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Abstract
Background—Many coronary heart disease (CHD) events occur in individuals classified as
intermediate risk by commonly used assessment tools. Over half the individuals presenting with a
severe cardiac event, such as Myocardial Infarction (MI), have at most one risk factor as included
in the widely used Framingham risk assessment. Individuals classified as intermediate risk, who
are actually at high risk, may not receive guideline recommended treatments. A clinically useful
method for accurately predicting 5-year CHD risk among intermediate risk patients remains an
unmet medical need.

Objective—This study sought to develop a CHD Risk Assessment (CHDRA) model that
improves 5-year risk stratification among intermediate risk individuals.

Methods—Assay panels for biomarkers associated with atherosclerosis biology (inflammation,
angiogenesis, apoptosis, chemotaxis, etc.) were optimized for measuring baseline serum samples
from 1084 initially CHD-free Marshfield Clinic Personalized Medicine Research Project (PMRP)
individuals. A multivariable Cox regression model was fit using the most powerful risk predictors
within the clinical and protein variables identified by repeated cross-validation. The resulting
CHDRA algorithm was validated in a Multiple-Ethnic Study of Atherosclerosis (MESA) case-
cohort sample.

Results—A CHDRA algorithm of age, sex, diabetes, and family history of MI, combined with
serum levels of seven biomarkers (CTACK, Eotaxin, Fas Ligand, HGF, IL-16, MCP-3, and sFas)
yielded a clinical net reclassification index of 42.7% (p<0.001) for MESA patients with a
recalibrated Framingham 5-year intermediate risk level. Across all patients, the model predicted
acute coronary events (hazard ratio=2.17, p<0.001), and remained an independent predictor after
Framingham risk factor adjustments.

Limitations—These include the slightly different event definition with the MESA samples and
inability to include PMRP fatal CHD events.

Conclusions—A novel risk score of serum protein levels plus clinical risk factors, developed
and validated in independent cohorts, demonstrated clinical utility for assessing the true risk of
CHD events in intermediate risk patients. Improved accuracy in cardiovascular risk classification
could lead to improved preventive care and fewer deaths.

Keywords
myocardial infarction; risk assessment; coronary heart disease; inflammation; clinical validation

Introduction
Coronary heart disease (CHD) remains a major cause of morbidity and mortality despite
recent improvements in disease management1, 2. A critical requirement for reducing CHD is
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to accurately identify individuals with subclinical disease who are at risk of experiencing a
coronary event, and for whom early intervention can help. Guidelines recommend formal
risk stratification based on clinical characteristics such as the Framingham risk score to
calculate 10-year risk for patients 3, 4. However, models using established risk factors do not
fully estimate the incidence and prevalence of cardiovascular disease in the general
population 5–7. Furthermore, fewer than 20% of surveyed physicians report using a risk
calculator, and most physicians misclassify patient risk; nearly two-thirds underestimate
risk 8, 9.

Common risk assessment tools place many patients into an intermediate risk category where
treatment guidelines are unclear and further workup is required 3. Efforts to refine risk
assessment for intermediate patients typically have added biomarkers to existing risk
algorithms, yet individual biomarkers have correlated poorly with relevant clinical events,
and have seldom been validated in independent cohorts10–12. Inadequate biomarker
analytical performance may partially explain the failures13. Even established biomarkers
such as low density lipoprotein (LDL) fail to fully explain CHD risk with nearly half of
myocardial infarctions (MI) occurring in patients with normal lipids14. Attempts at
combining multiple biomarkers have shown variable success, perhaps because such studies
have addressed all-comers including those classified at low or high 10-year risk by
conventional assessments15, 16. Focusing on the intermediate risk population, and
considering a 5-year risk horizon may be more useful and also help motivate therapy
compliance as suggested in a study of patient and physician preferences for risk
timeframes.17

We developed and optimized quantitative assays for serum proteins related to inflammation,
apoptosis, thrombosis, vascular remodeling, and other processes previously shown to
underlie CHD development 18, 19. We used these customized assays to measure the
biomarker levels in a population-based cohort initially CHD-free to identify the optimum 5-
year CHD Risk Assessment (CHDRA) model for patients classified as intermediate risk by
current risk algorithms. A 5-year time frame was selected to balance the need for sufficient
events to occur in the population being studied with the desire for a more immediate risk
interval, as suggested in a study of patient and physician preferences.17 Validation of the
model was assessed by the correct classification of intermediate risk individuals in the
independent, prospective, Multiple-Ethnic Study of Atherosclerosis (MESA).

Methods
Study population for model derivation: PMRP

Study participants for model derivation were from the Marshfield Clinic Personalized
Medicine Research Project (PMRP), a population-based sample repository collected in 2002
to 2004 from Marshfield, Wisconsin residents to study genetic epidemiology and
pharmacogenomics 20. The PMRP serum bio-bank contained pristine samples collected
under controlled preanalytical processes and stored at −80C. The PMRP represents a
relatively homogeneous population of Northern European ancestry. Participants provided
broad written informed consent for research use of samples and medical records. The
Marshfield Clinic Research Foundation Institutional Review Board approved the protocol.
Clinical data came from adjudicated medical records and enrollment questionnaires that
were geared toward a genetic study focus for which the project was initially designed. Self-
reported family history of CHD was defined as an MI or angina in two or more first-degree
relatives without reference to the relative’s age at occurrence. Repository blood samples
were selected from 40 to 80 year old individuals with no history of cardiovascular disease at
enrollment when the blood samples were collected. The eligible cohort included 10,623
individuals. Using a modified case-cohort type design, baseline samples from all individuals
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who subsequently had an event (n=385) within the 5-years after enrollment were selected,
along with baseline samples from 838 individuals randomly selected from those without
events during follow-up (n=10238), resulting in a sampling fraction of 8.19% (838/10238).
A case-cohort type design was used, rather than a case-control study matching age and sex,
so that the CHDRA model could be applied to all individuals using their age and sex as
input variables. An event was defined as a first non-fatal, acute MI identified in the medical
records as the primary diagnosis ICD-9 codes 410.xx and 412.xx (n=164) or hospitalization
for unstable angina, code 411.1 (n=221), up to five years after enrollment. All fatal events
were excluded because the cause of death could not be unambiguously confirmed. Baseline
lipid levels were measured in the sample or obtained from medical records if already
measured within 1 year of the sample collection.

