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Lipoprotein Subclasses Associated With 
High- Risk Coronary Atherosclerotic Plaque: 
Insights From the PROMISE Clinical Trial
Robert W. McGarrah , MD; Maros Ferencik , MD, PhD, MCR; Stephanie N. Giamberardino , ScM;  
Udo Hoffmann , MD, MPH; Borek Foldyna , MD; Julia Karady , MD; Geoffrey S. Ginsburg , MD, PhD; 
William E. Kraus , MD; Pamela S. Douglas , MD; Svati H. Shah , MD, MS, MHS

BACKGROUND: More than half of major adverse cardiovascular events (MACE) occur in the absence of obstructive coronary 
artery disease and are often attributed to the rupture of high- risk coronary atherosclerotic plaque (HRP). Blood- based bio-
markers that associate with imaging- defined HRP and predict MACE are lacking.

METHODS AND RESULTS: Nuclear magnetic resonance– based lipoprotein particle profiling was performed in the biomarker 
substudy of the PROMISE (Prospective Multicenter Imaging Study for Evaluation of Chest Pain) trial (N=4019) in participants 
who had stable symptoms suspicious for coronary artery disease. Principal components analysis was used to reduce the 
number of correlated lipoproteins into uncorrelated lipoprotein factors. The association of lipoprotein factors and individual 
lipoproteins of significantly associated factors with core laboratory determined coronary computed tomographic angiogra-
phy features of HRP was determined using logistic regression models. The association of HRP- associated lipoproteins with 
MACE was assessed in the PROMISE trial and validated in an independent coronary angiography biorepository (CATHGEN 
[Catheterization Genetics]) using Cox proportional hazards models. Lipoprotein factors composed of high- density lipoprotein 
(HDL) subclasses were associated with HRP. In these factors, large HDL (odds ratio [OR], 0.70 [95% CI, 0.56– 0.85]; P<0.001) 
and medium HDL (OR, 0.84 [95% CI, 0.72– 0.98]; P=0.028) and HDL size (OR, 0.82 [95% CI, 0.69– 0.96]; P=0.018) were as-
sociated with HRP in multivariable models. Medium HDL was associated with MACE in PROMISE (hazard ratio [HR], 0.76 
[95% CI, 0.63– 0.92]; P=0.004), which was validated in the CATHGEN biorepository (HR, 0.91 [95% CI, 0.88– 0.94]; P<0.001).

CONCLUSIONS: Large and medium HDL subclasses and HDL size inversely associate with HRP features, and medium HDL 
subclasses inversely associate with MACE in PROMISE trial participants. These findings may aid in the risk stratification of 
individuals with chest pain and provide insight into the pathobiology of HRP.

REGISTRATION: URL: https://clini caltr ials.gov; Unique identifier: NCT01174550
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Although most coronary artery disease (CAD) diag-
nosis and treatment guidelines focus on individu-
als with obstructive CAD (oCAD), more than half of 

major adverse cardiovascular events (MACE) occur in in-
dividuals with nonobstructive CAD. Many of these events 
associated with nonobstructive CAD are attributed to the 
rupture of “vulnerable” high- risk coronary atherosclerotic 

plaque (HRP). Studies using intravascular coronary im-
aging and tissue samples in individuals with sudden 
cardiac death and acute coronary syndromes have de-
fined HRP as those with a large necrotic lipid pool, large 
plaque burden, and thin- cap fibroatheroma.1– 4

Coronary computed tomographic angiography (cor-
onary CTA) has emerged as an effective, noninvasive 
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way to detect oCAD and provide risk stratification in 
individuals with chest pain.5– 7 Recent studies have also 
demonstrated that coronary CTA is able to effectively 
identify HRP features— including positive remodeling, 
low computed tomography (CT) attenuation, or napkin- 
ring sign— that correlate with HRP characteristics seen 
on intravascular imaging or pathologic specimens and 
are predictive of future MACE.8,9

In addition to coronary CTA, the development of 
blood- based biomarkers also offers a promising, 

noninvasive means to identify individuals with HRP 
and at increased risk of MACE. Consistent with what 
is known about HRP pathophysiology, studies to date 
have reported on lipids (eg, oxidized low- density lipo-
protein [LDL], lipoprotein- associated phospholipase 
A2, secretory type II phospholipase A2), inflammation 
(eg, C- reactive protein, interleukin- 6, interleukin- 18, 
myeloperoxidase), and extracellular matrix dynamics 
(eg, matrix metalloproteinases) that associate with 
HRP features (reviewed in Koenig and Khuseyinova10).

Although traditional lipid parameters are well- 
established risk factors for CAD, studies have 
demonstrated the clinical utility of more granular li-
poprotein parameter measurements. In fact, lipo-
protein subclasses are easily measured via nuclear 
magnetic resonance (NMR) spectroscopy and are 
now used clinically for potential improved risk predic-
tion. Greater LDL particle numbers and small, dense 
LDL particles are associated with an increased risk 
for incident cardiovascular disease (CVD), indepen-
dent of other lipid parameters.11 Similarly, greater 
high- density lipoprotein (HDL) particle numbers and 
medium HDL subclasses are associated with a de-
creased risk of CVD.12,13

We have previously shown that HRP detected 
by coronary CTA in the PROMISE (Prospective 
Multicenter Imaging Study for Evaluation of Chest Pain) 
trial is predictive of MACE independent of oCAD in this 
population of outpatients undergoing evaluation for 
new- onset stable chest pain.14 In the current PROMISE 
trial biomarker substudy, we sought to determine 
whether distinct lipoprotein subclasses are associated 
with coronary CTA– defined HRP features and predict 
MACE. We hypothesized that triglyceride- rich lipopro-
teins (TRLs) and LDLs would be positively associated 
and that HDLs would be inversely associated with HRP 
and MACE.

