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Remnant Lipoprotein Cholesterol and Incident Coronary Heart
Disease: The Jackson Heart and Framingham Offspring Cohort
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Background—Remnant lipoproteins (RLPs), the triglyceride-enriched precursors to low-density lipoprotein, are an emerging risk
factor for coronary heart disease (CHD). We sought to determine the association of RLP cholesterol (RLP-C) levels with incident
CHD in 2 diverse, prospective, longitudinal observational US cohorts.

Methods and Results—We analyzed cholesterol levels from serum lipoprotein samples separated via density gradient
ultracentrifugation in 4114 US black participants (mean age 53.8 years, 64% women) from the Jackson Heart Study and a random
sample of 818 predominantly white participants (mean age 57.3 years, 52% women) from the Framingham Offspring Cohort Study.
Multivariable-adjusted hazard ratios (HRs) for RLP-C (the sum of very low-density lipoproteins cholesterol and intermediate-density
lipoprotein cholesterol) were derived to estimate associations with incident CHD events consisting of myocardial infarction, CHD
death, and revascularizations for each cohort separately and as a combined population. There were 146 CHD events in the
combined population. After adjustments for age, sex, body mass index, smoking, blood pressure, diabetes, and lipid-lowering
therapy for the combined population, RLP-C (HR 1.23 per 1-SD increase, 95% Cl 1.06—1.42, P<0.01) and intermediate-density
lipoprotein cholesterol (HR 1.26 per 1-SD increase, 95% Cl 1.08-1.47, P<0.01) predicted CHD during an 8-year follow-up.
Associations were attenuated by high-density lipoprotein cholesterol and ultimately lost significance with inclusion of real low-
density lipoprotein cholesterol, which excludes Lp(a) and IDL cholesterol fractions. Similar associations were seen in multivariable
analyses within each cohort.

Conclusion—RLP-C levels are predictive of incident CHD in this diverse group of primary prevention subjects. Interventions aimed
at reducing RLP-C to prevent CHD warrant further intensive investigation.
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D espite remarkable capacity to lower low-density lipopro- of morbidity and mortality in the United States."? Apolipopro-
tein cholesterol (LDL-C) with the use of statins and other tein B (apoB) and non-high-density lipoprotein cholesterol
drugs, coronary heart disease (CHD) persists as a leading cause (non—HDL-C) levels are superior predictors of CHD risk

From the Johns Hopkins Ciccarone Center for the Prevention of Heart Disease, Baltimore, MD (P.H.J., S.S.M., M.J.B., S.R.J., P.P.T.); Division of Cardiology, University of
Texas Southwestern Medical Center, Dallas, TX (P.H.J.); Royal Brompton and Harefield NHS Trust, London, UK (A.A.K.); Department of Biostatistics, Boston University
School of Public Health, Boston, MA (J.M.M., R.B.D.); Center of Biostatistics & Bioinformatics (S.T.L., M.E.G.) and Jackson Heart Study (S.T.L., M.E.G., A.C.), University of
Mississippi Medical Center, Jackson, MS,; Atherotech Diagnostics Laboratory, Birmingham, AL (K.R.K.); CGH Medical Center, Sterling, IL (P.P.T.); University of lllinois
School of Medicine, Peoria, IL (P.P.T.).

Accompanying Tables S1 and S2, Figures S1 through S5, and Appendix S1 are available at http://jaha.ahajournals.org/content/5/5/e002765/DC1/embed/
inline-supplementary-material-1.pdf

*Dr Joshi and Mr Khokhar contributed equally to this study.

"Members of the Lipoprotein Investigators Collaborative (LIC) Study Group are listed in Appendix S1.

Correspondence to: Parag H. Joshi, MD, MHS, UT Southwestern Medical Center, 5323 Harry Hines Blvd, E5-730F, Dallas, TX 75390-8830. E-mail: parag.
joshi@utsouthwestern.edu

Received November 24, 2015; accepted February 18, 2016.

© 2016 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley Blackwell. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium, provided the original work is properly cited and is
not used for commercial purposes.

DOI: 10.1161/JAHA.115.002765 Journal of the American Heart Association 1


http://www.ClinicalTrials.gov
info:doi/10.1161/JAHA.115.002765
http://jaha.ahajournals.org/content/5/5/e002765/DC1/embed/inline-supplementary-material-1.pdf
http://jaha.ahajournals.org/content/5/5/e002765/DC1/embed/inline-supplementary-material-1.pdf
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Remnants and Incident CHD Joshi et al

compared with LDL-C.% The excess risk for CHD captured by
apoB or non—HDL-C suggests a need for more granularity
among lipoproteins, such as triglyceride-rich remnant lipopro-
teins (RLPs) and their associations with CHD risk.

In the fasting state, RLPs consist of very low density
lipoproteins (VLDL) and intermediate-density lipoproteins
(IDL) and are estimated by triglyceride (TG) levels in the
absence of advanced lipoprotein testing. Though not as well
recognized as LDL particles for their role in atherogenesis,
RLPs have several proatherogenic properties, including proin-
flammatory and prothrombotic effects; in addition, resident
macrophages scavenge and retain RLPs in the subendothelial
space.*”’

Multiple prospective cohorts from around the world
consistently suggest a link between RLPs, often reflected by
serum TG measurements, and CHD.® "' Historically, some
studies have suggested that this association is attenuated by
the inclusion of other potentially causal factors such as HDL-
C, thus raising the question of whether RLPs may represent a
surrogate for other causative factors in atherosclerotic
disease.'>"® Recent Mendelian randomization studies have
served as the strongest evidence that RLPs are etiologic for
atherosclerosis.®'*'® Further, TGs are predictive of residual
risk in statin-treated individuals.'”” However, this extensive
recent work relies on surrogate measures of RLP-C and mainly
stems from European populations and thus is not necessarily
generalizable to the ethnically diverse US population. 4168

Therefore, we sought to evaluate the association of directly
measured RLP-C and its components, VLDLs-C and IDL-C,
with risk for incident CHD in US populations of black men and
women from the Jackson Heart Study (JHS) and in a subset of
men and women from the predominantly white Framingham
Offspring Cohort Study (FOCS).

