people. Such
discrepancy may be explained by differences in age, the
additional inclusion of left ventricular hypertrophy, another
important risk marker, and the fact that CRP concentrationsin
incident cases were considerably lower than in our study
despite the older average age in the Rotterdam popul ation.

In summary, our data confirm and extend results from the
Women's Health Study? in a large sample of men from the
general population. If these findings can be replicated in other
populations, this may represent a strong argument for the
inclusion of CRP as an additional variable to further improve
risk prediction in asymptomatic subjects at intermediate risk
of CHD. This would be in line with recent American Heart
Association/Centers for Disease Control guidelines.1o
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Statin Therapy, LDL Cholesterol,
C-Reactive Protein, and Coronary Artery Disease

Steven E. Nissen, M.D., E. Murat Tuzcu, M.D., Paul Schoenhagen, M.D.,
Tim Crowe, B.S., William J. Sasiela, Ph.D., John Tsai, M.D., John Orazem, Ph.D.,
Raymond D. Magorien, M.D., Charles O’Shaughnessy, M.D.,
and Peter Ganz, M.D., for the Reversal of Atherosclerosis
with Aggressive Lipid Lowering (REVERSAL) Investigators*

ABSTRACT

BACKGROUND

Recent trials have demonstrated better outcomes with intensive than with moderate
statin treatment. Intensive treatment produced greater reductions in both low-density
lipoprotein (LDL) cholesterol and C-reactive protein (CRP), suggesting a relationship
between these two biomarkers and disease progression.

METHODS

We performed intravascular ultrasonography in 502 patients with angiographically doc-
umented coronary disease. Patients were randomly assigned to receive moderate treat-
ment (40 mg of pravastatin orally per day) or intensive treatment (80 mg of atorvastatin
orally per day). Ultrasonography was repeated after 18 months to measure the pro-
gression of atherosclerosis. Lipoprotein and CRP levels were measured at baseline and
follow-up.

RESULTS

In the group as awhole, the mean LDL cholesterol level was reduced from 150.2 mg per
deciliter (3.88 mmol per liter) at baseline to 94.5 mg per deciliter (2.44 mmol per liter) at
18 months (P<0.001), and the geometric mean CRP level decreased from 2.9 to 2.3 mg
per liter (P<0.001). The correlation between the reduction in LDL cholesterol levels and
that in CRP levels was weak but significant in the group as a whole (r=0.13, P=0.005),
but notin either treatment group alone. In univariate analyses, the percent change in the
levels of LDL cholesterol, CRP, apolipoprotein B-100, and non—high-density lipoprotein
cholesterol were related to the rate of progression of atherosclerosis. After adjustment
for the reduction in these lipid levels, the decrease in CRP levels was independently and
significantly correlated with the rate of progression. Patients with reductions in both
LDL cholesterol and CRP that were greater than the median had significantly slower rates
of progression than patients with reductions in both biomarkers that were less than the
median (P=0.001).

CONCLUSIONS

For patients with coronary artery disease, the reduced rate of progression of athero-
sclerosis associated with intensive statin treatment, as compared with moderate statin
treatment, is significantly related to greater reductions in the levels of both atherogenic
lipoproteins and CRP.
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WO RECENT TRIALS DEMONSTRATED
that intensive lipid-lowering therapy with
statins improved clinical outcomes® and
reduced the progression of atherosclerosis.? Many
authorities attributed the greater benefits of inten-
sive statin therapy, as compared with moderate
statin therapy, to greater reductions in the levels of
atherogenic lipoproteins, particularly low-density
lipoprotein (LDL) cholesterol.®> However, statins
have a wide range of biologic effects in addition to
lipid lowering, including reductions in the levels of
C-reactive protein (CRP), a phenomenon common-
ly termed a “pleiotropic effect.”*® In both recent
comparisons, at the conclusion of the trials, CRP
levels were 30 to 40 percent lower after intensive
statin therapy than after moderate treatment.* This
finding raises a provocative scientific question: Do
reductions in CRP represent an independent factor
influencing the benefits of more intensive statin
therapy?
Large observational studies have established a
strong relationship between CRP levels and the
morbidity and mortality associated with coronary

disease.” However, the precise mechanism under-
lying the association between CRP levels and ad-
verse outcomes remains incompletely described.
Theoretically, by decreasing the levels of atherogen-
ic lipoproteins, statins could decrease systemic in-
flammation, thereby reducing CRP levels. An alter-
native hypothesis proposes that statins have direct
antiinflammatory effects, independent of their lip-
id-lowering capabilities. In this model, CRP plays a
more direct role in the pathogenesis of atheroscle-
rosis, and a statin-mediated reduction in inflamma-
tion contributes directly to reduced disease activity.
Because statins decrease the levels of both LDL cho-
lesterol and CRP, it is difficult to determine whether
CRP is an indirect biomarker reflecting the benefits
of statins or a direct participant in atherogenesis.
Intravascular ultrasonography is a useful tech-
nique for assessing the effect of therapies on the
vascular wall, providing a precise and continuous
measure of the progression of atherosclerosis. In
the Reversal of Atherosclerosis with Aggressive Lip-
id Lowering (REVERSAL) trial, intensive therapy
with 80 mg of atorvastatin per day slowed the pro-

Table 1. Laboratory Values at Baseline and Follow-up and Change in Values from Baseline.*
Both Groups Pravastatin Group Atorvastatin Group

Characteristic (N=502) (N=249) (N=253) P Valuey
Baseline
Total cholesterol (mg/dl) 232.2+34.2 232.6+34.1 231.8+34.2 0.80
LDL cholesterol (mg/dl) 150.2+26.9 150.2+25.9 150.2+27.9 0.99
HDL cholesterol (mg/dl) 42.6+10.7 42.9+11.4 42.3+9.9 0.51
Non-HDL cholesterol (mg/dl) 189.6+32.5 189.7+32.3 189.5+32.7 0.96
Triglycerides (mg/dl) 197.4+100.6 197.7+105.6 197.2+95.7 0.96
Apo B-100 (mg/dl) 152.7+23.4 153.0+22.4 152.4+24.3 0.79
CRP (mg/liter) i 0.46

Geometric mean 29 3.0 2.8

Interquartile range 1l.4to6.1 l4to6.1 13t06.3
18-Mo follow-up
Total cholesterol (mg/dl) 169.2+40.0 187.5+32.2 151.3+38.9 <0.001
LDL cholesterol (mg/dl) 94.5+32.2 110.4+25.8 78.9+30.2 <0.001
HDL cholesterol (mg/dl) 43.8+11.3 44.6+11.3 43.1+11.3 0.15
Non-HDL cholesterol (mg/dl) 125.4+39.6 142.9+32.2 108.1+38.6 <0.001
Triglycerides (mg/dl) 157.0+93.8 165.8+92.1 148.4+94.9 0.04
Apo B-100 (mg/dl) 104.8+29.1 118.1+24.0 91.8+27.9 <0.001
CRP (mg/liter) i <0.001

Geometric mean 23 2.9 1.8

Interquartile range 0.9to 5.4 13t06.2 0.8t0 4.3

N ENGL J MED 352;1 WWW.NEJM.ORG JANUARY 6, 2005

Downloaded from www.nejm.org on December 18, 2005 . This article is being provided free of charge for use in Palestinian



LDL CHOLESTEROL, C-REACTIVE PROTEIN, AND ATHEROSCLEROSIS PROGRESSION

gression of atherosclerosis more than did moder-
ate treatment with 40 mg of pravastatin per day.>
We applied statistical methods to examine the rela-
tionship between the reductions in LDL cholesterol
and CRP levels and the rate of disease progression
measured by intravascular ultrasonography.

METHODS

STUDY DESIGN

The institutional review board of each participat-
ing center approved the protocol, and all patients
provided written informed consent. Intravascular
ultrasonography was performed in a single vessel
in patients who had a clinical indication for coro-

nary angiography and had stenosis of at least 20
percent on angiography. Eligible patients had to
have an LDL cholesterol level of 125 to 210 mg per
deciliter (3.23 to 5.43 mmol per liter) after a statin-
free washout period of 4 to 10 weeks. Patients were
randomly assigned to receive either 40 mg of prav-
astatin or 80 mg of atorvastatin orally daily. The pa-
tients and all study personnel were unaware of the
treatment assignments or the results of laboratory
measurements.

INTRAVASCULAR ULTRASONOGRAPHY

Investigators performed intravascular ultrasonogra-
phy in the longest and least angulated target vessel
that met the inclusion criteria. After the adminis-

Table 1. (Continued.)
Both Groups

Characteristic (N=502)
Change from baseline
Total cholesterol

Mean (mg/dl) -63+44

Percent -26.3
LDL cholesterol

Mean (mg/dl) -56+37

Percent -35.8
HDL cholesterol

Mean (mg/dl) 1.2£7.9

Percent 4.2
Non-HDL cholesterol

Mean (mg/dl) 64143

Percent -33.0
Triglycerides

Mean (mg/dl) -40+96

Percent -13.5
Apo B-100

Mean (mg/dl) -48+30

Percent -30.6
CRPi:

Geometric mean (mg/liter) -0.2

Interquartile range (mg/liter) -1.9t0 0.8

Percent -22.4

Pravastatin Group Atorvastatin Group
(N=249) (N=253) P Valuef
<0.001
-45+37 -81+43
-18.4 -34.1
<0.001
-40+29 -71+37
-25.2 -46.3
0.11
1.6+7.7 0.8+8.0
5.6 2.9
<0.001
-47+35 -81+43
-23.6 -42.2
0.002
-32+94 -49+98
-6.8 -20.0
<0.001
-35+25 -61+30
-22.0 -39.1
<0.001
0.2 -0.7
-15t0 1.6 -2.8t0 0.1
-5.2 -36.4

5

Plus—minus values are means +SD. To convert values for cholesterol to millimoles per liter, multiply by 0.02586. To con-
vert values for triglycerides to millimoles per liter, multiply by 0.01129.

i P values were calculated by means of the two-sample t-test.

CRP levels were not available for six patients at baseline or follow-up (one in the pravastatin group and five in the atorva-
statin group).
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tration of intracoronary nitroglycerin, the transduc-
erwas positioned in the distal vessel and withdrawn
atarate of 0.5 mm per second (the “pullback”) with
the use of a motor drive. A core laboratory evaluat-
ed the image quality of each ultrasonogram, and
only patients whose ultrasonograms met prespeci-
fied image-quality requirements were eligible for
randomization. After an 18-month treatment peri-
od, patients again underwent intravascular ultraso-
nography under identical conditions. This method
of intravascular ultrasonography has been described
previously in detail %112

CORE LABORATORY MEASUREMENTS

Personnel who were unaware of the patients’ clin-
ical characteristics and treatment assignments
used manual planimetry to measure, on a computer
screen, a series of cross-sections of ultrasonograph-
icimages selected exactly 1.0 mm apart along the
long axis of the vessel. Measurements were per-
formed in accordance with the standards of the
American College of Cardiology and the European
Society of Cardiology.*? For each cross-section ana-
lyzed, the operator measured the area of the exter-
nal elastic membrane and the lumen. The accuracy
and reproducibility of this method have been report-
ed previously.>*3

CALCULATION OF END POINTS
The average area of atheroma per cross-section was
calculated as follows:

3 (EEMcga—LUMENCs,),

n
where EEMcg, is the cross-sectional area of the
external elastic membrane, LUMENgy, is the cross-
sectional area of the lumen, and n is the number of
cross-sections in the pullback. To compensate for
pullbacks of differing lengths, the total atheroma
volume for each patient was calculated as the av-
erage area of atheroma multiplied by the median
number of cross-sections in the pullbacks for all
patients in the study. The efficacy variable “change
in normalized total atheroma volume” (TAV) was
calculated as TAV;g months— TAVpaseline- The percent
atheromavolume (PAV) was calculated with the use
of the following formula:

[R(EEMcsa— LUMENCSA)% 100
0 .
SEEMcsa

The efficacy variable “change in PAV” was calculat-
ed as PAV1s months—PAVbaseline-

LABORATORY TESTS

A central laboratory performed all biochemical de-
terminations (Medical Research Laboratory, High-
land Heights, Ky.).

STATISTICAL ANALYSIS

For continuous variables with a normal distribution,
means +SD are reported. For CRP levels, the geo-
metric means and interquartile ranges are report-
ed. Because the ultrasonographic end points were
not normally distributed, we applied an analysis-of-
covariance model to rank-transformed data to deter-
mine P values. Correlations between variables are
described with the use of Spearman rank-correla-
tion coefficients, and multivariate regression analy-
ses based on rank-transformed data were used to
obtain partial correlation coefficients adjusted for
the effects of covariates.* The ultrasonographic
variable served as the dependent variable; the inde-
pendent variables consisted of the change in CRP
coupled with the change in non-high-density lipo-
protein (non-HDL) cholesterol, LDL cholesterol, or
apolipoprotein B-100 (apo B-100). For a further de-
scription of bivariate relationships with ultrasono-
graphic end points, we used the locally weighted
scatterplot smoothing (LOWESS) technique.*® This
technique is designed to produce a smooth fit to
the data and reduces the influence of extreme out-
liers. Analyses were performed with the use of SAS
software, version 6.12.

RESULTS

PATIENT POPULATION

Between June 1999 and September 2001, 502 pa-
tients were enrolled at 34 U.S. centers and under-
went intravascular ultrasonography at both base-
line and 18 months of follow-up that could be
evaluated (249 in the pravastatin group and 253 in
the atorvastatin group). The average age was 56
years, 72 percent were men, 89 percent were white
(race was recorded by the study coordinators on the
case-report form), 26 percent were current smok-
ers, 69 percent had a history of hypertension, and
19 percent had a history of diabetes.?

LABORATORY FINDINGS AND RESULTS

OF INTRAVASCULAR ULTRASONOGRAPHY

Table 1 summarizes laboratory values at baseline
and at the completion of the study (18 months) for
the entire population and each treatment group. For
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all 502 patients, the mean baseline LDL cholester-
ol level was 150.2 mg per deciliter (3.88 mmol per
liter), the non-HDL cholesterol level was 189.6 mg
per deciliter (4.90 mmol per liter), and the geomet-
ric mean CRP level was 2.9 mg per liter. After 18
months of treatment, the mean LDL cholesterol lev-
el was 94.5 mg per deciliter (2.44 mmol per liter),
the non-HDL cholesterol level was 125.4 mg per
deciliter (3.24 mmol per liter), and the geometric
mean CRP level was 2.3 mg per liter. There were
greater reductions in LDL cholesterol, non-HDL
cholesterol, and CRP levels in the atorvastatin group
than in the pravastatin group (P<0.001 for each
comparison).?

Table 2 summarizes measures of disease burden
as determined by intravascular ultrasonography at
baseline and the completion of the study for the en-
tire population and the two treatment groups. Both
measures of the progression of atherosclerosis —
total atheroma volume and percent atheroma vol-
ume — reflected a slower rate of progression in the

group that received intensive treatment with ator-
vastatin than in the group that received moderate
treatment with pravastatin.

CORRELATION BETWEEN REDUCTIONS

IN LIPOPROTEIN AND CRP

There was a weak but significant correlation be-
tween the percent reductions in LDL cholesterol and
in CRP levels only for the study group as a whole
(r=0.13, P=0.005) — not for the pravastatin group
alone (r=—0.008, P=0.90) or the atorvastatin group
alone (r=0.09, P=0.17). Changes in other athero-
genic lipoproteins, such as apo B-100 and non-HDL
cholesterol, had similarly weak correlations with the
reduction in CRP levels in the regression analysis.

EFFECT OF CHANGES IN CRP AND LIPIDS

ON PROGRESSION

Table 3 summarizes the correlations between the
changes in the levels of atherogenic lipoproteins,
CRP, and HDL cholesterol and the rate of progres-

Table 2. Baseline and Follow-up Values for Intravascular Ultrasonographic End Points and Change in Values from Baseline.*

Atheroma Volume Both Groups (N=502)
Mean +SD Median
Baseline
Total (mm3) 189.4+115.3 165.9
(113.8 to 238.9)
Normalized total (mm3)3  184.1+83.1 174.5
(122.1t0 232.3)
Percent 38.9+11.0 389
(32.2 to 46.2)
18-Mo follow-up
Total (mm3) 191.7+110.7 169.9
(113.3 to 244.0)
Normalized total (mm3)3  186.5+81.5 175.7
(124.5 t0 239.2)
Percent 40.2+10.5 39.9
(33.8t0 47.1)
Change from baseline
Total (mm3) 2.3x31.7 1.4
(-14.4 0 19.5)
Normalized total (mm3)i: 2.4+29.4 1.5
(-15.3 to 20.1)
Percent 13+5.1 0.9
(-1.9to 4.4)

Pravastatin Group (N=249)

Mean £SD Median Mean +SD Median
194.5+114.8 168.6 184.4+115.7 161.9
(117.4 to 246.2) (111.0t0 228.2)
189.1+86.5 187.2 179.1+79.4 166.6
(122.1 to 239.1) (122.4 to 226.6)
39.5+10.8 40.0 38.4+11.3 38.2
(32.5 to 46.3) (31.7 to 45.8)
199.6+112.3 180.0 183.9+108.8 160.9
(125.5 to 255.3) (107.4 to 240.3)
194.2+86.0 179.7 178.9+76.2 170.5
(128.9 to 248.2) (119.8 to 222.2)
41.4+10.0 41.8 39.0+10.8 38.7
(35.0to0 47.7) (31.6 to 45.7)
5.1+31.4 4.4 -0.4+31.8 -0.9
(-13.3t0 21.9) (-14.5t0 13.8)
5.1+27.6 4.1 -0.2+31.0 -0.9
(-13.2t0 23.5) (-17.9t0 15.3)
1.9+4.9 1.6 0.6+5.1 0.2
(-1.6t0 4.7) (-2.5t03.9)

Atorvastatin Group (N=253)

P Valuej

0.20

0.26

0.18

0.04

0.08

<0.001

0.04

0.03

0.002

%

* Values in parentheses are interquartile ranges.

P values were calculated with the use of the Wilcoxon rank-sum test.
I Values were adjusted for pullbacks of different lengths by multiplying the average area of atheroma volume for each patient by the median

number of cross-sections in the pullbacks for all patients in the study.
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Table 3. Relationships between Changes in Laboratory Measures
and Intravascular Ultrasonographic End Points.
Percent Atheroma Total Atheroma
Laboratory Measure Volume Volume
Correlation P Correlation P
Coefficient* Value  Coefficient* Value
Univariate analysis
LDL cholesterol
Change 0.10 0.03 0.09 0.04
Percent change 0.14 0.002 0.12 0.005
HDL cholesterol
Change -0.04 0.40 -0.01 0.84
Percent change -0.04 0.42 -0.01 0.78
Triglycerides
Change 0.05 0.23 0.06 0.19
Percent change 0.08 0.08 0.08 0.09
Non-HDL cholesterol
Change 0.09 0.05 0.07 0.10
Percent change 0.13 0.004 0.10 0.02
apo B-100
Change 0.09 0.05 0.08 0.06
Percent change 0.13 0.004 0.12 0.008
CRP
Change 0.11 0.01 0.11 0.02
Percent change 0.11 0.01 0.11 0.02
Multivariate analysis (adjusted for changes
in CRP and non-HDL cholesterol)
Percent change in non-HDL 0.11 0.01 0.08 0.06
cholesterol
Percent change in CRP 0.09 0.04 0.09 0.05
Multivariate analysis (adjusted for changes
in CRP and LDL cholesterol)
Percent change in LDL 0.12 0.008 0.11 0.02
cholesterol
Percent change in CRP 0.09 0.04 0.08 0.06
Multivariate analysis (adjusted for changes
in CRP and apo B-100)
Percent change in apo B-100 0.11 0.01 0.10 0.03
Percent change in CRP 0.09 0.05 0.08 0.07

* Values are Spearman rank-correlation coefficients.
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sion of atherosclerosis for both end points assessed
by means of intravascular ultrasonography. Univar-
iate analysis revealed significant correlations be-
tween ultrasonographic measures of disease pro-
gression and laboratory measures of atherogenic
lipoproteins, including LDL cholesterol, apo B-100,
and non-HDL cholesterol. The percent change in
the LDL cholesterol level had the closest correlation
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with progression, with a correlation coefficient of
0.12 for total atheroma volume (P=0.005) and of
0.14 for percent atheroma volume (P=0.002).

The correlations between the reduction in CRP
levels and the rates of progression on intravascular
ultrasonography were also significant and similar
in strength to the relationships observed for the
atherogenic lipoproteins. Univariate analysis yield-
ed a correlation coefficient of 0.11 for both total and
percent atheroma volume (P=0.02 and P=0.01, re-
spectively). Most correlations between the rates of
progression on ultrasonography and the percent
change in non-HDL cholesterol, LDL cholesterol,
and CRP levels remained significant on multivariate
analysis but were weaker than those obtained by
univariate analyses (Table 3).

As shown in Figure 1, greater reductions in LDL
cholesterol levels were associated with slower rates
of progression on intravascular ultrasonography.
Figure 2 shows this same relationship for the re-
duction in CRP levels. Patients with the largest re-
ductions in CRP levels had regression of atheroma,
as evidenced by progression rates of less than zero.

Table 4 shows the rates of progression of ath-
erosclerosis on ultrasonography for subgroups de-
fined according to whether the reductions in LDL
cholesterol or CRP levels were greater than or less
than the median decreases. For both efficacy mea-
sures, the highest rates of progression were in the
subgroup in which decreases in both LDL choles-
terol and CRP levels were less than the median. Sig-
nificantly lower progression rates were observed in
the subgroup with decreases in both LDL cholester-
ol and CRP levels that were greater than the median
(P=0.001 for both efficacy measures).

DISCUSSION

Epidemiologic evidence has established a strong
relationship between elevated levels of atherogenic
lipoproteins, particularly LDL cholesterol, and the
risk of death and complications from cardiovascu-
lar causes. Placebo-controlled trials of statins have
demonstrated that pharmacologic therapies that re-
duce LDL cholesterol levels also proportionally de-
crease cardiovascular risk.*6* Accordingly, the
clinical benefits of statin therapy have largely been
attributed to reductions in the levels of atherogenic
lipoproteins. However, observational studies have
also established a strong relationship between the
levels of CRP, the most stable and reliable labora-
tory measure of systemic inflammation, and adverse
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cardiovascular outcomes. Statins have a variety of
pleiotropic properties, including their ability to in-
duce dose-dependent decreases in the levels of CRP
and other inflammatory biomarkers.>° Since stat-
ins reduce the levels of both LDL cholesterol and
CRP, itis difficult to determine the relative contribu-
tion of the reduction in each of these biomarkers to
the observed clinical benefits.

We sought to close this gap in knowledge by an-
alyzing the correlation among lipid levels, CRP lev-
els, and the rate of progression of atherosclerosis,
using intravascular ultrasonography to measure dis-
ease progression in patients who were being treat-
ed with statins.? Intravascular ultrasonography is
a useful technique for assessing the effect of thera-
pies on the vascular wall, providing a precise and
continuous measure of disease progression.?® In
the REVERSAL trial, intensive therapy with 80 mg
of atorvastatin per day slowed the rate of progres-
sion of atherosclerosis more than did moderate
treatment with 40 mg of pravastatin per day. Be-
cause we studied two different intensities of statin
therapy, we evaluated a broad range of reductions
in LDL cholesterol and CRP, permitting a post hoc
analysis of the relationship between these two bio-
markers and the rate of progression of atheroscle-
rosis across a clinically important range of values.

Correlation analysis revealed that reductions
in the levels of atherogenic lipoproteins were not
closely correlated with reductions in CRP levels.
There was a weak but significant correlation be-
tween the reduction in LDL cholesterol levels and
the reduction in CRP levels for the overall group of
502 patients (r=0.13, P=0.005), but not in either
treatment group alone. These data demonstrate that
statin-mediated reductions in CRP are largely unre-
lated to the decrease in LDL cholesterol levels. These
findings confirm the work of other investigators
and strongly suggest that the statin-mediated re-
duction in CRP is unlikely to be a secondary conse-
quence of a reduction in LDL cholesterol but, rather,
is potentially mediated by independent pathways.>*

Analysis of the relationship among lipopro-
tein levels, CRP levels, and the rate of progression
of atherosclerosis yielded particularly informative
results. Reductions in both LDL cholesterol and
CRP levels were significantly correlated to the rate
of progression. In univariate analyses, both ultra-
sonographic measures of progression —the change
in the normalized total atheroma volume and the
change in percent atheroma volume — correlated
significantly with the reduction in the levels of ath-
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of Atherosclerosis in the Entire Group of 502 Patients.

cholesterol to millimoles per liter, multiply by 0.02586.

In each plot, the solid line represents the point estimates and the upper
and lower lines the 95 percent confidence intervals. To convert values for LDL

Figure 1. Locally Weighted Smoothed Scatterplots Showing the Relationship
between the Change in LDL Cholesterol Levels and the Rate of Progression

erogenic lipoproteins, including LDL cholesterol,
non-HDL cholesterol, and apo B-100. The clos-
est correlation was between the LDL cholesterol
level and the percent atheroma volume (r=0.14,
P=0.002). However, similar correlations were ob-
served for the relationship between the reduction
in CRP levels and the rate of progression on intra-
vascular ultrasonography (r=0.11, P=0.01). Substi-
tuting non-HDL cholesterol for LDL cholesterol,
to account for the broad range of atherogenic lipo-
proteins, did not increase the correlation. Since the
levels of both CRP and LDL cholesterol showed rel-
atively weak correlations with the ultrasonographic
end points (r values of 0.11 to 0.14), this analysis
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Figure 2. Locally Weighted Smoothed Scatterplots Showing the Relationship
between the Changes in CRP Levels and the Rate of Progression of Athero-
sclerosis in the Entire Group of 502 Patients.