METHODS
Study Design and Population
The data that support the findings of this study are 
available from the corresponding author upon rea-
sonable request. The PROMISE trial was a pragmatic 
comparative effectiveness trial that enrolled 10 003 
outpatients without known CAD who presented with 
stable chest pain requiring noninvasive cardiovascular 
testing (NCT01174550). Participants were randomly as-
signed to either coronary CTA or clinician- determined 
standard of care, which was most commonly noninva-
sive stress testing with imaging. Results of the primary 
trial have been described elsewhere.15 The current 
study included 4019 individuals who also consented 
to participate in the PROMISE biomarker substudy 
(Figure 1).

CLINICAL PERSPECTIVE

What Is New?
• In this biomarker substudy of the PROMISE 

(Prospective Multicenter Imaging Study for 
Evaluation of Chest Pain) clinical trial of individu-
als presenting with stable symptoms suspicious 
for coronary artery disease, distinct high- density 
lipoprotein subclasses were inversely associated 
with features of high- risk coronary atheroscle-
rotic plaque on coronary computed tomography 
angiography both in the presence and absence 
of obstructive coronary artery disease.

• Medium high- density lipoprotein subclasses were 
inversely associated with major adverse cardio-
vascular events in PROMISE and in the greater 
risk CATHGEN (Catheterization Genetics) biore-
pository of individuals undergoing coronary angi-
ography for concern of ischemic heart disease.

What Are the Clinical Implications?
• Because more than half of major adverse car-

diovascular events occur in the absence of ob-
structive coronary artery disease, high- density 
lipoprotein subclass measurement may aid in 
the risk stratification of individuals presenting 
with chest pain.

Nonstandard Abbreviations and Acronyms

CATHGEN Catheterization Genetics
CTA computed tomographic angiography
HRP high- risk coronary atherosclerotic 

plaque
MACE major adverse cardiovascular events
NMR nuclear magnetic resonance
oCAD obstructive coronary artery disease
PCA principal components analysis
PROMISE Prospective Multicenter Imaging 

Study for Evaluation of Chest Pain
TRL triglyceride- rich lipoprotein
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Coronary CTA Phenotypes/Outcomes
ECG- gated or triggered coronary CT scans were per-
formed on CT scanners with at least 64 detector rows 
(64 rows, 128 rows, 256 rows, 320 rows, and dual 
source) from 4 vendors (Siemens, General Electric, 
Toshiba, and Philips). All CTA data set images were 
transferred to a core laboratory for the analysis at a 
cardiac image– viewing workstation (TeraRecon, Foster 
City, CA). Coronary CTA data sets were randomly as-
signed to 1 of 6 level 3– trained core laboratory readers 
with 3 to 10 years of experience interpreting coronary 
CTA images. Furthermore, 50 randomly selected cor-
onary CTA images were analyzed by all 6 readers to 
determine interobserver agreement as assessed by κ 
(oCAD defined as ≥70% stenosis in any coronary ar-
teries or left main ≥50% stenosis, κ  =0.69; high- risk 
plaque, κ  =0.56). Coronary CTA analysis was per-
formed per coronary segment, and qualitative stenosis 
severity was reported according to the current Society 
of Cardiovascular Computed Tomography Guidelines 
(normal, absence of plaque and no luminal stenosis; 
minimal, 1%– 29% stenosis; mild, 30%– 49% stenosis; 
moderate, 50%– 69% stenosis; severe, 70%– 99% ste-
nosis; occluded, 100% stenosis).16 In this current anal-
ysis, we defined oCAD as lesions with ≥70% stenosis 
in any coronary artery or ≥50% in the left main coro-
nary artery. Furthermore, coronary artery segments 

with plaque were evaluated for HRP, defined as the 
presence of at least 1 of the following features: low 
CT attenuation (voxels in the plaque <30 Hounsfield 
units), positive remodeling (remodeling index >1.1), and 
napkin- ring sign (plaque with a ring- like higher attenu-
ation peripheral rim with a low CT attenuation central 
core).14

For the primary analyses for this study, HRP cases 
were defined as the presence of any HRP feature (with 
or without oCAD); HRP controls were defined as no 
HRP features and no oCAD. In sensitivity analyses, to 
determine whether identified associations were unique 
to the presence of HRP independent of oCAD, HRP 
cases were restricted to those with the presence of 
any HRP feature in the absence of oCAD.

Lipoprotein Subclass Measurements
Lipoprotein subclass measurements were performed 
by LabCorp, Inc. NMR spectra were acquired on a 
Vantera Clinical Analyzer for the NMR LipoProfile test. 
The NMR MetaboProfile analysis, which reports lipo-
protein particle concentrations and sizes, was per-
formed using the recently developed LP4 lipoprotein 
profile deconvolution algorithm.17 Mean TRL, LDL, and 
HDL particle sizes are weighted averages derived from 
the sum of the diameter of each subclass multiplied 
by its relative mass percentage (Table S1). In the LP4 

Figure 1. Consort flow diagram: patient inclusion and exclusion criteria.
CT indicates computed tomography; and MACE, major adverse cardiovascular events.
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profile, medium HDL encompasses H3P and H4P sub-
classes, and large HDL encompasses H5P, H6P, and 
H7P subclasses. Linear regression of the lipoprotein 
subclass signal areas against serum lipid and apolipo-
protein levels measured chemically in a large reference 
range study population provided the conversion fac-
tors to generate NMR- derived concentrations of total 
cholesterol, triglyceride, LDL cholesterol (LDL- C), and 
HDL cholesterol (HDL- C) fractions. NMR- derived con-
centrations of these parameters are highly correlated 
(r ≥0.95) with those measured by standard methods.