Methods

The present study reports results of the RLP-C analysis from the
2 primary prevention cohorts within the Lipoproteins Investi-
gators Collaborative, which is described in Appendix S1.

Study Populations

The JHS methods have been described previously.'® The study
included 5301 black adults from the Jackson, MS, region with
the primary aim to investigate causes of cardiovascular
disease in US blacks. Lipoprotein cholesterol subfractions
were measured by using density gradient ultracentrifugation
(Vertical Auto Profile [VAP], Atherotech) of fasting samples
from the baseline visit available for 4722 participants from
2000 to 2004. After excluding 464 participants for missing
covariate data and 144 participants with self-reported

prevalent cardiovascular disease, we included 4114 JHS
participants with follow-up from 2000 to 2008. Based on
multiple imputations and assuming covariate data were
missing at random, the results were robust to exclusions.

The FOCS began in 1971 and includes 5129 offspring and
spouses of offspring from the Framingham Heart Study.?® We
analyzed fasting serum by using density gradient ultracen-
trifugation from the cycle 6 examination of 902 randomly
selected FOCS participants. After excluding 80 participants
with prevalent cardiovascular disease and 4 others with
missing covariate data, 818 participants were followed for up
to 8 years for the analysis.

Each study was reviewed and approved by the correspond-
ing institutional review boards, and informed consent was
obtained from all participants.

CHD events were a combination of myocardial infarction
(MI), CHD death, and revascularization including coronary
artery bypass graft surgery or angioplasty. Events were
actively and passively ascertained, and all events were
adjudicated by independent reviewers. %"’

Measurement of Lipoproteins

From both JHS and FOCS, frozen (—70°C) serum samples
were sent on dry ice via overnight express to the testing
laboratory (Atherotech in Birmingham, AL), where they were
kept at —70°C until measurement. Cholesterol was mea-
sured from subfractions of the major lipoprotein classes,
including LDL, IDL, VLDL, and HDL, after separation via
single vertical spin density gradient ultracentrifugation (VAP;
Appendix S1) as previously described.?? Although “direct”
LDL-C includes IDL-C and lipoprotein (a) cholesterol [Lp(a)-
C], real LDL-C excludes these 2 fractions and consists only
of LDL-C. Fasting RLP-C was defined as the sum of the
densest VLDL subfraction (VLDL;-C) and IDL-C.2%2°

Statistical Analyses

Mean and SD values were determined for normally distributed
continuous variables and compared by use of t tests. Medians
with 25th and 75th percentile values were determined for
non—normally distributed variables, and the groups were
compared by the use of Wilcoxon rank sum testing. Propor-
tions were determined for categorical variables and compared
by using Fisher exact and y? testing. Restricted cubic spline
curves adjusted for age, sex, body mass index, smoking,
systolic and diastolic blood pressures, lipid-altering medica-
tions, and diabetes were created to assess linearity assump-
tions of the relationship between lipids and CHD.

After verifying proportional hazards assumptions by using
the Kolmogorov-type supremum test (P>0.10), we examined
associations with incident CHD over 8 years by using
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multivariable-adjusted Cox proportional hazards models to
estimate hazard ratios (HRs) per 1-SD increase in RLP-C and
its components, VLDL3-C and IDL-C. In the JHS, follow-up
began at the baseline examination, while in the FOCS, follow-
up began at the cycle 6 examination; covariates were
measured at the start of follow-up. Each cohort was analyzed
separately and then as a combined group for a patient-level
multivariable adjusted analysis. The primary model 1 included
adjustments for age, sex, body mass index (BMI), current
smoking, systolic and diastolic blood pressures, lipid-altering
medications, and diabetes. Sequential models were created
by using model 1 variables in combination with HDL-C and
real LDL-C, which excludes IDL-C and Lp(a)-C and consists
only of LDL-C.

Forest plots were created to visualize HRs and 2-sided 95%
Cls for a 1-SD increase in each of the RLP-C variables for each
study individually and for the combined cohort. In our prior
analysis from these 2 cohorts, we found a significant
association with HDL subclasses and incident CHD.?° The
interactions between HDL-C, HDL subclasses, and LDL-C with
RLP-C and its components were assessed in multivariate-
adjusted Cox models and by using 3-dimensional CHD risk
plots.

Statistical analyses were coordinated across centers within
the LIC study group by using SAS v9.3 (SAS Institute). All P-
values are considered significant at a 2-sided o of .05.

Results

Baseline Characteristics

The baseline characteristics show the populations were
predominantly female and middle aged on average, though
the JHS study participants were slightly younger (Table 1). The
JHS also had more than twice the baseline rate of diabetes
compared with FOCS and a higher average body mass index

of its participants. Smoking rates were similar in the 2 studies
at <15%. Systolic blood pressure values were comparable,
although diastolic blood pressure was significantly higher
among the JHS participants. There was slightly greater use of
lipid-altering medications in the more contemporary JHS
population.

Baseline lipids were significantly different between the 2
populations (Table 2). Notable differences included much
lower TGs, slightly higher RLP-C (due to higher IDL-C), lower
direct and real LDL-C, higher Lp(a)-C, higher HDL-C, and lower
non—-HDL-C among JHS participants. The correlations between
VLDL5-C and IDL-C in the FOCS, JHS, and combined cohort
were 0.75, 0.77, and 0.76, respectively. The correlations
between VLDL3;-C and real LDL-C in the FOCS, JHS, and
combined cohort were 0.44, 0.18, and 0.21, respectively.
Finally, the correlations between IDL-C and real LDL-C in the
FOCS, JHS, and combined cohort were 0.67, 0.48, and 0.50,
respectively.

