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Abstract

BACKGROUND—Cholesterol efflux capacity (CEC), a key step in the reverse cholesterol
transport pathway, is independently associated with atherosclerotic cardiovascular disease
(ASCVD). However, whether it predicts ASCVD beyond validated novel risk markers is unknown.

OBJECTIVE—We assessed whether CEC improved ACSVD risk prediction beyond coronary
artery calcium (CAC), family history (FH) and high sensitivity C-reactive protein (hs-CRP).

METHODS—CEC, CAC, self-reported FH, and hs-CRP were assessed among participants
without baseline ASCVD enrolled in the Dallas Heart Study (DHS). ASCVD was defined as first
nonfatal myocardial infarction (MI) or stroke, coronary revascularization, or cardiovascular death
assessed over a median 9.4 years. Risk prediction was assessed using various modeling techniques
and improvements in the C-statistic, Integrated Discrimination Index (IDI), and Net
Reclassification Index (NRI).

RESULTS—The mean age of the population (N = 1,972) was 45, 52% had CAC (> 0), 31% had
FH and 58% had elevated hs-CRP (= 2 mg/L). CEC > median was associated with 50% reduced
incidence of ASCVD in those with CAC (5.4% vs. 10.5%, p = 0.003), FH (5.8% vs. 10%, p =
0.05) and elevated hs-CRP (3.8% vs. 7.9%, p = 0.004). CEC improved all metrics of
discrimination and reclassification when added to CAC (C-statistic p = 0.004; IDI p = 0.02, NRI =
0.38 [95%CI 0.13-0.53]), FH (C-statistic p = 0.006; IDI p = 0.008, NRI = 0.38 [95%CI 0.13-
0.55]), or hs-CRP (C-statistic p = 0.008; IDI p = 0.02, NRI = 0.36 [95%CI 0.12-0.52]).

CONCLUSIONS—CEC improves ASCVD risk prediction beyond CAC, FH, and hs-CRP and
warrants consideration as a novel ASCVD risk marker.
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INTRODUCTION

Low high-density lipoprotein cholesterol (HDL-C) is an important risk marker for
atherosclerotic cardiovascular disease (ASCVD). However, recent studies suggest that in the
current era of well-treated patients, the association between HDL-C and ASCVD may be
attenuated (1-3). In addition, assessment of both low-density and high-density lipoprotein
particle composition offsets this association completely (4,5), limiting the role of HDL-C as
a biomarker of ASCVD risk.

HDL is a complex lipoprotein with heterogeneous composition and functions (6), and static
cholesterol concentration of HDL does not capture the diversity inherent in HDL particles.
The classic function attributed to HDL is to promote reverse cholesterol transport from the
periphery to the liver for elimination from the body. Cholesterol efflux from the macrophage
to HDL is the initial key step of reverse cholesterol transport and is associated with
atheroprotection in animal studies. We (and others) have shown that macrophage-specific
cholesterol efflux capacity (CEC) measured in large human cohorts is inversely associated
with both prevalent coronary disease and incident ASCVD events (5,7,8).

However, it remains unknown whether assessment of the reverse cholesterol transport
pathway as reflected by CEC could serve as a clinically relevant biomarker in ASCVD risk
prediction. Addressing this knowledge gap would support investigation and development of
refined bioassays of HDL function for clinical testing. The presence of coronary artery
calcium (CAC), family history (FH) of myocardial infarction (MI) and elevated high
sensitivity C-reactive protein (hs-CRP) reflect mediators of ASCVD risk (subclinical
atherosclerosis, inherited risk and inflammation, respectively) and are validated biomarkers
in clinical use that improve ASCVD risk prediction (9—-11). We examined the incremental
ability of CEC to improve ASCVD risk prediction beyond CAC, FH and hs-CRP in a low-
risk, population-based cohort.