Statistical Analysis
Given collinearity between lipoprotein subclasses and 
as an initial filtering process to reduce the burden of 
multiple comparisons, principal components analysis 
(PCA) was used for dimensionality reduction on the li-
poproteins. All particle size subclasses of TRL, LDL, 
and calibrated HDL particle concentrations as well as 
mean TRL, LDL, and HDL lipoprotein size variables 
were included in the PCA (Table  S1). Analytes with 
>25% of values below lower limits of quantification of the 
assay were not included in the PCA and were instead 
analyzed as binary variables (present/absent). These 
included the following 2 analytes: largest TRL particles 
(very large TRL particles, 90– 240 nm) and largest cali-
brated HDL particles (H7P, 12 nm). Lipoprotein inputs 
for PCA were centered and scaled, and principal com-
ponents were created using the prcomp function in R. 
A total of 5 resulting eigenvectors with eigenvalues >1 
were carried forward to create varimax- rotated factors 
and tested in downstream association analyses.

PCA factors, very large TRL particles, and H7P were 
tested for associations with HRP case/control status 
in univariable and multivariable (adjusted for sex, age, 
hypertension, diabetes, body mass index, smoking 
status, statin use, and LDL- C) logistic regression mod-
els. To further assess for independent association, 
additional sensitivity analyses were performed using 
multivariable models for PCA factors heavily loaded 
with HDL subclasses and HDL- C. Individual lipopro-
teins from significant factors contributing a heavy load 
to a factor (ie, an absolute factor loading >0.4) were 
then analyzed individually for associations with HRP in 
sensitivity analyses; specifically, individual lipoproteins 
were converted to z scores and independently tested 
for association with our primary and sensitivity pheno-
type. Therefore, all odds ratios (ORs) and hazard ratios 
(HRs) presented for individual lipoproteins (excluding 
very large TRL particles and H7P) represent per 1 
SD change in the lipoprotein concentration. Multiple- 
comparison testing was adjusted for using the false 
discovery rate Benjamini and Hochberg method18 at 
the level of lipoprotein PCA factors analyzed in univar-
iate models.

MACE in PROMISE were defined as based on the 
parent clinical trial composite outcome of all- cause 
death, myocardial infarction, or unstable angina hos-
pitalization and were adjudicated by an independent 
clinical events committee.15 Individual lipoproteins with 
a nominal univariate P value <0.05 in the primary HRP 
analysis were tested for association with time to event 
using univariate and multivariable (adjusted for age, 
sex, body mass index, LDL- C, statin use, hyperten-
sion, diabetes, and smoking) Cox proportional haz-
ards models. As noted previously, for HDL subclasses, 
sensitivity analyses were performed including HDL- C 
as a covariate in the multivariable model. All models 
were assessed for violation of the proportional hazards 
assumption for the lipoprotein term. For lipoproteins 
with a proportional hazards assumption violation, we 
ran an additional Cox proportional hazards model that 
included a lipoprotein×log(time) interaction term. This 
model was then compared with a model excluding the 
lipoprotein and interaction term to determine whether 
the lipoprotein was significantly associated with events.

To validate these findings in a higher risk co-
hort of individuals, we also used the CATHGEN 
(Catheterization Genetics) cohort,19 which consisted 
of sequential individuals undergoing cardiac catheter-
ization for concern of ischemic heart disease at Duke 
University Medical Center. A total of 8707 individuals 
in the CATHGEN study had available lipoprotein data. 
Events in CATHGEN were defined as a composite of 
myocardial infarction or all- cause death. Univariable 
(adjusted only for NMR assay batch) and multivariable 
(adjusted for age, sex, body mass index, NMR assay 
batch, LDL- C, hypertension, diabetes, and smoking) 
Cox proportional hazards time- to- event models were 
constructed for individual lipoproteins that were signifi-
cantly associated with time to event in the PROMISE 
trial. In CATHGEN multivariable analyses, statin use 
was not included as a covariate because of the incom-
plete collection of drug information for this cohort. Raw 
lipoprotein concentrations were converted to z scores 
before use in analyses, and all models were assessed 
for violation of the proportional hazards assumption for 
the lipoproteins of interest in each analysis.

This study was approved by the Duke University 
Institutional Review Board, and all subjects provided 
informed consent.

RESULTS
Baseline Participant Characteristics
Of the 4019 individuals who consented to participate in 
the PROMISE trial biomarker substudy, 1748 of these 
individuals were in the coronary CTA arm, and a total 
of 3994 individuals had lipoprotein profiling performed 
and had complete data for all lipoproteins (Figure 1). 
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Baseline characteristics are presented in Table 1. The 
demographics for individuals with measured lipopro-
teins were similar to those in the entire PROMISE co-
hort (Table S2). Patients with HRP were more likely to 
be men, have a lower body mass index, have current 
or past tobacco use, have higher LDL- C, and have 
lower HDL cholesterol than HRP controls. There were 
no differences in age, prevalence of hypertension, 
prevalence of diabetes, or statin use.