Study population for model validation: MESA
Model validation study participants were from the Multi-Ethnic Study of Atherosclerosis
(MESA), a prospective study of subclinical cardiovascular disease prevalence and
progression 21. The MESA population had 6,814 participants 45–84 years old, self-identified
as White, African-American, Hispanic, or Chinese. All participants were free of
cardiovascular disease at study entry (2000–2002) and gave informed consent, although
1,083 denied use of their samples for commercial purposes. The serum samples were
collected at baseline under controlled preanalytical processes and stored at −70C until tested.
Weighted average follow-up time for the cohort was 5.4 years (minimum 5 years). All
incident CHD events (n=222) from adjudicated medical records were used. These included
definite or probable MI (either abnormal cardiac biomarkers, evolving Q waves, or a
combination of chest pain with ST-T evolution or new left bundle branch block ECG
changes), resuscitated cardiac arrest, fatal CHD (MI within the prior 28 days, chest pain
within 72 hr, or a history of CHD, and no known non-cardiac cause of death), definite
angina (chest pain symptoms with 70% or greater obstruction on coronary angiography, or
evidence of ischemia by stress test or resting ECG), and probable angina (physician
diagnosis) if accompanied by revascularization. The case-cohort sample of 623 participants
was selected at random giving a sampling fraction of 11.1%. This random selection included
21 of the 222 who had an event during follow-up, so the remaining 201 events were added
to result in 824 participants: all 222 with events and 602 without events.

Protein Biomarker Assays
The protein biomarkers tested with the PMRP samples (Figure 1) were putative CHD-
related proteins identified in prior work and literature reviews 19. The list was refined based
on antibody availability and what could be tested reliably in xMAP® (Luminex Corp,
Austin, TX) and MULTI-SPOT® (MSD, Gaithersburg, MD) multiplexed panels (See
Appendix Supplementary methods for details). Thirty-two biomarker assays remained after
dropping those exhibiting poor analytical performance (sensitivity, specificity, and
reproducibility). The MESA samples were tested and analyzed with no knowledge of their
event/non-event status that was only revealed by the MESA committee following
submission of the CHDRA scores.

Statistical Analysis
The CHDRA model was derived with 1084 PMRP samples (362 events) for which all
clinical data and protein biomarker values could be obtained out of the 1,223 samples (385
events) tested. The number of samples from individuals without events was based on power
calculations for observing Hazard Ratios (HR) >1.3 for a CHD event in 5 years 22.
Statistical analyses were conducted with R 23. A Cox proportional hazard model determined
the univariate associations of the log10 transformed protein biomarker levels with 5-year
cardiovascular events in the PMRP population 24. Coefficients were calculated for 1-SD
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increment of the biomarker distributions in the individuals without events. Models were
evaluated both unadjusted and adjusted for age, sex, blood pressure, total cholesterol, high–
density lipoprotein cholesterol (HDL), hypertension, antihypertensive medication use,
hyperlipidemia diagnosis, diabetes, and smoking status. Those variables were selected from
the Framingham and ATP-III models to maintain a consistency with the variables in the
more familiar risk assessment models used by clinicians 4, 25. The function survfit (R
package: survival) was used to compute the predicted survivor function for the Cox
proportional hazards model and was modified to account for the event/non-event weights
required in the case-cohort analysis and to estimate the baseline survivor function for the
population and not the sample 23.

The number of protein biomarkers in the final model was determined with a forward
selection methodology while the CHDRA model was obtained by fitting a weighted Cox
proportional hazard model to all data, using a forward variable selection method to choose
from the measured protein biomarkers and clinical risk factors 26.

Algorithm pre-validation
Before validating the CHDRA with the MESA population, a pre-validation was performed
within the PMRP samples to prevent over fitting 27. The pre-validation process was repeated
10 times to obtain a CHDRA performance estimate for comparison against two reference
models. The first reference model was a Framingham risk model for CHD events (angina,
MI, coronary insufficiency, and CHD death) using the published Framingham risk model
coefficients for age, sex, total cholesterol, HDL cholesterol, systolic and diastolic blood
pressures, diabetes, and smoking status, calibrated for 5-year risks 4. The 5-year calibration
transformed the typical Framingham risk model 10-year risk categories of Low: 0–10%,
Intermediate: 10–20%, and High: >20% risks, into 5-year equivalents of Low: 0 to <3.5%,
Intermediate: 3.5 to <7.5%, and High: >7.5% risk. The risk thresholds of 3.5% for
intermediate risk and 7.5% for high risk were the closest pragmatic cut-offs providing
concordance of the predicted rates to the PMRP population observed event rates for men and
women within each Framingham risk category mapped to a 5-year time frame. Such lower
category thresholds are consistent with lower baseline event rates observed in populations
more modern than the Framingham cohort 4. The second reference was a nine clinical risk
factors model containing the Framingham risk factors plus antihypertensive medication use.
The Framingham risk model represents a familiar gold standard, while the 9-clinical risk
factor model captures a variable often considered in risk assessments 25. The same risk
thresholds of 3.5% for intermediate risk and 7.5% for high risk were used for all models to
maintain consistency.