CHD Events

There were 146 CHD events among the combined JHS and
FOCS population. There were 63 Mls, 21 CHD deaths, and 28
revascularizations, for a total of 112 CHD events, among
4114 participants from the JHS during a mean of 5.6 years.
There were 18 Mls, 1 CHD death, and 15 revascularizations,
for a total of 34 CHD events, among 818 participants from the
FOCS during a mean of 7.5 years. The association between
RLP-C and its components with CHD was linear in both
studies (Figure S1).

Remnant Cholesterol and CHD in JHS

In unadjusted analyses, JHS participants experiencing incident
CHD had a higher risk profile than did those without CHD
during follow-up (Table 3). Those experiencing CHD were older

Table 1. Baseline Cardiometabolic Risk Factors of Jackson Heart Study and Framingham Offspring Cohort Study Participants

Jackson Heart Framingham Offspring Combined
Variable Study (n=4114) Cohort (n=818) P Value Populations (n=4932)
Males 1463 (36%) 395 (48%) <0.0001 1858 (38%)
Age, y 53.8 (12.8) 57.3 (9.5 <0.0001 54.4 (12.3)
Diabetes 678 (16%) 58 (7%) <0.0001 736 (15%)
Current smokers 512 (12%) 118 (14%) 0.12 630 (13%)
Body mass index, kg/m? 31.7 (7.3) 27.7 (5.0 <0.0001 31.1 (7.1)
Systolic blood pressure, mm Hg 126.5 (18.0) 126.2 (18.1) 0.67 126.4 (18.0)
Diastolic blood pressure, mm Hg 79.1 (10.4) 74.8 (9.3) <0.0001 78.4 (10.4)
Lipid-altering medications* 443 (11%) 66 (8%) 0.02 509 (10%)

Values are n (%) or mean (SD) where appropriate.

*Lipid-altering medications include statins, bile sequestrants, niacin derivatives, and fibric acid derivatives.
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Table 2. Baseline Lipids of the Jackson Heart Study and Framingham Offspring Cohort Study Participants

Jackson Heart Framingham Offspring Combined
Variable Study (n=4114) Cohort (n=818) P Value Populations (n=4932)
Total cholesterol 198.8 (40.5) 201.5 (37.2) 0.07 199.3 (40.0)
Triglycerides 90 (67, 126) 155 (126, 187) 0.0001 100 (72, 143)
RLP-C (VLDL;-C+IDL-C) 29.7 (12.0) 28.1 (11.6) 0.0004 29.4 (12.0)
IDL-C 16.4 (8.0) 15.1 (8.5) <0.0001 16.2 (8.1)
VLDL-C 22.4 (9.7) 23.2 (6.9) 0.02 22.5(9.3)
VLDL;,»-C 9.1 (5.5 10.3 (3.5) <0.0001 9.3 (5.2)
VLDL;-C 13.3 (4.8) 13.0 (3.8) 0.08 13.2 (4.6)
Direct LDL-C 122.8 (36.2) 128.0 (32.0) <0.0001 123.7 (35.6)
LDL;-C 18.5 (8.8) 21.2 (7.4) <0.0001 18.9 (8.7)
LDL,-C 21.4 (14.6) 27.4 (15.7) <0.0001 22.4 (15.0)
LDL;-C 41.6 (17.1) 45.4 (16.6) <0.0001 42.2 (17.1)
LDL4-C 16.3 (11.4) 12.1 (11.0) <0.0001 15.6 (11.5)
Real LDL-C * 97.8 (32.9) 106.1 (26.7) <0.0001 99.1 (32.1)
Lp(a)-C 8.7 (5.2 6.8 (3.6) <0.0001 8.4 (5.1)
Non-HDL-C 145.2 (38.6) 151.2 (35.0) <0.0001 146.2 (38.1)
HDL-C 53.6 (14.4) 50.4 (13.2) <0.0001 53.1 (14.3)
HDL,-C 13.6 (6.4) 11.1 (5.0) <0.0001 13.1 (6.3)
HDL;-C 40.1 (8.7) 39.2 (8.7) 0.01 39.9 (8.7)

All values are in mg/dL. Values shown are means (SD) or median (25th, 75th percentile). Direct LDL-C indicates low-density lipoprotein cholesterol; HDL-C, high-density lipoprotein
cholesterol; IDL-C, intermediate-density lipoprotein cholesterol; RLP-C, remnant lipoprotein cholesterol; VLDL-C, very low-density lipoprotein cholesterol.

*Real LDL-C refers to cholesterol derived solely from LDL particles, excluding IDL and Lp(a).

with a higher average systolic blood pressure, higher rates of
diabetes, and a higher use of lipid-lowering medications. The
majority of the standard lipid profile measures of total
cholesterol, HDL-C, and non-HDL-C, as well as directly
measured LDL-C, did not differ significantly with the exception
of TGs, which were significantly higher in those experiencing
incident CHD. Of note, while non—-HDL-C did not significantly
differ, both IDL-C and VLDL3-C and their sum, RLP-C, were
significantly higher in the JHS participants experiencing
incident CHD.

In unadjusted models (Figure S2), increasing RLP-C was
associated with a 34% increased risk of CHD (HR 1.34 per 1-
SD increase, 95% Cl 1.15-1.56, P<0.001). After adjustment
for traditional cardiovascular risk factors in model 1, the HR
remained significant (HR 1.18, 95% CI 1.00-1.39, P=0.049).
When adjustment was made for model 1 variables and HDL-C,
the relationship was attenuated slightly and lost significance
(HR 1.15, 95% Cl 0.97-1.37, P=0.11). When further adjust-
ment was made for real LDL-C in the model, the relationship
was similar (HR 1.13; 0.95-1.35; P=0.17).

