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Background—The relationship of circulating levels of high-sensitivity C-reactive protein (CRP) with cardiovascular
disease (CVD) risk, particularly with consideration of effects at intermediate levels of risk, has not been fully assessed.

Methods and Results—Among 3006 offspring participants in the Framingham Heart Study free of CVD (mean age, 46
years at baseline), there were 129 hard coronary heart disease (CHD) events and 286 total CVD events during 12 years
of follow-up. Cox regression, discrimination with area under the receiver operating characteristic curve, and net
reclassification improvement were used to assess the role of CRP on vascular risk. In an age-adjusted model that
included both sexes, the hazard ratios for new hard CHD and total CVD were significantly associated with higher CRP
levels. Similar analyses according to increasing homocysteine level showed significant protective associations for hard
CHD but not for total CVD. In multivariable analyses that included age, sex, systolic blood pressure, total cholesterol,
high-density lipoprotein cholesterol, diabetes mellitus, current smoking, hypertension treatment, and homocysteine, the
log CRP level remained significantly related to development of hard CHD and total CVD and provided moderate
improvement in the discrimination of events. The net reclassification improvement when CRP was added to traditional
factors was 5.6% for total CVD (P�0.014) and 11.8% for hard CHD (P�0.009).

Conclusions—Circulating levels of CRP help to estimate risk for initial cardiovascular events and may be used most
effectively in persons at intermediate risk for vascular events, offering moderate improvement in reclassification of risk.
(Circ Cardiovasc Qual Outcomes. 2008;1:92-97.)
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Traditional risk factors such as age, blood pressure,
cholesterol, high-density lipoprotein cholesterol (HDL-

C), and diabetes mellitus have been shown to be predictive of
coronary heart disease (CHD) and cardiovascular disease
(CVD) in a large number of prospective observational stud-
ies.1 Novel biomarkers have also been suggested as indicators
of increased risk and may contribute to vascular disease risk
assessment over and above the use of traditional risk fac-
tors.2–6 Descriptive statistics such as the relative risk of a new
factor that is added to a multivariable prediction and the c
statistic have been considered inadequate to convey how such
new factors may mediate risk in a population setting, and
there is great interest in the use of new methods to quantify
such risks.7,8
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Information on circulating levels of C-reactive protein
(CRP) may be used to refine estimates of cardiovascular risk
stratification using newer methods of assessment.9–11 This

protein has generated interest as a potentially important
biomarker of inflammation and cardiovascular risk, and
recommendations for testing with this biomarker were made
by the American Heart Association and the Centers for
Disease Control in 2003.12 We undertook analyses related to
the development of both coronary disease and total CVD end
points because there is growing interest in the prediction of
total CVD as a vascular disease end point that is worthy of
primary prevention; additionally, a recent Framingham pub-
lication has estimated risk of CVD as an initial vascular
disease end point.13

With this background, we investigated the potential benefit
of adding information on circulating levels of CRP and
homocysteine to prediction equations that estimate vascular
disease risk in a prospective study of middle-aged and older
Framingham adults. We first analyzed the effects of these
newer biomarkers using conventional assessment methods,
and subsequently evaluated a newly described reclassification
approach that used a multivariable model to predict an
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individual’s risk of developing or not developing a vascular
outcome.14

Methods
The second clinic visit of the Framingham Offspring Study from
1979 to 1983 served as the baseline for this study.15 The examination
included assessment of vascular disease prevalence and evaluation of
vascular disease risk factors and was followed by surveillance for the
development of new vascular events over the ensuing 12 years. New
cases of “hard CHD” events during the follow-up interval included
myocardial infarction and CHD-related death.1 “Total CVD” was a
composite measure of the CHD events listed above as well as angina
pectoris, transient ischemic attack, stroke, and intermittent claudica-
tion. The diagnosis of angina pectoris was determined using infor-
mation obtained at regular clinic visits and from personal medical
records1; transient ischemic attack and stroke were determined from
history, medical records, and adjudication by a panel of neurolo-
gists16; and intermittent claudication was evaluated on the basis of a
structured questionnaire related to lower extremity symptoms that
occurred when walking.17