Algorithm performance comparisons
The Net Reclassification Index (NRI) and the clinical Net Reclassification Index (clinical
NRI) were used for comparing the CHDRA to the Framingham risk and 9-clinical risk factor
reference models 28. The NRI indicates the overall improvement in correct classification by
the CHDRA model for all risk categories, while the clinical NRI describes the improvement
in classification of just those individuals assigned as intermediate risk by the reference
model. It indicates the net improvement of correctly reclassifying those individuals who had
an event to the high risk category and those who did not experience an event to the low risk
category. The 9–clinical risk factor model used coefficients developed with the PMRP
cohort, while the Framingham risk model used the published Framingham risk coefficients
calibrated for a 5-year follow-up as described. The risk categorization for an individual was
defined with the reference model (adjusted for cohort weights and accounting for missing
samples). The association of the CHDRA risk score (log-10 transformed) and CHD events
(n=179) in MESA was determined with the Cox proportional hazard model as hazard ratio
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(HR) in units of 1-SD of the score distribution for individuals without events (n=495).
Additional models adjusted for 1) the Framingham risk model, 2) the Framingham risk
model plus diabetes, 3) the Framingham risk model plus family history, and 4) the 9-clinical
risk factor covariates plus race/ethnicity. These adjustments were chosen to identify
independent relationships of the CHDRA with common CHD risk assessment variables and
to test its incremental benefit in risk prediction. Although the primary focus was on
performance of the CHDRA model as improving risk assessment for the intermediate risk
individuals, a continuous NRI analysis and an integrated discrimination analysis were
completed to assess performance relative to the Framingham risk model29, 30.

The predictive power of only the CHDRA seven proteins was determined by fitting two
additional models in the PMRP sample set: 1) the Framingham clinical risk factors plus
family history of MI, and 2) those same variables plus the CHDRA seven proteins. The two
fitted models were then tested in the MESA set and clinical NRI values calculated.

Finally, the incremental effect of the CHDRA on discrimination of risk for CHD events in
Framingham intermediate risk individuals was determined by computing the area under the
curve (AUC) of the receiver-operating characteristic curve for both the CHDRA and
Framingham risk models for the 3.5 to <7.5% risk group. The CHDRA Harrell C-statistic,
accounting for case-cohort design weights, was determined for both the intermediate risk
group and all individuals 31.

Results
Sample baseline characteristics

The baseline characteristics of the PMRP (training) and MESA (validation) samples were
different (Table 1). Individuals in the PMRP cohort were younger (56.4 years) than in
MESA (62 years, p<0.001). The PMRP cohort included 99% Caucasian individuals whereas
MESA was multi-race and multi-ethnic (42% Caucasian individuals). The PMRP cohort
contained more female participants without events compared to MESA (p=0.008). That
difference is consistent with reported trends1. The proportion of current smokers and LDL
levels were comparable in the two populations (p=0.85 for individuals without events and
p=0.85 for those with events) while the LDL-C levels were comparable in those with events
(p=0.178) and higher for those without events in the PMRP set (p=0.013). Total cholesterol
levels (p<0.001), statin use (p < 0.05) and proportion of diabetics (p<0.001) were all higher
in the PMRP cohort.

CHDRA Derivation
In the univariate analysis, 19 of the reliably measured biomarkers had statistically significant
association with event risk (HR, 95% confidence intervals above or below 1.0, p<0.05,
Figure 2a). When adjusted for clinical risk factors, 11 biomarkers maintained statistical
significance (Figure 2b). (See Appendix Supplemental Tables 1 and Supplemental Tables 2
for HR point estimates and 95% confidence intervals.) The forward selection methodology
identified seven proteins as the smallest model size that was within 1-standard error of the
optimum fit log-likelihood ratio. The Cox proportional hazard analysis, allowed to choose
up to 7 proteins from the 32 measured biomarkers along with the most powerful clinical
factors, identified the following as the variables for the CHDRA model: age, sex, diabetes,
family history of MI (at least two immediate family members, with no reference to their age
at occurrence), CTACK (CCL27), Eotaxin (CCL11), IL-16 (Interleukin 16), MCP-3
(CCL7), HGF (hepatocyte growth factor), Fas Ligand (tumor necrosis factor ligand
superfamily member 6), and sFas (tumor necrosis factor receptor superfamily member 6,
secreted form). The biomarker protein assay limits of detection were in the pg/mL range and
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coefficients of variation under 15%, indicating high analytical performance (Table 2). (See
Appendix Supplemental Table 3 for performance of all assays).

CHDRA Performance
The CHDRA pre-validation significantly reclassified to their correct high- or low risk
categories those PMRP samples determined to be intermediate risk by the Framingham
(clinical NRI = 38.2%) and the 9-clinical risk factor (clinical NRI = 19.7%) reference
models (Table 3). These clinical NRI values indicate that a significant number of
individuals, who were classified as intermediate risk by the reference model yet they
experienced an event during follow-up, were correctly reclassified as being at high risk.
Likewise, those who were event free during follow-up were correctly reclassified as low
risk. Net reclassification of the Framingham model intermediate risk individuals was
somewhat greater for those who had events than those who were event free (23.1% and
15.1%, respectively), while many more individuals with events were reclassified correctly
versus the 9-clinical risk factor model than those without events (16.6% and 3.1%,
respectively). In the training set as a whole, the CHDRA exhibited a significant NRI of
13.1% versus the Framingham model and an insignificant reclassification vs. the 9-clinical
risk factor model. An AUC analysis with the PMRP intermediate risk patients also indicated
improved sensitivity and specificity of the CHDRA compared to the Framingham model
(Figure 3a).