METHODS

The Dallas Heart Study (DHS) is a multiethnic, population-based cohort study of Dallas
County residents (12). This random probability sample included intentional oversampling of
African Americans to make up 50% of the cohort. Participants 30 to 65 years of age
underwent body composition assessment by fasting blood and urine collection and dual-
energy X-ray absorptiometry. Detailed cardiovascular phenotyping was accomplished by
means of electron-beam computed tomography and magnetic resonance imaging of the
heart, and body-fat distribution was evaluated by magnetic resonance imaging of the
abdomen. Subjects with a history of cardiovascular disease (self-reported history of Ml,
stroke, arterial revascularization, heart failure, or arrhythmia) or niacin use were excluded, as
were those who died within 1 year after enrollment. Participants (N = 2,971) completed risk
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factor assessment, laboratory testing, and imaging studies between 2000 and 2002, and
2,744 of them completed CAC scans. Of those, 185 were excluded because of history of
CVD, 238 had lack of adequate follow up, 263 lacked valid CEC measurements and 86 had
missing covariates, leaving 1972 participants for final analysis of cardiovascular outcomes.

DEFINITIONS

Race/ethnicity, medication usage, FH, and smoking status were self-reported. Detailed
definitions of the variables hypertension, metabolic syndrome, and diabetes in the DHS have
been previously published (13). FH was defined as any first-degree relative with a history of
MI. FH of premature MI was defined as occurring before the age of 50 years in a first-
degree male relative or before the age of 55 years in a first-degree female relative (14).

MEASUREMENTS

Analytical methods for the biomarkers reported in this study have been previously described,
including lipoprotein assessment and hs-CRP (15,16). Electron-beam CT measurements of
CAC were performed in duplicate 1 to 2 minutes apart on an Imatron 150 XP scanner
(Imatron Inc., San Bruno, California). CAC scores were determined using the Agatston
method and then averaged, with Agatston score > 0 defined as prevalent CAC.

ASSESSMENT OF LIPID VARIABLES AND EFFLUX CAPACITY

Fasting blood samples were collected by venipuncture into EDTA tubes, stored at 4°C for
less than 4 hours, and centrifuged. Plasma was removed and stored at —70°C. Plasma lipids,
including HDL-C, were measured as described previously (12). CEC was assessed by
measuring the efflux of fluorescence-labeled cholesterol from J774 macrophages to
apolipoprotein B—depleted plasma in study participants as previously described (5).

CLINICAL END POINTS

The primary end point was a composite of first nonfatal MI, nonfatal stroke, coronary
revascularization (percutaneous coronary intervention or coronary artery bypass grafting), or
death from cardiovascular causes. Non-fatal end points were actively ascertained and
adjudicated by 2 cardiologists who were unaware of the measurements of CEC, as
previously described (17). The National Death Index was used to determine vital status for
all the participants through December 31, 2010. Death from cardiovascular causes was
defined according to the International Classification of Diseases, 10t Revision, codes 100 to
199.

STATISTICAL ANALYSIS

Baseline categorical variables are reported as percentages and continuous variables as means
with standard deviations. Kaplan-Meier curves for CEC below the median (vs. above the
median) for the overall cohort were compared by the log-rank test and stratified by presence
of prevalent CAC (defined as CAC > 0), FH and elevated hs-CRP (defined as hs-CRP > 2
mg/L). Cox proportional-hazards models were used to assess the association between CEC
and the time to first ASCVD event in univariable and multivariable models. The proportional
hazards assumption was tested by Schoenfeld residuals. Traditional risk factors included
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age, sex, race, presence or absence of diabetes, systolic blood pressure, current smoking
status, body mass index, total cholesterol level, HDL-C, history of anti-hypertensive
medication use and statin use. Model overfitting was tested by calculating the shrinkage
coefficient of the full model. The shrinkage estimator of van Houwelingen and le Cessie was
0.92, well above the cutoff of 0.85 as outlined by Harrell and indicating no concern for
model overfitting (18). Forward stepwise selection was performed including all traditional
risk factors, CAC, FH, hs-CRP, and CEC, with variables with P < 0.05 retained in the model.
Finally, the ability of CEC to improve ASCVD risk prediction beyond traditional ASCVD
risk factors was assessed using indices of discrimination as measured by the Harrell’s ¢
statistic and Integrated Discrimination Improvement (IDI), and reclassification as measured
by the category-less net reclassification index (NRI) (19-21). The Gronnesby and Borgan
test was used for assessing model calibration (22). Several pre-specified sensitivity analyses
were performed, including removing PCI/CABG from the primary end point, restricting CV
death to fatal Ml or fatal stroke, restricting the cohort to age >45, using risk thresholds for
calculation of categorical NRI, continuous CEC, using categorical definitions of CAC at
varying thresholds, and using premature FH instead of FH. Two-sided P values of 0.05 or
less were considered to indicate statistical significance. All statistical analyses were
performed with the use of SAS software, version 9.3 (SAS Institute. Raleigh, North
Carolina).