Association of Lipoprotein Subclass 
Factors With HRP With or Without oCAD
A total of 16 lipoprotein subclass variables were input 
into PCA; PCA identified 5 orthogonal factors com-
posed of biologically related lipoproteins (Table  S3). 
PCA factors were analyzed for association with HRP 
in the subset of PROMISE individuals with HRP phe-
notyping (ie, from the CTA arm, N=1748). In univariable 
models, factor 2 (composed of small HDL subclasses, 
H1P and H3P; OR, 1.20 [95% CI, 1.06– 1.37]; P=0.006; 
q=0.02) and factor 3 (composed of large LDL particles, 
HDL subclasses [H2P, H4P, H6P] and HDL size; OR, 
1.32 [95% CI, 1.15– 1.53]; P<0.001; q=0.001) were as-
sociated with HRP (Table 2). In multivariable models, 
factor 3 remained significant (adjusted OR, 1.23 [95% 
CI, 1.05– 1.46]; P=0.013). After further adjustment of 
the multivariable model with HDL- C, neither factor was 

significant (Table S4). PCA factors that were primarily 
loaded with LDL and TRLs were not associated with 
HRP.

Individual lipoprotein subclasses highly loaded on 
factors 2 and 3 were then tested for association with 
HRP. In univariable models, large LDL particles, large 
HDL particles, medium HDL particles, and HDL size 
were inversely associated with HRP, but only large 
HDL (OR, 0.70 [95% CI, 0.56– 0.85]; P<0.001), me-
dium HDL (OR, 0.84 [95% CI, 0.72– 0.98]; P=0.028), 
and HDL size (OR, 0.82 [95% CI, 0.69– 0.96]; P=0.018) 
remained significant in multivariable models (Table 3, 
Figure  2); none were significant after adjustment for 
traditional HDL- C (Table S4).

HRP in the Absence of oCAD
To determine whether associations between lipopro-
tein factors and HRP were unique to the presence of 
HRP independent of oCAD, sensitivity analyses were 
performed analyzing patients with HRP who did not 
have oCAD (N=206). In these analyses in univariable 
models, both factor 2 (OR, 1.20 [95% CI, 1.04– 1.39]; 
P=0.014) and factor 3 (OR, 1.18 [95% CI, 1.02– 1.38]; 
P=0.034) remained associated with HRP with similar 
ORs; however, these factors were no longer significant 
in multivariable analyses, which may have been attrib-
uted to the smaller sample size (Table S5). In similar 

Table 1. Baseline Characteristics of Individuals in the PROMISE Coronary CTA Arm With Lipoprotein Data

Variables All patients (N=1748) No HRP (N=1471) HRP (N=277)

Age, y, mean±SD 60.1±8.0 60.1±8.0 60.4±8.0

Female sex, n (%) 935 (53.5) 833 (56.6) 102 (36.8)

Hypertension, n (%) 1127 (64.5) 950 (64.6) 177 (63.9)

Diabetes, n (%) 353 (20.2) 288 (19.6) 65 (23.5)

BMI, kg/m2, mean±SD 30.6±5.9 30.7±6.0 29.7±5.1

Current or past tobacco use, n (%) 918 (52.5) 742 (50.4) 176 (63.5)

Statin, n/total n (%) 753/1689 (44.6) 634/1426 (44.5) 119/263 (45.2)

LDL cholesterol, mg/dL, mean±SD 120.7±34.6 119.9±34.7 124.6±34.1

HDL cholesterol, mg/dL, mean±SD 53.6±13.6 54.4±13.8 49.6±11.6

BMI indicates body mass index; CTA, computed tomographic angiography; HDL, high- density lipoprotein; HRP, high- risk coronary atherosclerotic plaque; 
LDL, low- density lipoprotein; and PROMISE, Prospective Multicenter Imaging Study for Evaluation of Chest Pain.

Table 2. Association of Lipoprotein Factors With HRP

Basic OR (95% CI) P value Q value Adjusted OR (95% CI) P value

Factor 1 0.95 (0.83– 1.09) 0.486 0.589

Factor 2 1.20 (1.06– 1.37) 0.006 0.020 1.05 (0.91– 1.21) 0.495

Factor 3 1.32 (1.15– 1.53) <0.001 0.001 1.23 (1.05– 1.46) 0.013

Factor 4 0.97 (0.85– 1.10) 0.641 0.641

Factor 5 1.12 (0.99– 1.27) 0.063 0.147

H7P 0.87 (0.67– 1.13) 0.291 0.509

VL- TRLP 0.91 (0.70– 1.19) 0.505 0.589

Adjusted models included covariates for sex, age, hypertension, diabetes, body mass index, smoking status, statin use, and low- density lipoprotein 
cholesterol. HRP indicates high- risk coronary atherosclerotic plaque; OR, odds ratio; and VL- TRLP, very large triglyceride- rich lipoprotein particle.
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analyses of individual lipoprotein subclasses loaded on 
each factor, large HDL and HDL size were inversely 
associated with HRP in univariable models, and large 
HDL remained significantly associated with HRP with-
out oCAD in multivariable models (OR, 0.77 [95% CI, 
0.62– 0.94]; P=0.013) (Table  S5). However, after ad-
ditionally adjusting for HDL- C in sensitivity analyses, 
large HDL was no longer significantly associated (OR, 
0.85 [95% CI, 0.65– 1.10]; P=0.228).