In each plot, the solid line represents the point estimates and the upper
and lower lines the 95 percent confidence intervals.
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demonstrates that biomarkers can account for only
a small fraction of the observed progression rate.
To determine whether the reduction in CRP lev-
els represented an independent factor influencing
the progression of atherosclerosis, we adjusted the
CRP correlations for the effects of atherogenic lipo-
proteins. In this multivariate analysis, CRP remained
significant in most analyses, regardless of which
measure of atherogenic lipoproteins was used —
LDL cholesterol, apo B-100, or non-HDL cholester-
ol. Patients with reductions in the levels of both LDL
cholesterol and CRP that were greater than the me-
dian reduction had significantly lower progression
rates than patients in whom the reductions were
less than the median decrease (P=0.001). These data
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provide evidence that the reduction in CRP levels
plays an independent role in the beneficial effects
of statins on the progression of coronary athero-
sclerosis.

Since measures of progression reflected by intra-
vascular ultrasonography are not normally distrib-
uted, we used LOWESS methods to illustrate the
relationships between the reductions in LDL cho-
lesterol and CRP levels and the rates of progres-
sion determined by ultrasonography (Fig. 1 and 2).
These plots demonstrated a continuous relationship
between the magnitude of reduction in either LDL
cholesterol or CRP levels and the rates of progres-
sion of atherosclerosis for both measures of effi-
cacy. Atherosclerosis regressed in patients with the
greatest reduction in CRP levels, but not in those
with the greatest reduction in LDL cholesterol lev-
els. Although the data are not provided in this arti-
cle, LOWESS plots showed slower rates of progres-
sion in the intensively treated atorvastatin subgroup
across a broad range of reductions in lipids and CRP.
The slower rate of progression in the atorvastatin
group for any magnitude of reduction in LDL cho-
lesterol levels can be partially explained by the ad-
ditional effects of treatment on the reduction in CRP
levels, just as the differences in the CRP plots can
be partially explained by the additional reduction
in LDL cholesterol levels effected by atorvastatin
therapy. Thus, the effects of the reductions in both
LDL cholesterol and CRP levels must be considered
to explain the observed differences in progression
between atorvastatin and pravastatin treatment.

Our findings have important implications for
understanding the pathogenesis of the progression
of atherosclerosis and the mechanism of benefit
of statin therapy. The Pravastatin or Atorvastatin
and Infection Therapy (PROVE IT) trial demon-
strated improved outcomes® and the REVERSAL tri-
al demonstrated reduced rates of progression of
atherosclerosis? after intensive, as compared with
moderate, statin therapy. Although a single trial had
previously shown that the effects of statins are evi-
dent within 16 weeks,?? the rapidity of the diver-
gence in results between the treatment groups in
both trials was unexpected.* In most earlier place-
bo-controlled trials, differences between statins
and placebo were not evident for the first two years
after randomization.®® However, in both the
REVERSAL and PROVE IT trials, CRP levels were
30 to 40 percent lower at the conclusion of the trial
in the intensively treated patients than in the group
that received moderate treatment, which may ex-
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Table 4. Rates of Progression According to the Change in LDL Cholesterol and CRP Levels.*

No. of

Subgroup Patients

Median

Reduction in LDL cholesterol and 141
CRP both greater than median

Reduction in LDL cholesterol 106
greater than median, reduc-
tion in CRP less than median

0.81 (-2.0to 4.8)

Reduction in LDL cholesterol less 108
than median, reduction in
CRP greater than median

1.21 (-2.0 to 4.0)

Reduction in LDL cholesterol and 141
CRP both less than median

1.82 (-1.5t0 5.1)

Percent Atheroma Volumey

0.24 (-2.8t0 3.5)]

95% ClI
i -0.77t00.54 0.33+5.3

Mean +SD Median

-0.32t0 1.81 1.62+4.7 2.06 (-12.8 to 21.5) -3.26t0 6.41
-0.31t02.08 0.91+4.9 -1.04 (-18.6t022.5) -6.781t08.74
10t02.84 2.25+5.0 8.21(-11.8t027.5) 0.40to 13.05

Total Atheroma Volume (mm3)7

95% Cl
-1.98 (-23.0t0 10.8) —6.26t0 3.67

Mean £SD
-2.41+31.6

4.04+28.7

1.42+29.2

7.49+27.5

* CRP levels were not available for six patients at baseline or follow-up. The subgroups were formed on the basis of the median percent change
in LDL cholesterol of -37.1 percent and the median percent change in CRP of -21.4 percent.

T Values in parentheses are interquartile ranges. Confidence intervals (Cls) are for the medians.

1 P=0.001 for the comparison with the subgroup in which the reduction in the levels of both LDL cholesterol and CRP was less than the median

reduction (by Wilcoxon’s rank-sum test).

plain the magnitude and unexpectedly rapid diver-
gence of outcomes reported by Ridker et al. else-
where in this issue of the Journal.23

Our findings are consistent with a variety of ex-
perimental observations that suggest a direct role
for CRP in the pathogenesis of atherosclerosis.
CRP renders oxidized LDL more susceptible to
uptake by macrophages, induces the expression
ofvascular-cell adhesion molecules, stimulates the
production of tissue factor, and impairs the produc-
tion of nitric oxide.?*?” Children with elevated CRP
levels have increased carotid intimal medial thick-
ness and reduced vasodilatation mediated by bra-
chial-artery flow.*® A recent study suggested that
the presence of above-average levels of CRP attenu-
ates the benefits of intensive statin therapy with re-
spect to the carotid intimal media thickness.*®

Evidence of a dual mechanism of benefit for
statins — lipid lowering and a reduction in inflam-
mation — has important implications for current
and future treatment of atherosclerosis. Current
guidelines emphasize the use of lipid-lowering ther-
apies to reach target levels of LDL cholesterol, non-
HDL cholesterol, or both. However, individual agents
differ in their ability to reduce the levels of inflam-
matory biomarkers. Accordingly, our study raises
the provocative question of whether the effects of
statins on CRP, as well as LDL cholesterol, should
be considered in decisions regarding therapy.

N ENGL J MED 352;1
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Our study has important limitations. It is a hy-
pothesis-generating post hoc analysis examining
the effect of a single inflammatory marker on dis-
ease progression, not morbidity or mortality. None-
theless, our findings suggest that the level of CRP
may ultimately represent an important therapeutic
target. We do not believe that these data are suffi-
cient to recommend routine serial measurement of
CRP in order to modulate statin therapy, but further
study is warranted. An ongoing clinical trial is as-
sessing the use of CRP levels to guide therapy in pa-
tients who do not have elevated LDL cholesterol
levels.3° Since approaches to the reduction of LDL
cholesterol levels that do not involve statins have
uncertain antiinflammatory effects, the ability of
such therapies to improve the outcome requires

testing in clinical trials.3*
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C-REACTIVE PROTEIN AND OTHER MARKERS OF INFLAMMATION
IN THE PREDICTION OF CARDIOVASCULAR DISEASE IN WOMEN

PauL M. Ripker, M.D., CHARLES H. HENNEKENS, M.D., JuLIE E. BURING, Sc.D., AND NADER RIFAl, PH.D.

ABSTRACT

Background Since inflammation is believed to have
a role in the pathogenesis of cardiovascular events,
measurement of markers of inflammation has been
proposed as a method to improve the prediction of
the risk of these events.

Methods We conducted a prospective, nested case—
control study among 28,263 apparently healthy post-
menopausal women over a mean follow-up period
of three years to assess the risk of cardiovascular
events associated with base-line levels of markers of
inflammation. The markers included high-sensitivity
C-reactive protein (hs-CRP), serum amyloid A, inter-
leukin-6, and soluble intercellular adhesion molecule
type 1 (sICAM-1). We also studied homocysteine and
several lipid and lipoprotein measurements. Cardio-
vascular events were defined as death from coro-
nary heart disease, nonfatal myocardial infarction
or stroke, or the need for coronary-revascularization
procedures.

Results Of the 12 markers measured, hs-CRP was
the strongest univariate predictor of the risk of car-
diovascular events; the relative risk of events for wom-
en in the highest as compared with the lowest quar-
tile for this marker was 4.4 (95 percent confidence
interval, 2.2 to 8.9). Other markers significantly asso-
ciated with the risk of cardiovascular events were se-
rum amyloid A (relative risk for the highest as com-
pared with the lowest quartile, 3.0), sICAM-1 (2.6),
interleukin-6 (2.2), homocysteine (2.0), total choles-
terol (2.4), low-density lipoprotein (LDL) cholesterol
(2.4), apolipoprotein B-100 (3.4), high-density lipopro-
tein (HDL) cholesterol (0.3), and the ratio of total cho-
lesterol to HDL cholesterol (3.4). Prediction models that
incorporated markers of inflammation in addition to
lipids were significantly better at predicting risk than
models based on lipid levels alone (P<0.001). The lev-
els of hs-CRP and serum amyloid A were significant
predictors of risk even in the subgroup of women
with LDL cholesterol levels below 130 mg per deciliter
(3.4 mmol per liter), the target for primary preven-
tion established by the National Cholesterol Educa-
tion Program. In multivariate analyses, the only plas-
ma markers that independently predicted risk were
hs-CRP (relative risk for the highest as compared with
the lowest quartile, 1.5; 95 percent confidence inter-
val, 1.1 to 2.1) and the ratio of total cholesterol to HDL
cholesterol (relative risk, 1.4; 95 percent confidence
interval, 1.1 to 1.9).

Conclusions The addition of the measurement of
C-reactive protein to screening based on lipid levels
may provide an improved method of identifying wom-
en at risk for cardiovascular events. (N Engl J Med
2000;342:836-43.)
©2000, Massachusetts Medical Society.
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ALF of all myocardial infarctions occur in

persons in whom plasma lipid levels are

normal.! In an effort to better identify

patients at high risk for cardiovascular
events, several markers of risk have been proposed for
use in screening, including homocysteine and fibrin-
ogen levels, fibrinolytic capacity, and levels of apolipo-
protein A-1, apolipoprotein B-100, and Lp(a) lipo-
protein. However, the clinical value of many of these
markers has been limited because of inadequate stand-
ardization of assay conditions, inconsistency of pro-
spective data, or lack of evidence of significant im-
provement in the prediction of risk over that afforded
by standard lipid screening alone.?

With the recognition that atherosclerosis is an in-
flammatory process,? several plasma markers of inflam-
mation have also been evaluated as potential tools for
prediction of the risk of coronary events. Among them
are markers of systemic inflammation produced in
the liver, such as high-sensitivity C-reactive protein
(hs-CRP) and serum amyloid A; cytokines such as
interleukin-6; and adhesion molecules such as soluble
intercellular adhesion molecule type 1 (SICAM-1).411
However, as with other proposed predictors of the
risk of cardiovascular events, the prognostic value of
these markers of inflammation remains uncertain. For
example, a widely held clinical view is that levels of
markers of inflammation vary too greatly over time
to allow accurate prediction of risk. Furthermore, few
prospective studies have measured all these markers
of inflammation in a single group of patients, so the
relative usefulness of each marker cannot be easily
evaluated. In addition, data supporting the hypothe-
sis that markers of inflammation significantly increase
the predictive value of lipid screening are scant and
are limited almost exclusively to data from studies of
hs-CRP in middle-aged men.”!2 Finally, clinical appli-
cation of these findings has been limited, since stand-
ardized, commercial assays for most markers of in-
flammation are only now being developed.

In a previous study, in which we used an experi-
mental assay for hs-CRP, we found higher levels of this
marker among healthy postmenopausal women par-
ticipating in the Women’s Health Study who subse-

From the Center for Cardiovascular Disease Prevention (PM.R.) and the
Divisions of Cardiology (P.M.R.) and Preventive Medicine (PM.R., CH.H.,
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quently had cardiovascular events than among those
who did not have such events.!® On the basis of that
finding and in the effort to address the clinical issues
outlined above, we used a commercial assay to meas-
ure hs-CRP in the same cohort and simultaneously
measured plasma levels of serum amyloid A, interleu-
kin-6, sSICAM-1, total cholesterol, low-density lipo-
protein (LDL) cholesterol, high-density lipoprotein
(HDL) cholesterol, the ratio of total cholesterol to
HDL cholesterol, apolipoprotein A-1, and apolipopro-
tein B-100. In addition, to allow comparison with oth-
er proposed markers, we measured plasma levels of
Lp(a) lipoprotein and homocysteine. We thus were
able to evaluate directly the relative value of each of
these 12 measurements as an independent predictor
of future cardiovascular events in a large cohort of ap-
parently healthy women. We also sought to determine
whether the measurement of markers of inflamma-
tion in addition to standard screening of lipid levels
might provide a clinically useful method for improving
overall prediction of the risk of cardiovascular events.

METHODS
Study Participants

We designed a prospective, nested case—control study involving
participants in the Women’s Health Study, an ongoing trial of as-
pirin and vitamin E for primary prevention among postmenopaus-
al women with no history of cardiovascular disease or cancer.!
Blood samples were collected in tubes containing EDTA at base
line from 28,263 women (71 percent of the Women’s Health Study
participants) and stored in liquid nitrogen until the time of analysis.

For this analysis, case subjects were study participants from whom
a base-line blood sample was obtained who subsequently had a car-
diovascular event (defined as death from coronary heart disease,
nonfatal myocardial infarction or stroke, or a coronary-revascular-
ization procedure) during a mean follow-up period of three years.
Myocardial infarction was classified as confirmed if symptoms met
the criteria of the World Health Organization's and if the event
was associated with abnormal levels of cardiac enzymes or diag-
nostic electrocardiographic changes. Stroke was classified as con-
firmed if the patient had a new neurologic deficit that lasted more
than 24 hours. Computed tomographic scans or magnetic reso-
nance images were available for the majority of women in whom
stroke occurred. Performance of revascularization procedures was
confirmed by review of hospital records. Death from coronary heart
disease was confirmed by review of the autopsy report, the death
certificate, medical records, or information from family members
regarding the circumstances of death.

For each woman who had a confirmed cardiovascular event dur-
ing follow-up, two control subjects of the same age (within one
year) and smoking status (former smoker, current smoker, or non-
smoker) were selected from among the remaining study partici-
pants from whom a base-line blood sample had been obtained and
who remained free of reported cardiovascular disease during follow-
up. With use of these criteria, 122 case subjects and 244 control
subjects were selected.

Procedures

Base-line plasma samples from each woman with an event and
each control subject were thawed and assayed for hs-CRP, serum
amyloid A, and Lp(a) lipoprotein with use of latex-enhanced im-
munonephelometric assays on a BN II analyzer (Dade Behring,
Newark, Del.). Apolipoprotein A-I and apolipoprotein B-100 were
simultaneously measured with this device by immunoassay. Total
cholesterol, HDL cholesterol, and directly obtained LDL choles-

terol levels were measured on a Hitachi 911 analyzer (Roche Di-
agnostics, Indianapolis) with reagents from Roche Diagnostics and
Genzyme (Cambridge, Mass.). Plasma levels of sSICAM-1 and inter-
leukin-6 were measured by enzyme-linked immunosorbent assay
(R & D Systems, Minneapolis), and the total plasma homocysteine
level was measured with an IMx homocysteine assay (Abbott Lab-
oratories, Abbott Park, Ill.) as previously reported.!¢ Samples were
handled in identical and in blinded fashion throughout the study.
Samples were analyzed in triplicate and in random order so as to
reduce systematic bias and interassay variation.

Statistical Analysis

Means and proportions for risk factors for cardiovascular events
at base line were calculated for women who had cardiovascular
events during follow-up and those who did not. The significance
of differences in means between the two groups was assessed with
Student’s t-test, and the significance of differences in proportions
was tested with use of the chi-square statistic. Analysis of trends was
used to test for associations between increasing levels of each plas-
ma variable and the risk of future cardiovascular events, after the
sample was divided into quartiles according to the distribution of
control values for that marker. Adjusted risk estimates were ob-
tained with use of logistic-regression models that, in addition to
accounting for the variables used for matching (age and smoking
status), adjusted for random assignment to aspirin or vitamin E in
the Women’s Health Study; several risk factors for cardiovascular
events, including a history of hypertension, body-mass index, a his-
tory of diabetes, and a parental history of myocardial infarction
before the age of 60 years; and other measured plasma markers.

We evaluated the combined role of lipid levels and markers of in-
flammation as predictors of the risk of future cardiovascular events
in a series of analyses in which we explored the sensitivity and ro-
bustness of our findings from a clinical perspective. First, we used
the likelihood-ratio test to determine whether logistic-regression
models that included measurements of lipid variables and markers
of inflammation provided a significantly better fit than did logistic-
regression models limited to lipid measurements alone. Second,
to estimate the clinical relevance of these effects, we computed the
area under receiver-operating-characteristic curves for prediction
models based on lipid measurements alone and for models based
on measurements of both lipid levels and markers of inflammation.
Third, we divided the study participants into nine groups accord-
ing to low, medium, and high levels of total cholesterol and low,
medium, and high levels of each marker of inflammation. In these
analyses, logistic regression was used to evaluate simultaneously the
risk of future cardiovascular events in each of the nine groups;
the group of women in the lowest third for total cholesterol and in
the lowest third for the respective marker of inflammation was con-
sidered the reference group. Finally, to address the clinical need for
improved assessment of risk among persons with cholesterol levels
currently considered safe, we performed a subgroup analysis of
study participants with LDL cholesterol levels of less than 130 mg
per deciliter (3.4 mmol per liter), the target level for the primary
prevention of coronary heart disease according to the current guide-
lines of the National Cholesterol Education Program.\”

All P values were two-tailed, and values of less than 0.05 were
considered to indicate statistical significance. All confidence inter-
vals were calculated at the 95 percent level.

RESULTS

The base-line characteristics of the women who
subsequently had cardiovascular events (case subjects)
and those who remained free of reported cardiovas-
cular disease (controls) are shown in Table 1. As ex-
pected, women who had cardiovascular events were
heavier at base line than those who remained free of
cardiovascular disease and were more likely to have
hypertension, diabetes, or a parental history of prema-
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TABLE 1. BASE-LINE CLINICAL CHARACTERISTICS
OF THE STUDY PARTICIPANTS.*

TABLE 2. BASE-LINE PLASMA LEVELS OF MARKERS
OF INFLAMMATION AND LIPIDS.*

WomeN witH ~ WoMEN FREE OF
CARDIOVASCULAR CARDIOVASCULAR
EVENTS EVENTS P
CHARACTERISTIC (N=122) (N=244) VaLuet
Mean age (yr) 59.3 59.3 —
Mean body-mass index} 27.1 26.0 0.04
History of hypertension (%) 55.5 31.3 0.001
History of diabetes (%) 9.8 2.1 0.001
Parental history of myocardial 21.3 12.7 0.04
infarction before 60 yr (%)

Smoking status (%) —

Former smoker 29.5 29.5

Current smoker 279 279

Nonsmoker 42.6 42.6
Frequency of exercise (%) 0.9

>3 times/wk 6.6 8.2

1-3 times/wk 279 27.1

<1 time/wk 21.3 20.1

Rarely or never 44.3 445
Frequency of alcohol con- 0.6

sumption (%)

Daily 12.3 8.2

Weekly 27.9 31.2

Monthly 14.8 13.9

Rarely or never 45.1 46.7
Current use of hormone- 44.3 41.0 0.1

replacement therapy (%)

Women witH ~ WoMEN FREE OF
CARDIOVASCULAR  CARDIOVASCULAR
VARIABLE EVENTS EVENTS P VaLuE
High-sensitivity C-reactive <0.001
protein (mg/dl)
Median 0.42 0.28
Interquartile range 0.21-0.83 0.11-0.55
Serum amyloid A (mg/dl) 0.003
Median 0.63 0.52
Interquartile range 0.45-1.01 0.35-0.78
Soluble intercellular adhesion  349.7+121.3  321.3+107.4 0.03
molecule type 1 (ng/ml)
Interleukin-6 (pg,/ml) 0.003
Median 1.65 1.30
Interquartile range 1.14-2.62 1.00-2.03
Total cholesterol (mg/dl) 230.5x41.2 219.2+37.5 0.01
LDL cholesterol (mg/dl) 132.2+34.6 121.5+30.2 0.003
HDL cholesterol (mg/dl) 45.4*14.6 51.1+154 <0.001
Apolipoprotein A-I (mg/dl) 163.8+40.3 168.5+36.1 0.3
Apolipoprotein B-100 (mg/dl) 128.5+31.0 115.0+26.7 <0.001
Lp(a) lipoprotein (mg/liter) 0.3
Median 79 74
Interquartile range 34-247 29-203
Ratio of total cholesterol to 55*1.9 4.6+1.4 <0.001
HDL cholesterol
Homocysteine (umol/liter) 14.1£8.0 12.4+5.8 0.02

*Because of rounding, not all percentages total 100.

TP values were not calculated for variables used in matching of case and
control subjects, since the distribution of these variables was identical in the
tWOo groups.

$The body-mass index is the weight in kilograms divided by the square
of the height in meters.

ture myocardial infarction (before the age of 60 years).
The frequency of exercise, the frequency of alcohol
consumption, and rate of use of hormone-replace-
ment therapy were similar in the two groups. Because
of matching, the women who had cardiovascular
events and the control subjects were virtually identi-
cal with respect to mean age and smoking status.
Base-line plasma levels of the inflammation markers
hs-CRP (P<0.001), serum amyloid A (P=0.003),
sICAM-1 (P=0.03), and interleukin-6 (P=0.003)
were higher among the women who subsequently had
cardiovascular events than among those who did not
(Table 2). Similarly, base-line plasma levels of total
cholesterol (P=0.01), LDL cholesterol (P=0.003),
apolipoprotein B-100 (P<<0.001), and homocysteine
(P=0.02) and the ratio of total cholesterol to HDL
cholesterol (P<<0.001) were significantly higher among
women with subsequent events than those without
such events, whereas levels of HDL cholesterol were
significantly lower among women with subsequent
events (P<<0.001). Base-line levels of Lp(a) lipoprotein
were somewhat higher and levels of apolipoprotein
A-1 somewhat lower among the women with events

838 - March 23,2000

*Plus—minus values are means £SD. For normally distributed variables,
P values were computed with t-tests; for non-normally distributed variables,
P values were computed with the Wilcoxon rank-sum test for the difference
in medians. LDL denotes low-density lipoprotein, and HDL high-density
lipoprotein. To convert values for cholesterol to millimoles per liter, multi-
ply by 0.02586.

than among control subjects, but these differences
were not significant.

Table 3 shows the relative risks of cardiovascular
events according to the quartile of each marker of
inflammation or lipid measured in plasma. Measure-
ments of hs-CRP, serum amyloid A, sSICAM-1, and
interleukin-6 were predictive of the risk of future car-
diovascular events. Of the 12 measures, the level of
hs-CRP was the most powerful predictor of risk in the
univariate analysis (relative risk for women in the high-
est quartile as compared with the lowest quartile, 4.4;
95 percent confidence interval, 2.2 to 8.9; P<<0.001).
Of the lipid variables, the ratio of total cholesterol
to HDL cholesterol (relative risk, 3.4; P=0.001) and
the apolipoprotein B-100 level (relative risk, 3.4;
P=0.001) were the most powerful predictors of risk.
Nonsignificant trends were observed for apolipopro-
tein A-I and Lp(a) lipoprotein. As reported previ-
ously,!¢ increasing levels of homocysteine were also
associated with increased risk.