The association of IDL-C with CHD was borderline signif-
icant in the JHS model adjusted for risk factors and HDL-C
levels (HR 1.19, 95% CI 1.00-1.42, P=0.052). While VLDL;-C

was significantly associated with CHD in unadjusted models
(HR 1.27, 95% CI 1.10-1.47, P<0.001), it was not indepen-
dent of cardiovascular risk factors (HR 1.11, 95% CI 0.95—
1.30, P=0.20).

Remnant Cholesterol and CHD in FOCS

In unadjusted analyses, FOCS participants experiencing
incident CHD had a higher risk profile than those without
CHD during follow-up (Table 3). The group of participants
experiencing CHD had a higher proportion of men, were older,
and had higher rates of diabetes, a higher body mass index, a
higher average systolic blood pressure, and a higher use of
lipid-lowering medications. In contrast to the JHS, multiple
standard lipid parameters were less favorable among those
experiencing CHD. The total cholesterol, TGs, LDL-C, and
non—HDL-C values were significantly higher, while the HDL-C
was significantly lower, among those experiencing events.
Notably, there was a trend for higher RLP-C in those with
incident CHD (P=0.08).

In unadjusted models (Figure S3), increasing RLP-C was
associated with a trend toward a 32% increased risk of CHD
(HR 1.32, 95% CI 0.98-1.79, P=0.07). The association was
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the Jackson Heart Study and the Framingham Offspring Cohort Study

Jackson Heart Study Framingham Offspring Cohort Study

Variable No CHD (n=4002) CHD (n=112) P Value No CHD (n=784) CHD (n=34) P Value
Males 1417 (35%) 46 (41%) 0.22 371 (47%) 24 (71%) 0.008
Age, y 53.5 (12.7) 64.8 (9.9) <0.0001 57.2 (9.5) 61.6 (8.3) 0.007
Diabetes 629 (16%) 49 (44%) <0.0001 52 (7%) 6 (18%) 0.03
Current smoking status 498 (12%) 14 (13%) 0.99 110 (14%) 8 (24%) 0.13
Body mass index, kg/m? 31.8 (7.3) 29.8 (6.1) 0.001 27.7 (5.0) 29.2 (4.1) 0.07
Systolic blood pressure, mm Hg 126.2 (17.9) 135.1 (20.8) <0.0001 125.8 (18.1) 134.1 (16.8) 0.009
Diastolic blood pressure, mm Hg 79.1 (10.4) 76.6 (11.9) 0.03 74.8 (9.3) 76.4 (9.2) 0.33
Lipid-altering medications® 416 (10%) 27 (24%) <0.0001 59 (8%) 7 (21%) 0.02
Total cholesterol, mg/dL 198.7 (40.3) 202.5 (47.5) 0.32 201.0 (36.8) 213.7 (44.8) 0.05
Triglycerides, mg/dL 90 (67, 126) 106 (81, 143) 0.0002 154 (126, 185) 175 (143, 207) 0.003
RLP-C, mg/dL (VLDL3-C+IDL-C) 29.6 (12.0) 33.7 (13.0) 0.0004 27.9 (11.5) 31.5 (11.3) 0.08
IDL-C, mg/dL 16.3 (8.0) 19.0 (8.5) 0.0005 15.0 (8.5) 17.3 (8.6) 0.13
VLDL-C, mg/dL 22.3 (9.6) 247 (11.4) 0.01 23.1 (6.9) 25.4 (5.8) 0.06
VLDL,,,-C, mg/dL 9.1 (5.5) 10.1 (6.6) 0.06 10.2 (3.5) 111 (3.1) 0.14
VLDL;-C, mg/dL 13.3 (4.7) 14.7 (5.3) 0.002 12.9 (3.8) 14.2 (3.4) 0.05
Direct LDL-C, mg/dL 122.8 (36.1) 125.5 (40.2) 0.42 127.2 (31.5) 145.3 (37.1) 0.001
LDL;-C, mg/dL 18.4 (8.8) 20.6 (10.2) 0.009 211 (7.3) 231 (9.2) 0.13
LDL,-C, mg/dL 21.4 (14.6) 20.8 (16.2) 0.64 27.5 (15.6) 25.9 (18.0) 0.56
LDL;-C, mg/dL 41.7 (17.1) 38.8 (18.0) 0.08 45.0 (16.5) 56.3 (16.3) <0.0001
LDL,4-C, mg/dL 16.3 (11.4) 16.8 (11.5) 0.65 11.9 (10.9) 16.4 (12.8) 0.02
Real LDL-C, mg/dL 97.8 (32.8) 97.0 (36.8) 0.80 105.4 (26.4) 121.7 (30.5) 0.0005
Lp(a)-C, mg/dL 8.7 (5.2 9.6 (5.8) 0.06 6.8 (3.6) 6.3 (4.3 0.45
Non-HDL-C, mg/dL 145.0 (38.5) 150.2 (42.2) 0.16 150.3 (34.6) 170.8 (39.8) 0.0008
HDL-C, mg/dL 53.7 (14.4) 52.3 (15.3) 0.33 50.7 (13.2) 42.9 (10.3) 0.0007
HDL,-C, mg/dL 13.5 (6.4) 13.9 (6.6) 0.58 11.2 (5.1) 8.8 (3.0) 0.005
HDL3-C, mg/dL 40.1 8.7) 38.5 (9.4) 0.05 39.4 (8.7) 34.1 (7.5) 0.0005

Values are n (%), mean (SD), or median (25th, 75th percentile) where appropriate. CHD indicates coronary heart disease; direct LDL-C indicates low-density lipoprotein cholesterol; HDL-C,
high-density lipoprotein cholesterol; IDL-C, intermediate-density lipoprotein cholesterol; RLP-C, remnant lipoprotein cholesterol; VLDL-C, very low-density lipoprotein cholesterol.
+Lipid—altering medications include statins, bile sequestrants, niacin derivatives, and fibric acid derivatives.

strengthened after adjustment for traditional cardiovascular
risk factors, particularly sex, as discussed later, in model 1
(HR 1.46, 95% Cl 1.05-2.04, P=0.026). When adjustment was
made for HDL-C, the association of RLP-C with CHD remained
robust (HR 1.43, 95% Cl 1.02-2.01, P=0.037). When adding
real LDL-C to the model, the association is lost (HR 1.08, 95%
Cl 0.71-1.64, P=0.717).