Association of Lipoprotein Subclasses 
With Cardiovascular Events
The presence of HRP in the PROMISE cohort has 
previously been shown to be associated with an in-
creased risk of MACE.14 Thus, we next sought to de-
termine if individual lipoprotein subclasses from PCA 

factors associated with HRP were also associated with 
MACE using the full PROMISE biomarker substudy 
samples (N=4019). In these analyses, medium HDL 
was the only lipoprotein subclass associated with time 
to MACE (unadjusted HR, 0.76 [95% CI, 0.63– 0.92]; 
P=0.004), although it was no longer significant in mul-
tivariable models with and without HDL- C (Table 4 and 
Table  S6). In the CATHGEN study, which contained 
>2- fold the number of individuals than the PROMISE 
substudy, in both unadjusted (HR, 0.91 [95% CI, 0.88– 
0.94]; P<0.001) and adjusted (HR, 0.93 [95% CI, 0.90– 
0.96]; P<0.001) models, medium HDL was inversely 
associated with time to death/myocardial infarction, 
with a similar magnitude as in the PROMISE study 
(Table 4). Large HDL and HDL size were positively as-
sociated with MACE in CATHGEN, whereas these lipo-
proteins were not significantly associated with MACE 

Table 3. Association of Individual Lipoprotein Subclasses and HRP

Lipoprotein Basic OR (95% CI) P value Adjusted OR (95% CI) P value

L- LDLP 0.85 (0.73– 0.97) 0.018 0.86 (0.73– 1.01) 0.070

H6P 0.68 (0.57– 0.81) <0.001 0.70 (0.56– 0.85) <0.001

H4P 0.80 (0.69– 0.92) 0.003 0.84 (0.72– 0.98) 0.028

H3P 0.86 (0.75– 0.98) 0.020 0.97 (0.84– 1.12) 0.672

H2P 0.94 (0.83– 1.07) 0.378

H1P 1.07 (0.94– 1.21) 0.315

HDL size 0.75 (0.65– 0.86) <0.001 0.82 (0.69– 0.96) 0.018

Adjusted models included covariates for sex, age, hypertension, diabetes, body mass index, smoking status, statin use, and low- density lipoprotein 
cholesterol. HDL indicates high- density lipoprotein; HRP, high- risk coronary atherosclerotic plaque; L- LDLP, large low- density lipoprotein particle; and OR, 
odds ratio.

Figure 2. Forest plots of the association of individual lipoprotein subclasses with HRP in univariable (A) and multivariable 
(B) models.
HDL indicates high- density lipoprotein; HRP, high- risk coronary atherosclerotic plaque; and L- LDLP, large low- density lipoprotein 
particle.
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in PROMISE. These differences may be related to 
sample size or may reflect the differences in patient 
characteristics. Because many of the lipoprotein sub-
classes in CATHGEN violated the proportional hazards 
assumption, we reran the analyses while incorporating 
a lipoprotein×log(time) interaction term in the models 
with these violations and compared them with models 
without these additional terms. These analyses dem-
onstrated that the lipoproteins remained statistically 
significantly associated with events (Table S7).

DISCUSSION
Leveraging a large cardiovascular diagnostic strategy 
trial, the PROMISE trial, here we perform, to our knowl-
edge, the largest study of lipoprotein subclass asso-
ciations with high- risk coronary plaque. In outpatients 
free of known CAD presenting with stable chest pain, 
HDL subclasses were associated with HRP, even in in-
dividuals without oCAD, and were also associated with 
MACE. These results simultaneously identify a circulat-
ing lipoprotein signature that identifies individuals with 
HRP in the absence of oCAD and adds to our knowl-
edge about HRP pathobiology.

Specifically, we found that greater concentrations 
of large (H6P) and medium (H4P) HDL particles and 
HDL size were associated with less risk of HRP, and 
greater concentrations of medium HDL particles (H3P) 
were associated with a reduced risk of incident MACE. 
These HDL findings may represent impaired reverse 
cholesterol transport in association with HRP, indi-
cated by the accumulation of smaller, lipid- poor imma-
ture HDL subclasses. Of note, although associations 
with HRP remained significant in multivariable mod-
els, the collinearity of these HDL subclasses resulted 
in attenuation of the association after adjustment for 
traditional HDL- C, a composite of these HDL sub-
classes. Additional studies will need to be performed 

to determine if distinct HDL subclasses better predict 
HRP and MACE than HDL- C; however, prior investi-
gations in different cohorts have shown this to be the 
case.12,13

Lipoprotein subclasses are also associated with 
CVD risk11,13 and, more recently, have been shown to 
be related to coronary plaque composition as mea-
sured by multiple different imaging modalities.20– 22 In 
the ATLANTA (Assessment of Tissue Characteristics, 
Lesion Morphology, and Hemodynamics by 
Angiography With Fractional Flow Reserve, 
Intravascular Ultrasound and Virtual Histology, and 
Noninvasive Computed Tomography in Atherosclerotic 
Plaques) study of 60 individuals without oCAD pre-
senting with chest pain, small, dense LDL and small 
HDL are associated with HRP features (namely, larger 
plaque volume, more noncalcified plaque, and higher 
volume of necrotic core) on coronary CTA and intravas-
cular ultrasound, whereas larger HDL particles are as-
sociated with lower plaque volume and lower volume 
of necrotic core.21 Supportive of the role of impaired 
reverse cholesterol transport, in a separate study using 
carotid magnetic resonance imaging assessment to 
detect HRP, the Chicago Healthy Aging Study found 
that HDL efflux capacity correlates with large and me-
dium HDL subclasses; however, after multivariable 
adjustment, neither efflux capacity nor subclasses as-
sociate with HRP.23 In another study of statin- treated 
patients with diabetes, the triglyceride/HDL- C ratio was 
significantly associated with HRP features detected by 
frequency- domain optical coherence tomography.24 
Although that study did not measure HDL subclasses, 
an elevated triglyceride/HDL- C ratio has been associ-
ated with a shift toward smaller HDL size, suggesting 
impaired reverse cholesterol transport.25– 27 Taken to-
gether, our findings in the PROMISE trial are consistent 
with and extend these prior, smaller studies. We inter-
pret the inverse association of medium and large HDL 
particles and HDL size with HRP as indicating possible 