Levels of several markers of inflammation were
highly correlated. For example, the correlation coef-
ficient for the relation between hs-CRP and serum
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TABLE 3. RELATIVE RisK OF CARDIOVASCULAR EVENTS ACCORDING TO BASE-LINE PLASMA
LEVELS OF MARKERS OF INFLAMMATION AND LIPIDS.*

P VALUE
VARIABLE QUARTILE OF PLASMA LEVEL FOR TREND
1 2 3 4
High-sensitivity C-reactive
protein
Median — mg/dl 0.06 0.19 0.38 0.85
Relative risk (95% CI) 1.0 2.1 (1.0-4.5) 2.1 (1.0-44) 4.4 (2.2-89) <0.001
Serum amyloid A
Median — mg/dl 0.25 0.43 0.62 1.17
Relative risk (95% CI) 1.0 1.8(09-3.6) 1.9 (0.9-3.8) 3.0 (1.5-6.0) 0.002
Soluble intercellular adhesion
molecule type 1
Median — ng/ml 228.7 2739 319.1 439.3
Relative risk (95% CI) 1.0 1.5(0.7-3.1) 2.0 (1.0-4.1) 2.6 (1.3-5.1) 0.004
Interleukin-6
Median — pg/ml 0.82 1.15 1.58 2.70
Relative risk (95% CI) 1.0 1.3(0.6-2.7) 1.4 (0.7-2.8) 2.2 (1.1-4.3) 0.02
Total cholesterol
Median — mg/dl 176 206 224 267
Relative risk (95% CI) 1.0 1.2(0.6-2.3) 1.7 (09-3.3) 2.4 (1.3-4.7) 0.003
LDL cholesterol
Median — mg/dl 88.4 108.9 127 .4 156.6
Relative risk (95% CI) 1.0 09 (04-19) 1.7 (09-3.3) 2.4 (1.3-4.6) 0.001
HDL cholesterol
Median — mg/dl 345 44.5 54.9 68.5
Relative risk (95% CI) 1.0 0.5(0.3-0.8) 0.5(0.2-0.8) 0.3 (0.2-0.6) 0.001
Apolipoprotein A-I
Median — mg/dl 127 152 176 212
Relative risk (95% CI) 1.0 08(04-1.4) 0.4 (0.2-0.8) 0.8 (0.4-1.4) 0.1
Apolipoprotein B-100
Median — mg/dl 86 104 121 149
Relative risk (95% CI) 1.0 1.1(0.5-2.3) 1.6 (0.8-3.3) 3.4 (1.8-6.8) <0.001
Lp(a) lipoprotein
Median — mg/liter 16 55 107 329
Relative risk (95% CI) 1.0 1.0 (0.5-1.9) 1.1(0.6-2.1) 1.3 (0.7-2.4) 0.4
Ratio of total cholesterol to
HDL cholesterol
Median 3.06 4.00 4.80 6.34
Relative risk (95% CI) 1.0 0.8(0.3-1.5) 1.7 (09-34) 3.4 (1.8-59) <0.001
Homocysteine
Median — pmol/liter 8.2 10.3 12.1 15.7
Relative risk (95% CI) 1.0 1.1(0.6-2.2) 1.1(0.5-2.1) 2.0 (1.1-3.8) 0.02

*P values were calculated by logistic-regression analyses. In all models, subjects were matched ac-
cording to age and smoking status, and all models were adjusted for random assignment to aspirin
or vitamin E. CI denotes confidence interval, LDL low-density lipoprotein, and HDL high-density

lipoprotein. To convert values for cholesterol to millimoles per liter, multiply by 0.02586.

amyloid A was 0.81 (P<<0.001). In contrast, corre-
lations between markers of inflammation and lipid
measures were low; less than 10 percent of the vari-
ance in any marker of inflammation was explained by
any of the lipid measures.

To determine the independent predictive value
of each of the 12 measures, we performed a series of
logistic-regression analyses that simultaneously con-
trolled for increasing quartiles of hs-CRP, serum amy-
loid A, sICAM-1, interleukin-6, homocysteine, and
Lp(a) lipoprotein and the ratio of total cholesterol
to HDL cholesterol (because of colinearity with this
ratio, levels of apolipoprotein A-I, apolipoprotein
B-100, and LDL cholesterol were not included in
these analyses). As shown in Table 4, only the level

of hs-CRP and the ratio of total cholesterol to HDL
cholesterol were found to be independent predictors
of risk in models in which women were matched for
smoking status and age or in models that included
further adjustments for body-mass index, hyperten-
sion, diabetes, and parental history of premature cor-
onary artery disease. In similar models that were lim-
ited to markers of inflammation, hs-CRP remained an
independent predictor of the risk of future cardio-
vascular events. In contrast, the beta coefficients asso-
ciated with serum amyloid A, sICAM-1, and inter-
leukin-6 decreased substantially and were no longer
statistically significant in analyses that included con-
trol for the quartile of hs-CRD.

To explore whether any of the markers of inflam-
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TABLE 4. ADJUSTED RELATIVE RIsK OF CARDIOVASCULAR EVENTS
ASSOCIATED WITH AN INCREASE OF ONE QUARTILE
IN THE CONCENTRATION OF EACH PLASMA MARKER.*

ADJUSTED FOR OTHER
PLASMA MARKERS AND
Risk FacTorst

ADJUSTED FOR OTHER

VARIABLE PLAsMA MARKERS

RELATIVE RISK
(95% CI)

RELATIVE RISK
P VALUE (95% CI) P VALUE
High-sensitivity C-reac-

tive protein

14 (11-19) 0.02 1.5 (1.1-21) 0.02

Serum amyloid A 1.1 (0.8-14) 05

11(0.9-14) 04

11 (0.8-1.6) 0.4

Soluble intercellular ad- 11 (0.8-14) 0.6

hesion molecule type 1
Interleukin-6 0.9 (0.7-1.2) 0.6
11(09-14) 0.2
Lp(a) lipoprotein 11 (09-1.3) 0.6

Ratio of total cholesterol 1.4 (1.1-1.7)  0.01
to HDL cholesterol

0.8 (0.6-1.1) 0.2
11 (0.8-14) 0.6
1.0 (0.8-1.2) 0.8
14(1.1-1.9) 0.02

Homocysteine

*In all models, subjects were matched according to age and smoking sta-
tus, and all models were adjusted for random assignment to aspirin or vita-
min E. CI denotes confidence interval, and HDL high-density lipoprotein.

tThese models were adjusted for the following additional risk factors:
body-mass index (the weight in kilograms divided by the square of the height
in meters), a history of hypertension, a history of diabetes, and a parental
history of myocardial infarction.

mation added to the predictive value of lipid-based
screening, several additional analyses were performed.
First, we computed the relative risk of cardiovascular
events in analyses in which study participants were
stratified into nine groups according to total choles-
terol level as well as each marker of inflammation. As
shown in Figure 1, for each marker of inflammation
included in this analysis, the risk of cardiovascular
events was lowest among women with low total cho-
lesterol levels and low levels of the marker in ques-
tion. In contrast, the risk tended to be highest among
women with high total cholesterol levels and high
levels of a marker of inflammation. However, even
among the women with low total cholesterol levels,
the risk of cardiovascular events was significantly high-
er among those with high levels of hs-CRP and serum
amyloid A than among those with low levels of these
markers (Fig. 1). These associations were also evident,
but to a lesser extent, for interleukin-6 and sICAM-1.
In all of the analyses, these additive effects were ro-
bust with respect to the choice of cutoff point and the
choice of the lipid variable analyzed. For example,
the addition of hs-CRP to lipid screening produced a
significant and additive predictive effect when regres-
sion analyses were based on cutoff points for quartiles
(rather than cutoft points for the division of the study
group into thirds) and on analysis of the ratio of to-
tal cholesterol to HDL cholesterol (rather than on
total cholesterol alone).

Second, likelihood-ratio tests were used to com-
pare the fit of predictive models that were based on
measurement of a marker of inflammation in combi-

840 - March 23,2000

nation with lipids to the fit of models based on lipid
measurements alone. In these analyses, each of the
markers of inflammation significantly improved the
usefulness of lipid screening in predicting risk. For
example, models including both hs-CRP and total
cholesterol were significantly better in the prediction
of the risk of cardiovascular events than were models
including only total cholesterol (P<<0.001). Likewise,
models involving both hs-CRP and the ratio of total
cholesterol to HDL cholesterol allowed significantly
better prediction of risk than did models based solely
on this lipid ratio alone (P<<0.001). Similar additive
effects were seen for serum amyloid A, sSICAM-1, and
interleukin-6 when these markers were added to mod-
els based on total cholesterol or the ratio of total cho-
lesterol to HDL cholesterol alone (P<<0.01 for all
comparisons).

Third, as a measure of clinical usefulness, we com-
puted the area under the receiver-operating-character-
istic curve associated with risk-prediction models based
on lipid screening alone and compared it with those
based on a combination of lipids and markers of in-
flammation. In these analyses, the use of hs-CRP lev-
els in addition to total cholesterol increased the area
under the receiver-operating-characteristic curve from
0.59 to 0.66 (P<<0.001) and in addition to the ratio
of total cholesterol to HDL cholesterol increased the
area under the curve from 0.64 to 0.68 (P<<0.001).
Similar effects were observed for analyses that included
serum amyloid A, sSICAM-1, and interleukin-6: the
addition of these markers to screening based on total
cholesterol increased the area under the curve from
0.59 to0 0.63, 0.63, and 0.64, respectively (P<<0.003
for all three comparisons). Use of the serum amy-
loid A level in addition to the ratio of total cholesterol
to HDL cholesterol increased the area under the curve
from 0.64 to 0.67 (P=0.007); the use of SICAM-1 in
addition to this ratio led to a smaller change (area un-
der the curve, 0.65; P=0.01), as did the use of inter-
leukin-6 (area under the curve, 0.65; P=0.01).

Finally, to address the clinical observation that many
persons with “safe” lipid levels nonetheless have car-
diovascular events, we performed a subgroup analysis
limited to women whose levels of LDL cholesterol
were less than 130 mg per deciliter, the target level
currently recommended for primary prevention of cor-
onary heart disease by the National Cholesterol Ed-
ucation Program.!” In this analysis, women with in-
creased base-line levels of hs-CRP, serum amyloid A,
interleukin-6, or SICAM-1 were found to be at in-
creased risk for future cardiovascular events. This ef-
fect was strongest for hs-CRP and serum amyloid A.
In this subgroup, the relative risks of cardiovascular
events for women in the lowest to the highest quar-
tiles of hs-CRP were 1.0, 2.4, 2.9, and 4.1 (95 percent
confidence interval for women in the highest as com-
pared with the lowest quartile, 1.7 to 11.3; P=0.002;
D for trend across quartiles, 0.005). After adjustment
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Figure 1. Relative Risk of Cardiovascular Events among Apparently Healthy Postmenopausal Women According to Base-Line Levels

of Total Cholesterol and Markers of Inflammation.

Each marker of inflammation improved risk-prediction models based on lipid testing alone, an effect that was strongest for hs-CRP

and serum amyloid A.

for body-mass index, the presence or absence of hy-
pertension, diabetes, or a parental history of premature
myocardial infarction, and the level of HDL choles-
terol, the increased risk for women in the highest
quartile of hs-CRP at base line remained statistically
significant (relative risk, 3.1; 95 percent confidence in-
terval, 1.1 to 8.3; P=0.03). Thus, even among women
with “safe” levels of LDL cholesterol, the adjusted
relative risk of cardiovascular events increased approx-
imately 39 percent with each increasing quartile for
hs-CRP (95 percent confidence interval, 13 to 89
percent; P=0.03). The mean LDL cholesterol level
in this subgroup analysis was 104 mg per deciliter
(2.7 mmol per liter).

DISCUSSION

In this prospective study of apparently healthy post-
menopausal women, four markers of inflammation
— hs-CRP, serum amyloid A, interleukin-6, and

sICAM-1 — were found to be significant predictors
of the risk of future cardiovascular events. In addition,
measurement of these markers increased the pre-
dictive value of models based only on standard lipid
screening. Of the 12 plasma measures evaluated in this
study, hs-CRP was the most significant predictor of
the risk of cardiovascular events; when measured with
a widely available, standardized commercial assay,!8
this marker distinguished between women at high risk
and those at low risk, even in the subgroup of wom-
en with LDL cholesterol levels below 130 mg per dec-
iliter (mean, 104 mg per deciliter), the target consid-
ered safe in the current guidelines of the National
Cholesterol Education Program.!”

The results of the current study have several im-
portant implications. First, the findings confirm that
in women, markers of inflammation are important
predictors of the risk of cardiovascular events. Previ-
ous data on this issue have been derived largely from
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studies of middle-aged men.*!! Thus, from a patho-
physiologic perspective, the current data support the
hypothesis that atherosclerosis is, in part, an inflam-
matory disease.?

Second, because we used a commercially available
assay to measure plasma hs-CRDP!8 our results pro-
vide clinically relevant confirmation of previous find-
ings in this cohort, which were obtained with use of
an experimental assay.!3 The commercial assay is in-
expensive and can be used with standard hospital and
outpatient laboratory equipment; thus, screening for
this predictor of cardiovascular risk would be practi-
cal in many clinical settings.

Third, we believe the current results have public
health implications both in terms of the prediction of
the risk of cardiovascular events and in terms of the
use of inhibitors of 3-hydroxy-3-methylglutaryl co-
enzyme A (HMG-CoA) reductase for primary preven-
tion. Although the results of large-scale randomized
trials have indicated that HMG-CoA reductase inhi-
bition is effective even among persons at low-to-mod-
erate risk as defined by standard lipid screening,!9:20
the large number of patients who would need to be
treated and the high cost of this approach have lim-
ited the clinical application of those findings. Thus,
our observation that measurement of markers of in-
flammation such as hs-CRP can significantly improve
models for the prediction of cardiovascular risk may
lead to better clinical identification of patients who
might benefit from primary prevention and for whom
the cost-to-benefit ratio for long-term use of statins
would be improved. This issue is particularly intrigu-
ing because recent data from the Cholesterol and Re-
current Events trial indicate that long-term therapy
with pravastatin significantly lowers plasma levels of
hs-CRP2! and that the efficacy of pravastatin in low-
ering the rate of cardiovascular events is greatest in
those with increased levels of hs-CRP.22 As in the cur-
rent findings, which indicate that hs-CRP is a potent
predictor of risk regardless of the LDL cholesterol
level, data from the Cholesterol and Recurrent Events
trial indicate that use of pravastatin resulted in de-
creased levels of hs-CRP in a manner largely independ-
ent of LDL cholesterol.2!

Several limitations of these analyses merit consider-
ation. First, our cohort comprised apparently healthy
postmenopausal women, and thus the results may
not apply to younger women, who may also be at
increased risk for cardiovascular events. Second, we
measured each marker of inflammation at study entry
and thus could not evaluate the effects of changes in
the levels of these markers over time. However, follow-
up studies have found that levels of hs-CRP are stable
over long periods, as long as measurements are not
made within two to three weeks of an acute infec-
tion.21.23 Moreover, with respect to the current results,
variation over time in levels of these markers and re-
gression dilution bias would tend, if anything, to lead
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to an underestimation of net effects. Finally, although
base-line levels of several markers of inflammation
were greater than normal among women at risk for
future cardiovascular events, the mechanisms under-
lying these elevations remain uncertain. In this study,
we did not find significant associations between car-
diovascular risk and titers of IgG antibodies against
Chilamydia pnewmonine, Helicobacter pylori, herpes sim-
plex virus, or cytomegalovirus or between titers of
these antibodies and plasma levels of hs-CRP2* On
the other hand, markers of inflammation, including
hs-CRP, interleukin-6, and interleukin-1-receptor
antagonist,25-3! have proved to have predictive value
among persons with unstable angina or acute coro-
nary syndromes. Thus, it is also possible that the in-
flammation that we detected in apparently healthy
women who were at risk for future cardiovascular
events may be an indirect marker of an enhanced cy-
tokine response to a variety of inflammatory stim-
uli that ultimately prove critical at the time of acute
plaque rupture.3?

In conclusion, in this prospective evaluation of 12
plasma variables, hs-CRP proved to be the strongest
and most significant predictor of the risk of future
cardiovascular events. As in previous population-based
epidemiologic studies, half of all cardiovascular events
in our cohort occurred among women without overt
hyperlipidemia. Thus, these data raise the possibility
that the addition of hs-CRP to standard lipid screen-
ing will generate an improved method for identifying
persons at high risk for future cardiovascular events,
who would thus be candidates for primary-prevention
interventions such as the use of HMG-CoA reduc-
tase inhibitors.
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ATHEROSCLEROSIS — AN
INFLAMMATORY DISEASE
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THEROSCLEROSIS is an inflammatory dis-
ease. Because high plasma concentrations of
cholesterol, in particular those of low-density
lipoprotein (LDL) cholesterol, are one of the prin-
cipal risk factors for atherosclerosis,! the process of
atherogenesis has been considered by many to con-
sist largely of the accumulation of lipids within the
artery wall; however, it is much more than that. De-
spite changes in lifestyle and the use of new phar-
macologic approaches to lower plasma cholesterol
concentrations,?? cardiovascular disease continues
to be the principal cause of death in the United
States, Europe, and much of Asia.*® In fact, the le-
sions of atherosclerosis represent a series of highly
specific cellular and molecular responses that can
best be described, in aggregate, as an inflammatory
disease.610
The lesions of atherosclerosis occur principally in
large and medium-sized elastic and muscular arteries
and can lead to ischemia of the heart, brain, or ex-
tremities, resulting in infarction. They may be present
throughout a person’s lifetime. In fact, the earliest
type of lesion, the so-called fatty streak, which is
common in infants and young children,!!is a pure in-
flammatory lesion, consisting only of monocyte-de-
rived macrophages and T lymphocytes.!? In persons
with hypercholesterolemia, the influx of these cells is
preceded by the extracellular deposition of amor-
phous and membranous lipids.!l!13 By asking ques-
tions about arterial inflammation, we may be able to
gain insight into the process of atherogenesis.
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FACTORS THAT INDUCE AND PROMOTE
INFLAMMATION OR ATHEROGENESIS

Numerous pathophysiologic observations in hu-
mans and animals led to the formulation of the re-
sponse-to-injury hypothesis of atherosclerosis, which
initially proposed that endothelial denudation was
the first step in atherosclerosis.® The most recent ver-
sion of this hypothesis emphasizes endothelial dys-
function rather than denudation. Whichever process
is at work, each characteristic lesion of atherosclero-
sis represents a different stage in a chronic inflamma-
tory process in the artery; if unabated and excessive,
this process will result in an advanced, complicated
lesion. Possible causes of endothelial dysfunction
leading to atherosclerosis include elevated and mod-
ified LDL; free radicals caused by cigarette smoking,
hypertension, and diabetes mellitus; genetic altera-
tions; elevated plasma homocysteine concentrations;
infectious microorganisms such as herpesviruses or
Chlamydia pneuwmonine, and combinations of these
or other factors. Regardless of the cause of endothe-
lial dysfunction, atherosclerosis is a highly character-
istic response of particular arteries.6-%14

The endothelial dysfunction that results from the
injury leads to compensatory responses that alter the
normal homeostatic properties of the endothelium.
Thus, the different forms of injury increase the adhe-
siveness of the endothelium with respect to leuko-
cytes or platelets, as well as its permeability. The injury
also induces the endothelium to have procoagulant
instead of anticoagulant properties and to form vaso-
active molecules, cytokines, and growth factors. If the
inflammatory response does not effectively neutralize
or remove the offending agents, it can continue indef-
initely. In doing so, the inflammatory response stim-
ulates migration and proliferation of smooth-muscle
cells that become intermixed with the area of inflam-
mation to form an intermediate lesion. If these re-
sponses continue unabated, they can thicken the ar-
tery wall, which compensates by gradual dilation, so
that up to a point, the lumen remains unaltered,!s a
phenomenon termed “remodeling.” As for the in-
flammatory cells, granulocytes are rarely present dur-
ing any phase of atherogenesis.!¢ Instead, the response
is mediated by monocyte-derived macrophages and
specific subtypes of T lymphocytes at every stage of
the disease.1718

Continued inflammation results in increased num-
bers of macrophages and lymphocytes, which both
emigrate from the blood and multiply within the
lesion. Activation of these cells leads to the release
of hydrolytic enzymes, cytokines, chemokines, and
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growth factors,'%:20 which can induce further damage
and eventually lead to focal necrosis.?! Thus, cycles of
accumulation of mononuclear cells, migration and
proliferation of smooth-muscle cells, and formation
of fibrous tissue lead to further enlargement and re-
structuring of the lesion, so that it becomes covered
by a fibrous cap that overlies a core of lipid and ne-
crotic tissue — a so-called advanced, complicated
lesion. At some point, the artery can no longer com-
pensate by dilation; the lesion may then intrude into
the lumen and alter the flow of blood.

Hypercholesterolemia and Modified Lipids
and Lipoproteins

LDL, which may be modified by oxidation, glyca-
tion (in diabetes), aggregation, association with pro-
teoglycans, or incorporation into immune complex-
es,22'25 is a major cause of injury to the endothelium
and underlying smooth muscle.25-2? When LDL par-
ticles become trapped in an artery, they can undergo
progressive oxidation and be internalized by macro-
phages by means of the scavenger receptors on the
surfaces of these cells.222428 The internalization
leads to the formation of lipid peroxides and facili-
tates the accumulation of cholesterol esters, result-
ing in the formation of foam cells. The degree to
which LDL is modified can vary greatly.252729 Once
modified and taken up by macrophages, LDL acti-
vates the foam cells. Removal and sequestration of
modified LDL are important parts of the initial,
protective role of the macrophage in the inflamma-
tory response?830 and minimize the effects of mod-
ified LDL on endothelial and smooth-muscle cells.
Antioxidants such as vitamin E can also reduce free-
radical formation by modified LDL.3! In addition to
its ability to injure these cells,2527 modified LDL is
chemotactic for other monocytes and can up-regu-
late the expression of genes for macrophage colony-
stimulating factor3233 and monocyte chemotactic
protein3* derived from endothelial cells. Thus, it may
help expand the inflammatory response by stimulat-
ing the replication of monocyte-derived macrophag-
es and the entry of new monocytes into lesions.

The inflammatory response itself can have a pro-
found effect on lipoprotein movement within the ar-
tery. Specifically, mediators of inflammation such as
tumor necrosis factor «, interleukin-1, and macro-
phage colony-stimulating factor increase binding of
LDL to endothelium and smooth muscle and increase
the transcription of the LDL-receptor gene.35:36 Af-
ter binding to scavenger receptors in vitro, modified
LDL initiates a series of intracellular events3¢ that in-
clude the induction of urokinase3? and inflammatory
cytokines such as interleukin-1.37-3 Thus, a vicious
circle of inflammation, modification of lipoproteins,
and further inflammation can be maintained in the
artery by the presence of these lipids.

Oxidized LDL is present in lesions of atheroscle-
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rosis in humans.*® In animals with hypercholesterole-
mia, antioxidants can reduce the size of lesions,25:41-44
and they reduce fatty streaks in nonhuman pri-
mates.** The latter observation suggests that the an-
tioxidants have an antiinflammatory effect, perhaps
by preventing the up-regulation of adhesion mole-
cules for monocytes.*> Antioxidants increase the re-
sistance of human LDL to oxidation ex vivo#® in
proportion to the vitamin E content of the plasma.
Vitamin E intake is inversely correlated with the in-
cidence of myocardial infarction, and vitamin E sup-
plementation reduced coronary events in a prelimi-
nary clinical trial.#7-# In contrast, other antioxidants,
such as beta carotene, have no benefit.#6:50,51

Homocysteine

High plasma homocysteine concentrations were
initially thought to be associated with advanced ath-
erosclerosis on the basis of autopsy findings in patients
with homozygous defects in enzymes necessary for
homocysteine metabolism, such as cystathionine beta-
synthase or methylenetetrahydrofolate reductase.52-5¢
In patients with such defects, severe atherosclerosis
develops in childhood, and many have their first my-
ocardial infarction by the age of 20 years.5%5¢ Ho-
mocysteine is toxic to endothelium” and is prothrom-
botic,58 and it increases collagen production® and
decreases the availability of nitric oxide.6

Plasma homocysteine concentrations are slightly
elevated in many patients who have no enzymatic de-
fects in homocysteine metabolism.®! These patients
have an increased risk of symptomatic atherosclerosis
of the coronary, peripheral, and cerebral arteries.6!
Treatment with folic acid can return their plasma ho-
mocysteine concentrations to normal. Trials are under
way to determine whether folic acid will prevent the
progression or possibly even induce the regression of
atherosclerotic lesions.5?

Hypertension

Concentrations of angiotensin II, the principal
product of the renin—angiotensin system, are often
elevated in patients with hypertension; angiotensin
II is a potent vasoconstrictor. In addition to causing
hypertension, it can contribute to atherogenesis by
stimulating the growth of smooth muscle.®3 Angio-
tensin II binds to specific receptors on smooth mus-
cle, resulting in the activation of phospholipase C,
which can lead to increases in intracellular calcium
concentrations and in smooth-muscle contraction,s3
increased protein synthesis, and smooth-muscle hy-
pertrophy.6* It also increases smooth-muscle lipoxy-
genase activity, which can increase inflammation and
the oxidation of LDL. Hypertension also has proin-
flammatory actions, increasing the formation of hy-
drogen peroxide and free radicals such as superoxide
anion and hydroxyl radicals in plasma.276566 These sub-
stances reduce the formation of nitric oxide by the
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Figure 1. Endothelial Dysfunction in Atherosclerosis.

The earliest changes that precede the formation of lesions of atherosclerosis take place in the endo-
thelium. These changes include increased endothelial permeability to lipoproteins and other plasma
constituents, which is mediated by nitric oxide, prostacyclin, platelet-derived growth factor, angioten-
sin ll, and endothelin; up-regulation of leukocyte adhesion molecules, including L-selectin, integrins, and
platelet-endothelial-cell adhesion molecule 1, and the up-regulation of endothelial adhesion molecules,
which include E-selectin, P-selectin, intercellular adhesion molecule 1, and vascular-cell adhesion mol-
ecule 1; and migration of leukocytes into the artery wall, which is mediated by oxidized low-density
lipoprotein, monocyte chemotactic protein 1, interleukin-8, platelet-derived growth factor, macrophage

colony-stimulating factor, and osteopontin.

endothelium,®” increase leukocyte adhesion,% and in-
crease peripheral resistance. Thus, free-radical forma-
tion mediates some of the effects of both hyperten-
sion and hypercholesterolemia.

