
Inflammatory Markers and Risk of Heart Failure in Elderly
Subjects Without Prior Myocardial Infarction

The Framingham Heart Study

Ramachandran S. Vasan, MD; Lisa M. Sullivan, PhD; Ronenn Roubenoff, MD, MHS;
Charles A. Dinarello, MD; Tamara Harris, MD, MS; Emelia J. Benjamin, MD, ScM;

Douglas B. Sawyer, MD, PhD; Daniel Levy, MD; Peter W.F. Wilson, MD; Ralph B. D’Agostino, PhD

Background—Experimental studies support a key role for cytokines in left ventricular remodeling. In congestive heart
failure (CHF) patients, elevated plasma cytokine levels are associated with worse functional status and adverse
prognosis. It is unclear whether cytokine levels can predict the incidence of CHF in asymptomatic individuals.

Methods and Results—We investigated the relations of serum interleukin-6 (IL-6), C-reactive protein (CRP), and
spontaneous production of tumor necrosis factor-� (TNF�) by peripheral blood mononuclear cell (PBMC) to CHF
incidence among 732 elderly Framingham Study subjects (mean age 78 years, 67% women) free of prior myocardial
infarction and CHF. On follow-up (mean 5.2 years), 56 subjects (35 women) developed CHF. After adjustment for
established risk factors, including the occurrence of myocardial infarction on follow-up, there was a 60 (PBMC TNF�)
to 68% (serum IL-6) increase in risk of CHF per tertile increment in cytokine concentration (P�0.04, and 0.03,
respectively, for trend). A serum CRP level �5 mg/dL was associated with a 2.8-fold increased risk of CHF (P�0.02).
Subjects with elevated levels of all 3 biomarkers (serum IL-6 and PBMC TNF� �median values, CRP�5 mg/dL) had
a markedly increased risk of CHF (hazards ratio 4.07 [95% CI 1.34 to 12.37], P�0.01) compared with the other subjects.

Conclusions—In our elderly, community-based sample, a single determination of serum inflammatory markers,
particularly elevated IL-6, was associated with increased risk of CHF in people without prior myocardial infarction.
Additional epidemiological investigations are warranted to confirm the contribution of inflammation to the pathogenesis
of CHF in the general population. (Circulation. 2003;107:1486-1491.)
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Several clinical studies have suggested that serum levels of
tumor necrosis factor-� (TNF�), interleukin-6 (IL-6),

and C-reactive protein (CRP) are elevated in patients with
congestive heart failure (CHF) regardless of the etiology of
the condition.1–5 Furthermore, elevated blood levels of these
inflammatory markers correlate with worsening functional
class, increased hospitalization rates, and poorer survival.6–9
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Experimental studies indicate that proinflammatory cyto-
kines (TNF� and IL-6) are associated with certain molecular,
clinical, and physiological aspects of heart failure, including
but not limited to progressive left ventricular (LV) dysfunc-
tion, pulmonary edema, LV remodeling, fetal gene expres-

sion, myocyte hypertrophy, and myocyte apoptosis.10 Exper-
imental evidence suggests that myocardial infiltration by
peripheral blood mononuclear cells (PBMC) contributes to
LV remodeling.11,12 PBMC production capacity of cytokines
is enhanced in CHF,13,14 and may be related to an increased
expression of genes for the TNF� superfamily.15

Thus, it is currently believed that proinflammatory cyto-
kines may represent a class of biological mediators that are
activated in CHF, akin to but distinct from neurohormones
and the natriuretic peptide pathways. It is unclear whether
elevated levels of inflammatory markers antedate the devel-
opment of CHF. We hypothesized that individuals with
increased serum levels of proinflammatory cytokines and/or
with elevated PBMC production of TNF� would be at
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increased risk of developing CHF. Accordingly, we examined
prospectively the relations of serum IL-6, CRP, and PBMC
production of TNF� obtained at a routine examination to the
incidence of CHF on follow-up in a community-based
sample.