During the clinic visit, information was obtained regarding ciga-
rette smoking during the past year and medication use. Blood
pressure after sitting for 5 minutes was measured using standardized
methods.18 Phlebotomy took place under fasting conditions. Lipid
determinations were made at the time of the examination in the
Framingham Heart Study laboratory. Plasma cholesterol was mea-
sured according to the Lipid Research Clinics Program Protocol, and
HDL-C levels were determined after precipitation of non-HDL
lipoproteins with heparin-manganese.19 Aliquots were frozen at
�20°C after the initial phlebotomy at the time of the baseline
examination. In 2003, the previously unthawed specimens were
thawed for measurement of high-sensitivity CRP and homocysteine.
High-sensitivity CRP assays were performed in the Framingham
laboratory using a previously described nephelometric method with
Dade-Behring reagents.20 Homocysteine values were determined in
the laboratory of Dr Selhub using high-pressure liquid chromatog-
raphy as previously described.21

Logarithmic transformations were used for homocysteine and
CRP for analyses with continuous variables to decrease the effect of
extreme observations. The hazard ratios (HRs) were estimated using
a traditional Cox model that first evaluated age- and sex-adjusted
effects, followed by a multivariable model that included the variables
age, sex, cholesterol, HDL-C, systolic blood pressure, diabetes
mellitus, blood pressure treatment, and cigarette smoking. The
discriminatory capability of traditional variables and the novel risk
factors CRP and homocysteine were evaluated using c statistics as
described previously.22,23 Similar analytic methods were used to test
for the effects of 3 prespecified CRP categories (�1.00, 1 to 2.99,
�3.00 mg/L) and tertiles of homocysteine on the risk of hard CHD
and total CVD.

The effects of reclassification using CRP were assessed using
recently published methods that estimated the net reclassification
improvement (NRI),14 which expands and improves on previously
published reclassification methods.23,24 The prediction model for
each individual was reestimated with the information for the new
factor included in the estimate. This method provides a more
rigorous statistical approach to assess the improvement in reclassi-
fication by including new biomarker information into prediction
models. The analyses used continuous variable information with
evaluation of the effects on risk category reclassification for those
cases and noncases during the follow-up interval. This approach
separately analyzed the reclassification of persons who developed
events and those who did not develop events. Reclassification to a
higher risk group was considered upward movement/improvement in
classification for those experiencing an event. On the other hand,
reclassification downward was considered a failure for persons who
developed an event. Conversely, among persons who did not
experience an event, reclassification upward was considered disad-
vantageous, and reclassification downward was considered advanta-
geous. Improvement in reclassification was estimated by taking the

sum of differences in proportions of individuals reclassified upward
minus the proportion reclassified downward for people who devel-
oped events and the proportion of individuals moving downward
minus the proportion moving upward for those who did not develop
events. Using this method, the overall reclassification sum is the
NRI, and the statistical significance of the overall improvement is
assessed with an asymptotic test, as described by Pencina et al.14 The
follow-up experience over 12 years was adjusted to 10-year catego-
ries of risk (0% to 6%, 6% to 20%, �20% risk) identified by the
National Cholesterol Education Program and other experts for the
reclassification analysis.25,26 These estimates were made according
to traditional variables (age, sex, systolic pressure, total cholesterol,
HDL-C, diabetes mellitus, smoking status, and blood pressure
therapy).

The authors had full access to and take full responsibility for the
integrity of the data. All authors have read and agree to the
manuscript as written.

Results
Table 1 shows the baseline characteristics of the participants
and the number of vascular events. Their mean age was
approximately 46 years, diabetes mellitus was uncommon
and affected �5% of the men and women, and approximately
10% of the individuals were taking blood pressure medica-
tions. The mean CRP was 2.67 mg/L in men and 2.28 mg/L
in women. The prevalence of CRP �1, 1 to 3, and �3 mg/L
was 43%, 33%, and 24% in men and 52%, 28%, and 20% in
women, respectively. The mean homocysteine levels were
7.69 �mol/L in men and 6.59 �mol/L in women. There were
129 hard CHD events and 286 total CVD events (intermittent
claudication events, 26 in men and 16 in women; cerebro-
vascular disease events, 28 in men and 14 in women) during
12 years of follow-up.