Infection

Several reports have shown a correlation between
the incidence of atherosclerosis and the presence of
at least two types of infectious microorganisms, her-
pesviruses and C. pneumonine.587° Both organisms
have been identified in atheromatous lesions in cor-
onary arteries and in other organs obtained at au-
topsy.6%70 Increased titers of antibodies” to these
organisms have been used as a predictor of further
adverse events in patients who have had a myocardial
infarction.”273 Nonetheless, there is no direct evi-
dence that these organisms can cause the lesions of
atherosclerosis.®$7475 Although these organisms are
ubiquitous in many tissues and organs, the fact that
lesions cannot be induced experimentally in animals
by injection of the organisms leaves their role as eti-
ologic agents in question. It is nevertheless possible
that infection, combined with other factors, may be
responsible for the genesis of the lesions of athero-
sclerosis in some patients.o8.76

THE NATURE OF THE INFLAMMATORY
RESPONSE

Interactions among Endothelial Cells, Monocytes,
and T Cells

Specific arterial sites, such as branches, bifurca-
tions, and curvatures, cause characteristic alterations
in the flow of blood, including decreased shear stress
and increased turbulence.”” At these sites, specific
molecules form on the endothelium that are respon-
sible for the adherence, migration, and accumulation
of monocytes and T cells. Such adhesion molecules,
which act as receptors for glycoconjugates and inte-
grins present on monocytes and T cells, include sever-
al selectins, intercellular adhesion molecules, and vas-
cular-cell adhesion molecules.” Molecules associated
with the migration of leukocytes across the endothe-
lium, such as platelet—endothelial-cell adhesion mol-
ecules,” act in conjunction with chemoattractant mol-
ecules generated by the endothelium, smooth muscle,
and monocytes — such as monocyte chemotactic
protein 1, osteopontin,® and modified LDL — to at-
tract monocytes and T cells into the artery (Fig. 1).33

The nature of the flow — that is, whether shear
stress or turbulence is high or low — appears to be
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important in determining whether lesions occur at
these vascular sites. Changes in flow alter the expres-
sion of genes that have elements in their promoter
regions that respond to shear stress. For example, the
genes for intercellular adhesion molecule 1,3! platelet-
derived growth factor B chain,® and tissue factors?
in endothelial cells have these elements, and their ex-
pression is increased by reduced shear stress.* Thus,
alterations in blood flow appear to be critical in de-
termining which arterial sites are prone to have le-
sions.””8586 Rolling and adherence of monocytes and
T cells occur at these sites as a result of the up-reg-
ulation of adhesion molecules on both the endothe-
lium and the leukocytes.

Chemokines may be responsible for the chemo-
taxis and accumulation of macrophages in fatty streaks
(Fig. 2).8788 Activation of monocytes and T cells
leads to up-regulation of receptors on their surfaces,
such as the mucin-like molecules that bind selectins,
integrins that bind adhesion molecules of the im-
munoglobulin superfamily, and receptors that bind
chemoattractant molecules.” These ligand—recep-
tor interactions further activate mononuclear cells,

induce cell proliferation, and help define and lo-
calize the inflammatory response at the sites of le-
sions (Fig. 1).

In genetically modified mice that are deficient in
apolipoprotein E (and have hypercholesterolemia),
intercellular adhesion molecule 1 is constitutively in-
creased at lesion-prone sites.86 In fact, it is present on
the surface of the endothelium at these sites in normal
mice and is increased in mice with apolipoprotein E
deficiency. In contrast, vascular-cell adhesion mole-
cule 1 is absent in normal mice but is present at the
same sites as intercellular adhesion molecule 1 in mice
with apolipoprotein E deficiency.8¢ Thus, adherence
of monocytes and T cells may occur after an increase
in one or more of the adhesion molecules, which
may act in concert with chemotactic molecules such
as monocyte chemotactic protein 1, interleukin-8, or
modified LDL. Would interference with only one of
the several adhesion molecules be sufficient to de-
crease inflammation and thus slow or counteract the
process of atherogenesis? In mice that are completely
deficient in intercellular adhesion molecule 1, P-selec-
tin, CD18, or combinations of these molecules, lipid

Foam-cell
formation

Smooth-muscle
migration

T-cell
activation

Adherence
and entry
of leukocytes

Adherence and
aggregation of
platelets

Figure 2. Fatty-Streak Formation in Atherosclerosis.

Fatty streaks initially consist of lipid-laden monocytes and macrophages (foam cells) together with
T lymphocytes. Later they are joined by various numbers of smooth-muscle cells. The steps involved
in this process include smooth-muscle migration, which is stimulated by platelet-derived growth factor,
fibroblast growth factor 2, and transforming growth factor B; T-cell activation, which is mediated by
tumor necrosis factor «, interleukin-2, and granulocyte—macrophage colony-stimulating factor; foam-
cell formation, which is mediated by oxidized low-density lipoprotein, macrophage colony-stimulating
factor, tumor necrosis factor «, and interleukin-1; and platelet adherence and aggregation, which are
stimulated by integrins, P-selectin, fibrin, thromboxane A,, tissue factor, and the factors described in
Figure 1 as responsible for the adherence and migration of leukocytes.
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feeding leads to smaller lesions of atherosclerosis.®
Comparison of the relative roles of these molecules
in inflammation in the arteries and the microvascu-
lature may provide clues to the relative feasibility of
modifying the inflammatory process at these sites,
and thus of modifying atherosclerosis.

A recently discovered class of molecules, the disin-
tegrins, sometimes called metalloproteinase-like, dis-
integrin-like, cysteine-rich proteins (MDCs), has been
identified in endothelium, smooth muscle, and mac-
rophages.®® These transmembrane proteins, which
appear to be involved in cell—cell interactions,*® con-
tain a metalloproteinase sequence in their extracellu-
lar segment that permits them to activate molecules
such as tumor necrosis factor .99 They are not
found in normal arteries, but one of them, MDC15,
is present in lesions of atherosclerosis.”® Adhesion
molecules such as L-selectin can be cleaved from the
surface of leukocytes by a metalloproteinase (L-selec-
tin sheddase), which suggests that in situations of
chronic inflammation it may be possible to measure
the “shed” molecules, such as the different adhesion
molecules, in plasma, as markers of a sustained in-

flammatory response.®3%* Disintegrins may partici-
pate in these shedding processes. If shedding occurs,
it may be detectable in different types of inflamma-
tory responses. Increased plasma concentrations of
shed molecules might then be used to identify pa-
tients at risk for atherosclerosis or other inflamma-
tory diseases.

Monocytes and Immunity

The ubiquitous monocyte, the precursor of macro-
phages in all tissues, is present in every phase of ather-
ogenesis. Monocyte-derived macrophages are scav-
enging and antigen-presenting cells, and they secrete
cytokines, chemokines, growth-regulating molecules,
and metalloproteinases and other hydrolytic enzymes.
The continuing entry, survival, and replication of
mononuclear cells in lesions depend in part on factors
such as macrophage colony-stimulating factor and
granulocyte—macrophage colony-stimulating factor
for monocytes and interleukin-2 for lymphocytes.
Continued exposure to macrophage colony-stimulat-
ing factor permits macrophages to survive in vitro
and possibly to multiply within the lesions. In con-

Macrophage accumulation

Formation of
necrotic core

Fibrous-cap formation

Figure 3. Formation of an Advanced, Complicated Lesion of Atherosclerosis.

As fatty streaks progress to intermediate and advanced lesions, they tend to form a fibrous cap that
walls off the lesion from the lumen. This represents a type of healing or fibrous response to the injury.
The fibrous cap covers a mixture of leukocytes, lipid, and debris, which may form a necrotic core.
These lesions expand at their shoulders by means of continued leukocyte adhesion and entry caused
by the same factors as those listed in Figures 1 and 2. The principal factors associated with macro-
phage accumulation include macrophage colony-stimulating factor, monocyte chemotactic protein 1,
and oxidized low-density lipoprotein. The necrotic core represents the results of apoptosis and necrosis,
increased proteolytic activity, and lipid accumulation. The fibrous cap forms as a result of increased
activity of platelet-derived growth factor, transforming growth factor g, interleukin-1, tumor necrosis
factor a, and osteopontin and of decreased connective-tissue degradation.
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trast, inflammatory cytokines such as interferon-y ac-
tivate macrophages and under certain circumstances
induce them to undergo programmed cell death (ap-
optosis). If this occurs in vivo, macrophages may be-
come involved in the necrotic cores characteristic of
advanced, complicated lesions (Fig. 3).

Initially, the only cells thought to proliferate during
expansion of atherosclerotic lesions were smooth-mus-
cle cells. However, replication of monocyte-derived
macrophages and T cells is probably of equal impor-
tance.?s The ability of macrophages to produce cyto-
kines (such as tumor necrosis factor «, interleukin-1,
and transforming growth factor B8), proteolytic en-
zymes (particularly metalloproteinases), and growth
factors (such as platelet-derived growth factor and
insulin-like growth factor I) may be critical in the
role of these cells in the damage and repair that en-
sue as the lesions progress (Fig. 2).

Activated macrophages express class II histocom-
patibility antigens such as HLA-DR that allow them
to present antigens to T lymphocytes.20 Thus, it is
not surprising that cell-mediated immune responses
may be involved in atherogenesis, since both CD4
and CD8 T cells are present in the lesions at all stag-
es of the process.?%7 T cells are activated when they
bind antigen processed and presented by macro-
phages. T-cell activation results in the secretion of
cytokines, including interferon-y and tumor necrosis
factor a and B, that amplify the inflammatory re-
sponse.®” Smooth-muscle cells from the lesions also
have class II HLA molecules on their surfaces, pre-
sumably induced by interferon-vy, and can also present
antigens to T cells.”” One possible antigen may be
oxidized LDL,%¢ which can be produced by macro-
phages.?® Heat-shock protein 60 may also contribute
to autoimmunity. This and other heat-shock pro-
teins perform several functions, including the assem-
bly, intracellular transport, and breakdown of pro-
teins and the prevention of protein denaturation.
These proteins may be elevated on endothelial cells
and participate in immune responses.10

An immunoregulatory molecule, CD40 ligand,!!
can be expressed by macrophages, T cells, endothe-
lium, and smooth muscle in atherosclerotic lesions
in vivo, and its receptor, CD40, is expressed on the
same cells. Both are up-regulated in lesions of ath-
erosclerosis, providing further evidence of immune
activation in the lesions.192.103 Furthermore, CD40
ligand induces the release of interleukin-18 by vas-
cular cells, potentially enhancing the inflammatory
response.1¢ Inhibition of CD40 with blocking anti-
bodies reduces lesion formation in apolipoprotein
E—deficient mice.105

Platelets

Platelet adhesion and mural thrombosis are ubiq-
uitous in the initiation and generation of the lesions
of atherosclerosis in animals and humans (Fig. 2).2
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Platelets can adhere to dysfunctional endothelium,
exposed collagen, and macrophages. When activated,
platelets release their granules, which contain cyto-
kines and growth factors that, together with throm-
bin, may contribute to the migration and proliferation
of smooth-muscle cells and monocytes.}0¢ Activation
of platelets leads to the formation of free arachidonic
acid, which can be transformed into prostaglandins
such as thromboxane A,, one of the most potent
vasoconstricting and platelet-aggregating substances
known, or into leukotrienes, which can amplify the
inflammatory response.

Plaque rupture and thrombosis are notable com-
plications of advanced lesions that lead to unstable
coronary syndromes or myocardial infarction (Fig.
4).921.107 Platelets are important in maintaining vas-
cular integrity in the absence of injury and protect-
ing against spontaneous hemorrhage. Activated plate-
lets can accumulate on the walls of arteries and recruit
additional platelets into an expanding thrombus. An
important component of the platelets is the glyco-
protein IIb/IIla receptor, which belongs to the in-
tegrin superfamily of adhesion-molecule receptors
and appears on the surface of platelets during plate-
let activation and thrombus formation. These recep-
tors serve an important hemostatic function, and an-
tagonists to them prevent thrombus formation in
patients who have had a myocardial infarction.108

ATHEROSCLEROSIS IN RELATION TO
OTHER CHRONIC INFLAMMATORY
DISEASES

The cellular interactions in atherogenesis are fun-
damentally no different from those in chronic inflam-
matory—fibroproliferative diseases such as cirrhosis,
rheumatoid arthritis, glomerulosclerosis, pulmonary
fibrosis, and chronic pancreatitis (Table 1). In the ex-
amples in Table 1, the response of each particular tis-
sue or organ depends on its characteristic cells and
architecture, its blood and lymph supply, and the
nature of the offending agents. Thus, the cellular re-
sponses in the arteries (atherosclerosis), liver (cirrho-
sis), joints (rheumatoid arthritis), kidneys (glomeru-
losclerosis), lungs (pulmonary fibrosis), and pancreas
(pancreatitis) are similar yet are characteristic of each
tissue or organ.

Inflammatory Response

Does the inflammatory response in arteries differ
from that in other tissues? Granulocytes are rare in
atherosclerosis, and among the other disorders in Ta-
ble 1, they are present only in rheumatoid arthritis and
pulmonary fibrosis. In the case of arthritis, although
the early response begins with granulocytes, they are
found primarily within the joint cavity. Macrophages
and lymphocytes predominate in the synovium, lead-
ing to crosion of cartilage and bone, which is re-
placed by fibrous tissue (pannus). In pulmonary fi-
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Figure 4. Unstable Fibrous Plaques in Atherosclerosis.

Rupture of the fibrous cap or ulceration of the fibrous plaque can rapidly lead to thrombosis and usually
occurs at sites of thinning of the fibrous cap that covers the advanced lesion. Thinning of the fibrous
cap is apparently due to the continuing influx and activation of macrophages, which release metallo-
proteinases and other proteolytic enzymes at these sites. These enzymes cause degradation of the ma-
trix, which can lead to hemorrhage from the vasa vasorum or from the lumen of the artery and can
result in thrombus formation and occlusion of the artery.

brosis, granulocytes initially appear in the alveolar
spaces; however, the lung parenchyma, where fibrosis
ultimately occurs, is infiltrated by macrophages and
lymphocytes. Thus, there are parallels between ath-
erosclerosis and these other inflammatory diseases.

Are there particular aspects of the chronic inflam-
matory response in atherosclerosis that can be used
to advantage? At least three different types of mac-
rophages, each regulated by different T-cell cyto-
kines (interferon-vy, interleukin-2, interleukin-4, and
interleukin-10) have been identified.!2? These differ-
ences raise the question whether there are subgroups
of monocytes that “home” to a specific tissue or or-
gan. Are there differences in arterial endothelium
and microvascular endothelium such that different
types of monocytes are attracted to each, and could
one take advantage of such differences?123 One might
try to use such differences to modify the inflamma-
tory response so as to emphasize its protective rather
than its destructive characteristics.

If the injurious agent or agents are not removed
or nullified by the inflammatory response and the
inflammation progresses, the response changes from
a protective to an injurious response. Such constant
or repetitive injury can stimulate each tissue to re-
pair or wall off the damage by means of a fibropro-
liferative response, which, when excessive, diminish-

es the functional capacity of the tissue or organ and
becomes part of the disease process (Table 1).

Instability and Rupture of Plaque

Chronic inflammatory responses are often associ-
ated with specific types of injurious or granuloma-
inducing agents. In most patients myocardial infarc-
tions occur as a result of erosion or uneven thinning
and rupture of the fibrous cap, often at the shoulders
of the lesion where macrophages enter, accumulate,
and are activated and where apoptosis may occur.124125
Degradation of the fibrous cap may result from elab-
oration of metalloproteinases such as collagenases,
elastases, and stromelysins (Fig. 4).126 Activated T cells
may stimulate metalloproteinase production by mac-
rophages in the lesions, which promotes plaque insta-
bility and further implicates an immune response.103
These changes may also be accompanied by the pro-
duction of tissue-factor procoagulant and other he-
mostatic factors,192127 further increasing the possibil-
ity of thrombosis.

Stable advanced lesions usually have uniformly
dense fibrous caps. The potentially dangerous lesions
are often nonocclusive and thus difficult to diagnose
by angiography, yet at autopsy active inflammation is
evident in the accumulation of macrophages at sites
of plaque rupture.l” Macrophage accumulation may
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TABLE 1. CHARACTERISTICS OF ATHEROSCLEROSIS AND OTHER CHRONIC INFLAMMATORY DISEASES.*

MonocyTEs

AND MACRO- LYMPHO-  GRANU- CONNECTIVE-TISSUE
DISEASE PHAGES CYTES  LOCYTES CELLS
Atherosclerosis + + - Smooth-muscle cells
Cirrhosis + + - Fibroblasts, Ito cells
Rheumatoid + + +/—  Synovial fibroblasts

arthritis
Glomerulosclerosis + + - Mesangial cells
Pulmonary fibrosis + + +/—  Smooth-muscle cells,
fibroblasts

Chronic pancreatitis + + - Fibroblasts

EXTRACELLULAR

MATRIX PATHOGENETIC IMIECHANISMS STUDIES
Collagen types I, 111,

and IV, elastin, fibro-

Endothelial-cell injury and dys- Ross,” Libby and
function; fibrous cap; new Hansson,109

nectin, proteoglycan matrix formation and degra- Ross and
dation; necrotic core Fuster!10
Collagen types I and  Parenchymal-cell injury; new  Maher,!'! Antho-
11 matrix and scarring replacing  ny et al.112

necrotic parenchyma
Synovial-cell injury; erosion of Sewell and
cartilage; new matrix scarring ~ Trentham,!!3
(pannus) Harris 114
Epithelial- and endothelial-cell Johnson,!'s Magil
injury and dysfunction; de- and Cohen!1®
crease in glomerular filtra-
tion; new matrix formation
Inflammatory exudate in alveoli Kuhn et al.,l'7
and bronchi, organized by ex-  Lukacs and
tensive matrix deposition and ~ Ward,"!8 Brody
scarring et al.1w?
Epithelial (ductal) injury; peri- 1Sarles et al.,!20
ductal inflammation; intersti-2 DiMagno
tial fat necrosis; new matrix et al.12!
formation

Collagen types I and
111, fibronectin, pro-
teoglycan

Collagen types I and
1V, fibronectin

Collagen types IIT and
1V, fibronectin

Collagen, fibronectin,
proteoglycan

*Plus signs denote the presence of a cell type, and minus signs its absence.

be associated with increased plasma concentrations
of both fibrinogen and C-reactive protein,128130 two
markers of inflammation thought to be early signs of
atherosclerosis.128131.132 Plaque rupture and throm-
bosis may be responsible for as many as 50 percent
of cases of acute coronary syndromes and myocar-
dial infarction.?!

NEW PERSPECTIVES ON THE FORMATION
AND PROGRESSION OF LESIONS

Smooth Muscle

To understand the factors that are important in
the proliferative and migratory responses that lead to
differences in the organization and enlargement of
the lesions in different parts of the arterial tree, it
may be helpful to understand the embryonic deriva-
tion of the smooth-muscle cells that make up the ar-
teries in different regions. Smooth-muscle cells have
different embryonic origins, depending on the seg-
ment of the arterial system involved. In some verte-
brates, smooth-muscle cells in the upper portion of
the thoracic aorta are derived from a neuroectoder-
mal source, whereas those in the abdominal aorta
are derived from a mesenchymal source.!3% Although
likely, this has not been confirmed in humans. The
smooth-muscle cells of coronary arteries appear to
originate from a third precursor population in the
intracardiac mesenchyme. The existence of these dif-
ferent lineages suggests that smooth muscle in dif-
ferent parts of the arterial tree may respond difter-
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ently to the stimuli that generate atherosclerotic
lesions at each of these sites. To complicate matters
further, smooth-muscle cells within the media of
large arteries may be heterogeneous, with different
proliferative and matrix-producing capabilities.!3*

These differences in the origin of smooth-muscle
cells raise questions about whether these cells, on
the basis of their lineage, respond differently to dif-
ferent cytokines, mitogens, chemotactic factors, or
extracellular matrixes.!35137 Is there selection of a
particular lineage based on the cells’ responses to
these different substances? Does cell lineage help to
explain why lesions in peripheral arteries differ from
those in the carotid and coronary arteries?

The Role of the Matrix

Smooth-muscle cells in the media of arteries, as
well as in lesions, are surrounded by different types
of connective tissue. In the media of arteries, the
matrix consists largely of type I and III fibrillar col-
lagen, whereas in the lesions of atherosclerosis it con-
sists largely of proteoglycan, intermixed with loosely
scattered collagen fibrils.

When cultured human arterial smooth-muscle cells
are plated on collagen in fibrillar form, the collagen
inhibits cell proliferation by up-regulating specific
inhibitors of the cell cycle.’3” In vivo degradation of
the collagen by collagenase, or migration away from
this inhibitory environment, may allow the smooth-
muscle cells to respond to mitogenic stimuli and rep-
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licate, as they do when they are cultured on non-
fibrillar, monomeric collagen. Other matrix molecules,
such as fibronectin and heparan sulfate, may be in-
volved, because they can also inhibit the cell cycle, and
cell-matrix interactions can lead to the expression of
chemokines by macrophages.!38-140 If these interac-
tions were to occur in arteries, they could profound-
ly influence the inflammatory and fibroproliferative
response.’*! Thus, the matrix that surrounds the cells
is not neutral and may determine whether they re-
main quiescent or multiply in response to growth
factors.

CONCLUSIONS

Cells may express different constellations of genes
and therefore vary phenotypically, depending on their
environment. New techniques have been developed
to identify DNA that should yield a vast amount of
information about which genes are expressed and in
what patterns, information that should help decipher
the complex nature of atherogenesis.!#2144 Because
atherosclerosis is a multigenic disease, understanding
patterns of gene expression may help to explain dif-
ferences in susceptibility to agents that cause disease.
Furthermore, the patterns of gene expression may
vary in lesions from different persons and at different
sites and may provide clues regarding genetic difter-
ences in susceptibility as well as response to therapy.

Advances in molecular genetics have made it pos-
sible to remove or insert genes and to determine the
roles of their products in disease.!#> Numerous ani-
mal models that are useful in studying the genetics
of atherogenesis have been produced, such as apo-
lipoprotein E—deficient mice. 146147 In the absence of
apolipoprotein E, lipoprotein remnants are not car-
ried to the liver, where they are normally metabo-
lized, and the mice become hypercholesterolemic and
lesions of atherosclerosis develop that are similar to
those in humans. To explore the role of monocytes
and platelets and of platelet-derived growth factor in
atherogenesis, studies are under way in which apo-
lipoprotein E-deficient mice have been made chi-
meric for a deficiency of platelet-derived growth fac-
tor in circulating monocytes and platelets.

Studies in transgenic mice have revealed that
Lp(a) lipoprotein, cholesterol ester transfer protein,
apolipoprotein A (the principal apoprotein of high-
density lipoprotein), and other molecules have little
effect on atherogenesis, whereas macrophage colo-
ny-stimulating factor appears to be important in the
regulation of the numbers of monocytes and macro-
phages and in lesion formation.!48149

Thus, although hypercholesterolemia is important
in approximately 50 percent of patients with cardio-
vascular disease,? other factors need to be taken into
consideration. Atherosclerosis is clearly an inflamma-
tory disease and does not result simply from the ac-
cumulation of lipids. If we can selectively modity the

harmful components of inflammation in the arteries
and leave the protective aspects intact, we may create
new avenues for the diagnosis and management of
disease in the 50 percent of patients with cardiovas-
cular disease who do not have hypercholesterolemia.
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prediction, considerable interest has focused on

C-reactive protein (CRP), a marker of inflammation that
has been shown in multiple prospective epidemiological
studies to predict incident myocardial infarction, stroke,
peripheral arterial disease, and sudden cardiac death. CRP
levels have also been shown to predict risk of both recurrent
ischemia and death among those with stable and unstable
angina, those undergoing percutaneous angioplasty, and those
presenting to emergency rooms with acute coronary syn-
dromes. These highly consistent clinical data are supported
by abundant laboratory and experimental evidence that dem-
onstrate that atherothrombosis, in addition to being a disease
of lipid accumulation, also represents a chronic inflammatory
process. In terms of clinical application, CRP seems to be a
stronger predictor of cardiovascular events than LDL choles-
terol, and it adds prognostic information at all levels of
calculated Framingham Risk and at all levels of the metabolic
syndrome. Using widely available high-sensitivity assays,
CRP levels of <1, 1 to 3, and >3 mg/L correspond to low-,
moderate-, and high-risk groups for future cardiovascular
events. Individuals with LDL cholesterol below 130 mg/dL
who have CRP levels >3 mg/L represent a high-risk group
often missed in clinical practice. The addition of CRP to
standard cholesterol evaluation may thus provide a simple
and inexpensive method to improve global risk prediction and
compliance with preventive approaches.