Table 4. Association of Individual Lipoprotein Subclasses With Time to Event

Full PROMISE cohort (N=4019) CATHGEN (N=8707)

Lipoprotein
Basic HR  
(95% CI) P value

Adjusted HR  
(95% CI) P value

Basic HR  
(95% CI) P value

Adjusted HR  
(95% CI) P value

L- LDLP 1.03 (0.86– 1.22) 0.757 1.02 (0.99– 1.05) 0.134

H6P 1.00 (0.84– 1.20) 0.976 1.10 (1.07– 1.13) <0.001 1.09 (1.06– 1.12) <0.001

H4P 0.84 (0.69– 1.03) 0.089 1.05 (1.02– 1.08) <0.001 1.08 (1.05– 1.11) <0.001

H3P 0.76 (0.63– 0.92) 0.004 0.86 (0.71– 1.05) 0.132 0.91 (0.88– 0.94) <0.001 0.93 (0.90– 0.96) <0.001

HDL size 0.97 (0.81– 1.16) 0.730 1.27 (1.23– 1.30) <0.001 1.26 (1.22– 1.29) <0.001

PROMISE- adjusted models included covariates for sex, age, hypertension, diabetes, body mass index, smoking status, statin use, and low- density 
lipoprotein cholesterol.

CATHGEN basic models included a covariate for nuclear magnetic resonance assay batch, and adjusted models included covariates for age, sex, body mass 
index, nuclear magnetic resonance assay batch, low- density lipoprotein cholesterol, hypertension, diabetes, and smoking. CATHGEN indicates Catheterization 
Genetics; HDL, high- density lipoprotein; HR, hazard ratio; L- LDLP, large low- density lipoprotein particle; and PROMISE, Prospective Multicenter Imaging Study 
for Evaluation of Chest Pain.
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impaired reverse cholesterol transport, which would be 
expected to contribute to HRP features such as a large 
noncalcified plaque burden and necrotic lipid core. 
Measuring HDL subclasses and size in individuals 
with chest pain or at risk for CAD may therefore help in 
risk stratification to identify those who need additional 
evaluation or more intensive preventive therapy. One 
interesting area of future investigation is to determine 
whether therapies that shift HDL particle size distribu-
tions toward medium HDL subclasses are associated 
with reduced HRP.

We found that medium HDL particles also inversely 
associate with MACE in addition to an association 
with HRP; however, this association was not signifi-
cant after adjustment for established cardiovascular 
risk factors. This finding was replicated in CATHGEN, 
which is composed of individuals who have, or are at 
high risk for, CVD. In CATHGEN, medium HDL parti-
cles were associated with incident events even after 
an adjustment for established risk factors, suggesting 
that these results are independent of traditional risk 
factors. As noted previously, medium HDL particles 
may report on HDL efflux capacity, which is associ-
ated with a decreased risk of MACE across a variety 
of populations.28– 30 We note, however, that large HDL 
(H6P) and HDL size, which were negatively associated 
with HRP in PROMISE, were positively associated with 
MACE in CATHGEN. Therefore, although medium and 
large HDL particles and HDL size may help in identify-
ing individuals with HRP, medium HDL particles may 
be unique in predicting MACE in individuals with HRP.

The strengths of this study include the relatively 
large sample size, leveraging samples collected as 
part of a clinical trial with adjudicated clinical out-
comes and CTA plaque characteristics analyzed by 
a core laboratory. Our major findings center around 
NMR- derived HDL particle subclasses. It is possi-
ble that other methods to measure HDL subclasses 
might determine different associations with HRP; 
however, given that our study is consistent with one 
that demonstrated similar associations of large HDL 
particles measured by gel electrophoresis with HRP,21 
we believe this is unlikely. We also note that the asso-
ciations of HDL subclasses with HRP were attenuated 
when including HDL- C in our multivariable regression 
models. This finding is likely the result of a correlation 
of HDL- C and HDL subclasses. The PROMISE trial 
was composed of low- risk individuals with no history 
of CVD, so the results cannot necessarily be general-
ized to high- risk individuals with known CAD and HRP; 
however, the finding that medium HDL subclasses are 
also inversely associated with MACE in the higher risk 
CATHGEN biorepository suggests that this HDL sub-
class may be a reliable biomarker for adverse events 
in broad populations of individuals presenting with 
chest pain or at risk for CAD.