Methods
Study Sample
The design and selection criteria of the Framingham Heart Study
have been described previously.16 Participants who attended the
22nd biennial examination cycle (1992 to 1994) were eligible for the
present investigation because blood specimens for cytokine analyses
were obtained at this examination. Of 1167 subjects alive at the time
of the baseline examination, we excluded 435 individuals (37.3%)
for the following reasons: off-site examination (n�226), prevalent
CHF (n�56) or myocardial infarction (MI, n�79), and insufficient
blood specimen for cytokine analyses (n�74). Subjects with an MI
were excluded because plasma cytokines may be elevated for a
variable duration after myocardial injury.17 Further, prior MI is a
powerful trigger for cytokine activation, progressive LV remodeling,
and CHF.11,18 After exclusions, 732 participants remained eligible.

At the baseline examination, participants underwent a medical
history, a physical examination, and assessment of cardiovascular
disease risk factors.

Measurement of Cytokines and CRP
At the baseline examination, attendees underwent phlebotomy in the
early afternoon. Specimens were immediately transported via courier
from Framingham to the USDA Human Nutrition Research Center
on Aging in Boston, where PBMC were isolated and cultured, and
serum stored at –80°C.19 Serum IL-6 was measured with an ELISA
(R&D Systems). CRP was measured with an immunoprecipitation
assay (IncStar).

Although PBMC production of several cytokines was evaluated,21

we specified TNF� as the PBMC cytokine of interest a priori for the
present investigation. Briefly, PBMC were separated by Ficoll-
Hypaque centrifugation, washed, and cultured for 24 hours in
96-well flat-bottom plates with ultrafiltered,20 pyrogen-free RPMI
1640 medium (Sigma) that was supplemented with 100-�g/mL
streptomycin and 100-U/mL penicillin, with 1% autologous heat-in-
activated pooled serum and 1% l-glutamine. After incubation, plates
were then frozen at –80°C until assay. The average time from
phlebotomy to isolation of PBMC was 75 minutes (range 35 to 120
minutes). Total PBMC production of TNF� was measured in
unstimulated cells (spontaneous production) as well as after stimu-
lation with 1 or 100 ng/mL of lipopolysaccharide (E. coli LPS,
Sigma), as previously described.19 The interassay variability was
�10%, and the intra-assay variability was �5% for all three
inflammatory markers.19

Outcome
All study subjects were under continuous surveillance for the
development of cardiovascular disease events. A panel of three
investigators reviewed all suspected cardiovascular disease events by
examining hospital records, information from physicians, and pa-
thology reports as described previously.21 In the present investiga-
tion, the primary outcome of interest was the first occurrence of CHF
as defined by the Framingham Heart Study criteria.22 These criteria
require the simultaneous presence of at least two major criteria, or
one major criterion in conjunction with two minor criteria, to
establish a diagnosis of CHF, and have been validated previously.23

Statistical Methods
We used separate multivariable Cox proportional hazards regression
models24 to examine the association of each inflammatory marker
with the incidence of CHF. Because there was no effect modification
by gender, sex-pooled analyses were performed. The inflammatory
markers were analyzed both as continuous (natural logarithmic-

transformed IL-6 and TNF�) and as categorical variables (tertiles for
IL-6 and TNF�). In the case of CRP, we chose 5 mg/L as a cut point
for dichotomizing subjects a priori because 68% of subjects had
undetectable levels (because of a low-sensitivity assay), and this
threshold has been reported to be of prognostic significance.25,26

We adjusted for the following baseline covariates21: age, sex, ratio
of serum total cholesterol to HDL cholesterol, diabetes, systolic and
diastolic blood pressure, antihypertensive treatment, smoking status,
body mass index (BMI), valve disease, atrial fibrillation, prevalent
cardiovascular disease (other than MI), and electrocardiographic LV
hypertrophy.