I n an attempt to improve globa cardiovascular risk

Evidence Supporting CRP Usein
Primary Prevention

Composed of five 23 kDa subunits, C-reactive protein
(CRP) is an hepatically derived pentraxin that plays a key
role in the innate immune response. CRP has along plasma
half-life and is now understood to be a mediator as well as
a marker of atherothrombotic disease. To date, over a
dozen prospective epidemiological studies carried out
among individuals with no prior history of cardiovascular
disease demonstrate that a single, non-fasting measure of
CRP is a strong predictor of future vascular eventsi-14
(Figure 1). The relationship between a patient’s baseline
level of CRP and future vascular risk has been consistent
in studies from the United States and Europe, and in most
cases has proven independent of age, smoking, cholesterol
levels, blood pressure, and diabetes, the major “tradition-
al” risk factors evaluated in daily practice. These effects
are present among women as well as men, among the
elderly as well as those in middle age, among smokers and
non-smokers, and among those with and without diabetes.
CRP levels have long-term predictive value. In one recent
study, CRP was a strong predictor of risk even 20 years
after initial blood samples were obtained.1s

Very recently, event-free survival data have become avail-
able that allow clinicians to interpret CRP levels either in
terms of population-based quintiles (Figure 2, left) or in terms
of simple clinical cut-points (Figure 2, right).6 Although the
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Figure 1. Prospective studies relating baseline CRP levels to the
risk of first cardiovascular events. CHD indicates coronary heart
disease; MI, myocardial infarction; PAD, pulmonary artery dis-
ease; CV, cardiovascular; MRFIT, Multiple Risk Factor Interven-
tion Trial; PHS, Physicians’ Health Study; CHS, Cardiovascular
Health Study; RHPP, Rural Health Promotion Project; WHS,
Women’s Health Study; MONICA, MONItoring trends and deter-
minants In CArdiovascular disease; HELSINKI, Helsinki Heart
Study; CAERPHILLY, Caerphilly Heart Study; BRHS, British
Regional Heart Study; LEIDEN, Leiden Heart Study; SPEED-
WELL, Speedwell Heart Study; WOSCOPS, West of Scotland
Coronary Prevention Study; AFCAPS, Air Force Coronary Ath-
erosclerosis Prevention Study; FHS, Framingham Heart Study;
WHI, Women’s Health Initiative; and HHS, Honolulu Heart
Study.

former approach demonstrates the robust linear relationship
between inflammation and vascular disease, the latter ap-
proach (inwhich levels of <1, 1to 3, and >3 mg/L represent
low-, moderate-, and high-risk groups) is likely to have
greater clinical appeal.

Prospective data also demonstrate that CRP is a stronger
predictor of risk than is low-density lipoprotein (LDL)
cholesterol. In the largest study to date, both the area under
the receiver operator characteristic (ROC) curve (0.64 versus
0.60) and the population attributable risk percent (40 versus
19) were significantly greater for CRP than for LDL
cholesterol .6

CRP levels minimally correlate with lipid levels and there
isvirtually no way to predict CRP |levelson the basis of either
total cholesterol, high-density lipoprotein cholesterol, or LDL
cholesterol. In evaluations including over 25 000 patients, the
variance in CRP that can be ascribed to LDL cholesterol has
consistently been less than 3% to 5%.4616 Thus, CRP levels
do not supplant lipid evaluation, but must be considered as an
adjunct to lipid evaluation. The additive value of CRPto lipid
screening in terms of coronary risk prediction has been
demonstrated in several settings.134617 A simplified clinical
approach to this issue based on the Adult Treatment Panel 111
(ATP ) cut-points for LDL of <130, 130 to 160, and >160
mg/dL and on CRP levels of <1, 1 to 3, and >3 mg/L is
shown in Figure 3, as is evidence that CRP adds prognostic
information at all levels of the Framingham Risk Score.

I\A,/u\)\,/x,

CRP, the Metabolic Syndrome, and
Type 2 Diabetes

A unique feature of CRP that further distinguishes it from
LDL cholesterol is the fact that inflammation (but not
elevated LDL) plays a maor role in almost all processes
associated with the metabolic syndrome, another group high-
lighted as being at increased risk according to current ATP [11
guidelines. That CRP reflects the metabolic syndrome is not
surprising, as CRP levels not only correlate with triglycer-
ides, obesity, blood pressure, and fasting glucose (all of
which are components of the ATP Il metabolic syndrome
definition), but also correlate with insulin sensitivity, endo-
thelial dysfunction, and impaired fibrinolysis (factors addi-
tionally associated with the metabolic syndrome that are not
easily discerned in usual clinical practice).t® Although cardiac
event-free survival is similar for those with CRP levels above
or below 3.0 mg/L and for those with and without the
metabolic syndrome, it is also clear that CRP adds indepen-
dent prognostic information on risk at all levels of severity of
the metabolic syndrome.18 Thus, the metabolic syndromeisa
heterogenous condition; as shown in Figure 4, CRP levels of
<1, 1to 3, and >3 mg/L differentiate low, moderate, and
high risk even when applied to those aready defined as
having the metabolic syndrome.18

Several prospective studies demonstrate that CRP levels
additionally predict incident type Il diabetes.1920 These data
further link inflammation, atherothrombosis, and diabetes as
tightly interrel ated disorders of theinnate immune system and
may help to explain why diet and exercise are so important to
the prevention of both diseases.

The Population Distribution of CRP
When measured with high-sensitivity assays, the population
distribution of CRP has generally been consistent across sex
and ethnic groups, and values of 0.3, 0.6, 1.5, 3.5, and 6.6
mg/L have been reported as estimates of the 10th, 25th, 50th,
75th, and 90th percentile cut-points for middle-aged Ameri-
cans.® In 4 major cohort studies performed in the United
States, the Physicians Health Study, the Women's Health
Study, the Women's Health Initiative, and the Air Force/
Texas Coronary Atherosclerosis Prevention Study (AFCAPS/
TexCAPS),234610 the quintile distributions of CRP for men
and for women not taking hormone replacement therapy
(HRT) are remarkably similar, and in practice approximate
quintile cut-points of <0.5, 0.5to 1.0, 1.0 to 2.0, 2.0 to 4.0,
and >4.0 mg/L have been suggested for use. An aternative
approach, as suggested above, is simply one that emphasizes
levels <1, 1 to 3, and >3.0 mg/L as low-, moderate-, and
high-risk groups.

Because women taking HRT will have higher levels of
CRP,21.22 risk estimates for such women may need to be
calibrated downward. As recently demonstrated in analyses
of CRP and HRT in the Women's Health Initiative,2° how-
ever, these effects in terms of actual event prediction are not
aslarge as anticipated. Further, these data suggest that it isthe
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Figure 2. Cardiovascular event-free survival among apparently healthy individuals according to baseline CRP levels. Data are shown
using population-based quintiles for CRP (left) and using 3 simple clinical cut-points for CRP, <1, 1 to 3, and >3 mg/L (right). Adapted

from reference 6.

expressed level of CRP that determines a given woman's
vascular risk. Finally, in the Women's Health Study,3¢ there
was no substantive difference in risk estimates for women
taking HRT when cut-points were determined among users of
HRT rather than non-users. Taken together, these large
outcome analyses suggest little value in having separate
clinical cut-points for CRP either by sex or by HRT use.
The sparse population data available for blacks is consis-
tent with these findings. However, the total number of
individuals evaluated in this group remains small.

Interpreting CRP Assays, Cost-Effectiveness,
and Serial Assessment
In most clinical settings, a single CRP assessment is likely to
be adequate as long as levels less than 10 mg/L are observed.
Because major infections, trauma, or acute hospitalizations
can elevate CRP levels (usually 100-fold or more), levels

greater than 10 mg/L should initially be ignored and the test
repeated at a future date when the patient is clinically stable.
Many investigators have recommended 2 measures of CRP,
with the lower value or the average being used to determine
vascular risk, a practice consistent with recommendations for
cholesterol evaluation. In rare instances where levels of CRP
are markedly elevated, alternative sources of systemic inflam-
mation such as lupus, inflammatory bowel disease, or endo-
carditis should be considered. In such cases, there is usually
an accompanying €elevation in the erythrocyte sedimentation
rate. Accumulated experience in outpatient settings has
shown such values to be infrequent.

Because CRP levels are stable over long periods of time,
are not affected by food intake, and demonstrate almost no
circadian variation, there is no need to obtain fasting blood
samples for CRP assessment. Despite being an acute phase
reactant, the variability in CRP levelsin given individualsis

5 2
8
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% g Figure 3. CRP provides prognostic infor-
o # 3 mation at all levels of LDL cholesterol
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Figure 4. Cardiovascular event-free survival according to base-
line CRP levels among individuals already defined as having the
metabolic syndrome. Adapted from reference 18.

quite similar to that associated with cholesterol screening, as
long as the CRP levels are within the clinical range defined
above.z

Traditional assays for CRP do not have adequate sensitiv-
ity to detect levels required for vascular disease prediction.
To aleviate this problem, high-sensitivity CRP assays have
been developed and are now widely available.2* The cost of
CRP screening is comparable to that of standard cholesterol
evaluation and far less than amost all other aternative
approaches to cardiovascular screening under consideration.
Both in terms of years of life saved and cost-to-benefit ratios,
CRP screening seems to be highly effective2> In many
settings, the inexpensive approach of adding CRP to LDL
screening may yield immediate cost-savings in terms of
negative predictive value and the subsequent avoidance of
unnecessary clinical testing, particularly when compared with
far more expensive screening approaches such as electron
beam calcium tomography or MRI.

CRP levels within the range detected with high-sensitivity
assays have demonstrated specificity for vascular events.26
Although it has not been determined whether serial CRP
assessment provides incremental clinical value, some physi-
cians have elected to use CRP as part of their annual physical
examination.

Comparison of CRP to Other Nove Risk Factors
CRP is not the only inflammatory biomarker that has been
shown to predict myocardial infarction and stroke. More sophis-
ticated measures of cytokine activity, celular adhesion, and
immunologic function (such as interleukin-6, intercellular adhe-
sion molecule-1, macrophage inhibitory cytokine-1, and soluble
CDA40 ligand) have al been shown to be elevated among those
at increased vascular risk.2” These approaches, however, are
unlikely to have clinica utility because the assays required for

their assessment are either inappropriate for routine clinica use
or the protein of interest has too short a half-life for clinica
evauation. Measures for fibrinogen, a biomarker involved in
both inflammation and thrombosis, remain poorly standardized,
and methodologica issues limit use of this parameter despite
consistent population-based data. Other broad measures of
systemic inflammeation, such as the white blood cell count or the
erythrocyte sedimentation rate, have proven unreliablein clinical
settings. By contrast, high-sensitivity assays for CRP have been
standardized across many commercia platfforms. Moreover,
CRP is highly stable, allowing measures to be made accurately
in both fresh and frozen plasmawithout requirements for specia
collection procedures. This is due in part to the stable pentraxin
structure of CRP and its long plasma half-life of 18 to 20 hours.

In selected patients, such as those with markedly premature
and unexplained atherosclerosis, evauation of other markers,
such as lipoprotein(@) and homocysteine, may have clinica
utility. In available population-based studies, however, the rela
tive magnitude of these biomarkers has been smdl in direct
comparison to CRP (Figure 5). Recent data aso indicate that
CRP is a stronger predictor of risk than nuclear magnetic
resonance-based evaluation of LDL particle size and
concentration.2

Goals of Screening and Therapeutic Options
The primary goa of cardiovascular screening programs should
be the identification of high-risk individuals who can be targeted
for smoking cessation, diet, exercise, and blood pressure control.
It is well established that compliance with lifestyle recommen-
dations is directly related to the absolute risk perceived by
individual patients. Thus, because the addition of CRP to lipid
evauation provides an improved prediction tool, consideration
of CRP may have usefulness for this reason aone.

There is currently no definitive evidence that lowering CRP
will necessarily reduce cardiovascular event rates; studies ad-
dressing thisissue are only now being designed. However, many
interventions known to reduce cardiovascular risk have been
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Figure 5. Direct comparison of CRP to several other lipid and
non-lipid risk factors for cardiovascular disease. SICAM-1 indi-
cates soluble intercellular adhesion molecule-1; hs-CRP, high-
sensitivity CRP; HDL, high-density lipoprotein; and HDLC, high-
density lipoprotein cholesterol. Adapted from reference 3.
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linked to lower CRP levels. In particular, weight loss, diet,
exercise, and smoking cessation all lead to both reduced CRP
levels and reduced vascular risk.

Several pharmacological agents proven to reduce vascular
risk influence CRP levels. Of these, the statin drugs are the
most important, and studies with pravastatin, lovastatin,
cerivastatin, simvastatin, and atorvastatin have al shown that,
on average, median CRP levels decline 15% to 25% as early
as 6 weeks after initiation of therapy. As shown in the
large-scale Cholesterol And Recurrent Events (CARE)2° and
PRavastatin INflammation/CRP Evaluation (PRINCE)?6 tri-
a s and subsequently confirmed in other settings, thereislittle
evidence that the magnitude of LDL reduction predicts the
magnitude of CRP reduction. On the other hand, aggressive
LDL reduction remains a critical therapeutic goal, and thus
serial LDL evaluation should remain the primary method to
monitor statin compliance. However, whereas all subjects
taking statins achieve a beneficia reduction in LDL levels,
there seems to be responders and non-responders for statinsin
terms of CRP reduction. Whether this latter observation is
important in terms of clinical event reduction is currently
unknown.

Analyses of 2 randomized trials suggest that the magnitude
of risk reduction attributable to statin therapy is particularly
large for those with elevated CRP levels. In the CARE trial of
secondary prevention, the magnitude of benefit associated
with pravastatin use was nearly 55% for those with elevated
CRP levels as compared with 30% for those with low CRP
levels3 Similarly, in the AFCAPS/TexCAPS primary pre-
vention trial, lovastatin use was highly effective among those
with elevated CRP levels, even when LDL levels were below
thresholds set by the ATP Ill guidelines# Although per-
formed on a post hoc basis and limited by relatively low event
rates, the AFCAPS/TexCAPS analysis suggests that the
benefit of statin therapy among those with low LDL but high
CRP may bejust aslarge as the benefit observed among those
with overt hyperlipidemia.

That patients with elevated CRP but low LDL are at high
vascular risk is demonstrated in Figure 6, which shows
survival data from the Women's Health Study for those with
LDL cholesterol above or below the study median of 124
mg/dL and CRP above or below the study median of 1.52
mg/L.6 As expected, overall event-free survival was poorest
for those with elevated CRP and elevated LDL, whereas the
best survival was observed for those with low CRP and low
LDL levels. However, event-free survival was actually worse
for those with elevated CRP and low LDL when compared
with those with elevated LDL and low CRP. Because of the
public health implications of these data, a large-scale statin
prevention trial of 15000 patents is scheduled to begin in
early 2003 specifically targeting those with native LDL <130
but a CRP above 2.0 mg/L .3t

Although data are less robust, other lipid-lowering agents
reported to reduce CRP include niacin, fibrates, and gemfi-
brozil. Aspirin also has an intriguing interaction with CRP in
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Figure 6. Cardiovascular event-free survival according to base-
line levels of CRP and LDL. Adapted from reference 6.

that the magnitude of relative risk reduction attributable to
aspirin in primary prevention appears to be greatest among
those with elevated CRP and declines proportionately in
direct relation to CRP levels2 Observational data suggest
possible differential benefits for clopidogrel and abciximab
on the basis of CRP levels before percutaneous coronary
interventions.32-34 Thiazolidinediones also reduce CRP
levels.3s

Clinical Recommendations
As documented above for primary prevention, CRP is an
independent predictor of future cardiovascular events that
adds prognostic information to lipid screening, to the meta-
bolic syndrome, and to the Framingham Risk Score.

In outpatient settings, the primary use of CRP should be at
the time of cholesterol screening, when knowledge of CRP
can be used as an adjunct for global risk assessment. For
individuals with LDL levels above 160 mg/dL and for whom
the ATP 111 guidelines already call for therapeutic interven-
tion, an elevated CRP level should aggressively encourage
physicians and patients to institute pharmacological therapy
in those instances where none is currently being used or
where compliance is poor.

For individuals with LDL levels between 130 and 160
mg/dL, the additional finding of an elevated CRP indicates an
elevated global risk. In a@most al cases, this information
should lead to better compliance and adherence with current
ATP 111 treatment guidelines.

For individuals with LDL levels below 130 mg/dL, the
finding of an elevated CRP implies substantially higher risk
than predicted on the basis of LDL aone. As shown in
Figures 3 and 6, such individuals will have risk estimates as
high as some individuas with overt hyperlipidemia. Patients
with this profile should be advised to adhere carefully with
ATP I lifestyle interventions, despite “low” LDL cholester-
ol levels. Individuals with the low LDL/high CRP phenotype
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are at elevated risk of having the metabolic syndrome and
should have fasting glucose levels measured. Large-scale,
randomized trial evidence is critically needed before such
patients should be considered for statin therapy.3t

An aternative approach in primary prevention is to mea-
sure CRP only among those at intermediate risk as defined by
the Framingham Risk Score. For example, clinicians might
conservatively choose to evaluate CRP only among those
with a calculated 10-year Framingham risk between 5% and
20% (see Figure 3). Although this strategy has epidemiolog-
ical appeal, such an approach requires a second office visit
and a second phlebotomy and thusis likely to be less efficient
and perhaps less cost-effective.

In secondary prevention, the potential utility of CRPisless
certain, as aggressive therapies should aready be instituted
and LDL evaluation provides an excellent method to assess
statin efficacy.

In the setting of acute coronary ischemia and unstable
angina, the role of CRP is rapidly evolving. Multiple studies
demonstrate that CRP levels predict early and late mortality
in acute coronary ischemia and add to the predictive value of
cardiac troponin.3s—41 Further, knowledge of inflammatory
status has been shown effective in distinguishing patient
subgroups more or less likely to benefit from an aggressive
versus conservative management approach.“© However, ap-
propriate clinical cut-points for CRP in the setting of acute
ischemia remain uncertain, as does the timing of CRP
evaluation in relation to the onset of ischemia. The most
foreseeable use of CRP in the emergency room setting is thus
likely to be among those with chest pain syndromes who have
negative troponin levels. An elevated CRP in this setting is
associated with increased short-term as well as long-term
risks,32-41 and thus additional evaluation modalities may be
warranted. By contrast, current data suggest that patients with
negative troponin and negative CRP levels in the emergency
room setting are unlikely to have flow limiting coronary
disease. 3940
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Abstract Background. Lowering the blood cholesterol
level may reduce the risk of coronary heart disease. This
double-blind study was designed to determine whether
the administration of pravastatin to men with hypercho-
lesterolemia and no history of myocardial infarction re-
duced the combined incidence of nonfatal myocardial in-
farction and death from coronary heart disease.

Methods. We randomly assigned 6595 men, 45 to 64
years of age, with a mean (=SD) plasma cholesterol lev-
el of 272+23 mg per deciliter (7.0=0.6 mmol per liter) to
receive pravastatin (40 mg each evening) or placebo.
The average follow-up period was 4.9 years. Medical rec-
ords, electrocardiographic recordings, and the national
death registry were used to determine the clinical end
points.

Results. Pravastatin lowered plasma cholesterol lev-
els by 20 percent and low-density lipoprotein cholesterol
levels by 26 percent, whereas there was no change with
placebo. There were 248 definite coronary events (speci-
fied as nonfatal myocardial infarction or death from coro-

ARLIER trials of lipid-lowering drugs in the pri-

mary prevention of coronary heart disease have
demonstrated that lowering cholesterol levels in mid-
dle-aged men with hypercholesterolemia reduces the
incidence of myocardial infarction."* However, these
studies, because of their design and low rates of ob-
served events, were unable to show a clear effect of
therapy on the risk of death from coronary heart dis-
ease or death from any cause. A meta-analysis of the
trials provided support for the likelihood that therapy
lowered the risk of death from coronary heart disease,
but it also aroused concern that the risk of death from
noncardiovascular causes might be increased by treat-
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nary heart disease) in the placebo group, and 174 in the
pravastatin group (relative reduction in risk with prava-
statin, 31 percent; 95 percent confidence interval, 17 to
43 percent; P<0.001). There were similar reductions
in the risk of definite nonfatal myocardial infarctions (31
percent reduction, P<<0.001), death from coronary heart
disease (definite cases alone: 28 percent reduction,
P =0.13; definite plus suspected cases: 33 percent reduc-
tion, P=0.042), and death from all cardiovascular causes
(32 percent reduction, P=0.033). There was no excess of
deaths from noncardiovascular causes in the pravastatin
group. We observed a 22 percent reduction in the risk of
death from any cause in the pravastatin group (95 percent
confidence interval, O to 40 percent; P=0.051).
Conclusions. Treatment with pravastatin significantly
reduced the incidence of myocardial infarction and death
from cardiovascular causes without adversely affecting
the risk of death from noncardiovascular causes in men
with moderate hypercholesterolemia and no history of
myocardial infarction. (N Engl J Med 1995;333:1301-7.)

ment.>® Whether this latter association was due to
chance, to the reduction in cholesterol itself, or to an ad-
verse effect of the drugs is not clear.

Recently, a new class of lipid-lowering drug, the
3-hydroxy-3-methylglutaryl-coenzyme A reductase in-
hibitors, has been introduced into clinical practice.
These drugs block endogenous synthesis of cholesterol
and reduce the levels of low-density lipoprotein (LDL)
cholesterol. They slow the progression of coronary dis-
ease and reduce the incidence of death from coronary
causes and death from any cause in men with manifest
coronary heart disease.®® The present study was de-
signed to evaluate the effectiveness of a reductase in-
hibitor, pravastatin (Pravachol), in preventing coronary
events in men with moderate hypercholesterolemia and
no history of myocardial infarction.

METHODS

Design

The objective was to enroll approximately 6000 middle-aged men,
randomly assigned in a double-blind fashion to receive either prava-
statin (40 mg each evening) or placebo and to record their clinical
progress over a period of five years. The details of the study design,

Downloaded from www.nejm.org on January 26, 2008 . Copyright © 1995 Massachusetts Medical Society. All rights reserved.
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including the definitions of the end points, have been described pre-
viously.'® Briefly, the primary end point of the study was the occur-
rence of nonfatal myocardial infarction or death from coronary heart
disease as a first event; these two categories were combined. Other
principal end points were the occurrence of death from coronary
heart disease and nonfatal myocardial infarction. In all categories, the
events were classified as either definite or suspected. In addition to the
main end points, the effect of treatment on death from cardiovascular
causes, death from any cause, and the frequency of coronary revascu-
larization procedures was analyzed.

All subjects provided written informed consent. The study was ap-
proved by the ethics committees of the University of Glasgow and all
participating health boards.

Recruitment and Follow-up

Coronary screening clinics were established in primary medical
care facilities throughout the West of Scotland district. Approximately
160,000 men ranging in age from 45 to 64 years were invited to attend
the clinics to assess their coronary risk factors. A total of 81,161 ap-
peared for the first visit, and those whose nonfasting plasma choles-
terol level was at least 252 mg per deciliter (6.5 mmol per liter) but
who had no history of myocardial infarction were given lipid-lowering
dietary advice!” and asked to return four weeks later. A total of 20,914
men returned for the second visit, at which time a lipoprotein profile
was obtained that measured plasma cholesterol, the cholesterol con-
tent of LDL and high-density lipoprotein (HDL), and plasma triglyc-
erides while the subjects were fasting. If on this occasion the LDL
cholesterol level was at least 155 mg per deciliter (4.0 mmol per liter)
and the subject had no exclusion criteria,'® he was advised to stay on
the lipid-lowering diet for a further four weeks and then to return for
a third visit (13,654 attended), at which time a second lipoprotein pro-
file and a 12-lead electrocardiogram (ECG) were obtained. On the
fourth visit the patients underwent randomization if they met the fol-
lowing criteria: fasting LDL cholesterol level of at least 155 mg per
deciliter during the second and third visits, with at least one value of
174 mg per deciliter or above (4.5 mmol per liter) and one value of
232 mg per deciliter or below (6.0 mmol per liter); no serious ECG
abnormalities according to Minnesota code'® 1 (pathologic Q waves),
4-1, 5-1, or 7-1-1 or arrhythmia such as atrial fibrillation; and no his-
tory of myocardial infarction or other serious illness, although men
with stable angina who had not been hospitalized within the previous
12 months were eligible. Further details of the inclusion and exclusion
criteria were described previously.'®

The subjects were seen at three-month intervals, and dietary advice
was reinforced on each occasion. A fasting lipoprotein profile was ob-
tained every six months, and an ECG was recorded annually or as re-
quired clinically. The subjects received a full medical examination by
a physician each year.

Laboratory Analyses

The cholesterol measurement during the first visit was performed
on a Reflotron bench-top analyzer (Bochringer—Mannheim, Lewes,
Kent, United Kingdom). All subsequent laboratory analyses, includ-
ing biochemical, hematologic, and lipoprotein profiles, were conduct-
ed at the central laboratory at the Glasgow Royal Infirmary. Lipopro-
tein profiles were determined according to the Lipid Research Clinics
protocol" with enzymatic cholesterol and triglyceride assays. The lab-
oratory was certified through the Lipid Standardization Program of
the Centers for Disease Control and Prevention in Atlanta. Abnormal-
ities in the results of blood tests were identified with the use of pub-
lished reference ranges.'®

Siemens Sicard 440 electrocardiographs were used to record the
12-lead ECGs, and the data were transmitted by telephone to the
ECG core laboratory at the Glasgow Royal Infirmary for storage on
a central Mingocare data base (Siemens Elema, Stockholm, Sweden)
and subsequent automated classification according to the Minnesota
code, including serial comparisons.!®?*22 All ECG results were veri-
fied by visual inspection.

Identification and Classification of End Points

At each follow-up visit, adverse events were documented on the ba-
sis of the subjects’ recall, and if appropriate, further information was
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obtained from hospital records. All data on randomized subjects were
flagged electronically on national computer data bases so that the
numbers of deaths, incident cancers, hospitalizations, and cardiac sur-
geries could be monitored according to previously described meth-
ods.? Potential end points were reviewed and classified according to
predefined criteria'® by the End-Points Committee, whereas non—cor-
onary heart disease events were reviewed and classified by the Ad-
verse-Events Committee. The progress and conduct of the study were
monitored regularly by the independent, unblinded Data and Safety
Monitoring Committee. Except for the trial statistician and his assist-
ant, all trial personnel remained unaware of the subjects’ treatment
assignments throughout the study.