Table 2 displays the age- and sex-adjusted HRs for new
vascular disease events. The HRs show the effect on vascular
disease risk per unit of log(homocysteine) and log(CRP). For
example, the HR for the association of log(CRP) with hard
CHD was 1.52 (95% CI, 1.32 to 1.76) after age and sex
adjustment. The multivariable HR for the association of
log(CRP) with hard CHD was 1.34 (95% CI, 1.14 to 1.58) in
an analysis that included age, sex, systolic blood pressure,

Table 1. Baseline Characteristics and Vascular Outcomes for
Participants

Characteristic or Vascular Event Men (n�1430) Women (n�1576)

Age, years 46 (9) 45 (9)

Systolic blood pressure, mm Hg 127 (15) 119 (17)

Total cholesterol, mg/dL 207 (36) 203 (40)

HDL cholesterol, mg/dL 43 (11) 54 (14)

Diabetes mellitus, % 4% 1%

Current smoker, % 35% 37%

Blood pressure therapy, % 11% 9%

Body mass index, kg/m2 26.8 (3.6) 24.6 (4.7)

C-reactive protein, mg/L 2.67 (5.17) 2.28 (4.49)

Homocysteine, �mol/L 7.69 (3.59) 6.59 (3.99)

Vascular events, number

Hard CHD 107 22

Total CVD 206 80

Data are presented as mean (SD), except where otherwise noted.
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blood pressure therapy, cholesterol, HDL-C, smoking, and
diabetes mellitus. Statistically significant associations were
also observed for associations of log(CRP) with total CVD in
the age- and sex-adjusted analyses (HR, 1.42; 95% CI, 1.29 to
1.57), as well as for the multivariable analyses (HR, 1.26;
95% CI, 1.12 to 1.40). In age- and sex-adjusted models and in
the multivariable models, lower homocysteine levels were
associated with hard CHD with a HR in the 0.53 to 0.62
range, which was statistically significant. On the other hand,
these effects were not observed for total CVD in the age- and
sex-adjusted or multivariable-adjusted models.

Tertiles of homocysteine and commonly used categories of
CRP (�1, 1 to 3, �3 mg/L) were analyzed in age- and
sex-adjusted proportional hazards analyses to test for associ-
ations with risk for new vascular events (Table 3). The
referent group in each instance was the lowest category.
Significantly lower risk for hard CHD events was observed at
the higher categories of homocysteine in the age- and
sex-adjusted models. On the other hand, no significant
associations were observed for homocysteine categories on
total CVD risk. Statistically significant increased multivari-
able HRs were observed in persons with CRP �3.0 mg/L for
hard CHD (HR, 1.88; 95% CI, 1.18 to 3.00) and for total
CVD (HR, 1.58; 95% CI, 1.16 to 2.15).

Table 4 shows the c statistics for hard CHD and total CVD
outcomes according to different prediction models. The
traditional variables were included in a core multivariable
proportional hazards regression analyses and the effects of
adding information on homocysteine and CRP were analyzed.

The c statistic for the traditional multivariable approach was
0.863 for hard CHD and 0.795 for total CVD. Only a small
increment in the c statistic was observed when CRP or
homocysteine information was added to the prediction model.

A total of 110 persons developed hard CHD, and 2896 did
not develop this event during 10 years of follow-up (Figure
1); the follow-up interval for this analysis was statistically
adjusted from 12 years to 10 years, which resulted in a
smaller number of events shown in the reclassification figure
compared with Table 1. We initially undertook this analysis
to test the net reclassification effect of adding CRP to a
predetermined multivariable prediction model that included
age, sex, systolic blood pressure, blood pressure therapy,
cholesterol, HDL-C, smoking, and diabetes mellitus. Persons
were classified in 3 different categories according to tradi-
tional multivariable risk models (initial probability) and
models that included the traditional variables and log(CRP).
The majority of persons remained at the same level of risk
(along the diagonal from upper left to lower right) after the
CRP information was included as an additional variable in the
prediction model. Some persons were reclassified upward
(above the diagonal) and some were reclassified downward
(below the diagonal).