We examined the following multivariable models: model A, all
covariates defined at baseline and ignoring the occurrence of MI on
follow-up; model B, adjusting for covariates at baseline, and addi-
tionally for the occurrence of an MI on follow-up as a time-
dependent covariate. The latter adjustment is important because
elevated plasma cytokines can predispose to CHF by promoting
MI.27,28 Models using serum IL-6 and PBMC TNF� categories
examined trends across the tertiles and compared risk of CHF in each
of the two upper tertiles with the first tertile serving as a referent.

Ancillary Analyses
We examined regression models with stepwise backward elimination
of the 3 inflammatory markers to investigate which of the markers
remained in a model that incorporated established CHF risk factors.
We also evaluated the prognostic significance of combinations of the
3 biomarkers by comparing CHF risk in individuals with “elevated”
levels of all 3 markers (empirically defined as values above the
median for serum IL-6 and PBMC TNF�, and �5 mg/dL for serum
CRP) with that in the rest of the subjects.

We performed analyses incorporating several interaction terms
(inflammatory markers x covariate in Model B) to examine for any
variation in the effect of inflammatory markers on CHF risk (effect
modification) according to age, sex, systolic blood pressure, and
BMI. We performed supplementary analyses in which we modeled
death as a competing outcome to CHF, given the elderly study
sample. For primary analyses, we defined a priori spontaneous
production of TNF� by PBMC as the variable of interest. However,
we performed supplementary analyses in which levels of TNF�
produced by stimulated PBMC (with 1 and 100 ng/mL of lipopoly-
saccharide) were related to the risk of CHF. A two-sided P value of
0.05 was considered significant.

Results
Clinical Characteristics
In our elderly sample, about 70% of subjects were hyperten-
sive (Table 1). Serum IL-6 levels were modestly related to
CRP levels in both sexes and to spontaneous PBMC produc-
tion of TNF� in women (Table 2). CRP was not related to
TNF� in either sex. Nine percent of the subjects had CRP
levels �5 mg/dL.

Inflammatory Markers and CHF Risk
On follow-up (mean 5.2 years), 56 participants (35 women)
developed CHF. The cumulative incidence of CHF was
greater with increasing levels of the inflammatory markers
(Figure 1, Panels A-C).

Table 3 displays the results of multivariable analyses
examining the relations of serum IL-6 and PBMC spontane-
ous production of TNF� to the risk of CHF. There was a 36%
(IL-6) to 46% (TNF�) increase in CHF risk for every
standard deviation increment in log cytokine concentration
(Table 3, model B1). Risk of CHF increased about 1.6-fold
per tertile increment in cytokine level (Table 3, model B2).

Participants with serum CRP levels �5 mg/dL experienced
an increased risk of CHF (model A: hazards ratio 2.18 [95%
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CI 1.00 to 4.79, P�0.05]; model B: 2.81 [95% CI 1.22 to
6.50, P�0.02]).

Additional Analyses
In stepwise backward elimination models, only IL-6 re-
mained in the models after adjustment for the established
CHF risk factors; the other two inflammatory markers did
not.

In our sample, 11.5% of women and 7% of men had
elevated levels of all three markers (elevation defined as
above the median for serum IL-6 [3.52 pg/mL] and PBMC
spontaneous production of TNF� [3.80 ng/mL] and CRP�5
mg/dL). However, this group accounted for 21% of all CHF
cases. Individuals with elevated levels of all 3 markers had a

markedly increased risk of CHF (model A: hazards ratio 3.00
[95% CI 1.13 to 7.95, P�0.03]; model B: 4.07 [95% CI 1.34
to 12.37, P�0.01]). In stepwise models directly comparing
the prognostic utility of elevation of all 3 markers with that of

TABLE 1. Characteristics of Study Subjects

Variable
Men

(n�244)
Women
(n�488)