In the separate, independent MESA cohort, the CHDRA indicated a strong association (HR
2.17 [1.79 to 2.63], p<0.001) with incident CHD events (Table 4). The association remained
significant after adjustment for Framingham risk and other clinical factors, but not when
adjusted for all 10 covariates (Table 4). There was no significant difference between the
CHDRA HR and the Framingham risk model HR (p=0.48). Interactions between race/
ethnicity categories and the CHDRA score were also not significant (p=0.29). The Harrell’s
C-statistics, using the entire MESA sample set, were not significantly different for the
CHDRA and the Framingham risk models at 0.72 and 0.73, respectively (p=0.70). (See
Appendix Supplemental Table 4 for more details.)

Using risk categories defined by the reference model, the CHDRA clinical NRI values were
significant in the MESA cohort for all intermediate risk individuals classified by the
Framingham risk and 9–clinical risk factor models (Table 5). The CHDRA correctly
reclassified 25.7% individuals with events, and 17% without events, all of whom were
initially classified as intermediate risk by the Framingham risk model, yielding a clinical
NRI of 42.7%. The clinical NRI was 26.8% with the 9-clinical risk factor model. The NRI
assessments, which consider all risk categories, were not statistically significant (Table 5).

The CHDRA reclassification of Framingham risk model intermediate risk individuals was
balanced between those with events (30 out of 67; 45%) and those without events (72 out of
170; 42%) (Table 6). An AUC analysis with the intermediate risk patients also indicated
improved sensitivity and specificity of the CHDRA compared to the Framingham risk
(Figure 3b). When adding the seven selected proteins to a model containing classical risk
factors (Framingham risk components plus family history of MI) a significant 25.5% clinical
NRI (p=0.027) was obtained for the intermediate risk group vs. the fitted model without the
added proteins.

Considering all individuals, the continuous NRI versus the Framingham risk model
indicated a net reclassification of 13.8% (p=0.001), while the integrated discrimination
analysis indicated a significant discrimination of 1.89% (p=0.02).
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Discussion
Using the PMRP cohort, we identified the combination of clinical risk factors and disease-
relevant biomarkers that predict risk of 5-year CHD events. An algorithm containing seven
disease-relevant protein biomarkers (CTACK, Eotaxin, FasLigand, HGF, IL-16, MCP-3,
and sFas) and four clinical risk factors (age, sex, diabetes, and family history of MI) was
identified and successfully validated in the independent MESA cohort. The reclassification
by the CHDRA of 25.7% of the MESA individuals with events and 17% of those without
events, all initially classified as intermediate risk by the Framingham risk, is an important
incremental improvement in risk stratification capable of influencing clinical practice.
Indeed, this 42.7% clinical NRI exceeds the clinical NRI calculated for established risk
scores like the Reynolds risk score for men (clinical NRI = 14.2%) or the proposed addition
of ECG abnormalities to traditional risk factors (clinical NRI= 13.6%) 6, 32.

The CHDRA is the result of extensive protein assay optimization to identify the most
informative atherosclerotic biomarkers, which when combined with clinical factors,
provided significant risk reclassification in an independent cohort. This meets the proposed
requirements for prognostic model validation 33. This study also fulfills several
recommendations advocated in the AHA scientific statement on novel cardiovascular risk
marker evaluations, including prospective validation in an independent population and
incremental information when added to standard risk markers 13. Although the PMRP
population used to develop the CHDRA was homogeneous (99% Caucasian), and did not
include fatal CHD, the model performed well in the more diverse MESA population that
included fatal CHD endpoints and significant differences in baseline characteristics.

The proteins were from a list of 32 putative biomarkers involved in the cellular processes
underlying CHD 19, 34. Some of the biomarkers have not been previously identified as
important in CHD risk assessment, yet all were tested because of their associations with
atherosclerotic plaque biology, such as inflammation, chemotaxis, angiogenesis, cell
proliferation, cell adhesion, and apoptosis 35–37. Including biomarkers that represent
different aspects of the pathophysiology underlying atherosclerosis may explain why this
combination improved cardiovascular risk estimation. Indeed, the protein biomarkers
themselves demonstrated significant reclassification (clinical NRI = 25.5%) when added to
the Framingham risk plus family history of MI.

C-reactive protein (CRP) and N-terminal-pro-B-type natriuretic peptide (NT-proBNP)
correlate with CHD risk in other studies, but were absent in the CHDRA. Forcing those
proteins into the CHDRA slightly reduced the performance (data not shown). CRP is a
marker of general inflammation and NT-proBNP is a marker of “pan-cardiac” damage;
neither appears specific for atherosclerosis 10, 38. As others have suggested, risk prediction is
improved by including biomarkers more directly relevant to the pathophysiology underlying
CHD 11. Recent studies suggest that high-sensitivity cardiac troponin assays may provide
CHD risk information, although data show cardiac troponin has more utility in near-term MI
diagnosis and death, with a weaker association to atherosclerosis 39, 40. Availability of a
high-sensitivity cardiac troponin assay will be needed for future work to examine the
CHDRA relationship with troponin levels.

Measuring the ability of biomarkers to assess risk across all categories may reject covariates
that accurately assign risk within a clinically important category 41. And significant
improvements can be missed when gauging performance with standard measures of model
accuracy such as the C-statistic and AUC, as well as with NRI and integrated discrimination
analysis, which look at how the whole sample set is reclassified 29, 42, 43. A more clinically
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important performance measure is the clinical NRI for the intermediate risk subgroup that
we are specifically targeting 28, 29.