The estimates in Figure 1 allow calculation of the NRI
using methods reported by Pencina et al.14 A total of 18
(8�10) people who developed hard CHD were reclassified
upward and 6 (5�1) people who developed an event were
reclassified downward. The net estimate for the percentage
classified upward was the difference between these 2 esti-

Table 2. CRP and Homocysteine Level HRs for Vascular Events

Factor

Hard CHD Total CVD

Age and Sex Adjusted* Multivariable Adjusted† Age and Sex Adjusted* Multivariable Adjusted†

Log(CRP) 1.52 (1.32–1.76) 1.34 (1.14–1.58) 1.42 (1.29–1.57) 1.26 (1.12–1.40)

Log(homocysteine) 0.53 (0.34–0.83) 0.62 (0.40–0.95) 0.85 (0.64–1.14) 0.95 (0.72–1.27)

*Adjusted for age and sex.
†Includes age, sex, systolic blood pressure, blood pressure therapy, cholesterol, HDL cholesterol, smoking, and diabetes mellitus.

Table 3. CRP and Homocysteine Categories and HRs for Vascular Events

Vascular Event Statistical Adjustment

CRP Level, mg/L

�1.00
(615 Men, 820 Women)

1.00–2.99
(472 Men, 441 Women)

�3.00
(343 Men, 315 Women)

Hard CHD Age-Sex Referent 1.44 (0.90–2.31) 3.05 (1.97–4.74)

Multivariable Referent 1.02 (0.63–1.65) 1.88 (1.18–3.00)

Total CVD Age-Sex Referent 1.38 (1.03–1.87) 2.44 (1.82–3.25)

Multivariable Referent 1.05 (0.77–1.42) 1.58 (1.16–2.15)

Homocysteine Tertile

Vascular Event Statistical Adjustment
Low

(477 Men, 525 Women)
Middle

(477 Men, 525 Women)
High

(477 Men, 525 Women)

Hard CHD Age-Sex Referent 0.76 (0.49–1.16) 0.54 (0.35–0.84)

Multivariable Referent 0.86 (0.56–1.32) 0.61 (0.39–0.96)

Total CVD Age-Sex Referent 0.93 (0.69–1.25) 0.81 (0.60–1.08)

Multivariable Referent 1.04 (0.77–1.40) 0.91 (0.67–1.24)

HRs are adjusted for age and sex. Multivariable model includes age, sex, systolic blood pressure, blood pressure therapy, cholesterol, HDL cholesterol, smoking,
and diabetes mellitus.
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mates divided by the total number of events [(18�6)/
110�10.91%], which was statistically significant (P�0.014).
Similar calculations for persons who did not develop an event
revealed a total of 89 (74�15) people who were reclassified
downward and 64 (51�13) people who were reclassified
upward. The net estimate for those not developing a vascular
event was the difference between these 2 estimates divided by
the total number of people who did not develop an event
[(89�64)/2896�0.86%], which was statistically significant
(P�0.043). The NRI was then estimated by taking the sum of

the net estimates for those who developed an event and those
who did not develop an event, which was 11.77%
(10.91%�0.86%; P�0.009). Analogous calculations for total
CVD from Figure 1 led to an estimated 4.98% (P�0.023)
reclassified for those developing an event and 0.61%
(P�0.289) for those not developing an event, which yielded
an NRI of 5.59% (P�0.014).

As an exploratory analysis concerning effects of reclassifica-
tion, we undertook a stepwise strategy that sequentially esti-
mated the effects for several risk factors with the outcome of
total CVD. We included age and sex as core factors and
estimated the percent net reclassified and the c statistic for each
variable added. For the addition of systolic blood pressure and
treatment to the model, the percent net reclassification and the c
statistic were 10.8% and 0.740, respectively; for the addition of
lipids, 7.0% and 0.767, respectively; for the addition of smoking,
7.7% and 0.787, respectively; for the addition of diabetes,
�0.5% and 0.795, respectively; and for the addition of
log(CRP), 5.6% and 0.799, respectively. The order of adding the
variables can affect the statistical significance of the contribution
for each factor, and it is interesting that most factors add several
percentage points to the reclassification index at the same time
that modest increments in the c statistic are observed. The net
reclassification effect for total CVD is identical to what we
reported for the Figure 1 calculation of the net reclassification
related to the multivariable model from Table 4.