Age, y 78.0�4.3 78.6�4.6

BMI, kg/m2 27.0�3.9 26.7�5.1

Systolic blood pressure, mm Hg 144�21 143�20

Diastolic blood pressure, mm Hg 74�11 72�11

Hypertension, % 68.4 73.6

Hypertension treatment, % 42.9 50.0

Total cholesterol, mg/dL 194�31 214�36

HDL, mg/dL 42.8�14.0 54.0�16.0

Total cholesterol/HDL 4.9�1.5 4.3�1.4

Diabetes, % 16.8 8.6

Smoking, % 6.6 9.8

Clinical valve disease, %* 7.8 5.3

ECG left ventricular hypertrophy, %† 3.4 3.0

Prevalent atrial fibrillation, % 10.3 5.1

Prevalent cardiovascular disease, %‡ 28.3 22.1

Myocardial infarction on follow-up, % 8.6 4.3

Values are expressed as mean�SD or percentages.
*Systolic murmur of grade 3 or more (out of 6) or any diastolic murmur.
†Voltage criteria plus repolarization abnormalities.
‡Does not include recognized myocardial infarction, but does include angina

and cerebrovascular or peripheral vascular disease. Hypertension was defined
as a systolic BP �140 mm Hg, a diastolic BP �90 mm Hg, or use of
antihypertensive agents.

TABLE 2. Mean Values and Spearman Rank Correlations
Among Inflammatory Markers

Women Men

CRP,
mg/L

IL-6,
pg/mL

TNF�,
ng/mL

CRP,
mg/L

IL-6,
pg/mL

TNF�,
ng/mL

Mean 1.60 6.69 4.68 2.66 7.68 5.33

SD 3.93 15.90 3.66 8.47 17.22 4.34

CRP* 1.00 0.21† 0.06 1.00 0.29† �0.06

IL-6* � � � 1.00 0.21† � � � 1.00 �0.10

TNF�* � � � � � � 1.00 � � � � � � 1.00

Values of CRP and IL-6 indicate serum levels, whereas TNF� levels refer to
spontaneous production by PBMC.

*Spearman rank correlations.
†P�0.001.

Panel A, Kaplan-Meier plots showing the crude cumulative inci-
dence of CHF in subjects according to tertiles of serum IL-6.
Panel B, spontaneous production of TNF-� by PBMC, and
Panel C, for individuals with serum CRP values above and
below 5 mg/dL. T1, T2, and T3 represent the tertiles of the
marker (T3 being the top tertile). No. of CHF cases/No. at risk
for each tertile: Serum IL-6 (pg/mL); T1�7/220 (3.2%); T2�11/
167 (6.6%); T3 �24/165 (14.5%). PBMC spontaneous produc-
tion of TNF-� (ng/mL): T1�9/217 (4.1%); T2�18/220 (8.2%);
T3�19/199 (9.5%). For serum CRP: �5 mg/dL, 48/657 (7.3%);
�5 mg/dL, 8/66 (12.1%).
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an increase in serum IL-6 alone, elevated serum IL-6 entered
the model first; elevation of the other two cytokines did not
enter the model subsequently.

The impact of the inflammatory markers on CHF risk did not
vary with age, sex, systolic blood pressure or BMI (probability
value for all interactions exceeded 0.10). In additional analyses
with death modeled as a competing outcome to CHF, the
association between IL-6 and risk of CHF remained robust. In
secondary analyses, PBMC production of TNF� stimulated by
LPS was not related to risk of CHF.