We used both NRI and clinical NRI to compare the CHDRA performance to the
Framingham risk and 9–clinical risk factor models. While the CHDRA did not improve
prediction over traditional measures in the test cohort as a whole (NRI=1.3%, p=0.84),
classification was significantly improved in the intermediate risk group (clinical
NRI=42.7%, p<0.001). The reclassification was significant for intermediate risk individuals
with and without events, and it was more successful at upward reclassification, which is
clinically more meaningful and could result in more appropriate aggressive risk factor
modifications 44, 45. Modest overall reclassification and discrimination improvements were
seen in the continuous NRI and integrated discrimination analysis measurements, yet our
focus was the intermediate risk population.

Improved CHD risk algorithms that target the intermediate risk population have value in
clinical practice. Over half (58%) of individuals experiencing a CHD event had less than
two conventional CHD risk factors 46. Using the CHDRA may identify a significant
proportion of the intermediate risk population who are eligible for more aggressive
intervention and preventive therapy. The clinical utility of identifying individuals at high
risk to target aggressive risk factor reductions is well documented 47, 48. Intermediate risk
individuals are often given less aggressive goals because more intensive treatments have
uncertain risk-benefit ratios 25. The CHDRA can provide physicians a useful clinical tool to
further clarify the actual risk of intermediate risk patients, as ACCF/AHA guidelines
recommend 3. Indeed, the American College of Preventive Medicine suggested that newer
biomarkers may be helpful to reclassify intermediate risk individuals, enabling more
favorable risk factor modification, while a greater focus on prevention could substantially
reduce cardiovascular deaths 45, 48. In addition, focusing on a 5-year rather than a 10-year
horizon may motivate patients to better comply with therapeutic interventions and guideline-
based therapies. Patient motivation is a key factor in statin therapy adherence, improvement
of which could significantly impact clinical outcomes 49, 50. The CHDRA model can be
used in a clinical lab to provide a CHD risk “score” reported on a 100-unit percentage scale
to convey the absolute risk of a cardiac event (MI or UA) within the subsequent 5 years51.

Potential limitations to this study include the use of frozen specimens, slightly different
definition of events with the MESA samples, and inability to include fatal CHD as events in
the PMRP set. The case-cohort sample size was determined from power calculations that
balanced the cost of measuring all cohort samples with the ability to estimate the entire
population characteristics through appropriate weights. Although biomarkers relevant to
fatal CHD events may have been missed by not being able to include that endpoint during
the model development with the PMRP samples, the CHDRA algorithm predicted in the
MESA cohort the broader event list including fatal MI, suggesting that the model might be
even more powerful if built using fatal CHD events. This possibility is further supported
when considering that the PMRP event definition was broader than that used in MESA, yet
the model performed well in the more narrowly defined MESA set. The ascertainment of
serum lipid values and medication usage from the PMRP medical records or study
questionnaire may also have introduced uncertainty into the model. However, the correlation
was high (r2>0.87, data not shown) between medical record information and lipid
measurements on a sample aliquot group.

Subsequent studies should consider CHDRA impact on patient management and cost
effectiveness in a well-powered randomized interventional study. Future research should
also examine model refinement for specific subgroups (i.e., men and women), the
incorporation of CHD death events, and important risk markers such as cardiac calcium
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scoring, all of which could further improve cardiac risk assessment for the intermediate risk
individual.

Conclusion
This study identified a serum protein biomarker-based prognostic algorithm for assessing the
risk of acute cardiovascular events that provided a significant incremental benefit over using
clinical risk factors alone for individuals currently assessed as intermediate risk. A test that
correctly reclassifies patients to higher and lower risk categories can result in positive
changes in physician management, patient behavior, and subsequent clinical outcomes.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.

Acknowledgments
The authors thank the other investigators, the staff, and the participants of the MESA study for their valuable
contributions. A full list of participating MESA investigators and institutions can be found at http://www.mesa-
nhlbi.org. The authors thank Aviir employees Dr. Bruce H. Phelps for his guidance of the proteomic assay
development, Dr. Edward R. McCluskey for his contributions to the study design, Samantha Chui for her skillful
data analysis and risk modeling, Dr. WuXiong Li for his insightful modeling and R software coding, and Doug
Morrison for his skillful data analysis pipeline integration and thoughtful data analysis suggestions. The authors
thank Dr. Daniel Hoefner (who has no financial disclosures) for his contributions to the design of the Marshfield
study and data access, and Dr. Matthew D. Solomon (a paid consultant to Aviir) for his critical review of the
manuscript.

References
1. Kochanek KD, Xu J, Murphy SL, et al. Deaths: Final Data for 2009. National Vital Statistics

Reports. 2011; 60(3):1–167. [PubMed: 22670489]

2. Heidenreich PA, Trogdon JG, Khavjou OA, et al. Forecasting the future of cardiovascular disease in
the United States: a policy statement from the American Heart Association. Circulation. 2011;
123(8):933–944. [PubMed: 21262990]

3. Greenland P, Alpert JS, Beller GA, et al. 2010 ACCF/AHA Guideline for Assessment of
Cardiovascular Risk in Asymptomatic Adults: Executive Summary. JACC. 2010; 56(25):2182–
2199.