Discussion
This prospective study tested whether circulating levels of
homocysteine and high-sensitivity CRP affected risk of first
CHD events in middle-aged adults. The results showed a
statistically significant association of high-sensitivity CRP
with the incidence of hard CHD and total CVD in continuous
variable analyses (Table 2) and in categorical analyses for
CRP levels �3.0 mg/L (Table 3). The overall effect on
discrimination with homocysteine, CRP, or both biomarkers
was relatively insignificant for both hard CHD and for total
CVD (Table 4). These results suggested that including each
of these factors in an initial screening for vascular disease risk
assessment did not measurably improve the ability to discrim-
inate future cases and noncases. We report a significant
association of lower homocysteine levels with greater risk for
hard CHD in age-, sex-, and multivariable-adjusted regres-
sion models, but there was no significant association in
models of homocysteine with total CVD (Tables 2 and 3).
Reclassification methods that assessed CRP and vascular
disease risk showed significant multivariable-adjusted effects
of CRP on total CVD, although adding CRP to the list of
traditional CHD risk factors had a minimal effect on discrim-
ination of future events using the c statistic (Table 3), as
shown in previous publications.23,27 In our reclassification
analysis that tested for CRP effects at different strata of CHD
risk according to traditional risk factors, the analyses showed
highly significant CRP effects (Table 4) and a NRI in the 7%
to 9% range for hard CHD or total CVD when compared with
models without CRP information being used in the initial
estimation. Similar results have been reported by Cook28 for
CRP in a recently published letter, and she reported a 5.7%
reclassification index value for CRP in the Women’s Health

Table 4. Discrimination of Vascular Disease with Various
Prediction Models

Model

c Statistic

Hard CHD Total CVD

Multivariable 0.863 0.795

Multivariable � Log(CRP) 0.865 0.799

Multivariable � Log(Hcys) 0.864 0.796

Multivariable � Log(CRP) � Log(Hcys) 0.867 0.799

Hcys indicates homocysteine. Multivariable model includes age, sex, systolic
blood pressure, blood pressure therapy, cholesterol, HDL cholesterol, smoking,
and diabetes mellitus.

Figure. The number of participants in different categories of
CHD risk with reclassification of risk category after inclusion of
CRP information are displayed for hard CHD (top) and total CVD
(bottom). Estimates of probabilities using traditional risk factors
(vertical axis) and with traditional variables and inclusion of CRP
information (horizontal axis) are shown. Each cell includes the
number of cases (clear background) and noncases (shaded
background).
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Study and a range of 4.7% to 8.4% for net reclassification in
the various models used to develop the Reynolds risk score.
Our results and those recently reported by Cook are relatively
concordant and provide more conservative estimates of re-
classification than what was reported previously by Cook et
al4 or in the original Reynolds risk score by Ridker et al24

when both CRP and parental history were used in the
reclassification model. Unfortunately, parental history of
heart disease was not available for all Framingham partici-
pants at the 1979 examination, and the analyses did not allow
incorporation of that element into the effects on reclassifica-
tion without substantial reduction in sample size.

Reclassification can be considered from a variety of vantage
points, and the exact utility of the method is not clear at the
present time. Differences in reclassification with CRP or other
new variables can stem from a variety of sources. The choice
and number of categories used and absolute event rates for the
study participants are key sources of variation that can help to
explain the differences, as well as the use of NRI,
described by Pencina et al,14 as the performance measures.
The NRI considers effects of upward, neutral, and down-
ward reclassification of cases and noncases during follow-
up, leading to a net reclassification that provides a more
accurate estimate than that obtained with other approaches.