RESULTS

The baseline demographic and clinical characteristics of study participants are displayed in
Table 1. The mean age of the study population was 44 + 9.2 years, with 44% men and 47%
African Americans. The percentage of participants with prevalent CAC (CAC >0) was 52%.
FH and premature FH were reported in 31% and 10% of the participants, respectively. Hs-
CRP >2 mg/L was noted in 58% of the participants.

Among the 1,972 participants included in analysis, 97 had a first ASCVD event (28 Mls, 32
strokes, 5 coronary artery bypass graft surgeries, 11 percutaneous coronary interventions and
21 cardiovascular deaths) over a median follow up of 9.4 years (95% ClI 9.0, 9.8). Those
with CEC > median versus < median had decreased risk of ASCVD (3.1% vs. 6.7%, p =
0.0003; Figure 1A). Among those with prevalent CAC (n = 1030), those with CEC > median
versus < median had decreased risk of ASCVD (5.4% vs. 10.5%, p = 0.003) (Figure 1B).
Similar findings were seen among those with FH (n = 621; CEC > median vs. < median:
5.8% vs. 10%, p = 0.05) (Figure 1C), and elevated hs-CRP (n = 1148; CEC > median vs. <
median: 3.8% vs. 7.9%, p = 0.004) (Figure 1D).

In a fully adjusted model including all traditional risk factors, prevalent CAC, FH, and
elevated hs-CRP, CEC remained inversely associated with incident ASCVD without
attenuation (adjusted HR: 0.35, 95% CI 0.23 — 0.55). Forward stepwise selection retained
CEC along with prevalent CAC and FH (Table 2). Subgroup analyses revealed that CEC was
inversely associated with incident ASCVD among those with prevalent CAC (adjusted HR
0.40, 95% C1 0.25 — 0.64), among those with FH (adjusted HR 0.31, 95% CI 0.17 — 0.58),
and among those with elevated hs-CRP (adjusted HR 0.37, 95% CI 0.22-0.63) (Figure 2).
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Statistical interaction tests between CEC and CAC, FH and hs-CRP were performed and
were non-significant.

The ability of CEC to improve ASCVD risk prediction beyond CAC, FH, and hs-CRP was
assessed using metrics of calibration, discrimination, and reclassification. All models
including CEC were well-calibrated. CEC > median versus < median improved
discrimination indices as determined by the C-statistic and IDI when added to risk factor-
adjusted models including either prevalent CAC, FH, or elevated hs-CRP (Table 3). With
respect to reclassification as determined by the NRI, the addition of CEC led to significant
reclassification for all models including prevalent CAC, FH, and elevated hs-CRP (Table 4).
The improvement in reclassification with the addition of CEC was driven by upward
reclassification in those with events with minimal change in those without events.