4. Wilson PW, D' Agostino RB, Levy D, et al. Prediction of coronary heart disease using risk factor
categories. Circulation. 1998; 97(18):1837–1847. [PubMed: 9603539]

5. Wang TJ, Gona P, Larson MG, et al. Multiple biomarkers for the prediction of first major
cardiovascular events and death. N Engl J Med. 2006; 355(25):2631–2639. [PubMed: 17182988]

6. Ridker PM, Paynter NP, Rifai N, et al. C-reactive protein and parental history improve global
cardiovascular risk prediction: the Reynolds Risk Score for men. Circulation. 2008; 118(22):2243–
2251. [PubMed: 18997194]

7. Olsen MH, Hansen TW, Christensen MK, et al. N-terminal pro-brain natriuretic peptide, but not
high sensitivity C-reactive protein, improves cardiovascular risk prediction in the general
population. Eur Heart J. 2007; 28(11):1374–1381. [PubMed: 17242007]

8. Eaton CB, Galliher JM, McBride PE, et al. Family Physician’s Knowledge, Beliefs, and Self-
reported Practice Patterns Regarding Hyperlipidemia: A National Research Network (NRN) Survey.
J Am Board Fam Med. 2006; 19(1):46–53. [PubMed: 16492005]

9. Montgomery AA, Fahey T, MacKintosh C, et al. Estimation of cardiovascular risk in hypertensive
patients in primary care. Br J Gen Pract. 2000; 50(451):127–128. [PubMed: 10750210]

10. Ridker PM, Hennekens CH, Buring JE, et al. C-reactive protein and other markers of inflammation
in the prediction of cardiovascular disease in women. N Engl J Med. 2000; 342(12):836–843.
[PubMed: 10733371]

Cross et al. Page 10

Curr Med Res Opin. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

http://www.mesa-nhlbi.org
http://www.mesa-nhlbi.org


11. Zethelius B, Berglund L, Sundstrom J, et al. Use of multiple biomarkers to improve the prediction
of death from cardiovascular causes. N Engl J Med. 2008; 358(20):2107–2116. [PubMed:
18480203]

12. Yeboah J, McClelland RL, Polonsky TS, et al. Comparison of novel risk markers for improvement
in cardiovascular risk assessment in intermediate-risk individuals. JAMA. 2012; 308(8):788–795.
[PubMed: 22910756]

13. Hlatky MA, Greenland P, Arnett DK, et al. Criteria for evaluation of novel markers of
cardiovascular risk: a scientific statement from the American Heart Association. Circulation. 2009;
119(17):2408–2416. [PubMed: 19364974]

14. Sachdeva A, Cannon CP, Deedwania PC, et al. Lipid levels in patients hospitalized with coronary
artery disease: an analysis of 136,905 hospitalizations in Get With The Guidelines. Am Heart J.
2009; 157(1):111–117. e2. [PubMed: 19081406]

15. Blankenberg S, Zeller T, Saarela O, et al. Contribution of 30 biomarkers to 10-year cardiovascular
risk estimation in 2 population cohorts: the MONICA, risk, genetics, archiving, and monograph
(MORGAM) biomarker project. Circulation. 2010; 121(22):2388–2397. [PubMed: 20497981]

16. Kavousi M, Elias-Smale S, Rutten JHW, et al. Evaluation of Newer Risk Markers for Coronary
Heart Disease Risk Classification. Ann Intern Med. 2012; 156(6):438–444. [PubMed: 22431676]

17. Hill S, Spink J, Cadilhac D, et al. Absolute risk representation in cardiovascular disease
prevention: comprehension and preferences of health care consumers and general practitioners
involved in a focus group study. BMC Public Health. 2010; 10:108. [PubMed: 20199692]

18. Tabibiazar R, Wagner RA, Ashley EA, et al. Signature patterns of gene expression in mouse
atherosclerosis and their correlation to human coronary disease. Physiol Genomics. 2005; 22(2):
213–226. [PubMed: 15870398]

19. Ardigo D, Assimes TL, Fortmann SP, et al. Circulating chemokines accurately identify individuals
with clinically significant atherosclerotic heart disease. Physiol Genomics. 2007; 31(3):402–409.
[PubMed: 17698927]

20. McCarty CA, Wilke RA, Giampietro PF, et al. Marshfield Clinic Personalized Medicine Research
Project (PMRP): design, methods and recruitment for a large population-based biobank.
Personalized Med. 2005; 2(1):49–79.

21. Bild DE. Multi-Ethnic Study of Atherosclerosis: Objectives and Design. Am J Epidemiol. 2002;
156(9):871–881. [PubMed: 12397006]

22. Cai J, Zeng D. Power calculation for case-cohort studies with nonrare events. Biometrics. 2007;
63(4):1288–1895. [PubMed: 17608788]

23. R Development Core Team. R: A language and environment for statistical computing (Linux
v2.9.0 and Windows v2.12.2). 2011. Vienna, Austria: R Foundation for Statistical Computing;
2011.

24. Cox DR. Regression Models and Life-Tables. J Royal Stat Soc Series B. 1972; 34(2):187–220.

25. NCEP Expert Panel. Third Report of the National Cholesterol Education Program (NCEP) Expert
Panel on Detection, Evaluation, and Treatment of High Blood Cholesterol in Adults (Adult
Treatment Panel III) final report. Circulation. 2002; 106(25):3143–3421. [PubMed: 12485966]

26. Hastie, T.; Tibshirani, R.; Friedman, J. The Elements of Statistical Learning: data mining,
inference and prediction. 2nd. New York, N.Y: Springer; 2009.