There is considerable interest in the development of effec-
tive strategies to identify persons at risk for CHD. Traditional
risk factors such as age, sex, blood pressure, cholesterol,
HDL-C, cigarette use, and diabetes mellitus have been used
to screen persons at risk for CHD in the United States,29

Europe,30,31 and around the world.32 Other biomarkers have
been tested in prospective cohort studies for effects in
prediction models that have included traditional vascular
disease risk models. As with our results, newer biomarkers
such as CRP may be statistically related to the development
of CHD but using the test for screening or clinical practice is
less certain. The addition of newer biomarkers in a previous
Framingham publication and results of other studies of CRP
in risk prediction have generally shown modest effects in
terms of their discriminatory ability to help identify new
cases of CHD during follow-up, and there was minimal
change in the area under the receiver operating characteristic
curve with the new biomarker added.23,33

The Framingham offspring experience reported in this study
reflects that of a suburban, community-based population sample
that is largely white, and follow-up took place from the middle
of the 1990s onward. At baseline, the participants often had
relatively normal blood pressure levels, and during follow-up,
blood pressure medication was common. The overall effects of
baseline blood pressure on CHD risk has been previously
reported as smaller in the Framingham offspring than in the
first-generation Framingham cohort during the first 12 years of
follow-up, and effects were largely related to diastolic blood
pressure levels.34 Similarly, drug treatment for lipoprotein cho-
lesterol abnormalities was uncommon at the 1990 index exam-
ination for the offspring included in this investigation. Addition-
ally, the participants had a mean age of 46 years at baseline, their
risk factor burden was relatively light concerning hypertension
and diabetes mellitus, and the incidence of cardiovascular events
during follow-up was relatively modest in comparison with

older population groups. Different results may be obtained in
other settings, especially in more recent times, when treatment of
risk factors has become much more prevalent, and both excess
adiposity and diabetes mellitus are more common.

The significant reclassification effects of CRP highlight the
need to use risk factor assessment strategies that focus testing on
those most likely to benefit. One possible approach would be a
2-step strategy that first would identify persons at intermediate
risk for the vascular outcome via traditional risk factors and then
further stratify risk based on follow-up testing.26,35 Additional
research is needed regarding the effectiveness of 2-step ap-
proaches that use reclassification of risk after consideration of
additional risk factor information, and cost-effectiveness strate-
gies should provide even more information concerning the
absolute degree of risk and costs to detect persons at higher risk.

Identifying persons at risk for CVD is a dynamic field, and
newer tests and analytic strategies are constantly being
evaluated to improve our ability to assess risk more accu-
rately so that the most appropriate follow-up and care can be
provided. Our findings in a cohort with a moderate proportion
of persons at intermediate risk for CVD showed no improve-
ment in the c statistic, but with a reclassification approach, we
saw a net reclassification that was in the 5% to 10% range.
There are many unanswered questions concerning estimation
of cardiovascular risk that are related to discrimination and
reclassification. The order in which variables are included in
risk prediction equations can affect some of the results and
interpretation of the findings. Intermediate risk is an arbitrary
condition that will change as risk factors are more effectively
controlled. Such changes alone will pose new challenges to
researchers. Our analytic approach included traditional car-
diovascular risk factors first and then evaluated the role of
CRP as a new biomarker, but other analytic strategies are
possible. We have a better understanding of how risk predic-
tion works at the present time compared with the past, but
much is left to be accomplished to improve the identification
of persons who will later develop cardiovascular events.
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CLINICAL PERSPECTIVE
This study investigated the relationship of circulating levels of high-sensitivity C-reactive protein (CRP) with cardiovas-
cular disease (CVD) risk and evaluated the role of risk reclassification. The study was based on the experience of 3006
Framingham Offspring participants in the Framingham Heart Study who were free of CVD at baseline. The relative risk
for new hard CHD and total CVD were significantly associated with higher CRP levels, and in multivariable analyses that
included age, sex, systolic blood pressure, total cholesterol, high-density lipoprotein cholesterol, diabetes mellitus, current
smoking, hypertension treatment, and homocysteine, the log(CRP) level remained significantly related to development of
hard CHD and total CVD and provided moderate improvement in the discrimination of events. The net reclassification
improvement when CRP was added to traditional factors was 5.6% for total CVD (P�0.014) and 11.8% for hard CHD
(P�0.009). We concluded that circulating levels of CRP help to estimate risk for initial cardiovascular events and may be
used most effectively in persons at intermediate risk for vascular events, offering moderate improvement in reclassification
of risk.
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