Statistical Analysis

All data were analyzed according to the intention-to-treat princi-
ple. The results of the two fasting lipoprotein profiles obtained during
visits 2 and 3 were averaged to produce base-line values. The LDL
cholesterol results were analyzed according to both the treatment
actually received and the intention-to-treat principle. The analysis
based on actual treatment used only the measured lipid levels in sub-
jects who had attended the previous scheduled visit and who had been
issued with trial medication at that visit. For the intention-to-treat
analysis, all recorded levels were included, without reference to the
subjects’ degree of compliance at previous visits. In addition, in cases
in which no lipid value was available for a scheduled visit and no med-
ication had been issued at the previous visit, the subject’s base-line
level was used. For each end-point category, the lengths of time to a
first event were compared with use of the log-rank test, and the rela-
tive reduction in risk resulting from pravastatin treatment, with 95
percent confidence intervals, was calculated with the Cox proportion-
al-hazards model.?! In addition, Kaplan—Meier time-to-event curves
were used to estimate the absolute risk of each event at five years for
cach treatment group. When a silent myocardial infarction was de-
tected on the basis of serial comparison of ECGs, the event was con-

Table 1. Base-Line Characteristics of the Randomized Subjects,
According to Treatment Group.*

PLACEBO PRAVASTATIN

CHARACTERISTIC (N =13293) (N =3302)
Continuous variables
Age — yr 55.1%5.5 55.3%5.5
Body-mass indexf 26.0+3.1 26.0+3.2
Blood pressure — mm Hg

Systolic 13617 13518

Diastolic 84+10 84+11
Cholesterol — mg/dl

Total 27222 272+23

LDL 192+17 192+17

HDL 44=*10 44x9
Triglycerides — mg/dl 164+68 16270
Alcohol consumption — units/wk 11*+13 12+14
Categorical variables — no. of subjects (%)
Angina§ 174 (5) 164 (5)
Intermittent claudication§ 96 (3) 97 (3)
Diabetes 35 (1) 41 (1)
Hypertension (self-reported) 506 (15) 531 (16)
Minor ECG abnormality 259 (8) 275 (8)
Smoking status

Never smoked 705 (21) 717 (22)

Exsmoker 1127 (34) 1138 (34)

Current smoker 1460 (44) 1445 (44)
Employment status

Employed 2324 (71) 2330 (71)

Unemployed 459 (14) 430 (13)

Retired 338 (10) 330 (10)

Disabled 171 (5) 210 (6)

*Plus—minus values are means =SD. To convert values for cholesterol to millimoles per
liter, multiply by 0.026, and to convert values for triglycerides to millimoles per liter, multiply
by 0.011.

FThe weight in kilograms divided by the square of the height in meters.

£A unit was defined as 1 measure (60 ml) of liquor, 1 glass (170 ml) of wine, or a half pint
(300 ml) of beer.

§As indicated by positive responses on the Rose questionnaire.

Downloaded from www.nejm.org on January 26, 2008 . Copyright © 1995 Massachusetts Medical Society. All rights reserved.
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Figure 1. Effects of Pravastatin Therapy on Plasma LDL Choles-
terol Levels.
To convert values for cholesterol to millimoles per liter, multiply
by 0.026.

sidered to have occurred midway between the first diagnostic ECG
and the previous ECG. Two-tailed P values were used throughout.
For the primary end point, an analysis was performed for pre-
defined subgroups'® characterized at base line according to age (<55
years or =55 years), smoking status (smoker or nonsmoker of ciga-
rettes, cigars, or pipes), and whether at least two of the following risk
factors were present: smoking, hypertension, a history of chest pain or
intermittent claudication (as indicated by positive responses on the
Rose questionnaire), diabetes, and a minor ECG abnormality associ-
ated with coronary heart disease (Minnesota code 4-2, 4-3, 5-2, or 5-3).
In addition, the effect of treatment was examined in a subgroup
with and a subgroup without vascular disease
at base line. Vascular disease was considered
to be present if there was evidence of angina,
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The base-line characteristics of the pravastatin and pla-
cebo groups are summarized in Table 1. As expected in
a trial of this size, the groups were well balanced. For
the study population as a whole, the average (*SD)
plasma cholesterol level was 272+23 mg per deciliter
(70%0.6 mmol per liter), the LDL cholesterol level was
192+17 mg per deciliter (5.0£0.5 mmol per liter), and
the HDL cholesterol level was 449 mg per deciliter
(1.14%0.26 mmol per liter). On the basis of positive re-
sponses on the Rose questionnaire, evidence of angina
was present in 5 percent of the men, whereas 8 percent
had ECG ST-T wave changes (Minnesota codes 4-2,
4-3, 5-2, and 5-3). The prevalence of self-reported dia-
betes mellitus was 1 percent, and that of hypertension
was 16 percent; 44 percent of the subjects were current
smokers.

Withdrawals

The cumulative rates of withdrawal from treatment
in the placebo and pravastatin groups were 14.9 per-
cent and 135.5 percent, respectively, at year 1, 19.1 per-
cent and 19.4 percent at year 2, 22.5 percent and 22.7
percent at year 3, 23.2 percent and 24.7 percent at year
4, and 30.8 percent and 29.6 percent at year 5. There
was no significant difference in the withdrawal rates be-
tween the two groups at any time. The disproportionate
increase from year 4 to year 3 can be attributed to the
withdrawal from the study of some subjects who had

Table 2. End Points of the Study.*

intermittent claudication, stroke, transient is-

chemic attack, and ECG abnormalities ac- PLACEBO PRAVASTATIN RISK REDUCTION WITH
cording to the Minnesota code. Finally, the VARIABLE (N=3293) (N=3302) P VALUE  PRAVASTATIN (95% CI)
influence of base-line lipid leve.ls. on the effect 10, of events (absolute % risk at 5 yr) %
of treatment was assessed by dividing the ran-
domized population according to the median Definite coronary events
plasma cholesterol, LDL or HDL cholesterol, Nonfatal MI or death from CHD 248 (7.9) 174 (5.5)  <0.001 31 (17 to 43)
or plasma triglyceride concentration. Nonfatal MI (silent MIs omitted) or 218 (7.0) 150 (4.7) <0.001 33 (17 to 45)
The Data and Safety Monitoring Commit- death from CHD
tee conducted annual reviews of the main end Nonfatal MI 204 (6.5) 143 (4.6) <0.001 31 (15 t0 45)
points according to the O’Brien and Fleming Death from CHD 52 (1.7) 38(1.2) 0.13 28 (—10to0 52)
criteria for stopping the trial prematurely.% Definite + suspected coronary events
The overall P value indicating statistical sig- Nonfatal MI or death from CHD 205(9.3)  215(68) <0001 29 (I5 to 40)
nificance was set at 0.01. Nonfatal MI (silent MIs omitted) or 240 (7.6) 166 (5.3) <0.001 32 (17 to 44)
death from CHD
RESULTS Nonfatal MI 246 (7.8) 182 (5.8) 0.001 27 (12 to 40)
Death from CHD 61 (1.9) 41 (1.3) 0.042 33 (1 to 55)
A tota}l of 6595 subje?ts underwent Other events
randomization. The clinical charac- Coronary angiography 128 (4.2) 90 (2.8) 0.007 31 (1010 47)
teristics of the Subjects who were PTCA or CABG 80 (2.5) 51 (1.7) 0.009 37 (11 to 56)
Fatal or nonfatal stroke 51 (1.6) 46 (1.6) 0.57 11 (—33 to 40)
screened and those who were ran- Incident cancer 106 (3.3) 116 3.7) 0.55 —8 (—41 10 17)
domized have been described previ-
1v.2 The first tient lled Death from other causes
ously. ¢ first patient was er}ro ¢ Other cardiovascular causes (including 12 9 — —
on February 1, 1989, and recruitment stroke)
was completed by September 30, Suicide ! 2 - =
1991. The final visit made b Crauma ; ; w6
- 1 he lmal visits were made be- Cancer 49 (1.5) 44 (1.3) 0.56 11 (=33 to 41)
tween February and May 1995, by All other causes 7 7 — —
which time the study population had Death from all cardiovascular causes 73 (2.3) 50 (1.6) 0033  32(31053)
accrued 32,216 subject-years of fol- Death from noncardiovascular causes 62 (1.9) 56(17) 054 11(=281038)
low-up (an average of 4.9 years per Death from any cause 135 (4.1) 106 (3.2) 0.051 22 (0 to 40)

subject). At the end of the study, the
vital and clinical status of all ran-
domized subjects was ascertained.

*The P values are based on the log-rank test. No formal analysis was carried out for events with a low incidence. CI
denotes confidence interval, CHD coronary heart disease, MI myocardial infarction, PTCA percutaneous transluminal cor-

onary angioplasty, and CABG coronary-artery bypass graft.
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Figure 2. Kaplan—Meier Analysis of the Time to a Definite Non-
fatal Myocardial Infarction or Death from Coronary Heart Dis-
ease, According to Treatment Group.

completed the five years of follow-up and who could
have proceeded further but did not wish to do so.

Reduction in Lipid Levels

When the data were analyzed according to the treat-
ment actually received, pravastatin was found to have
lowered plasma levels of cholesterol by 20 percent, LDL
cholesterol by 26 percent (Fig. 1), and triglycerides
by 12 percent, whereas HDL cholesterol was increased
by 5 percent. There were no such changes with placebo.
When the data were analyzed according to the inten-
tion-to-treat principle, because such analysis includes
subjects who withdrew and noncompliant subjects,
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there was an apparent reduction in the observed dif-
ference in LDL cholesterol levels between treatment
groups over time. This result is in contrast to that based
on actual treatment, which showed that the differnce
was maintained.

End Points

As compared with placebo, pravastatin produced a
significant reduction in the risk of the combined pri-
mary end point of definite nonfatal myocardial infarc-
tion and death from coronary heart disease (reduction,
31 percent; 95 percent confidence interval, 17 to 43 per-
cent; P<<0.001; absolute difference in the risk at five
years, 2.4 percentage points) (Table 2 and Fig. 2). The
effects of pravastatin on other principal end points
are given in Table 2 and Figure 3. The reduction in the
risk of nonfatal myocardial infarction was significant
(P=<0.001) whether the definite cases of myocardial in-
farction were considered alone or in combination with
suspected cases. Excluding silent myocardial infarc-
tions from the analysis of the primary end point did not
affect the outcome (Table 2). For the end point of death
from coronary heart disease, there was a significant
treatment effect in the analysis of both definite and sus-
pected cases (risk reduction, 33 percent; 95 percent
confidence interval, 1 to 55 percent; P=0.042), but not
in the analysis of definite cases alone, probably because
of the smaller number of events in this group. However,
there was a similar reduction in risk (28 percent). When
the effect of treatment with pravastatin on death from
all cardiovascular causes was analyzed, a 32 percent re-
duction in risk (95 percent confidence interval, 3 to 53
percent; P=0.033) was observed. Treatment with pra-
vastatin was associated with similar reductions in the
frequency of coronary angiography (31 percent; 95 per-
cent confidence interval, 10 to 47 percent; P=0.007)
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Table 3. Incidence of the Primary End Point, According to Subgroup.

percent; 95 percent confidence inter-

val, 11 to 56 percent; P=0.009).

There were 56 deaths from non- VARIABLE
cardiovascular causes in the prava-
statin group and 62 in the placebo
group (P=0.54). There was no sig- Age

nificant difference between treat-
ment groups in the numbers of
deaths from cancer, suicide, or trau-
ma. There were 46 strokes (6 of
which were fatal) in the pravastatin
group and 51 (4 fatal) in the placebo
group. In the pravastatin group, the
reduction in the number of deaths
from cardiovascular causes in the
absence of any increase in the num-
ber of deaths from noncardiovascu-
lar causes resulted in a 22 percent
reduction in the overall risk of death

Multiple risk factorst

Cholesterol levelf

HDL cholesterol leveli

Triglyceride level§

Current smoking status

LDL cholesterol leveli

Prior vascular disease

Risk REDUCTION

No. oF WITH PRAVASTATIN
SUBGROUP SUBJECTS PLACEBO PRAVASTATIN P VALUE* (95% CI)
no. of events
(absolute % risk at 5 yr) %
<55 yr 3225 96 (6.1) 57 (3.5) 0.0024 40 (16 to 56)
=55 yr 3370 152 (9.8) 117 (7.3) 0.0089 27 (8 to 43)
Nonsmoker 3687 104 (6.0) 74 (4.3) 0.016 31 (6 to 48)
Smoker 2905 144 (10.4) 100 (7.0) 0.0035 31 (12 to 47)
Absent 5401 178 (6.9) 114 (44) <0.001 37 (20 to 50)
Present 1194 70 (12.7) 60 (10.2) 0.20 20 (—13t043)
<269 mg/dl 3192 122 (8.1) 80 (5.4) 0.0019 36 (15 to 51)
=269 mg/dl 3403 126 (7.8) 94 (5.6) 0.021 27 (4 to 44)
<189 mg/dl 3211 110 (7.6) 71 (4.9) 0.0025 37 (15 to 53)
=189 mg/dl 3384 138 (8.3) 103 (6.1) 0.016 27 (6 to 43)
=43 mg/dl 3304 99 (6.2) 66 (4.3) 0.011 33 (9 to 51)
<43 mg/dl 3291 149 9.7) 108 (6.7) 0.0035 31 (11 to 46)
<148 mg/dl 3239 98 (6.3) 72 (44) 0.024 29 (4 to 48)
=148 mg/dl 3356 150 (9.4) 102 (6.6) 0.0025 32 (12 to 47)
Absent 5529 183 (7.0) 125 (4.7)  <0.001 33 (15 to 46)
Present 1066 65 (12.8) 49 (9.6) 0.075 29 (—4 to 51)

(95 percent confidence interval, 0 to
40 percent; P=0.051).

The beneficial effects of pravastat-
in therapy were evident in all sub-
groups (Table 3). The numbers of
subjects in the subgroups with either
multiple risk factors at base line or vascular disease at
base line were too small to show a statistically signifi-
cant effect.

Other Adverse Events

In the pravastatin group 116 subjects had incident
(fatal or nonfatal) cancers, as compared with 106 in the
placebo group (P=0.55). These figures include cases
of malignant melanoma but not minor skin cancers.
For the placebo and pravastatin groups, respectively,
there were 30 and 31 gastrointestinal cancers, 26 and
32 genitourinary cancers, 28 and 27 respiratory tract
cancers, and 22 and 26 other cancers. Twenty subjects
in the pravastatin group reported myalgia, and 97 mus-
cle aches. The corresponding numbers in the placebo
group were 19 and 102 (P not significant). Four subjects
(three in the pravastatin group and one in the placebo
group) had asymptomatic episodes of elevated creatine
kinase concentrations (>10 times the upper reference
limit). Elevations in aspartate aminotransferase and
alanine aminotransferase values (>3 times the upper
reference limits) were recorded for 26 and 16 subjects,
respectively, in the pravastatin group, as compared
with 20 and 12 subjects in the placebo group (P not sig-
nificant).

Di1SCUSSION

As compared with placebo, pravastatin reduced the
risk of fatal or nonfatal coronary events in middle-aged
men with hypercholesterolemia and no history of myo-
cardial infarction by approximately 30 percent. The
beneficial effects of treatment were remarkably consis-
tent across a variety of coronary end points. In contrast
to the results of studies using resins, fibrates, or other

*The P values are based on the log-rank test.

FThe presence of two or more of the following risk factors: smoking, hypertension, a history of chest pain or intermittent
claudication (as indicated by positive responses on the Rose questionnaire), diabetes, and a minor ECG abnormality asso-
ciated with coronary heart disease (Minnesota code 4-2, 4-3, 5-2, or 5-3).

+To convert values for cholesterol to millimoles per liter, multiply by 0.026.
§To convert values for triglycerides to millimoles per liter, multiply by 0.011.

3-hydroxy-3-methylglutaryl-coenzyme A reductase in-
hibitors,'*? the time-to-event curves began to diverge
within six months of the initiation of treatment and
continued to do so at the same rate throughout the tri-
al. The frequency of the need for coronary angiography
and revascularization procedures was significantly low-
er in the pravastatin group than in the placebo group.

The subjects in this study were representative of the
general population in terms of socioeconomic status
and risk factors (Table 1). Their plasma cholesterol lev-
els were in the highest quartile of the range found in
the British population.?” A number had evidence of mi-
nor vascular disease, and in order to make the findings
of the trial applicable to typical middle-aged men with
hypercholesterolemia, they were not excluded.

In line with accepted guidelines,* the LDL cholester-
ol level was used as a criterion for entry into the study.
As compared with placebo, pravastatin produced a ma-
jor reduction in this lipoprotein fraction (Fig. 1) and
moderate decreases in plasma triglycerides, as well as
an increase in HDL cholesterol. These changes are in
line with the expected response to pravastatin,? and all
could potentially result in clinical benefit. The changes
in the LDL cholesterol level are more substantial than
those observed in earlier primary prevention studies.*

When the subjects were divided into two groups ac-
cording to their lipid levels at base line, we found that
coronary risk was related to higher plasma LDL choles-
terol and triglyceride levels (i.e., levels above the medi-
an values) and lower HDL cholesterol levels (i.c., levels
below the median value) (Table 3). The plasma choles-
terol level was not a significant factor, principally be-
cause of the narrow range of cholesterol values used as
a criterion for entry into the study. The relative reduc-

Downloaded from www.nejm.org on January 26, 2008 . Copyright © 1995 Massachusetts Medical Society. All rights reserved.
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tion in risk with pravastatin therapy was statistically
significant and of a similar magnitude in subjects with
lipid values above and below the median.

The relative reductions in risk attributable to prava-
statin therapy were not affected by age (<55 years vs.
=55 years) or smoking status. Furthermore, a significant
treatment effect was seen in the subgroup without mul-
tiple risk factors and the subgroup without preexisting
vascular disease. Thus, it is possible to conclude that in
the subjects who might be considered to fall strictly into
the primary-prevention category, pravastatin therapy
produced a significant reduction in the relative risk of
a coronary event.

Pravastatin therapy was well tolerated and resulted
in no more study withdrawals than placebo. In particu-
lar, as in an earlier study,” there was no evidence that
pravastatin adversely affected liver function or caused
myopathy. Our results support those of a recent sec-
ondary-prevention trial’ that found that lipid lowering
with a 3-hydroxy-3-methylglutaryl-coenzyme A reduc-
tase inhibitor is not associated with an increased risk
of death from noncardiovascular causes. As in that ear-
lier trial,” a comparison of the treatment and placebo
groups showed no significant increase in the incidence
of fatal or incident cancers or deaths due to suicide or
trauma. More data on the adverse-event profile of this
class of drugs will become available as the results of
other prevention trials are published. In the current
study, the benefit of pravastatin therapy with respect to
fatal coronary events and the absence of any increase
in the number of deaths from other causes led to a 22
percent reduction in the relative risk of death from any
cause (P=0.051).

From the data in Table 2, it can be estimated that
treating 1000 middle-aged men with hypercholesterole-
mia and no evidence of a previous myocardial infarc-
tion with pravastatin for five years will result in 14
fewer coronary angiograms, 8 fewer revascularization
procedures, 20 fewer nonfatal myocardial infarctions,
7 fewer deaths from cardiovascular causes, and 2 fewer
deaths from other causes than would be expected in the
absence of treatment. Since these figures are based on
an intention-to-treat analysis, the magnitude of the ben-
efit in fully compliant subjects is likely to be greater.
These findings can be compared favorably with the re-
sults of the Medical Research Council trial®**®! of the
treatment of mild hypertension in middle-aged sub-
jects. In that study, it was estimated that five years of
active treatment of 1000 men ranging in age from 35 to
64 years would result in six fewer strokes and two fewer
cardiovascular events than would be expected. Thus,
our results indicate that reducing cholesterol levels with
pravastatin reduces the risk of coronary events in
asymptomatic subjects with hypercholesterolemia.

APPENDIX

The members of the West of Scotland Coronary Prevention Study
are as follows: Executive Committee (Voting Members) — J. Shepherd
(chairman), S.M. Cobbe, A.R. Lorimer, J.H. McKillop, I. Ford, C.]J.
Packard, PW. Macfarlane, and G.C. Isles; Data and Safety Monitoring

Nov. 16, 1995

Committee — MLF. Oliver (chairman), A.F. Lever, B.W. Brown, J.G.G.
Ledingham, S.]J. Pocock, and B.M. Rifkind; End-Points Committee —
S.M. Cobbe, B.D. Vallance, P.W. Macfarlane; Adverse-Events Committee
— AR. Lorimer, J.H. McKillop, and D. Ballantyne; Data-Center Staff
— L. Anderson, D. Duncan, J. McGrath, S. Kean, A. Lawrence,
V. Montgomery, and J. Norrie; Population Screening — M. Percy; Clin-
ical Coordination, Monitoring, and Administration — E. Pomphrey,
A. Whitehouse, P. Cameron, P. Parker, F. Porteous, L. Fletcher, and
C. Kilday; Computerized ECG Analysis — D. Shoat (deceased), S. Latif,
and J. Kennedy; Laboratory Operations — M.A. Bell and R. Birrell; and
Company Liaison and General Support — M. Mellies, J. Meyer, and
W. Campbell.
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Review

High-Sensitivity C-Reactive Protein: A Novel and
Promising Marker of Coronary Heart Disease

NADER Rirar’?>* and Paur M. RIDKER*>®

Background: Coronary heart disease remains the lead-
ing cause of morbidity and mortality in the industri-
alized world. Clinical and laboratory studies have
shown that inflammation plays a major role in the
initiation, progression, and destabilization of athero-
mas. C-Reactive protein (CRP), an acute phase reac-
tant that reflects low-grade systemic inflammation,
has been studied in a variety of cardiovascular dis-
eases.

Approach: Findings from prospective clinical trials
were examined to determine the prognostic utility of
CRP in acute coronary syndromes, and observations
from epidemiological studies were reviewed to deter-
mine the ability of CRP to predict future first coronary
events. The analytical considerations of CRP measure-
ment in these clinical applications were also examined.
Content: In patients with established coronary disease,
CRP has been shown to predict adverse clinical
events. In addition, prospective studies have consis-
tently shown that CRP is a strong predictor of future
coronary events in apparently healthy men and
women. The relative risk associated with CRP is
independent of other cardiovascular disease risk fac-
tors. High-sensitivity CRP (hs-CRP) assays are needed
for risk assessment of cardiovascular disease. Such
assays are currently available but may require further
standardization because patients’ results will be in-
terpreted using population-based cutpoints. Preven-
tive therapies to attenuate coronary risk in individu-
als with increased hs-CRP concentrations include
aspirin and statin-type drugs.

Summary: hs-CRP has prognostic utility in patients
with acute coronary syndromes and is a strong indepen-
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dent predictor of future coronary events in apparently
healthy subjects.
© 2001 American Association for Clinical Chemistry

Coronary heart disease (CHD)® is the major cause of death
in the developed world. Atherosclerosis, the underlying
cause of most CHD, is a process that starts early in life and
progresses slowly and silently for decades. The clinical
manifestation usually occurs in the form of myocardial
infarction (MI), stroke, angina, or sudden death between
ages 50 and 60 years in men and between 60 and 70 years
in women. Cholesterol screening has been used as a tool
to identify individuals who are at increased risk of devel-
oping future coronary events. Although this approach has
been useful, it fails to identify almost one-half of the 1.3
million individuals who develop MI in the US each year
who have either normal or only moderately increased
serum cholesterol concentrations.

Laboratory and clinical evidence has demonstrated
that atherosclerosis is not simply a disease of lipid depos-
its. Rather, systemic inflammation also plays a pivotal role
in atherothrombotic inception and progression (1-3).
Mononuclear cells, macrophages, and T lymphocytes are
prominent in atheromatous plaques in the arterial wall
(4-7). Furthermore, the shoulder region of a plaque, the
most vulnerable site for rupture in acute coronary syn-
dromes, is heavily infiltrated with inflammatory cells
(8-10). Cytokines, which cause the de novo hepatic
production of acute phase reactants such as C-reactive
protein (CRP) (11), have been shown to increase in acute
coronary syndromes even in the absence of myocardial
necrosis (12). Therefore, CRP has been examined as a
surrogate marker of other inflammatory mediators such
as interleukin-6 and tumor necrosis factor-a to better
understand the inflammatory component of atherosclero-

¢ Nonstandard abbreviations: CHD, coronary heart disease; MI, myocar-
dial infraction; hs-CRP, high-sensitivity C-reactive protein; RR, relative risk;
95% CI, 95% confidence interval; CARE, Cholesterol and Recurrent Events;
MREFIT, Multiple Risk Factors Intervention Trial; PHS, Physicians’ Health
Study; PVD, peripheral vascular disease; WHS, Women’s Health Study; TC,
total cholesterol; HDL-C and LDL-C, HDL- and LDL-cholesterol.
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sis (13,14). Current knowledge, however, suggests that
the CRP concentration might reflect the vulnerability of
the atheromatous lesion and the likelihood of a plaque to
rupture (2,3,15). This acute phase reactant has been
studied over the last several years in a wide variety of
atherosclerotic diseases (12, 16-20). Its prognostic utility
in acute coronary syndromes (12, 16-20) and its ability to
predict future coronary events in apparently healthy men
and women (21-30) have been demonstrated. The devel-
opment of high-sensitivity CRP (hs-CRP) assays has been
instrumental in exploration of the role of this acute phase
reactant in predicting first cardiovascular events. Prospec-
tive studies have consistently demonstrated a positive
association between hs-CRP and future coronary events.
For hs-CRP to make the transition from clinical research
to the routine clinical setting, however, several important
issues must be satisfactorily addressed: (a) the availability
of population-based cutpoints for interpretation and risk
assessment; (b) the existence of potential therapeutic mo-
dalities; and (c) the reliability of the analytical systems
used for measurement.

hs-CRP as a Prognostic Indicator in

Acute Coronary Syndromes
Several studies have demonstrated that hs-CRP, mea-
sured at either presentation or discharge, may have prog-
nostic value in patients with acute coronary syndromes.
Some reports have also examined the risk stratification of
patients by hs-CRP alone or in combination with cardiac
troponins.