There was an association of IDL-C with CHD in models
adjusted for risk factors and HDL-C levels (HR 1.48, 95% ClI
1.05-2.08, P=0.03). However, the association of VLDLs-C
with CHD was attenuated in model 1 and when further
adjusted for HDL-C (HR 1.27, 95% CI 0.89—1.81, P=0.18).

Sex Differences in RLP-C and CHD

In unadjusted models in FOCS, RLP-C trended toward higher
risk for CHD for men and women combined but did not meet
statistical significance (HR 1.32, P=0.07). After further
inspection, once sex is adjusted for, the association between
RLP-C and CHD events becomes significant (model 1: HR
1.46, P=0.026). The reason is that RLP-C is higher for women
than for men (mean of 29.2 versus 26.9, P=0.004), while the
proportion experiencing CHD is significantly lower for women
than for men (2% versus 6%, P=0.008). This inverse relation-
ship is causing RLP-C to become more significant when
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adjusted for sex in FOCS with or without model 1 covariates.
Among JHS participants, sex differences did not exist (RLP-C
30.5 mg/dL versus 29.2 mg/dL, CHD 2.5% versus 3.1% for
wOomen versus men).

In FOCS, there is significant interaction (P<0.05) across all
models by sex such that the relationship between RLP-C with
CHD is significant in men but not in women (Table S1). In
model 1, the RLP-C hazard is significant in men (HR 1.78,
P=0.001) but not in women (HR 0.71, P=0.35). In the fully
adjusted model inclusive of HDL-C and real LDL-C, there is an
inverse association in FOCS women suggesting that RLP-C
(driven by IDL-C) is protective for CHD (HR 0.37, P=0.040).
However, several factors suggest this is s statistical artifact.
First, there were a limited number of events among FOCS
women (10 events in 423 women). Second, RLP-C is similarly
distributed in FOCS women with and without events
(29.2+12.5 versus 29.0%7.0, respectively). Finally, there
was no significant interaction across sex in the well-powered
JHS for the association between RLP-C and its components
with CHD in any model (P>0.3, Table S2).

Combined Cohorts

Given similar findings in JHS and FOCS for RLP-C, VLDL3-C,
and IDL-C, we combined the 2 populations for a patient-level,
multivariable-adjusted  analysis.  After adjustment for

cardiovascular risk factors (Figure 1), there was a 23%
increase in CHD risk per 1-SD increase in RLP-C (HR 1.23,
95% Cl 1.06—1.42, P<0.01) and IDL-C (HR 1.26, 95% CI 1.08—
1.47, P<0.01). With further adjustment for HDL-C, there was a
slight attenuation of CHD risk with RLP-C (HR 1.20, 95% ClI
1.03-1.40, P=0.02). The association of RLP-C with CHD after
adjustment for risk factors and HDL-C was driven by IDL-C
contributing a 25% increase in CHD risk (HR 1.25, 95% ClI
1.07-1.46, P<0.001) rather than VLDL;s-C (HR 1.11, 95% ClI
0.95-1.29, P=0.20). All associations were attenuated when
including real LDL-C in the model.

Interactions Among HDL-C, LDL-C, and RLP-C

In the combined group, there is a trend toward an interaction
between HDL-C and RLP-C levels such that the highest risk was
found in those with the lowest HDL-C and highest RLP-C levels
(P=0.07, Figure 2). This trend was largely driven by a significant
interaction among JHS participants between the HDL,-C subclass
and RLP-C (P=0.041, Figure S4). There were no significant
interactions between real LDL-C and RLP-C (P=0.593, Figure S5).

Discussion

In a diverse population of US adults free of prior CHD, our
main finding was the association of RLP-C with incident CHD

Hazard Ratio 95% ClI P-Value
RLP: Unadjusted P 1.34 (1.17, 1.53) <.001
RLP: Model 1 e 1.23 (1.06, 1.42) 0.006
RLP: Model 1 + HDL-C A 1.20 (1.03, 1.40) 0.018
RLP: Model 1 + HDL-C + LDL-R I & { 1.12 (0.95, 1.33) 0.159
IDL: Unadjusted P 1.33 (1.16, 1.53) <.001
IDL: Model 1 P 1.26 (1.08, 1.47) 0.003
IDL: Model 1 + HDL-C A 1.25 (1.07, 1.46) 0.006
IDL: Model 1 + HDL-C + LDL-R H—a— 1.16 (0.98, 1.38) 0.085
VLDL3: Unadjusted e — 1.29 (1.14, 1.47) <.001
VLDL3: Model 1 —a— 1.15 (1.00, 1.32) 0.052
VLDL3: Model 1 + HDL-C | a— 1.11 (0.95, 1.29) 0.200
VLDL3: Model 1 + HDL-C + LDL-R T 1.06 (0.90, 1.24) 0.474
T T T T T T T
0.5 0.7 0.9 1.1 1.3 1.5 1.7 1.9 21