Discussion
For many centuries, physicians have recognized that patients
with CHF may have clinical features observed in chronic
inflammatory conditions.29 More recently, there has been a
resurgence of interest in the inflammatory origins of CHF
because of the role of proinflammatory cytokines in mediat-
ing the cachexia of severe CHF.30 The role of inflammation in
the pathogenesis of CHF has been strengthened further, with
the implication of several cytokines (notably IL-6) in the
disease process in experimental studies,10 and the demonstra-
tion that inflammatory markers are elevated in patients with
milder degrees of CHF,1,2 including those with asymptomatic
LV systolic dysfunction.31

These observations raise the possibility that levels of
inflammatory markers may be elevated early in the course of
LV dysfunction and could predict occurrence of subsequent
CHF. The present investigation examined this hypothesis
prospectively. We chose to evaluate individuals without

baseline MI because the demonstration of any effect in this
group would support the hypothesis that inflammatory mark-
ers promote LV remodeling and CHF even in the absence of
clinically apparent preexisting myocardial injury. We chose
three markers: serum IL-6, produced by diverse cells and a
correlate of systemic inflammation; spontaneous production
of TNF� by PBMC, indicative of in vivo responses of a
population of cells that infiltrate the myocardium during LV
remodeling; and serum CRP, an acute phase reactant pro-
duced by the hepatocytes.

Principal Findings
Serum IL-6 was associated with an increased risk of CHF in
a continuous fashion without evidence of a threshold. Sub-
jects with elevated CRP levels also had increased risk of
CHF. The association of inflammatory markers with CHF
risk was maintained on adjusting for the occurrence of an MI
on follow-up. An association of increased spontaneous
PBMC production of TNF� and CHF risk was also noted.
Stepwise regression models identified serum IL-6 as the best
predictor of CHF risk of the three markers evaluated. It is
important to point out that the present investigation does not
provide an adequate comparison of the relative predictive
powers of IL-6 versus CRP because we used a low-sensitivity
assay for the latter.

Mechanisms
The observed association between inflammatory markers and
CHF risk should not necessarily be interpreted as indicating a

TABLE 3. Serum IL-6, Spontaneous Production of TNF� by PBMC, and Risk of CHF

Model

Serum IL-6
Spontaneous Production of

TNF� by PBMC

HR (95% CI) P HR (95% CI) P

A: Multivariable models adjusting for
covariates at baseline*

A1: Log marker as continuous variable 1.36 (1.09 to 1.71) 0.01 1.30 (0.91 to 1.87) 0.15

A2: Tertiles of marker†

T1 Referent � � � Referent � � �

T2 1.62 (0.57 to 4.56) 0.37 1.67 (0.68 to 4.11) 0.27

T3 3.07 (1.26 to 7.47) 0.01 2.14 (0.86 to 5.32) 0.10

Trend across tertiles 1.77 (1.15 to 2.74) 0.01 1.43 (0.93- to 2.20) 0.10

B: Models adjusting for covariates at
baseline* and for myocardial infarction on
follow-up (time-dependent covariate)

B1: Log marker as continuous variable 1.36 (1.06 to 1.74) 0.02 1.46 (1.00 to 2.15) 0.05

B2: Tertiles of marker†

T1 Referent � � � Referent � � �

T2 1.77 (0.59 to 5.33) 0.31 1.91 (0.73 to 4.96) 0.19

T3 2.85 (1.09 to 7.44) 0.03 2.70 (1.02 to 7.15) 0.05

Trend across tertiles 1.68 (1.05 to 2.67) 0.03 1.60 (1.01 to 2.53) 0.04

HR indicates hazards ratio per 1 SD increment of marker. For log IL-6, 1 SD�0.64; for log TNF�, 1 SD�0.81.
*All models adjust for age, sex, diabetes, systolic blood pressure, hypertension treatment, smoking status, BMI,

total cholesterol/HDL, valve disease, prevalent atrial fibrillation, prevalent cardiovascular disease (other than
myocardial infarction), and ECG-LVH.

†Marker tertiles: for serum IL-6 (pg/ml), T1��3.12, T2�3.13 to 5.27, and T3�5.28 to 275; for PBMC
spontaneous production of TNF� (ng/ml): T1�0.04 to 2.60, T2�2.61 to 5.00, and T3�5.01 to 40.
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role for IL-6 and TNF� in the pathogenesis of heart failure. It
is possible that elevated serum cytokine levels are simply
indicative of a generalized inflammatory state antedating
CHF. Elevation of markers may be a reaction to the patho-
physiological processes driving progressive ventricular
remodeling.