Liuzzo et al. (12) showed that in 31 patients with
severe unstable angina and no evidence of myocardial
necrosis, as documented by the absence of increased
cardiac troponin T, hs-CRP concentrations >3 mg/L at
admission were associated with an increased incidence of
recurrent angina, coronary revascularization, MI, and
cardiovascular death. The same group later demonstrated
that hs-CRP >3 mg/L at discharge in 53 unstable angina
patients was associated with increased readmission for
recurrent instability and MI (16). In a similar study of
unstable angina, Ferreiros et al. (18) concluded that the
prognostic value of hs-CRP measured at discharge was
better than that determined at admission in predicting
adverse outcome at 90 days. Furthermore, hs-CRP was the
strongest independent predictor of adverse events in
multivariate analysis. Data from the Thrombolysis In
Myocardial Infarction 11A (TIMI 11A), a study of unstable
angina and non-Q-wave MI, showed that markedly in-
creased hs-CRP (15.5 mg/L) at presentation in 437 pa-
tients was a good predictor of 14-day mortality in that
population (19). Furthermore, hs-CRP helped to identify
those patients with negative cardiac troponin T (qualita-
tive rapid bedside method with cutoff of <0.2 ug/L) who
were at increased risk of mortality (19). Morrow et al. (19)
concluded from that study that a strategy for risk strati-
fication using both cardiac troponin T and hs-CRP should
be considered. Similar conclusions were reported in a

follow-up report by the same group using serum amy-
loid A, another acute phase reactant, instead of hs-CRP
(31). A recent report by de Winter et al. (17) showed
that hs-CRP concentrations >5 mg/L at admission in
150 patients with non-ST-elevation acute coronary syn-
dromes were associated with an increased incidence of
major cardiac events within 6 months, regardless of
cardiac troponin I values.

hs-CRP as a Predictor of Future Coronary Events

Over the last 6 years, several prospective studies have
demonstrated that hs-CRP is a predictor of future cardio-
vascular morbidity and mortality among individuals with
known cardiovascular disease. Data from the European
Concerted Action on Thrombosis and Disabilities (ECAT)
Angina Pectoris Study Group, a study of 2121 men and
women with stable and unstable angina, demonstrated
that each standard deviation increase in hs-CRP was
associated with a 45% increase in the relative risk (RR) of
nonfatal MI or sudden cardiac death [95% confidence
interval (95% CI), 1.15-1.83] (20). Similarly, in the Choles-
terol and Recurrent Events (CARE) trial, hs-CRP was a
predictor of recurrent coronary events in men and women
who had already suffered a MI (32). Those with hs-CRP
concentrations in the highest quintile had an 80% higher
chance of developing another coronary event within the
5-year study period (RR = 1.77; 95% CI, 1.1-2.9). There-
fore, hs-CRP has the potential to be used in the stratifica-
tion of patients into high- and low-risk groups.

Perhaps of greater clinical importance is the demon-
stration that hs-CRP concentrations predict first MI and
stroke. To date, 10 prospective studies, 6 in the US and 4
in Europe, have consistently shown that hs-CRP is a
powerful predictor of future first coronary event in ap-
parently healthy men and women (Fig. 1). Findings from
the Multiple Risk Factors Intervention Trial (MRFIT)
demonstrated a direct positive association between hs-
CRP and CHD mortality in men followed over a 17-year
period (RR = 2.8; 95% CI, 1.4-5.4) (22). This relationship,
however, was evident only among smokers. A similar
association between hs-CRP and future coronary events
was noted in the Cardiovascular Health Study and Rural
Health Promotion Project, which included men and
women over 65 years of age with subclinical cardiovas-
cular disease (26). The Physicians’ Health Study (PHS)
demonstrated similar positive association between hs-
CRP and future coronary events in apparently healthy
men (23). Unlike the observation in MRFIT, however, this
association was evident in both smokers and nonsmokers.
This study showed that those in the highest quartile of
hs-CRP had a twofold higher risk of future stroke (RR =
1.9; 95% (I, 1.1-3.3), threefold higher risk of future MI
(RR = 2.9; 95% CI, 1.8-4.6), and fourfold higher risk of
future peripheral vascular disease (PVD; RR = 4.1; 95%
Cl, 1.2-6.0) (23,28). The RRs were stable over a long
period of time (=6 years) and independent of other CHD
risk factors. The European MONICA (Monitoring Trends
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Fig. 1. Prospective studies of hs-CRP as a risk factor for future cardiovascular disease in populations of apparently healthy men and women.
RR estimates (M) and 95% Cls (lines) are computed for those in the top compared with the bottom quartile. Data from Refs. (21-30).

and Determinants in Cardiovascular Disease) Augsburg
study showed that an increase of one standard deviation
in the log-transformed value of hs-CRP was associated
with a 50% increase in coronary risk and that subjects
with hs-CRP concentrations in the highest quintile had a
2.6-fold higher risk of developing future coronary events
(21). A recent report from the Helsinki Heart Study
confirmed these observations and demonstrated that
those in the highest quartile of hs-CRP had a more than
threefold higher risk of future MI or cardiac death (RR =
3.56; 95% CI, 1.93-6.57) (27).

Two reports from the Women’s Health Study (WHS)
showed that hs-CRP is a strong predictor of future car-
diovascular events in women (RR = 4.4; 95% CI, 2.2-8.9)
(24, 25). In stratified analyses, hs-CRP continued to be a
strong predictor of future cardiovascular events even
among subgroups of women with no history of hyperlip-
idemia, hypertension, smoking, diabetes, or family his-
tory of CHD (25). The hs-CRP concentrations seen in
these postmenopausal women were somewhat higher
than those reported previously in men. Although no
difference in hs-CRP values was noted between premeno-
pausal women and age-matched males, recent reports
showed that hormone replacement therapy (estrogen
alone or estrogen and progestin) is associated with in-
creased hs-CRP concentrations (33, 34). These findings
suggest that the increased hs-CRP seen in the WHS
subjects may reflect the influence of hormone replacement
therapy rather than the effect of gender.

Predictive Value of hs-CRP and Other Biochemical Markers
for CHD Risk
The RR estimates derived from most of the above-men-
tioned prospective studies were independent of other
recognized cardiovascular risk factors. Data from both the
PHS (35) and WHS (24 ) showed that the predictive value
of hs-CRP was significantly higher than that associated
with traditional biochemical CHD risk markers [total
cholesterol (TC), HDL-cholesterol (HDL-C), and LDL-
cholesterol (LDL-C)] or novel markers [lipoprotein(a),
homocysteine, apolipoproteins Al and B]. In women, for
example, the univariate RR of future cardiovascular
events presented in Fig. 2 demonstrate that hs-CRP was
the single strongest predictor of risk (RR = 4.4; 95% CI,
2.2-89). In comparison, LDL-C, a well-established
marker of CHD, was a lesser predictor of future risk
(RR = 2.4;95% CI, 1.3—4.6). Furthermore, in a multivariate
analysis that accounted for other CHD risk factors (obe-
sity, hypertension, diabetes, family history), only hs-CRP
and the ratio of TC to HDL-C had independent predictive
value. In the same study of postmenopausal women (24),
hs-CRP was shown to predict risk among those with
LDL-C values <1300 mg/L, a concentration deemed
“desirable” by the current National Cholesterol Education
Program guidelines for primary prevention. In this sub-
group (mean LDL-C, 1040 mg/L), the RRs of future MI,
stroke, and coronary revascularization in the lowest to the
highest quartiles of hs-CRP were 1.0, 2.4, 2.9, and 4.1,
respectively (95% CI for the 4th vs 1st quartile, 1.7-11.3).
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Lp(a) T
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IL-6 {5
TC {5
Fig. 2. RRs for future cardiovascular events among | pLC =
apparently healthy women in the WHS according to
baseline values of several biochemical markers. sICAM-1 {iil
For consistency, risk estimates (M) and 95% Cls (/ines) are SAA -
computed for those in the top compared with the bottom
quartile for each marker. Lp(a), lipoprotein(a); tHCY, total A B
homocysteine; IL-6, interleukin-6; sICAM-1, soluble intercel- po -
lular adhesion molecule-1; LDLC, LDL-C; SAA, serum amy-
loid A; Apo B, apolipoprotein B; HDLC, HDL-C. Adapted from TC: HDLC .
Ridker et al. (24).
hs-CRP [ >
hs-CRP + TC: HDLC = >
0 1.0 2.0 4.0 6.0

After adjustment for other CHD risk factors and concen-
tration of HDL-C, the RR associated with hs-CRP re-
mained highly significant (RR = 3.1; 95% CI, 1.1-8.3) and
increased ~39% with each increasing quartile of hs-CRP.
This study thus demonstrated that hs-CRP can identify
individuals at increased risk of developing future coro-
nary events who otherwise would be missed if only lipid
measurements were used. Other examined markers of
inflammation, e.g., serum amyloid A, interleukin-6, and
soluble intercellular adhesion molecule-1, showed consis-
tent association but a slightly weaker RR of future coro-
nary events.

The predictive value of hs-CRP in men and women
increased considerably when evaluated in models that
included lipid values. Data from the PHS demonstrated
that, compared with those with TC and hs-CRP below the
75th percentile, those with increased TC alone had a
2.3-fold increase in risk (95% CI, 1.5-3.7), whereas those
with increased hs-CRP alone had a 1.5-fold increase in
risk (95% CI, 0.9-2.4) (35). In contrast, the risk of devel-
oping coronary events increased 5-fold (95% CI, 2.5-9.8)
among those with high concentrations of both TC and
hs-CRP. Therefore, the joint effects of both risk factors are
greater than the product of the individual effects of each
risk factor considered alone. Furthermore, when the study
participants were stratified according to quintile of hs-
CRP and quintile of TC:HDL-C ratio, the RR of first
coronary event in those in the highest quintiles of both
hs-CRP and TC:HDL-C ratio was approximately ninefold
higher than that of men in the lowest quintiles of these
analytes. Data from the WHS demonstrated similar find-
ings such that women in the highest quintile of both
hs-CRP and TC:HDL-C ratio had a RR more than eight-
fold higher than that of women in the lowest quintiles
(Fig. 3). In all of these analyses, risk prediction models

Relative Risk of Future Cardiovascular Events

that incorporated lipids were significantly better (P
<0.001) than those based on hs-CRP alone (24).

Interpretation of hs-CRP Values

For the purpose of assessing risk of future first coronary
events, hs-CRP concentration should be interpreted using
cut points established by prospective clinical studies. Each
patient will be classified into a quintile of risk, depending
on the hs-CRP concentration. Therefore, the reporting of
hs-CRP results focuses on the quintile of risk and not on
the actual mass concentration.

The within-person biologic variability of hs-CRP is low
over a long period of time (36). Laboratory measurements
on paired samples obtained from 236 subjects at baseline
and 5 years later showed that an individual’s log-normal-
ized hs-CRP concentrations are highly correlated (r =
0.60). Somewhat comparable correlation coefficients were
noted for TC (r = 0.37), LDL-C (r = 0.32), HDL-C (r =
0.74), and triglycerides (r = 0.49) over the 5-year fol-
low-up period. This finding lends further support to the
fact that hs-CRP is a good and biologically stable predic-
tor of future MI despite the fact that it is an acute phase
reactant, providing that the patient is not suffering from
an active infection or using a drug that affects hs-CRP
concentration. hs-CRP values >15 mg/L (~99th percen-
tile of the general population) indicate an active inflam-
mation; patients should be advised to have a repeat
measurement in 2-3 weeks or after the infection in re-
solved.

As indicated earlier, models containing both hs-CRP
and TC or the TC:HDL-C ratio were better able to predict
future first coronary events than those containing hs-CRP
alone. The RRs of future first coronary events for men and
women as well as lipid concentrations were computed in
quintiles from the PHS and WHS databases, respectively,
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Fig. 3. RRs of first coronary event among apparently healthy men (left) and women (right) associated with different hs-CRP concentrations and

TC:HDL-C ratios.
Adapted from Ridker and co-workers (23, 24).

and are presented in Fig. 3. Because the computed RRs
did not vary significantly between men and women, a
single risk assessment algorithm is suggested for both
genders (Table 1) (37). The hs-CRP concentrations were
derived from ongoing population-based surveys. It is
important to note that it is not necessary in this case to
report the actual hs-CRP concentration to the clinician but
only the patient’s RR. The clinical laboratory should play
an active role in the interpretation and implementation of
this clinical application. Providing incomplete informa-
tion or just the actual hs-CRP concentration will only
frustrate and prevent the clinician from correctly inter-
preting the data and managing the patient.

Potential Preventive Therapies
Although no specific therapies have been developed to
decrease hs-CRP and there is no direct evidence that risk
of future cardiovascular events is diminished by reducing
hs-CRP, studies have shown that aspirin (23) and prava-

statin (32) are effective in decreasing the incidence of
future coronary events in those with increased hs-CRP
concentration. These studies suggest that the two exam-
ined drugs possess antiinflammatory characteristics.

Among apparently healthy men in the PHS with in-
creased hs-CRP (>2.1 mg/L), aspirin use decreased the
risk of future MI by almost 60% (23). In contrast, aspirin
use was associated with a much smaller, although statis-
tically significant, 14% decrease in future MI among men
with low hs-CRP (<0.55 mg/L). Although the magnitude
of reduction in future risk of MI depended on the concen-
tration of hs-CRP, it is important to note that all subjects
benefited from aspirin use. These findings suggest that
aspirin was acting not only as an antiplatelet agent but
also as an antiinflammatory drug.

Similar findings were also noted with pravastatin use
in the CARE study (32). As indicated earlier, CARE is a
prospective study of men and women with average lipid
concentrations who have suffered an MI. Participants

Table 1. RR estimates for future coronary events in men and women associated with quintiles of
hs-CRP and TC:HDL-C ratio.?

Quintile of hs-CRP, mg/L

1 2 3 4 5
Men Women (<0.7) (0.7-1.1) (1.2-1.9) (2.0-3.8) (3.9-15.0)
Quintile of TC:HDL-C ratio
1 <3.4 <3.4 1 1.2 1.4 1.7 2.2
2 3.4-4.0 3.4-4.1 1.4 1.7 2.1 2.5 3
3 4.1-4.7 4.2-4.7 2 2.5 2.9 3.5 4.2
4 4.8-5.5 4.8-5.8 2.9 3.5 4.2 5.1 6
5 >5.5 >5.8 4.2 5 6 7.2 8.7

2 RR estimates and TC:HDL-C ratio were derived from the PHS (23) and the WHS (24) databases. hs-CRP concentrations were derived from ongoing population-based

surveys.
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were randomized between 40 mg of pravastatin per day
and placebo and followed for 5 years (38). Study partici-
pants with high hs-CRP (>9.9 mg/L or 90th percentile) at
baseline experienced a reduction of 54% in the incidence
of recurrent coronary events compared with a reduction
of 25% in those with low hs-CRP (<9.9 mg/L or 90th
percentile), although baseline lipid values were almost
identical in the two groups. Moreover, during the 5-year
follow-up, pravastatin lowered mean hs-CRP by almost
40%. This represented a 22% difference at 5 years in
median hs-CRP between the pravastatin and placebo
groups. Furthermore, the magnitude of change in hs-CRP
appeared to be unrelated to that of LDL-C in both the
pravastatin and placebo groups. These findings suggest
that pravastatin may have antiinflammatory characteris-
tics that are independent from its lipid-lowering property.
Clinical trials are currently ongoing to further explore the
interaction between pravastatin, aspirin, and the inflam-
matory response in primary and secondary prevention
settings.

Interrelationships with Other CHD Risk Factors
Several CHD risk factors appear to modulate the inflam-
matory response and affect hs-CRP concentration. Obe-
sity, for example, is directly associated with increased
hs-CRP concentrations, an intriguing observation consid-
ering that interleukin-6, the primary stimulant of the de
novo hepatic synthesis of CRP, is secreted by adipose
tissue (39, 40). Therefore, the attenuation of the inflamma-
tory response may represent a mechanism by which diet
and weight loss reduce cardiovascular risk. Cigarette
smoking has also been shown to increase the concentra-
tion of several inflammatory markers, including hs-CRP,
interleukin-6, and soluble intercellular adhesion mole-
cule-1. Increases of both interleukin-6 (41) and soluble
intercellular adhesion molecule-1 (42) were shown to be
associated with increased risk of future first coronary
events in both men and women. Smoking cessation de-
creases these markers. Diabetic patients are reported to
have increased hs-CRP values (43); In this regard, links
between hs-CRP and the insulin resistance syndrome
have also been reported (44). In addition, experimental
findings suggest that increased blood pressure promotes
endothelial expression of cytokines and inflammatory
activation (6, 45, 46 ). These observations suggest that per-
haps better control of diabetes and hypertension may
attenuate the contribution of the inflammatory response
to overall cardiovascular risk. Finally, physical exercise
has been shown to have a beneficial effect in terms of
reducing the concentration of several inflammatory mark-
ers (47,48). Taken together, the available evidence thus
supports the hypothesis that hs-CRP concentrations cor-
relate with endothelial dysfunction (49).

Analytical Considerations in the Measurement of hs-CRP
Historically, CRP has been measured in clinical laborato-
ries by immunoturbidimetric and immunonephelometric

assays designed to detect active inflammation and infec-
tion. The dynamic range of these assays spans from 3
mg/L (~90th percentile of the general population) to well
over 200 mg/L. Such traditional assays, however, do not
have appropriate sensitivity in the range required for the
determination of cardiovascular risk in apparently
healthy men and women.

To achieve the desired limit of quantification, manu-
facturers and investigators have continued to use immu-
nochemical techniques in their attempts to measure hs-
CRP, but with modifications to increase the detectable
signal. Several approaches have been used, including the
labeling of anti-CRP antibodies with either an enzyme
(ELISA) or a fluorescent compound, and attaching the
antibodies, either monoclonal or polyclonal, to polysty-
rene beads (50-55). The latter approach was popular
among manufacturers because it enabled the adaptation
to commonly used automated analyzers in clinical chem-
istry laboratories. Currently, hs-CRP concentrations as
low as 0.15 mg/L (<2.5th percentile of the general pop-
ulation) can be reliably measured. It is important to note,
however, that not all hs-CRP assays possess a similar
sensitivity or lower limit of quantification (56). For prac-
tical considerations, it is advisable to have a single CRP
assay in the clinical laboratory that is capable of measur-
ing low and high concentrations. However, if that is
impossible, clinicians should be aware of the availability
of two different CRP assays and request hs-CRP for
cardiovascular risk prediction purpose.

Because the hs-CRP value of an individual patient is
interpreted in the context of cutpoints established by
prospective clinical studies, standardization of hs-CRP
assays is crucial. Poor agreement among methods will
lead to misclassification and mismanagement of patients.
Recent reports have indicated that the measurement of
low hs-CRP concentrations is not consistent among vari-
ous methods, suggesting that standardization efforts are
needed (51, 56). In one case where a significant bias was
noted between two methods (51), the manufacturers of
both reagent systems claimed to have their calibrators
traceable to the WHO reference materials. Unfortunately,
this is not an unusual occurrence. Although manufactur-
ers attempt to standardize their assays using the WHO
calibrators, they often fail to follow the appropriate value
transfer protocol from the reference materials to their own
calibrators (57). Invariably, this leads to suboptimal stan-
dardization.

An in-house hs-CRP ELISA method (52), utilizing
polyclonal antibodies from Calbiochem, was used in
MRFIT, the Cardiovascular Health Study, and the Rural
Health Promotion Project as well as in the early work
from the PHS. The analytical performance and clinical
efficacy of the ELISA assay were compared with those of
an automated and commercially available latex-enhanced
method (Dade Behring) (51) used at present in several
prospective studies, including the PHS, WHS, Women's
Health Initiative, Nurses” Health Study, Health Profes-
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sionals’ Study, and Texas/Air Force Coronary Atheroscle-
rosis Prevention Study (58). The two assays were evalu-
ated using plasma samples from the PVD cohort of the
PHS in a nested case-control design. Excellent analytical
agreement between the two methods was reported
(slope = 0.99; intercept = 0.36 mg/L; r = 0.95) (58). In
addition, for both methods, the calculated RRs of devel-
oping future PVD increased significantly with each in-
creasing quartile of hs-CRP. The calculated interquartile
increase in RR of PVD was 31% (95% CI, 5.2-62.2) for the
ELISA and 34% (95% CI, 8.2—-66.1) for the latex-enhanced
method. Furthermore, all but two participants were clas-
sified into concordant quartiles or varied by only one
quartile. This study demonstrated comparable clinical
efficacy of the two methods and linked the earlier and the
current data, thus assuring consistency among reported
hs-CRP values. On the basis on this report, the US Food
and Drug Administration approved the use of this latex-
enhanced method in the risk assessment of cardiovascular
disease. Therefore, this latex-enhanced method is usually
used as the reference procedure when comparison studies
of various hs-CRP assays are conducted. At present, only
a few hs-CRP methods are commercially available. How-
ever, several assays are currently under development or
evaluation and are expected to be available for routine
clinical use in the very near future.

CONCLUSION

hs-CRP is a very promising novel biochemical marker for
the prediction of future first or recurrent coronary events.
American and European prospective studies have been
highly consistent regarding the ability of hs-CRP to pre-
dict future CHD risk in both men and women. Potential
preventive therapeutic modalities to attenuate coronary
risk in those with increased hs-CRP concentrations have
been suggested. The potential use of hs-CRP as a means to
improve the cost-to-benefit ratio in statin therapy is
currently under investigation. Although standardization
of hs-CRP measurement at the lower concentration range
among various methods should be addressed, a robust
and Food and Drug Administration-approved method is
currently available. Several other sensitive assays are
under development and are expected to be commercially
available soon.
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Inflammatory Cytokines Stimulated C-Reactive
Protein Production by Human Coronary Artery
Smooth Muscle Cells

Paolo Calabro, MD; James T. Willerson, MD; Edward T.H. Yeh, MD

Background—Serum C-reactive protein (CRP) levels are good predictors of the development of cardiovascular events in
apparently healthy men and women. CRP has been believed to be produced exclusively by hepatocytes during the
acute-phase response. Several lines of evidence have suggested that atherosclerotic arteries can also produce CRP.
However, the cell types that produce CRP locally in the atherosclerotic arterial wall have not been clearly identified.

Methods and Results—Human coronary artery smooth muscle cells (HCASMCs) and human umbilical vein endothelial
cells (HUVECSs) were incubated with interleukin-13 (IL-18), IL-6, their combination, tumor necrosis factor-a (TNF-a),
or lipopolysaccharide (LPS) at different concentrations. The supernatants were concentrated and analyzed by a
high-sensitivity enzyme-linked immunosorbent assay specific for human CRP. RNA was extracted from the HCASMCs
for reverse transcriptase—polymerase chain reaction (RT-PCR) using specific primers for the CRP. Maximal CRP
production was observed in HCASMCs after 48 hours of incubation with the combination of 25 ng/mL of IL-18 and
10 ng/mL of IL-6, whereas incubation with IL-13 or IL-6 alone only modestly induced CRP. Incubation with TNF-«
(50 ng/mL) or LPS (1000 EU/mL) resulted in an increase in CRP production comparable to the IL-18 and IL-6
combination. The induction of CRP in HCASMCs was independently confirmed by RT-PCR comparing the relative
CRP mRNA levels. The induction of CRP production by HCASMCs was not reproduced in HUVECs, however.

Conclusions—These results demonstrated that HCASMCs, but not HUVECs, could produce CRP in response to
inflammatory cytokines. The locally produced CRP could directly participate in atherogenesis and the development of
cardiovascular complications. (Circulation. 2003;108:1930-1932.)

Key Words: atherosclerosis m inflammation m muscle, smooth m interleukins m risk factors

C -reactive protein (CRP), a marker of inflammation, is an
important predictor of future cardiovascular events in
apparently healthy men and women'-* and could directly
participate in the pathogenesis of atherosclerosis through
activation of endothelial cells.>-* CRP, named for its capacity
to bind to the C-polysaccharide of Streptococcus pneu-
moniae, was the first acute-phase protein to be described.!?
CRP, like other acute-phase proteins, is synthesized by the
liver in response to microbial infection, tissue injury, and
autoimmune disorders. It had been shown that interleukin-183
(IL-1B) and IL-6 strongly induced the expression of CRP in
human hepatocytes!! and hepatoma cells.!?> Recently, human
neuronal cells were found to produce CRP in Alzheimer’s
disease.!® In addition, renal cortical tubular epithelial cells
were shown to produce CRP after inflammatory stimuli.!*
Interestingly, CRP has also been found in human atheroscle-
rotic plaques,'> which could be the result of indirect deposit
from circulating cells or direct production by cells in the

arterial wall. We show that human coronary artery smooth
muscle cells (HCASMCs), but not human umbilical vein
endothelial cells (HUVECsS), can synthesize CRP after stim-
ulation by inflammatory cytokines.