Figure 1. Forest plot of hazard ratios for CHD events in a combined population from the Jackson Heart and Framingham Offspring Cohort
Studies. Hazard ratios are for a 1-SD increase in remnant lipoprotein cholesterol (RLP-C) and its components, IDL-C and VLDL5-C, in unadjusted
models, risk factor—adjusted models (model 1), and models inclusive of HDL-C and real LDL-C [LDL-R; excludes IDL and Lp(a)]. Model 1 variables
were age, sex, body mass index (BMI), current smoking, systolic and diastolic blood pressures (SBP and DBP, respectively), lipid-altering
medications, and diabetes. HDL-C indicates high-density lipoprotein cholesterol; IDL-C, intermediate-density lipoprotein cholesterol; LDL-C, low-
density lipoprotein cholesterol; Lp(a)-C, lipoprotein(a) cholesterol; real LDL-C, XXX; VLDL-C, very low density lipoprotein cholesterol.
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Figure 2. Three-dimensional plot of modeled risk for coronary
heart disease (CHD) by high-density lipoprotein cholesterol (HDL-C)
and remnant lipoprotein cholesterol (RLP-C) levels showing a trend
toward the highest risk in those with the lowest HDL-C and highest
RLP-C levels (P for interaction 0.066).

during an 8-year follow-up. This risk was primarily attributable
to IDL-C levels. This is the largest prospective study of the
association of remnants and incident CHD in US blacks, in
whom standard lipid parameters including LDL-C and HDL-C
were not predictive of CHD. This finding in US blacks is
strikingly different from that in the predominantly white FOCS
participants. In FOCS, traditional lipids, including LDL-C, HDL-
C, and non—HDL-C, were predictive of events, with a trend for
RLP-C to predict events.

Remnants and Events

Our primary findings of an association of RLP-C levels with
cardiovascular events are expected based on the results of
prior cross-sectional and prospective studies. In a prospective
study of 135 patients with coronary artery disease who
presented to a hospital in Japan and were followed for up to
3 years, higher RLP-C levels were an independent predictor of
recurrent coronary events.?” A prospective analysis of >1100
older Japanese American men from the Honolulu Heart Study
found that RLP levels were independently predictive of
incident CHD during 17 years.'" In a case-control study of
Korean patients presenting with stroke, RLP-C levels were
also associated with large artery atherosclerotic stroke.?®
These initial studies suggested a link between RLPs and
cardiovascular disease.

Building on this link, compelling evidence suggesting a
causative role for RLPs stems from several elegant Mendelian
randomization studies. In a cohort of >50 000 Danish
participants, Jorgensen et al identified genetic variants that
contributed to extreme elevations in TG levels.?’ The

investigators showed that these genetic elevations in calcu-
lated RLP-C based on nonfasting TG levels were associated
with an 87% increased odds of MI. In a slightly expanded
study population inclusive of the same Danish cohort, Varbo
et al analyzed genetic variants affecting single lipoprotein
classes including nonfasting remnants, HDL-C, and LDL-C."®
The investigators found a causal odds ratio for ischemic heart
disease of 2.8 for each 39-mg/dL increase in nonfasting
remnant cholesterol levels (again, as calculated from TG
measurements). They went on to show that this effect may be
mediated through inflammation.® Importantly, in contrast to
our analysis, these studies used surrogate measures of RLP-C
(TGs) rather than direct measures and recognized the limited
ability to distinguish the causality of RLP-C from TGs.2*+3%3"

In this context, our results demonstrating the association
of directly measured RLP-C levels with incident CHD validate
the findings of these prior studies though with a more direct
measure of RLPs than TGs. Further, these results extend prior
findings concentrated in European or Asian populations to a
diverse primary prevention population of middle-aged men
and women from the United States. In contrast to prior work,
this is the first demonstration of this association in a large,
prospective study of US blacks.

While there was a suggestion of no association of RLP-C
with CHD among FOCS women in our study, we were
underpowered to make any conclusions, as there were only
10 CHD events in this group. In a cross-sectional analysis
from >1500 women in the Framingham Heart Study, RLP-C
levels were independently associated with prevalent cardio-
vascular disease.'® Careful attention should be paid to sex-
based differences in future analyses of remnants-related risk.

Remnants and Atherosclerosis

The growing body of observational evidence suggesting a
causative role for remnants in atherosclerotic disease
compels consideration of biological plausibility. It is well
established that LDL particles are able to traverse the
arterial endothelium where they are retained and can initiate
and propagate atherosclerosis.®” Due to their larger size,
there has been skepticism over the capability of remnants
and their precursors (chylomicrons, large VLDL) to contribute
directly to atherosclerosis. However, type Il hyperlipidemia
and its characteristic excess of remnants with normal LDL
particle levels are linked to premature atherosclerotic
disease.®® Our study found that the RLP association was
primarily driven by IDL. Prior studies have linked IDL to
angiographic coronary atherosclerosis and carotid intima-
media thickness.3*3¢

Further, animal and human studies have demonstrated the
retention of remnant particles in arterial walls.®”? The
atherogenic effects of RLPs on the endothelium include
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upregulation of proinflammatory cytokines, monocyte recruit-
ment and activation, and increased production of prothrom-
botic factors.* Changes in RLPs in the postprandial state may
lead to endothelial dysfunction as measured by flow-mediated
dilation.*® In an immunohistochemical analysis of carotid
plaque after endarterectomy, RLPs were significantly associ-
ated with carotid plaque macrophage content, a surrogate for
plaque instability.*' In a small study correlating RLP-C levels
with subclinical atherosclerosis, RLP-C was significantly
associated with increased carotid intima-media thickness in
asymptomatic middle-aged men.*?

These studies suggest that RLPs are capable of orches-
trating a variety of proatherogenic effects, including inflam-
mation, thrombus formation, and endothelial dysfunction. Our
findings add to the considerable body of evidence suggesting
a causative role for RLPs in atherosclerosis.