Several sensitivity analyses were conducted with no overall effect on the above findings.
Excluding coronary revascularization (PCl and CABG: 16 out of 97 events) and restricting
death to fatal Ml or stroke did not alter the association of CEC with ASCVD when added to
prevalent CAC, FH, or elevated hs-CRP. Similarly, findings were unchanged using varying
categorical and continuous definitions of CAC, replacing FH with premature FH, or serial
adjustment for self-reported exercise activity. Restricting the cohort to age > 45 did not alter
the association between CEC and ASCVD when adjusted for CAC (fully adjusted HR for
cholesterol efflux: 0.38, 95% CI 0.23 — 0.64). Analysis of CAC and hs-CRP as log-
transformed continuous variables did not alter the findings of any of the risk prediction
indices. Using continuous CEC did not alter any findings (Online Figures 1 and 2) and
improved both upward and downward reclassification (Online Table 1). NRI calculated
using risk thresholds did not alter the findings (Online Tables 2-4).

DISCUSSION

In a large, multi-ethnic population-based cohort, we evaluated the clinical relevance of a
measure of reverse cholesterol transport, CEC, on ASCVD in the context of coronary artery
calcium (CAC), FH of MI, and hs-CRP. The inverse association of CEC with incident
ASCVD was not attenuated when accounting for all 3 risk markers combined. Furthermore,
among patients with prevalent CAC, FH or hs-CRP, CEC was able to meaningfully stratify
ASCVD risk.

CAC is a non-invasive measure of calcified coronary atherosclerosis, and increasing CAC
score is directly proportional to coronary plaque burden and short-term ASCVD risk.
Multiple prospective studies have demonstrated its ability to improve risk prediction for
incident coronary heart disease beyond traditional risk factors, including the DHS (23-26).
Based on the consistency of these data, CAC is often used clinically in those where statin
eligibility is uncertain, a practice given a class I1b recommendation in the recent 2013
ACC/AHA guidelines on risk assessment (9).

Similarly, multiple large population-based studies have demonstrated that FH also improves
ASCVD risk prediction after accounting for common cardiovascular risk factors (27,28). FH
represents a heritable risk for ASCVD and is easily obtainable by self-report. Along with
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CAC, FH was given a class I1b recommendation in those whose statin eligibility remains
unclear (9,29). In the DHS, FH was found to be additive to CAC in identifying individuals at
significantly increased risk, demonstrating that FH and CAC represent distinct pathways
leading to ASCVD events (26).

Hs-CRP is a circulating biomarker that represents inflammatory pathways leading to and
part of ASCVD. Multiple studies have demonstrated an association of elevated hs-CRP
levels with cardiovascular events and its ability to appropriately reclassify intermediate risk
individuals (30). Given these data, it has been incorporated in the Reynolds Risk Score in
addition to FH (29,31) and the current ACC/AHA guidelines give a 1B recommendation for
incorporating hs-CRP levels in those with unclear cardiovascular risk (9).

Reverse cholesterol transport is the key anti-atherosclerotic function of HDL, and
cholesterol efflux from the macrophage to the circulation is the key first step of this pathway.
Unfortunately, circulating HDL-C levels and HDL particle concentration are poor surrogates
for CEC (5). Bioassays measuring CEC have been applied to a few large cohorts,
demonstrating inverse associations with prevalent coronary disease and incident CV death
among high risk individuals (7,32). Within the DHS and EPIC-Norfolk (European
Prospective Investigation of Cancer--Norfolk) study, 2 large population-based cohorts at low
baseline risk, CEC was shown to be inversely associated with incident ASCVD, independent
of HDL-C and HDL particle composition (5,8).

The unexpected magnitude of the association with ASCVD in these studies and the lack of
attenuation with traditional risk factors prompted us to investigate further the impact of
CAC, FH and hs-CRP on CEC and ASCVD. When CEC, CAC, FH and hs-CRP were added
to traditional risk factors, efflux remained associated with ASCVD regardless of how
predictors were analyzed. Analysis of the survival curves demonstrated that CEC improved
risk stratification among those with either prevalent CAC, FH or elevated hs-CRP. Those
with CEC above the median had a halving or more of their ASCVD risk over almost 10
years. Risk prediction performance measures confirmed that adding CEC to CAC, FH and
hs-CRP improved the ability to predict incident events. Taken together, these findings
demonstrate that the pathways that mediate the association between efflux and ASCVD in
this study population are not reflected by atherosclerotic pathways reflected by CAC,
inherited risk reflected by FH, or inflammatory pathways reflected by CRP (Central
Illustration).