It is also possible, however, that the association between
inflammatory markers and CHF is a causal one. The strength
of the association (about 60% increased risk per tertile
increment), the presence of a stepwise rise in CHF risk across
increasing tertiles of the markers, the demonstration of a
temporal sequence, and the consistency of results in multiple
analyses and across markers all support this notion. Both IL-6
and TNF� can adversely affect myocyte contractility32 and
can directly influence LV remodeling,33,34 an observation
further confirmed by findings of LV dilatation and LV
hypertrophy, respectively, in experiments on transgenic mice
overexpressing TNF�35 or IL-6 and its receptor.36 The role of
IL-6 in particular may be complex, as it has both proinflam-
matory and anti-inflammatory effects37 and can both promote
myocyte hypertrophy as well as protect cardiomyocytes from
apoptosis.38 Although elevated CRP has not been related
directly to LV remodeling, it is likely that it reflects increased
hepatic synthesis under the influence of elevated IL-6 levels.
Conversely, CRP may promote LV remodeling by stimulat-
ing IL-6 production.39

Interestingly, although spontaneous production of TNF�
by PBMC was related to CHF risk, levels obtained under
stimulated conditions were not. It can be argued that unstimu-
lated cells reflect in vivo conditions better, whereas ex-vivo
assessment of stimulated cells represents their maximal re-
sponse to stress.19

Strengths and Limitations
The strengths of our investigation include the community-
based sample and the measurement of inflammatory markers
blinded to clinical outcome. Nonetheless, it is important to
acknowledge the limitations of our investigation. Echocardio-
graphic evaluation was not performed at the baseline exam-
ination, and consequently we were unable to examine the
relative contributions of subclinical LV dysfunction and
inflammatory cytokines to CHF risk. The use of a low-
sensitivity CRP assay and the exclusion of institutionalized
individuals (who were likely sicker and more likely to have
elevated cytokine levels) are additional limitations. Our study
sample was almost exclusively white and elderly, reducing
the generalizability of our results.

Conclusions
Our findings suggest that elevated inflammatory markers
constitute important risk factors for CHF in elderly women
and men. Although prior reports have emphasized the impor-
tance of inflammation in determining prognosis of people
with established CHF, our data suggest that the contribution
of inflammatory markers may antedate overt CHF. If con-
firmed, our observational data raises the possibility of using
inflammatory markers to identify patients at high risk for
CHF. They also suggest a possible role of anti-inflammatory

therapy as an experimental means to reduce risk in patients at
high risk for CHF.

Acknowledgments
This work was supported through NHLBI Contract N01-HC-25195;
K24 HL04334 (RSV); NIH/USDA Interagency agreement Y01-AG-
4-0245 (RR); and NIH grants DK02120 (RR), AG15797 (RR), and
AI-15614 (CAD).

References
1. Munger MA, Johnson B, Amber IJ, et al. Circulating concentrations of

proinflammatory cytokines in mild or moderate heart failure secondary to
ischemic or idiopathic dilated cardiomyopathy. Am J Cardiol. 1996;77:
723–727.

2. Torre-Amione G, Kapadia S, Benedict C, et al. Proinflammatory cytokine
levels in patients with depressed left ventricular ejection fraction: a report
from the Studies Of Left Ventricular Dysfunction (SOLVD). J Am Coll
Cardiol. 1996;27:1201–1206.

3. Werdan K. The activated immune system in congestive heart failure–from
dropsy to the cytokine paradigm. J Intern Med. 1998;243:87–92.

4. Aukrust P, Ueland T, Lien E, et al. Cytokine network in congestive heart
failure secondary to ischemic or idiopathic dilated cardiomyopathy. Am J
Cardiol. 1999;83:376–382.