27. Tibshirani RJ, Efron B. Prevalidation and inference in microarrays. Stat Appl Genet Mol Biol.
2002; 1 Article1.

28. Cook NR. Statistical evaluation of prognostic versus diagnostic models: beyond the ROC curve.
Clin Chem. 2008; 54(1):17–23. [PubMed: 18024533]

29. Pencina MJ, D'Agostino RB, D'Agostino RB Jr. et al. Evaluating the added predictive ability of a
new marker: from area under the ROC curve to reclassification and beyond. Stat Med. 2008;
27(2):157–172. [PubMed: 17569110]

30. Pencina MJ, D'Agostino RB, Steyerberg EW. Extensions of net reclassification improvement
calculations to measure usefulness of new biomarkers. Stat Med. 2011; 30(1):11–21. [PubMed:
21204120]

Cross et al. Page 11

Curr Med Res Opin. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



31. Pencina MJ, D'Agostino RB. Overall C as a measure of discrimination in survival analysis: model
specific population value and confidence interval estimation. Stat Med. 2004; 23(13):2109–2123.
[PubMed: 15211606]

32. Auer R, Bauer DC, Marques-Vidal P, et al. Association of major and minor ECG abnormalities
with coronary heart disease events. JAMA. 2012; 307(14):1497–505. [PubMed: 22496264]

33. Altman DG, Royston P. What do we mean by validating a prognostic model? Stat Med. 2000;
19(4):453–473. [PubMed: 10694730]

34. Tabibiazar R, Wagner RA, Deng A, et al. Proteomic profiles of serum inflammatory markers
accurately predict atherosclerosis in mice. Physiol Genomics. 2006; 25(2):194–202. [PubMed:
16418319]

35. Blanco-Colio LM, Martin-Ventura JL, de Teresa E, et al. Increased soluble Fas plasma levels in
subjects at high cardiovascular risk. Arterioscler Thromb Vasc Biol. 2007; 27(1):168–174.
[PubMed: 17053166]

36. Mateo T, Naim Abu Nabah Y, Abu Taha M, et al. Angiotensin II-Induced Mononuclear Leukocyte
Interactions with Arteriolar and Venular Endothelium Are Mediated by the Release of Different
CC Chemokines. J of Immunology. 2006; 176(9):5577–5586. [PubMed: 16622027]

37. Castillo L, Rohatgi A, Ayers CR, et al. Associations of four circulating chemokines with multiple
atherosclerosis phenotypes in a large population-based sample. J Interferon Cytokine Res. 2010;
30(5):339–347. [PubMed: 20187767]

38. Struthers A, Lang C. The potential to improve primary prevention in the future by using BNP/N-
BNP as an indicator of silent 'pancardiac' target organ damage. Eur Heart J. 2007; 28(14):1678–
1682. [PubMed: 17569679]

39. Reiter M, Twerenbold R, Reichlin T, et al. Early diagnosis of acute myocardial infarction in
patients with pre-existing coronary artery disease using more sensitive cardiac troponin assays.
Eur Heart J. 2012; 33(8):988–997. [PubMed: 22044927]

40. Saunders JT, Nambi V, de Lemos JA, et al. Cardiac troponin T measured by a highly sensitive
assay predicts coronary heart disease, heart failure, and mortality in the Atherosclerosis Risk in
Communities Study. Circulation. 2011; 123(13):1367–1376. [PubMed: 21422391]

41. Whittemore AS. Evaluating health risk models. Stat Med. 2010; 29(23):2438–2452. [PubMed:
20623821]

42. Cook NR. Use and misuse of the receiver operating characteristic curve in risk prediction.
Circulation. 2007; 115(7):928–935. [PubMed: 17309939]

43. Janes H, Pepe MS, Gu W. Assessing the value of risk predictions by using risk stratification tables.
Ann Intern Med. 2008; 149(10):751–760. [PubMed: 19017593]

44. Melander O, Newton-Cheh C, Almgren P, et al. Novel and conventional biomarkers for prediction
of incident cardiovascular events in the community. JAMA. 2009; 302(1):49–57. [PubMed:
19567439]

45. Lim LS, Haq N, Mahmood S, et al. Atherosclerotic Cardiovascular Disease Screening in Adults:
American College of Preventive Medicine Position Statement on Preventive Practice. Am J Prev
Med. 2011; 40(3):381. e1–10. [PubMed: 21335273]

46. Khot UN, Khot MB, Bajzer CT, et al. Prevalence of conventional risk factors in patients with
coronary heart disease. JAMA. 2003; 290(7):898–904. [PubMed: 12928466]

47. Mosca L, Benjamin EJ, Berra K, et al. Effectiveness-based guidelines for the prevention of
cardiovascular disease in women--2011 update. Circulation. 2011; 123(11):1243–1262. [PubMed:
21325087]

48. Farley TA, Dalal MA, Mostashari F, et al. Deaths preventable in the U.S by improvements in use
of clinical preventive services. Am J Prev Med. 2010; 38(6):600–609. [PubMed: 20494236]

49. Lardizabal JA, Deedwania PC. Benefits of statin therapy and compliance in high risk
cardiovascular patients. Vasc Health Risk Manag. 2010; 6:843–853. [PubMed: 20957130]

50. Goldman DP, Joyce GF, Karaca-Mandic P. Varying pharmacy benefits with clinical status: the
case of cholesterol-lowering therapy. Am J Manag Care. 2006; 12(1):21–28. [PubMed: 16402885]

51. Nolan N, Tee L, Vijayakumar S, et al. Analytical Validation of a Coronary Heart Disease Risk
Assessment Multi-Analyte Proteomic Test. Submitted. 2012

Cross et al. Page 12

Curr Med Res Opin. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
List of 32 biomarkers tested for model derivation and their associated biological pathways.
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Figure 2.
Unadjusted (a) and adjusted (b) univariate Hazard Ratio (HR, per 1 SD) and 95% CI for
PMRP cohort events. Adjustments: age, sex, systolic BP, diastolic BP, cholesterol, HDL,
hypertension, hypertension drug use, hyperlipidemia, diabetes, and smoking status.
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Figure 3.
PMRP (a) and MESA (b) Framingham risk model intermediate risk sample set receiver
operating characteristic curves for prediction of CHD. The sensitivity vs. 1-specificity
curves comparing the CHDRA to the Framingham risk model (containing age, sex, total
cholesterol, HDL cholesterol, blood pressure, diabetes and smoking status).