In conclusion, we find that medium and large HDL 
subclasses and HDL size were inversely associated 
with HRP features in PROMISE trial participants and 
that medium HDL subclasses were inversely associated 
with MACE in PROMISE and the greater risk CATHGEN 
cohort. These findings may aid the risk stratification of 
individuals with chest pain and suspected CAD and 
provide insight into the pathobiology of HRP.
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Table S1. Description of measured lipoprotein particles 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

TG: triglyceride; LDL: low-density lipoprotein; HDL: high-density lipoprotein 
 

 
Parameter 

 
Particle 
Subclass 

 
Description 

Diameter 
Estimate (nm) 

TG-Rich Lipoprotein Particle (TRLP) Concentrations (nmol/L) 
TRLP  Total TRLP 24- 240 
 VL-TRLP Very Large TRLP 90-240 
 L-TRLP Large TRLP 50-89 
 M-TRLP Medium TRLP 37-49 
 S-TRLP Small TRLP 30-36 
 VS-TRLP Very Small TRLP 24-29 
LDL Particle (LDLP) Concentrations (nmol/L) 
cLDLP  Total cLDLP 19-23 
 L-cLDLP Large LDLP 21.5-23 
 M-cLDLP Medium LDLP 20.5-21.4 
 S-cLDLP Small LDLP 19-20.4 
Calibrated HDL Particle (cHDLP) Concentrations (μmol/L) 
cHDLP  Total cHDLP 7.5-13 
 L-cHDLP Large HDLP (H5+H6+H7)  
 M-cHDLP Medium HDLP (H3+H4)  
 S-cHDLP Small HDLP (H1+H2)  
 H7P HDLP subspecies (12 nm)  12.0 
 H6P HDLP subspecies (10.8 nm) 10.8 
 H5P HDLP subspecies (10.3 nm) 10.3 
 H4P HDLP subspecies (9.5 nm) 9.5 
 H3P HDLP subspecies (8.7 nm) 8.7 
 H2P HDLP subspecies (7.8 nm) 7.8 
 H1P HDLP subspecies (7.4 nm) 7.4 
Mean Particle Sizes (nm) 
TRLZ --- TRL Size 30-100 
LDLZ --- LDL Size 19-22.5 
HDLZ --- HDL Size 7.4-13 
Derived Lipid and Apolipoprotein Concentrations (mg/dL) 
TG  Total Triglycerides  
TC  Total Cholesterol  
LDLC  LDL Cholesterol   
HDLC  HDL Cholesterol  



Table S2. Baseline characteristics in full PROMISE cohort and within the subset with measured lipoproteins 
   

Variables PROMISE Cohort (N=10003) Sub-Cohort with Measured Lipoproteins (N=4019) 

Mean age - years ± std. dev. 60.8 ± 8.3 60.5 ± 8.1 
Female sex - no. (%) 5270 (52.7) 2144 (53.3) 
Hypertension - no. (%) 6501 (65.0) 2628 (65.4) 
Diabetes - no. (%) 2144 (21.4) 881 (21.9) 
Mean BMI - kg/m2 ± std. dev. 30.5 ± 6.1 30.8 ± 6.2 
Current or past tobacco use - no. (%) 5104 (51.0) 2055 (51.1) 
Statin - no./total no. (%) 4389/9569 (45.9) 1775/3885 (45.7) 
LDL cholesterol - mg/dL ± std. dev. 120.9 ± 33.9 120.9 ± 33.9 
HDL cholesterol - mg/dL ± std. dev. 53.5 ± 13.8 53.5 ± 13.8 

 
BMI: body mass index; LDL: low-density lipoprotein; HDL: high-density lipoprotein 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S3. Lipoprotein loading on principal components analysis factors 
      

 Varimax Rotated Loadings 
Lipoprotein Factor 1 Factor 2 Factor 3 Factor 4 Factor 5 

L-TRLP 0.60     

M-TRLP 0.65    0.45 
S-TRLP     0.90 

VS-TRLP    0.51  

L-LDLP   -0.60  0.40 
M-LDLP -0.75     

S-LDLP 0.88     

H6P   -0.75   

H5P    -0.73  

H4P   -0.55 0.51  

H3P  -0.75    

H2P   0.61   

H1P  0.80    

TRLZ    0.44  

LDLZ -0.79     

HDLZ   -0.86   

 
L-TRLP: large triglyceride-rich lipoprotein particle; M-TRLP: medium TRLP; S-TRLP: small TRLP; L-LDLP: large low-density lipoprotein particle; M-
LDLP: medium LDLP; S-LDLP: small LDLP; TRLZ: triglyceride-rich lipoprotein size; LDLZ: low-density lipoprotein size; HDLZ: high-density 
lipoprotein size 
 
 
 
 
 
 
 
 
 
 
 



Table S4. Sensitivity analyses for association between lipoprotein classes with HRP, including HDL-C as a covariate in 
multivariable regression models  

  Basic OR (95% CI) P-value Adjusted OR (95% CI) P-value Adjusted OR + HDL-C (95% CI) P-value 
Factor 2 1.20 (1.06-1.37) 0.006 1.05 (0.91-1.21) 0.495   
Factor 3 1.32 (1.15-1.53) <0.001 1.23 (1.05-1.46) 0.013 1.06 (0.88-1.29) 0.524 
L-LDLP 0.85 (0.73-0.97) 0.018 0.86 (0.73-1.01) 0.070   
H6P 0.68 (0.57-0.81) <0.001 0.70 (0.56-0.85) <0.001 0.80 (0.62-1.02) 0.081 
H4P 0.80 (0.69-0.92) 0.003 0.84 (0.72-0.98) 0.028 0.93 (0.78-1.10) 0.400 
H3P 0.86 (0.75-0.98) 0.020 0.97 (0.84-1.12) 0.672   
H2P 0.94 (0.83-1.07) 0.378     
H1P 1.07 (0.94-1.21) 0.315     
HDL size 0.75 (0.65-0.86) <0.001 0.82 (0.69-0.96) 0.018 1.08 (0.84-1.37) 0.538 
 