5. Testa M, Yeh M, Lee P, et al. Circulating levels of cytokines and their
endogenous modulators in patients with mild to severe congestive heart
failure due to coronary artery disease or hypertension. J Am Coll Cardiol.
1996;28:964–971.

6. MacGowan GA, Mann DL, Kormos RL, et al. Circulating interleukin-6 in
severe heart failure. Am J Cardiol. 1997;79:1128–1131.

7. Alonso-Martinez JL, Llorente-Diez B, Echegaray-Agara M, et al.
C-reactive protein as a predictor of improvement and readmission in heart
failure. Eur J Heart Fail. 2002;4:331–336.

8. Maeda K, Tsutamoto T, Wada A, et al. High levels of plasma brain
natriuretic peptide and interleukin-6 after optimized treatment for heart
failure are independent risk factors for morbidity and mortality in patients
with congestive heart failure. J Am Coll Cardiol. 2000;36:1587–1593.

9. Kell R, Haunstetter A, Dengler TJ, et al. Do cytokines enable risk
stratification to be improved in NYHA functional class III patients?
Comparison with other potential predictors of prognosis. Eur Heart J.
2002;23:70–78.

10. Baumgarten G, Knuefermann P, Mann DL. Cytokines as emerging targets
in the treatment of heart failure. Trends in Cardiovasc Med. 2000;10:
216–223.

11. Maekawa Y, Anzai T, Yoshikawa T, et al. Prognostic significance of
peripheral monocytosis after reperfused acute myocardial infarction: a
possible role for left ventricular remodeling. J Am Coll Cardiol. 2002;
39:241–246.

12. Shioi T, Matsumori A, Kihara Y, et al. Increased expression of
interleukin-1� and monocyte chemotactic and activating factor/monocyte
chemoattractant protein-1 in the hypertrophied and failing heart with
pressure overload. Circ Res. 1997;81:664–671.

13. Vonhof S, Brost B, Stille-Siegener M, et al. Monocyte activation in
congestive heart failure due to coronary artery disease and idiopathic
dilated cardiomyopathy. Int J Cardiol. 1998;63:237–244.

14. Zhao SP, Xu TD. Elevated tumor necrosis factor alpha of blood mono-
nuclear cells in patients with congestive heart failure. Int J Cardiol.
1999;71:257–261.

15. Yndestad A, Kristian Damas J, Geir Eiken H, et al. Increased gene
expression of tumor necrosis factor superfamily ligands in peripheral
blood mononuclear cells during chronic heart failure. Cardiovas Res.
2002;54:175–182.

16. Dawber TR, Meadors GF, Moore FE. Epidemiologic approaches to heart
disease: the Framingham Study. Am J Public Health. 1951;41:279–286.

17. Pudil R, Pidrman V, Krejsek J, et al. Cytokines and adhesion molecules
in the course of acute myocardial infarction. Clin Chim Acta. 1999;280:
127–134.

18. Sia YT, Parker TG, Liu P, et al. Improved post-myocardial infarction
survival with probucol in rats: effects on left ventricular function, mor-
phology, cardiac oxidative stress and cytokine expression. J Am Coll
Cardiol. 2002;39:148–156.

19. Roubenoff R, Harris TB, Abad LW, et al. Monocyte cytokine production
in an elderly population: effect of age and inflammation. J Gerontol A
Biol Sci Med Sci. 1998;53:M20–M26.

1490 Circulation March 25, 2003

D
ow

nloaded from
 http://ahajournals.org by on January 22, 2025



20. Schindler R, Dinarello CA. Ultrafiltration to remove endotoxins and other
cytokine-inducing materials from tissue culture media and parenteral
fluids. Biotechniques. 1990;8:408–413.