Several limitations to our study deserve comment. The relatively young age of the DHS
study population limits generalizability to older age groups. Given the overall low
cardiovascular risk of our study population, there were a small number of ASCVD events.
The race/ethnicity distribution of our study sample, with oversampling of African-
Americans, does not represent the general population. FH in our study population was self-
reported and hence making it liable to recall bias and misclassification. However, this is the
same information available to practicing clinicians and literature has demonstrated that self-
reported parental history has a sensitivity > 80% and specificity > 90%, and any
misclassification would bias towards the null (33). Ankle-brachial index, the fourth
nontraditional risk factor given a Class I1b recommendation for risk factor assessment in
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addition to CAC, FH, and hs-CRP, was not available in this cohort. Interpretation of the NRI
is associated with several documented limitations (34).

CONCLUSIONS

Cholesterol efflux represents the first critical step of reverse cholesterol transport, the key
anti-atherosclerotic action of HDL. Among low risk individuals, efflux adds to ASCVD risk
prediction beyond CAC, FH and hs-CRP, 3 well-validated and clinically used markers
(Central Illustration). Our findings support efforts to standardize CEC methods and develop
assays amenable for clinical use.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviation List

ASCVD Atherosclerotic cardiovascular disease

CAC Coronary artery calcium

CEC Cholesterol efflux

DHS Dallas Heart Study

FH Family history of myocardial infarction

HDL-C High density lipoprotein cholesterol

Hs-CRP High-sensitivity C-reactive protein

IDI Integrated discrimination index

Ml myocardial infarction

NRI Net reclassification index
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CLINICAL PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE

Cholesterol efflux capacity (CEC), a measure of high density lipoprotein function,
improves risk prediction beyond FH of Ml infarction, hs-CRP levels and detection of
coronary calcification.

TRANSLATIONAL OUTLOOK

The development of efficient, standardized assays of CEC could provide a practical
method for assessment of cardiovascular risk and serve as a surrogate target for the
evaluation of novel therapeutic strategies.
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Figure 1. Kaplan-Meier Curves for ASCVD events in Participants with Cholesterol Efflux
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Figure 1A. Kaplan-Meier Curves for ASCVD events in Participants with Cholesterol Efflux
below the Median vs. above the Median Among the Overall Study Population.

Figure 1B. Kaplan-Meier Curves for ASCVD events in Participants with Cholesterol Efflux
below the Median vs. above the Median Among those with Prevalent CAC (> 0).

Figure 1C. Kaplan-Meier Curves for ASCVD events in Participants with Cholesterol Efflux
below the Median vs. above the Median Among those with Prevalent Family History of
Myocardial Infarction.

Figure 1D. Kaplan-Meier Curves for ASCVD events in Participants with Cholesterol Efflux
below the Median vs. above the Median Among those with Elevated Hs-CRP (> 2).
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Figure 2. Association Between Cholesterol Efflux and Incident ASCVD Among Subgroups with

Abnormal Novel Risk Factors

Hazard ratios and 95% CI derived from Cox proportional hazards models for cholesterol
efflux > vs. < median among the listed subgroups. CAC = coronary artery calcium; FH =

family history; hsCRP = high sensitivity C-reactive protein.
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Central Illustration. Cholesterol Efflux Improves ASCVD Risk Prediction Beyond Traditional
and Emerging Risk Factors

In low risk populations, validated emerging risk factors reflecting subclinical coronary
atherosclerosis, inherited factors, and inflammation improve risk prediction and are used
clinically. Our study demonstrates that cholesterol efflux, a measure of HDL function,
further improves prediction of incident ASCVD events beyond both traditional and clinically
relevant emerging risk factors.
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Table 1