Methods

Cell Culture

HCASMCs, HUVECs, and endothelial cell supplements were pur-
chased from Cascade Biologics; penicillin, streptomycin, medium
231, medium 199, and smooth muscle cell growth supplement were
from Gibco BRL; and fetal bovine serum, human serum, heparin,
and gelatin were obtained from Sigma. HCASMCs were plated onto
0.1% gelatin-coated culture dishes from Corning, Inc, and grown in
231 medium with growth supplement and 1% penicillin/streptomy-
cin; HUVECs were plated onto 0.1% gelatin-coated culture dishes
and grown in 199 medium with endothelial growth supplement,
heparin, antibiotics, and 15% fetal bovine serum. Cells were used at
passage 5 to 7.
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CRP Assays

CRP level in the cell supernatant was measured using a commercial
enzyme-linked immunosorbent assay (ELISA) kit specific for human
CRP (Diagnostic System Laboratories) according to the manufactur-
er’s directions. The minimum detectable concentration of the assay
was 1.6 ng/mL. All the experiments were performed in triplicate.
Cells were cultured in 6-well plates until 80% to 90% confluent and
were incubated for 48 hours with recombinant human IL-18 (R&D
Systems) (25 ng/mL), recombinant human IL-6 (R&D Systems) (10
ng/mL), their combination, recombinant human tumor necrosis
factor-a (TNF-a) (R&D Systems) (50 ng/mL), or lipopolysaccharide
(LPS) derived from Escherichia coli O113:H10 (Associates of Cape
Cod, Inc) (1000 EU/mL); the culture supernatants were then con-
centrated (=10 times) using centrifugal filter units (Millipore) and
assayed for CRP.

CRP mRNA Expression

Cells cultured in 60-mm plates were incubated for 48 hours with 25
ng/mL IL-13, 10 ng/mL IL-6, their combination, 50 ng/mL TNF-«,
and 1000 EU/mL LPS, and total cellular RNA was extracted by
Trizol reagent. Reverse-transcriptase polymerase chain reaction
(RT-PCR) was performed with the Access RT-PCR System (Pro-
mega) according to the manufacturer’s directions. For each reaction,
1 pg of total RNA served as a template. For amplification, a primer
pair specific for human CRP (forward, TCGTATGCCACCAA-
GAGACAAGACA; reverse AACACTTCGCCTTGCACT-
TCATACT; GenBank accession No. M11725) was used. These
primers were designed to yield a product of 440 bp after 40
amplification cycles. In all experiments, control reactions were
performed substituting sterile nuclease-free water for the RNA
template in the reaction. Glyceraldehyde-3-phosphate dehydroge-
nase (GADPH) was amplified as a reference for quantification of
CRP mRNA. The RT-PCR products were visualized on 1% agarose
gel with ethidium bromide.

Results

CRP Production by HCASMCs, but Not

by HUVECs

The results of CRP released into the media and the CRP
mRNA levels in HCASMCs after treatment with inflamma-
tory cytokines were shown in Figures 1 and 2, respectively.
As shown in Figure 1A, CRP production was minimal
without stimulation, and incubation of HCASMCs with 50
ng/mL of IL-183 or 10 ng/mL of IL-6 alone led to a small but
significant induction. Maximal CRP production was observed
after the combination of the 2 cytokines (Figure 1B). TNF-«
or LPS also induced a similar level of CRP production and
showed a dose-responsive relationship (Figure 1C). In con-
trast, CRP production could not be detected in HUVECsS after
similar stimulation protocols (data not shown). To confirm
the results of CRP protein production in HCASMCs, we also
assayed the mRNA levels in HCASMCs by RT-PCR. Figure
2 shows CRP mRNA levels in HCASMC:s after the different
treatments. IL-1 3 plus IL-6 combination caused a significant
increase in CRP mRNA level compared with baseline.
Treatment with LPS and TNF-« also upregulates the CRP
mRNA levels. The RT-PCR amplified band was confirmed to
be authentic CRP by direct sequencing.

Discussion
CRP has been shown to be an excellent predictor of future
cardiovascular events in apparently healthy men and wom-
en.>* This could be in part the result of some of the biological
properties of CRP such as its stability, lack of diurnal
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Figure 1. Effect of cytokine and LPS treatment on CRP protein
production in HCASMCs. HCASMCs were incubated with differ-
ent stimuli for 48 hours and supernatants were analyzed for
CRP. Data represent a mean=SD. This has also been repeated
3 times. Statistically significant CRP productions (P<<0.05) were
indicated by an asterisk. The data were analyzed using one-way
analysis of variance followed by the Scheffe test for multiple
comparisons.

variation, and lack of influence of gender and age.'® How-
ever, accumulating evidence also points to the possibility that
CRP is a direct participant in vascular inflammation.'® One of
the outstanding unresolved issues in this field is the source of
CRP production in humans. It has been previously assumed
that hepatocytes are the only source of CRP production
during the acute-phase response. During the acute-phase
reaction, serum CRP levels often increase up to 100 or 200
ng/mL; however, the level of serum CRP that is useful for
predicting cardiovascular risk is 1 to 3 wg/mL. In fact,
patients with serum CRP levels >10 pwg/mL should have the
test repeated at a late date to exclude infection, autoimmune
diseases, or malignancy.!” Thus, we sought to identify an-
other source of CRP production that could help explain the
lower level of CRP useful for cardiovascular risk prediction.

We show that CRP is produced by HCASMCs, but not by
HUVEC S, after exposure to inflammatory cytokines. This
locally produced CRP could play an important role in the
activation of endothelial cells.>® Two studies have shown
that both epithelial cells of the respiratory tract and renal
epithelium produce CRP.!+!8 Moreover, neuronal cells also
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Figure 2. Effect of cytokine and LPS treatment on mRNA levels
in HCASMCs. HCASMCs were incubated with different stimuli
for 48 hours and CRP mRNA expression assessed by RT-PCR.
This has also been repeated 3 times. Statistically significant
CRP productions (P<0.05) were indicated by an asterisk. The
data were analyzed using one-way analysis of variance followed
by the Scheffe test for multiple comparisons.

seem to be capable of synthesizing acute-phase reactants
involved in the pathogenesis of neurodegenerative disease.'?
These studies expand the variety of cell types that could
participate in CRP production; however, relevance of these
observations to the pathogenesis of atherosclerosis is doubt-
ful. CRP has been observed to colocalize with the terminal
complement complex in atherosclerotic plaques.!® In this
report, however, the authors suggested that CRP is deposited
from circulating CRP produced by the liver instead of local
synthesis. In contrast, work by Yasojima et al.'> suggested
that cells in the arterial wall synthesize CRP. Using in situ
hybridization techniques, the authors showed that elongated
muscle-like cells inside the atherosclerotic plaque were pos-
itive for CRP. Our findings, thus, provide a direct demon-
stration that HCASMCs, but not HUVECs, are a source of
locally produced CRP in the arterial wall. The locally
produced CRP can directly participate in atherogenesis and
the development of cardiovascular complications.

Isolated human hepatocytes can produce 10 times more
CRP compared with control after stimulation.?® Human hep-
atoma cell line HepG2 is able to produce CRP =~4-fold
compared with control in conditions similar to those used in
our experiments.?! Another hepatoma cell line Hep3B stim-
ulated with conditioned medium (generated by stimulating
peripheral blood mononuclear cell with LPS at a dose of 1
pg/mL for 24 hours) showed an ~50-fold increase in CRP
mRNA compared with unstimulated cells.'* Thus, CRP
productions by human coronary artery smooth muscle cells is
less robust than those produced by the liver. This could partly
account for the lower serum level of CRP (1 to 3 mg/L) useful

for cardiovascular risk prediction and the high level of CRP
(>10 mg/L) observed during the acute-phase response.
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A Simple Test to Help Predict Risk of Heart Attack and Stroke

Paul M Ridker, MD, MPH

f the 1.5 million heart attacks
Oand 600 000 strokes that occur

in the United States each year,
amost half will affect apparently
healthy men and women with normal
or even low cholesterol levels. Older
age, smoking, diabetes, and high blood
pressure all contribute to risk of heart
disease. However, you may well have
family members or friends who suffer
from heart disease yet have few, if any,
of these traditional risk factors.

In an effort to better determine risk
of heart disease and prevent clinical
events, many physicians have begun to
measure C-reactive protein (CRP) as a
routine part of global risk assessment.
This inexpensive and simple approach
to heart disease evaluation has recently
been endorsed by both the Centers for
Disease Control and Prevention and by
the American Heart Association.
When measured with new “high sensi-
tivity” CRP assays, levels of CRP less
than 1, 1 to 3, and greater than 3 mg/L
(milligrams per liter) discriminate be-
tween individuals with low, moderate,
and high risk of future heart attack and
stroke. CRP testing, however, is not a
replacement for cholesterol evaluation.
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Rather, CRP testing should be used
along with cholesterol and other tradi-
tional risk factorsto determineindivid-
ual risk. Evidence aso indicates that
individuals with high CRP levelsare at
increased risk of developing diabetes.
This Cardiology Patient Page explains
the clinical use of CRP and suggests
methods for prevention of heart dis-
ease for patients found to have ele-
vated levels of CRP.

What Is CRP?

CRP is a critical component of the
immune system, a complex set of pro-
teins that our bodies make when faced
with a magjor infection or trauma. CRP
was discovered nearly 70 years ago by
scientists exploring the human inflam-
matory response. The role CRP plays
in heart disease, however, has only
recently been uncovered.

Everyone makes CRP, but in differ-
ent amounts depending on a variety of
factors, including genetics as well as
lifestyle habits. On average, individu-
als who smoke, have high blood pres-
sure, are overweight, and fail to exer-
cise tend to have high levels of CRP,
whereas thin, athletic individuals tend

to have lower levels. Nonetheless, al-
most half of the variation in CRP
levels between different people is in-
herited and thus reflects levels that
your parents and grandparents have
passed on to you through their genes.
Thisis not surprising given the funda-
mental role that CRP plays in inflam-
mation, an extremely important pro-
cess for wound healing, for warding
off bacteria and viruses, and for many
key processes critical for survival. Re-
search over the past decade has shown
that too much inflammation in some
circumstances can have adverse ef-
fects, particularly on the blood vessels
that carry oxygen and nutrients to all
the tissues of the body. Scientists now
understand that atherosclerosis (the
process that leads to cholesterol accu-
mulation in the arteries) is in many
ways an inflammatory disorder of the
blood vessels, just as arthritis is an
inflammatory disorder of the bones
and joints.

Many studies have found that
blood markers that reflect the inflam-
matory process are elevated among
individuals at high risk for future
heart disease. Inflammation isimpor-
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tant in all phases of heart disease,
including the early initiation of ath-
erosclerotic plaques within the arter-
ies, as well as the acute rupturing of
these plaques that results in heart
attack and, al too often, sudden
death. Until recently, available mark-
ers of inflammation were not suitable
for use in physicians’ offices. By
contrast, CRP isvery stable and quite
easy to measure.

CRP and the Risk of
Cardiovascular Disease
Over a dozen major studies demon-
strate that baseline levels of CRP in
apparently healthy men and women
are highly predictive of future risk of
heart attack, stroke, sudden cardiac
death, and the development of pe-
ripheral arterial disease. Doctors also
know that CRP levels predict recur-
rent coronary events among patients
who already suffer from heart dis-
ease and that the prognosis of pa-
tients in the acute phase of a heart
attack istightly linked to CRP levels.
However, the most important current
use of CRP isin primary prevention,
that is, in the detection of high risk
among individuals not yet known to

have a problem.

Individuals with elevated levels of
CRP have a risk about 2 to 3 times
higher than the risk of those with low
levels. It is important that your physi-
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Figure 2. hs-CRP is a stronger predictor of heart attack and stroke than LDL cholester-
ol. Adapted with permission from Ridker et al (N Engl J Med. 2002;347:1557-1565).°
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cian request a “high-sensitivity” test
for CRP if he or sheis using CRP for
the purpose of cardiovascular risk as-
sessment. This is because older tests
for CRP, which are adeguate for mon-
itoring severe inflammatory condi-
tions, do not have the ability to mea
sure levels accurately within the range
needed for cardiac risk detection. To
remind doctors of this issue, many
outpatient laboratories now specifi-
caly note on the laboratory request
form that the test offered is for “high-
sensitivity CRP” or “hs-CRP.” Like
the cholesterol test, the test for hs-CRP
is nothing more than a simple, inex-
pensive blood test. The easiest way to
assess overall risk—and avoid an ad-
ditional needle stick—is simply to add
a CRP evaluation at the time of cho-
lesterol screening.

Low CRP /Low LDL

Low CRP / High LDL

High CRP / Low LDL

High CRP / High LDL

2 4

Years of Follow-up

Figure 1. Cardiovascular event-free survival based on combined hs-CRP and LDL cho-
lesterol measurements. Adapted from Ridker et al (N Engl J Med 2002;347:1557-1565).°

Why Do | Need Both CRP
and Cholesterol Measured?
Both cholesterol and CRP predict risk,
but you cannot predict your CRP level
on the basis of your cholesterol level
(or vice versa). That is because each of
these blood tests picks up a different
component of the disease process. This
independent and additive effect is
demonstrated in Figure 1, which shows
cardiovascular event-free survival for
initially healthy individuals according
to levels of both CRP and the so-called
“bad cholesterol” or LDL cholesterol.
As shown, the worst survival (highest
risk) is seen among those with high
levels of both LDL and CRP, while the
best survival (lowest risk) is among
those with low levels of both markers.
However, one person in four will bein
the high CRP/low LDL group. Such
individuals are at alevel of risk greater
than that of individuals in the low
CRP/high LDL category. Without
CRP evaluation, such individuals
would be missed if their physicians
relied on cholesterol screening aone.

It isimportant to recognize that high
levels of LDL cholesterol remain a
critical risk factor and that aggres-
sively lowering LDL cholesterol is a
fundamental goal of cardiovascular
disease prevention. However, as
shown in Figure 2, CRP is actually a
stronger overal predictor of heart dis-
ease and stroke than isLDL cholester-
ol. Thus, recent practice recommenda-
tions have been to measure cholesterol
levels and CRP together and to base
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Figure 3. hs-CRP improves risk prediction at all levels of LDL cholesterol. Adapted from
Ridker et al (N Engl J Med 2000;342:836-843).°6

interventions on the combined infor-
mation each provides (see below and
Figure 3).

In many ways, a decision to test for
CRP is similar to the decision to test
for cholesterol; knowledge that levels
are high should motivate you to lose
weight, to diet, to exercise, and to stop
smoking. All of these lifestyle changes
are well known to reduce the risk of
ever getting heart disease, and they all
lower CRP levels.

How Does CRP Compare With
Other “Noved Risk Factors’?
CRP is a powerful predictor of risk,
particularly when combined with cho-
lesterol evaluation. Some physicians
choose to measure CRP aong with a
panel of other “novel” risk factors
including homocysteine and lipopro-
tein(a). Others may €elect to measure
CRP along with more expensive tests
that measure specific cholesterol sub-
fractions. However, in al direct com-
parisons, the predictive value for CRP
has been substantially greater than that
observed for these aternative “novel”
markers of risk. Further, only CRP has
proven to add important prognostic
information to that already available

from standard cholesterol screening.
In some communities, imaging tech-
niques including “whole-body scans’
that detect calcification in the heart
arteries and the aorta have been advo-
cated as screening techniques. While
the presence of calcification does in-
crease cardiovascular risk, such scans
are not recommended by the American
Heart Association and currently are

very expensive. An additional concern
for these imaging techniques is that
results are often misinterpreted by pa-
tients and physicians and can lead to
unnecessary coronary interventions,
including angioplasty and bypass sur-
gery. While CRP levels also have been
shown to add prognostic information
a al levels of coronary calcium, this
information should be used primarily
to motivate at-risk individuals to adopt
more heart-healthy lifestyles, not to
seek aggressive interventional cardiac
procedures.

How Does CRP Affect Diabetes
and the Metabolic Syndrome?
Unlike LDL cholesterol, CRP predicts
not only heart disease, but & so the risk
of developing type 2 diabetes. Individ-
uals with CRP levels greater than 3
mg/L have arisk of getting diabetes 4
to 6 times higher than individuals with
lower levels of CRP. Part of the link
between heart disease and diabetes is
due to inflammation, and for many
patients that inflammation in turn is
the result of obesity, particularly “cen-
tral obesity” or the tendency to put on
weight around the stomach. This is
because fat cells or “adipocytes’ pro-
duce messenger proteins that turn on

the production of CRP itself.

The metabolic syndrome is a condi-
tion known to predispose patients to
diabetes and heart disease. Physicians
classify patients as having the meta-
bolic syndrome if they have at least 3
of the following 5 conditions: low
HDL cholesterol, central obesity, high
triglycerides, increased blood sugar

levels, and high blood pressure. How-
ever, the metabolic syndrome also en-
tails a number of less easily measured
abnormalities that include insulin re-
sistance and problems with blood clot-
ting. CRP levels increase as the num-
ber of components of the metabolic
syndrome increase. Even among indi-
viduas known to have the metabolic
syndrome, CRP levels add important
prognostic information on risk. Thus,
many physicians now also measure
CRP as part of the process of defining
the metabolic syndrome. This practice
is increasingly common among endo-
crinologists and other physicians inter-
ested in the prevention of diabetes as
well as heart disease.

Is CRP Specific for
Cardiovascular Disease?
Because CRP is an “acute-phase reac-
tant” and goes up during major trauma
and infection, some physicians have
worried that CRP testing might be too
nonspecific for clinical use. However,
multiple studies show that CRP, when
measured appropriately with high-
sensitivity assaysin stable individuals,
is quite specific for the prediction of
future cardiovascular events. In one
recent study, elevated CRP levels were
associated with an 8-fold increase in
cardiovascular mortality, but had no
predictive value for death from other
causes. Other studies show that CRP
levels predict heart attack and stroke,
but not cancer or other major disor-
ders. Thus, apersistently elevated CRP
level is indicative of the risk of heart
disease and of the accelerated athero-
sclerosis that affects individuals with

diabetes.

At What Age Should |
Be Tested?
The first time to consider CRP evalu-
ation is probably in your mid-30s, the
same age that most physicians check
cholesterol levels. There is good evi-
dence that CRP levels in your teens
and 20s are very predictive of levels
later in life. Elevated CRP levels pre-
dict risk over the next 30 to 40 years.
This is good news from a prevention
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Figure 4. Clinical interpretation of hs-CRP for cardiovascular risk prediction. Adapted
from Yeh and Willerson (Circulation 2003;107:370-372).°

perspective because ample time is
available to institute lifestyle changes
and, where appropriate, initiate phar-
macological interventions to prevent
first-ever heart attack and stroke.
Unlike cholesterol testing, CRP
evaluation does not require you to fast
and can be done at any time of the day.

What Isthe Best Way to

Lower CRP?
The role of CRP as a predictor of
future heart attack and stroke has only
recently been described, and it is im-
portant to recognize that there is no
evidence yet that lowering CRP per se
will necessarily lower cardiac risk.
However, it took amost 20 years be-
fore definitive, randomized clinical tri-
as showed that lowering cholesterol
lowered cardiac risk. You and your
physician should keep abreast of ongo-
ing studies concerning this important
issue.

The good news is that the best ways
to lower CRP are aready known to
lower cardiovascular risk. These in-
clude diet, exercise, blood pressure
control, and smoking cessation. Thus,
an important role for CRP evaluation
now isto identify high-risk individuals
(even when cholesterol is low) and to
motivate them toward heart-healthy
interventions.

What About Aspirin and the
“Statin” Drugs?
Aspirin is an antiplatelet drug that, at
least in men, has been shown to reduce
the risk of first-ever heart attack. As-
pirin, however, is also an anti-
inflammatory drug, and it has been
shown that the magnitude of benefit of
aspirin in terms of prevention is great-
est among those with high levels of
inflammation as defined by elevated
CRP levels. Any decision to take aspi-

rin needs to balance potential risks and
benefits and should be made in consul-
tation with your physician.

The statin drugs are highly effective
a reducing risk of first heart attacks
and stroke (primary prevention) as
well as reducing recurrent events (sec-
ondary prevention). While these drugs
work primarily by lowering LDL cho-
lesterol, they also reduce CRP levelsin
many patients, and it has been sug-
gested that this additional “anti-
inflammatory” effect may aso have
clinical benefit. Currently, statin ther-
apy is warranted for those with known
heart disease, those with elevated lev-
els of LDL cholesterol (above 160
mg/dL), and those with diabetes. For
more information about statin drugs,
please see the Cardiology Patient Page
by Gotto (Statins: powerful drugs for
lowering cholesterol: advice for patients,
Circulation 2002;105:1514-1516).

Whether otherwise hedthy individu-
as with low levels of LDL but high
levels of CRP should also be on statin
therapy is controversia, and a magor
clinical trid caled JUPITER has been
designed to address this very question. If
you are interested in participating in this
study, you can call 1-888-660-8254 or
go to http://www.JUPITERStudy.com
on the internet.

Who Should Be Tested
for CRP?
The Centers for Disease Control and
Prevention and the American Heart
Association suggest that CRP evalua-
tion be considered as a part of overall
global risk prediction for individuals
concerned about vascular risk. The test
is most likely to have greatest utility
among those at “intermediate” risk
where additional prognostic informa
tion is likely to change overal risk
estimates and motivate lifestyle

change. For efficiency of clinical prac-
tice and to avoid unnecessary blood
draws, many physicians simply add
CRP testing to standard cholesterol
evaluation. CRP testing is not consid-
ered mandatory but rather should be
done at the discretion of your
physician.

The Centersfor Disease Control and
Prevention and the American Heart
Association also endorsed the use of
CRP evauation for those with a prior
history of heart attack and among
those admitted to hospital with acute
heart disease syndromes. In the Emer-
gency Room setting, patients coming
in with chest pain syndromes may also
have CRP levels checked in order to
identify those at high risk for coronary
disease.

How Do | Interpret CRP
Test Results?
Interpreting CRP results is straightfor-
ward (Figure 4). All laboratories
should report values in mg/L (milli-
grams per liter). Levels of CRP less
than 1 mg/L are desirable and reflect a
low overall cardiovascular risk. Levels
of CRP between 1 and 3 mg/L are
indicative of moderate risk, while lev-
elsof CRPin excessof 3 mg/L suggest
quite elevated vascular risk. As noted
above and described in Figures 1 and
3, this may be true even if your cho-

lesterol levels are low.

It is possible that you will have a
CRP level that is very high (above 10
mg/L). In that case, the test should be
repeated in about 2 to 3 weeks as
levels above 10 mg/L can reflect the
presence of an acute infection (this is
why it is recommended to have CRP
evaluation done when you are feeling
well). If on repeat testing the CRP
level remains high, you are most likely
in the high-risk group.

Postmenopausal women who take
standard estrogen or estrogen plus pro-
gesterone oral hormone replacement
therapy (HRT) tend to have elevated
levels of CRP. Women in this group
should discuss the relative benefits and
risks of HRT since recent studies have
not shown HRT to lower cardiovascu-



lar risk. Stopping oral HRT will lower
your CRP levels. Topical estrogens
and the selective estrogen receptor
modulators (SERMS) do not seem to
elevate CRP.

Levels of CRP are smilar in men and
women. The average CRP in middle-
aged Americans is about 1.5 mg/L. Ap-
proximately 25% of the US population
has levels of CRP greater than 3 mg/L,
the cut point for high risk.
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C-Reactive Protein and Other Inflammatory
Risk Markers in Acute Coronary Syndromes

Gavin J. Blake, MB, MSc, MRCPI, Paul M. Ridker, MD, MPH

Boston, Massachusetts

Markers of myocyte necrosis such as cardiac troponin or creatine kinase-myocardial band are
invaluable tools for risk stratification among patients presenting with acute coronary
syndromes (ACS). Nonetheless, many patients without any evidence of myocyte necrosis may
be at high risk for recurrent ischemic events. In consideration of the important role that
inflammatory processes play in determining plaque stability, recent work has focused on
whether plasma markers of inflammation may help improve risk stratification. Of these
markers, C-reactive protein (CRP) has been the most widely studied, and there is now robust
evidence that CRP is a strong predictor of cardiovascular risk among apparently healthy
individuals, patients undergoing elective revascularization procedures, and patients presenting
with ACS. Moreover, even among patients with troponin-negative ACS, elevated levels of
CRP are predictive of future risk. Other, more upstream markers of the inflammatory cascade,
such as interleukin (IL)-6, have also been found to be predictive of recurrent vascular
instability. A recent report from the second FRagmin during InStability in Coronary artery
disease trial investigators suggests that elevated levels of an inflammatory marker such as IL-6
may indicate which patients may benefit most from an early invasive strategy. Other
inflammatory markers currently under investigation include lipoprotein-associated phospho-
lipase A,, myeloperoxidase, and pregnancy-associated plasma protein A. Of all these novel
markers, CRP appears to meet most of the criteria required for potential clinical application.
Furthermore, the benefits of lifestyle modification and drug t