OR: Odds Ratio; 95% CI: 95% Confidence Interval; L-LDLP: large low-density lipoprotein particle; HDL: high-density lipoprotein 
Adjusted models included covariates for sex, age, hypertension, diabetes, BMI (body mass index), smoking status, statin use, and LDL-C (low-density lipoprotein 
cholesterol) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S5. Sensitivity analyses of lipoprotein factor associations with HRP 
(restricted to participants free of oCAD; N=1665) 
     
  Basic OR (95% CI) P-value Adjusted OR (95% CI) P-value 
Factor 2 1.20 (1.04-1.39) 0.014 1.08 (0.93-1.27) 0.316 
Factor 3 1.18 (1.02-1.38) 0.034 1.13 (0.95-1.35) 0.174 
H7P 0.94 (0.70-1.26) 0.662   
VL-TRLP 0.88 (0.65-1.18) 0.389   
L-LDLP 0.92 (0.79-1.06) 0.251   
H6P 0.78 (0.64-0.92) 0.006 0.77 (0.62-0.94) 0.013 
H4P 0.87 (0.74-1.01) 0.069   
H3P 0.89 (0.77-1.03) 0.112   
H2P 0.89 (0.77-1.03) 0.116   
H1P 1.06 (0.92-1.23) 0.391   
HDL size 0.85 (0.72-0.98) 0.033 0.90 (0.75-1.07) 0.246 
 
OR: Odds Ratio; 95% CI: 95% Confidence Interval; VL-TRLP: very large triglyceride-rich lipoprotein 
particle; L-LDLP: large low-density lipoprotein particle; HDL: high-density lipoprotein 
Adjusted models included covariates for sex, age, hypertension, diabetes, BMI (body mass index), 
smoking status, statin use, and LDL-C (low-density lipoprotein cholesterol). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table S6. Sensitivity analyses of lipoprotein factor associations with cardiovascular events (including HDL-C in multivariable models) 
          
 Full PROMISE cohort (N=4019)  CATHGEN (N=8707) 

Lipoprotein Basic HR (95% CI) P-value Adjusted HR 
(95% CI) P-value   Basic HR (95% CI) P-value Adjusted HR 

(95% CI) P-value 

L-LDLP 1.03 (0.86-1.22) 0.757    1.02 (0.99-1.05) 0.134   

H6P 1.00 (0.84-1.20) 0.976    1.10 (1.07-1.13) <0.001 1.28 (1.23-1.32) <0.001 
H4P 0.84 (0.69-1.03) 0.089    1.05 (1.02-1.08) <0.001 1.13 (1.10-1.17) <0.001 
H3P 0.76 (0.63-0.92) 0.004 0.95 (0.76-1.20) 0.683  0.91 (0.88-0.94) <0.001 0.96 (0.93-0.99) 0.016 
HDL size 0.97 (0.81-1.16) 0.730    1.27 (1.23-1.30) <0.001 1.46 (1.41-1.50) <0.001 
HR: Hazards Ratio; 95% CI: 95% Confidence Interval; L-LDLP: large low-density lipoprotein particle; HDL: high-density lipoprotein 
PROMISE adjusted models included covariates for sex, age, hypertension, diabetes, BMI (body mass index(, smoking status, statin use, LDL-C (low-density 
lipoprotein cholesterol), and HDL-C (high-density lipoprotein cholesterol) 
CATHGEN basic models included a covariate for NMR (nuclear magnetic resonance) assay batch and adjusted models included covariates for age, sex, BMI, 
NMR assay batch, LDL-C, hypertension, diabetes, smoking, and HDL-C 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Table S7.  Hazard ratios at different time intervals and P-values for sensitivity models 
incorporating a lipoprotein*log(time) coefficient for lipoproteins where the proportional hazards 
assumption was violated 
        

  Estimated Hazard Ratios  
Cohort Lipoprotein 6 months 1 year 2 years 4 years 10 years P-value 

PROMISE HDL size 1.06 1.16 1.26 1.37 N/A 0.120 

CATHGEN 

L-LDLP 1.13 1.11 1.09 1.07 1.04 <0.001 
H6P 1.11 1.10 1.10 1.09 1.08 <0.001 
H4P 1.14 1.12 1.10 1.08 1.05 <0.001 
H3P 0.91 0.92 0.92 0.93 0.93 <0.001 

HDL size 1.39 1.33 1.28 1.23 1.17 <0.001 
 
HDL: high-density lipoprotein; L-LDLP: large low-density lipoprotein particle 
Estimated hazards ratios calculated at certain time intervals based on adjusted models with a lipoprotein*log(time) interaction 
covariate (PROMISE: sex, age, hypertension, diabetes, BMI (body mass index), smoking status, statin use, LDL-C (low-density 
lipoprotein cholesterol), and lipoprotein*log(time); CATHGEN: age, sex, BMI, NMR (nuclear magnetic resonance) assay batch, 
LDL-C, hypertension, diabetes, smoking, and lipoprotein*log(time)).  Natural log (default in R) was used for the 
lipoprotein*log(time) interaction terms in both cohorts. 
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