Future Directions

Notably, there are strikingly different RLP-C levels across
studies. '%?7?843 These differences strongly suggest that the
methods used (ie, immunoseparation, ultracentrifugation)
have significantly different profiles or sensitivities for sepa-
rating and measuring remnant lipoproteins. In the present
study, the measured parameter reflects cholesterol from the
dense VLDL; subclass and IDL. In light of compelling
emerging evidence suggesting the causal role of RLPs in
atherosclerosis, a standardized definition of which lipopro-
teins constitute RLPs is urgently needed.

An important and necessary next step is to develop and
test strategies targeted against RLPs to reduce cardiovascu-
lar disease. Recent Mendelian randomization studies sug-
gested a prominent role of apoClll activity in atherosclerotic
disease by evaluating the effects of lifelong exposure to
genetically reduced apoClll function and reduced TG
levels.' ' apoClll is an integral component of RLPs and
inhibits the function of lipoprotein lipase and hepatic lipase,
while potentially promoting VLDL assembly.***> Develop-
ment of an antisense oligonucleotide inhibitor of apoClll is
under way, and phase 3 studies are anticipated.*® Our
findings suggest targeting participants with elevated RLP-C in
such studies, as RLP-C levels are likely a more specific
measure of RLP burden compared with less specific surro-
gates such as TGs, which were not predictive in this
population.

Limitations

There are limitations to our analysis. External generalizability
to blacks throughout the United States and world is limited as
the JHS only includes those from 1 geographic region.
However, the limitation to the Jackson, MS, region has

allowed for a rigorously conducted cohort study with
strengthened internal validity for the JHS. Further, this
allowed for the largest study of RLP-C and incident CHD in
US blacks. Similar results were seen in male participants of
the predominantly white population of the FOCS supporting
the broad applicability of the RLP-C association with CHD;
however, we were underpowered to appropriately assess this
association in white women from the FOCS.

Another limitation is the use of fasting samples. In the
fasting state and in type lll hyperlipidemia, dense VLDL (ie,
VLDL3) and IDL are the dominant constituents of circulating
RLPs and so we focused on these classes in our fasting serum
study.*” However, it remains plausible that chylomicron
remnants are partially responsible for RLP-associated risk
and the method used in this study does not distinguish
cholesterol from chylomicron remnants. Regardless of the
measurement technique used, the association of RLP-C with
CHD has been remarkably consistent.

Finally, in contrast to the elegant Mendelian randomization
studies that represent lifetime exposure to risk factors, the
present study of population-based cohorts uses one-time
measurements of potentially volatile risk factors that fluctuate
over time. Despite this potential volatility, these one-time
measurements still captured a CHD risk association and
represent a more clinically relevant approach.

Conclusion

In US population-based studies of a diverse group of primary
prevention subjects including black men and women, we
found a consistent association of RLP-C (mostly in the form of
IDL-C) with the risk for incident CHD. Importantly, our findings
add to the considerable body of evidence stemming from
European and Asian populations linking RLPs with CHD. The
consistent observational evidence supports ongoing develop-
ment of therapies to intervene regarding RLPs to reduce
cardiovascular events.
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Appendix S1

Lipoprotein Investigators Collaborative (LIC) Study Group

The LIC study group is a collaborative effort across four studies including the primary
prevention cohorts, the Jackson Heart Study (JHS) and the Framingham Offspring Cohort Study
(FOCS), and the secondary prevention cohorts consisting of the Translational Research
Investigating Underlying disparities in acute Myocardial infarction Patient’s Health status
(TRIUMPH) registry and Intermountain Heart Collaborative Study (IHCS) of patients
undergoing clinically-indicated coronary angiography. The data for each study are housed at the
statistical center for the respective study. The Johns Hopkins Ciccarone Center for the

Prevention of Heart Disease serves as the coordinating center for the LIC study group.

The LIC roster includes Steven Jones, Seth Martin, Parag Joshi, and Michael Blaha from
the Johns Hopkins Ciccarone Center for the Prevention of Heart Disease and the University of
Texas Southwestern Medical Center (PJ); Arif Khokhar from Royal Brompton and Harefield
NHS Trust; Kris Kulkarni from the University of Alabama, Birmingham; Peter Toth from the
University of Illinois; Ralph D’Agustino and Joseph Massaro from Boston University and the
Framingham Study; Michael Griswold, Seth Lirette, James Wilson, Mary Manuel, Herman
Taylor and Adolfo Correa from the University of Mississippi and the Jackson Heart Study; John

Spertus, Philip Jones, and Yan Li from the TRIUMPH Study and the University of Missouri



(JS); and Heidi May, Brent Muhlestein, Jeffrey Anderson, and Mike Cobble from the

Intermountain Heart Collaborative Study.

Vertical Auto Profile (VAP) procedure

The VAP procedure has been described in detail previously (1-3). Briefly, the procedure
consists of three major steps. In the first step, lipoprotein classes and subclasses are separated
using a single vertical spin density gradient ultracentrifugation. A two-layer density gradient is
prepared in a 5 mL centrifuge tube with the bottom layer consisting of serum diluted 40 fold in
1.21 g/mL potassium bromide solution and the top layer consisting of 1.006 g/mL saline
solution. The density gradient is subsequently subjected to a single vertical spin
ultracentrifugation at 65,000 rpm for 45 minutes. In the second step, separated lipoprotein
fractions are drained from the bottom of centrifuge tube and mixed with cholesterol specific
enzymatic reagent using a continuous flow analyzer. The resulting intensity of red color, which
is proportional to the concentration of cholesterol in eluting fractions, is measured using a
spectrophotometric detector equipped with a flow cell yielding a continuous cholesterol
absorbance curve. In the third step, cholesterol concentration of each major lipoprotein class and
its subclasses is determined by deconvolution of the main cholesterol absorbance curve using an
in-house developed software. Thus, the VAP method provides cholesterol concentration of HDL
and its subclasses (HDL2 and HDL3), LDL and its subclasses (LDL1 through LDL4, with LDL1
being large and the most buoyant and LDL4 being small and the most dense subclass), Lp(a),
IDL, and VLDL and its subclasses (VLDL1+2, and VLDL3, with VLDL1+2 being large and the
most buoyant and VLDL3 being small and the most dense subclass). Accuracy of the VAP
procedure has been validated by comparing with the standard beta quantification procedure