21. Kannel WB, Wolf PA, Garrison RJ, eds. Section 34: Some risk factors
related to the annual incidence of cardiovascular disease and death in
pooled repeated biennial measurements. Framingham Heart Study,
30-year follow-up. Bethesda, Md: US Department of Health and Human
Services, 1987.

22. McKee PA, Castelli WP, McNamara PM, et al. The natural history of
congestive heart failure: the Framingham study. N Engl J Med. 1971;
285:1441–1446.

23. Mosterd A, Deckers JW, Hoes AW, et al. Classification of heart failure in
population based research: an assessment of six heart failure scores. Eur
J Epidemiol. 1997;13:491–502.

24. Cox DR, Oakes D. Analysis of Survival Data. London, England:
Chapman & Hall, 1984.

25. Gussekloo J, Schaap MC, Frolich M, et al. C-reactive protein is a strong
but nonspecific risk factor of fatal stroke in elderly persons. Arterioscler
Thromb Vasc Biol. 2000;20:1047–1051.

26. Strandberg TE, Tilvis RS. C-reactive protein, cardiovascular risk factors,
and mortality in a prospective study in the elderly. Arterioscler Thromb
Vasc Biol. 2000;20:1057–1060.

27. Ridker PM, Rifai N, Pfeffer M, et al. Elevation of tumor necrosis
factor-alpha and increased risk of recurrent coronary events after myo-
cardial infarction. Circulation. 2000;101:2149–2153.

28. Ridker PM, Rifai N, Stampfer MJ, et al. Plasma concentration of
interleukin-6 and the risk of future myocardial infarction among
apparently healthy men. Circulation. 2000;101:1767–1772.

29. Katz AM, Katz PB. Diseases of the heart in works of Hippocrates. Br
Heart J. 1962;24:257–264.

30. Levine B, Kalman J, Mayer L, et al. Elevated circulating levels of tumor
necrosis factor in severe chronic heart failure. N Engl J Med. 1990;323:
236–241.

31. Raymond RJ, Dehmer GJ, Theoharides TC, et al. Elevated interleukin-6
levels in patients with asymptomatic left ventricular systolic dysfunction.
Am Heart J. 2001;141:435–438.

32. Kelly RA, Smith TW. Cytokines and cardiac contractile function. Circu-
lation. 1997;95:778–781.

33. Bozkurt B, Kribbs SB, Clubb FJ, et al. Pathophysiologically relevant
concentrations of tumor necrosis factor-� promote progressive left ven-
tricular dysfunction and remodeling in rats. Circulation. 1998;97:
1382–1391.

34. Bradham WS, Moe G, Wendt KA, et al. TNF-alpha and myocardial
matrix metalloproteinases in heart failure: relationship to LV remodeling.
Am J Physiol Heart Circ Physiol. 2002;282:H1288–H1295.

35. Bryant D, Becker L, Richardson J, et al. Cardiac failure in transgenic
mice with myocardial expression of tumor necrosis factor-�. Circulation.
1998;97:1375–1381.

36. Hirota H, Yoshida K, Kishimoto T, et al. Continuous activation of gp130, a
signal-transducing receptor component for interleukin 6-related cytokines,
causes myocardial hypertrophy in mice. Proc Natl Acad Sci U S A. 1995;92:
4862–4866.

37. Mann DL. Interleukin-6 and viral myocarditis: the Yin-Yang of cardiac
innate immune responses. J Mol Cell Cardiol. 2001;33:1551–1553.

38. Wollert KC, Drexler H. The role of interleukin-6 in the failing heart.
Heart Fail Rev. 2001;6:95–103.

39. Verma S, Li SH, Badiwala MV, et al. Endothelin antagonism and
interleukin-6 inhibition attenuate the proatherogenic effects of C-reactive
protein. Circulation. 2002;105:1890–1896.

Vasan et al Inflammation and Heart Failure 1491

D
ow

nloaded from
 http://ahajournals.org by on January 22, 2025