Cross et al. Page 15

Curr Med Res Opin. Author manuscript; available in PMC 2013 November 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Cross et al. Page 16

Table 1

Demographics for PMRP and MESA Samples Tested

PMRP MESA

Age, mean (SD) [range], years

  Without Events 56.4 (10.9) [40–80] 62.0 (10.0) [44–84]

  With Events 63.7 (10.6) [40–80] 67.6 (9.2) [48–84]

Men, No. (%) 502 (46) 361 (53)

  Without Events 291 (40) 242 (49)

  With Events 211 (58) 119 (66)

Race/Ethnicity No. (%)

  Caucasian 1076 (99) 286 (42)

  Asian 2 (0) 81 (12)

  African American 2 (0) 151 (22)

  Hispanic 4 (0) 157 (23)

Blood Pressure, mean (SD) [range], mm Hg

  Systolic

    Without Events 127.3 (16.7) [80–196] 125.7 (21.4) [77–218]

    With Events 136.1 (21.8) [76–227] 134.8 (24.0) [81–191]

  Diastolic

    Without Events 75.7 (9.2) [42–112] 71.7 (10.2) [41–107]

    With Events 75.6 (10.8) [42–108] 73.3 (11.4) [49–108]

Cholesterol, mean (SD) [range], mg/dL

  Total

    Without Events 209.4 (40.7) [87–343] 192.4 (35.0) [85–456]

    With Events 214.9 (40.5) [88–339] 201.2 (41.2) [96–408]

  LDL–C

    Without Events 122.7 (35.1) [29–266] 116.9 (32.1) [25–246]

    With Events 120.6 (35.3) [40–268] 124.4 (34.0) [42–315]

  HDL–C

    Without Events 46.9 (14.6) [13–128 50.1 (13.9) [21–120]

    With Events 42.9 (14.3) [18–102] 46.3 (13.4) [24–103]

Triglycerides, mean (SD) [range], mg/dL

  Without Events 139.7 (82.9) [21–936] 127.8 (63.8) [27–551]

  With Events 172.9 (117.8) [30–1129] 148.8 (77.7) [27–840]

Diabetes, No. (%)

  Without Events 141 (20) 57 (11)

  With Events 158 (44) 42 (23)

Family History of MI, No. (%)

  Without Events 150 (21) 214 (43)

  With Events 128 (35) 101 (56)

Current Smoker, No. (%)

  Without Events 85 (12) 61 (12)
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PMRP MESA

  With Events 47 (13) 25 (14)

Statin Use, No. (%)

  Without Events 149 (21) 77 (16)

  With Events 130 (36) 37 (21)

Antihypertensive Medication, No. (%)

  Without Events 189 (26) 177 (36)

  With Events 148 (41) 95 (53)

PMRP = Personalized Medicine Research Project; MESA = Multiple-Ethnic Study of Atherosclerosis.
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Table 2

Performance characteristics of the CHDRA protein assays.

Limit of
Detection pg/mL

Intra-assay
%CV

Inter-assay
%CV

CTACK 17.0 6 13

Eotaxin 2.0 13 12

Fas Ligand 2.0 11 9

HGF 4.0 6 8

IL-16 2.0 8 9

MCP-3 0.5 10 8

sFas 2.0 7 6

CHDRA = coronary heart disease risk assessment; CV = coefficient of variation; SD = standard deviation.

CTACK= CCL27; Eotaxin = CCL11; IL-16 = Interleukin 16; MCP-3 = CCL7; HGF = hepatocyte growth factor; Fas Ligand = tumor necrosis
factor ligand superfamily member 6; sFas = tumor necrosis factor receptor superfamily member 6, secreted form.
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Table 4

CHDRA MESA sample set HR with CHD risk factors adjustment* compared to the Framingham risk model.

Model HR†[95% CI] p value

CHDRA 2.17 [1.79–2.63] <0.001

Framingham risk‡ 2.32 [1.90–2.83] <0.001

CHDRA adjusted with Framingham risk 1.58 [1.23–2.04] <0.001

CHDRA adjusted with Framingham risk + diabetes 1.68 [1.28–2.22] <0.001

CHDRA adjusted with Framingham risk + FamHx 1.51 [1.16–1.97] 0.002

CHDRA adjusted with 10 clinical risk factors 1.34 [0.89–2.04] 0.16

CHDRA = coronary heart disease risk assessment; MESA = Multiple-Ethnic Study of Atherosclerosis; HR = hazard ratio; Framingham risk model
= Framingham risk score calibrated to MESA follow–up time and baseline risk; CI = confidence interval; FamHx = family history of myocardial
infarction.

*
Adjustment is based on: Framingham risk model, Framingham risk model plus diabetes, Framingham risk model plus family history of MI, and a

combination of 10 clinical risk factors (age, sex, diabetes, family history of MI, HDL, systolic BP, total cholesterol, smoking status,
antihypertensive medication use, and race/ethnicity).

†
HR are per 1–SD of the log10–transformed absolute risk score distribution of the individuals without events.

‡
The HR for the Framingham risk model was not significantly different from the CHDRA (p=0.48)
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