Baseline Demographic and Clinical Characteristics*

Characteristic* Frequency
(n=1972)
Age, years 44.9 (9.2)
Men 44%
African American 47%
White 35%
Hispanic 18%
Prevalent diabetes mellitus 9%
Systolic blood pressure, mm of Hg 125 (16)
Anti-hypertensive medication 19%
Smoking 26%
Body Mass Index, kg/m? 28.9 (6.0)
Total cholesterol, mg/dl 183 (40)
HDL-C, mg/dl 50 (15)
Statin use 6%
CAC (>0) 52%
Family history of myocardial infarction 31%
Premature family history of myocardial infarction 10%
Elevated hs-CRP (>2 mg/L) 58%

All continuous measures are reported as means with standard deviation and categorical measures as percentages

HDL-C = High density Lipoprotein cholesterol; CAC = Coronary artery calcium; Hs-CRP = High sensitivity C-reactive protein
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Table 2

Forward Stepwise Selection Model for Incident ASCVD

Variable Hazard Ratio (95% CI)  P-value
Age (per 1 SD) 1.70 (1.32-2.19) <0.0001
Diabetes 2.62 (1.67-4.13) < 0.0001
Male sex 2.41 (1.56-3.72) <0.0001
Smoking 2.38 (1.58-3.59) <0.0001
African American race/ethnicity 1.82(1.17-2.83) 0.008
Systolic blood pressure (per 1 SD) 1.25 (1.05-1.49) 0.01
Statin medication 2.32 (1.30-4.14) 0.004
CAC (> 0) 2.19 (1.22-3.93) 0.008
Family history 1.92 (1.27-2.90) 0.002
Cholesterol efflux (> median) 0.35 (0.23-0.54) <0.0001

Page 19

Variables retained in Cox proportional hazards model for incident ASCVD using forward stepwise selection with a p-value < 0 .05 are shown.

Variables not retained include total cholesterol, HDL-C, history of blood pressure medication use, body mass index, and hs-CRP = 2 mg/L.

SD = standard deviation; CAC = coronary artery calcium.
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Table 3
Change in Discrimination with Adding Cholesterol Efflux Capacity to Risk Factors for Incident ASCVD

Risk Prediction Models Harrell’s IDI
C-statistic

TRF + CAC > 0* 0.825

TRF + CAC > 0* + efflux 0.848 0.02
(p=0.004) p=0.02

TRF + FH 0.824

TRF + FH + efflux 0.846 0.02
(p=0.006) p=0.008

TRF + hs-CRP > 2 mg/L* 0.817

TRF + hs-CRP = 2 mg/L* + efflux 0.839 0.02

(p=0.008) p=0.02

Harrell’s C-statistic and Integrated Discrimination Index calculated for the addition of cholesterol efflux > vs. < median to base models: 1) TRF +
CAC >0; 2) TRF + FH; 3) TRF + hs-CRP = 2 mg/L.

IDI = Integrated Discrimination Index; TRF = Traditional Risk Factors; CAC = Coronary Artery Calcium; FH = Family History; hs-CRP = high-
sensitivity C-reactive protein
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Table 4

Net Reclassification of Events and Non-Events with Adding Cholesterol Efflux Capacity to Risk Factors for
Incident ASCVVD
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Model Reclassified Up, %  Reclassified Down, % NRI
Event 67.6 323 0.35
TRF+CAC+Efflux  Nonevent 48.8 51.2 0.02
Total 0.38(0.13 - 0.53)
Event 67.6 323 0.35
TRF+FH+Efflux Nonevent 48.5 51.5 0.03
Total 0.38(0.13 - 0.55)
Event 66.5 33.4 0.33
TRF+Hs- Nonevent 48.6 51.4 0.03
CRP+Efflux
Total 0.36 (0.12 - 0.52)

Category-less NRI (95%ClI) calculated for the addition of efflux > vs. < median to base models: 1) TRF + CAC>0; 2) TRF + FH; 3) TRF + hs-
CRP=2 mg/L. Reclassification separated by those with incident ASCVD and those without incident ASCVD during follow up.

NRI = Net Reclassification Index; TRF = Traditional Risk Factors; CAC = Coronary Artery Calcium; FH = Family History; hs-CRP = high-

sensitivity C-reactive protein
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