(Core Laboratories for Clinical Studies at Washington University, St. Louis, MO) using split



serum specimens. Typically, correlation coefficients for lipoprotein cholesterol between the VAP
procedure and beta quantification are: total cholesterol, 0.99; HDL, 0.99; LDL, 0.98; VLDL,
0.98; IDL, 0.80; Lp(a), 0.80; HDL>, 0.90; and HDL3, 0.90. VAP results are highly reproducible
with typical between-days coefficient of variation: total cholesterol, 2.0%; HDL cholesterol,
2.9%; LDL cholesterol, 2.1%; VLDL cholesterol, 2.8%; IDL cholesterol, 8.2%; Lp(a)

cholesterol, 9.1%: HDL> cholesterol, 9.2%, and HDL3 cholesterol, 2.5%.



Table S1. Framingham Offspring Cohort Study.

Covariates
Model 1*

Model 1 +
HDL-C

Model 1 +
HDL-C +
Real LDL-C*

Unadjusted

Sample
All (n=818)

Men (n=395)

Women (n=423)

All (n=818)

Men (n=395)

Women (n=423)

All (n=818)

Men (n=395)

Women (n=423)

All (n=818)

Men (n=395)

Women (n=423)

Lipid

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDLs-C

Hazard Ratio

(per 1 SD)

1.46
1.47
1.36

1.78
1.88
1.49

0.71
0.65
0.88

1.43
1.48
1.27

1.78
1.88
1.52

0.70
0.71
0.74

1.08
1.10
1.03

1.59
1.70
1.30

0.37
0.33
0.48

1.32
1.27
1.38

1.65
1.72
1.42

0.99
0.85
1.32

95% ClI

1.05-2.04
1.04-2.06
0.98-1.89

1.25-2.53
1.30-2.72
1.03-2.16

0.35-1.44
0.31-1.37
0.45-1.71

1.02-2.01
1.05-2.08
0.89-1.81

1.25-2.53
1.30-2.73
1.04-2.20

0.32-1.55
0.31-1.59
0.37-1.49

0.71-1.64
0.72-1.68
0.68-1.54

1.03-2.45
1.08-2.68
0.83-2.05

0.14-0.95
0.12-0.94
0.22-1.08

0.98-1.79
0.94-1.72
1.02-1.86

1.19-2.27
1.22-2.43
1.02-1.97

0.53-1.83
0.44-1.64
0.75-2.31

p-value

0.026
0.027
0.068

0.001
<0.001
0.033

0.348
0.259
0.711

0.037
0.025
0.183

0.001
<0.001
0.029

0.382
0.403
0.400

0.717
0.657
0.902

0.037
0.021
0.253

0.040
0.038
0.076

0.070
0.122
0.034

0.002
0.002
0.037

0.965
0.631
0.337

p for gender
interaction

0.038
0.013
0.414

0.037
0.015
0.373

0.046
0.020
0.406

0.014
0.005
0.233

*Model 1 covariates: age, sex, BMI, SBP, DBP, smoking, diabetes, and lipid-lowering therapy
tReal LDL-C refers to LDL only, exclusive of IDL and Lp(a)
SD: Standard Deviation; RLP-C: Remnant Lipoprotein Cholesterol; IDL-C: Intermediate Density Lipoprotein Cholesterol;
VLDLs-C: Very Large Dense Lipoprotein subclass 3 Cholesterol




Table S2. Jackson Heart Study.

Covariates
Model 1*

Model 1 +
HDL-C

Model 1 +
HDL-C +
Real LDL-C*

Unadjusted

Sample
All (n=4,114)

Men (n=1,463)

Women (n=2,651)

All (n=4,114)

Men (n=1,463)

Women (n=2,651)

All (n=4,114)

Men (n=1,463)

Women (n=2,651)

All (n=4,114)

Men (n=1,463)

Women (n=2,651)

Lipid

RLP-C
IDL-C
VLDL3s-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDL3-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDL3-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDL3s-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDL3-C

RLP-C
IDL-C
VLDLs-C

RLP-C
IDL-C
VLDL3s-C

RLP-C
IDL-C
VLDLs-C

Hazard Ratio

(per 1 SD)

1.18
1.21
1.11

1.29
1.33
1.21

1.10
1.14
1.03

1.15
1.19
1.07

1.25
1.29
1.16

1.08
1.13
1.00

1.13
1.17
1.07

1.25
1.30
1.17

1.05
1.08
0.98

1.34
1.35
1.27

1.30
1.27
1.28

1.36
1.39
1.25

95% ClI

1.00-1.39
1.02-1.44
0.95-1.30

1.00-1.68
1.01-1.75
0.96-1.54

0.88-1.37
0.91-1.42
0.83-1.27

0.97-1.37
1.00-1.42
0.90-1.27

0.95-1.64
0.97-1.72
0.90-1.50

0.86-1.37
0.89-1.42
0.79-1.27

0.95-1.35
0.97-1.41
0.90-1.27

0.95-1.64
0.97-1.75
0.90-1.51

0.82-1.34
0.84-1.39
0.77-1.25

1.15-1.56
1.15-1.58
1.10-1.47

1.01-1.68
0.98-1.66
1.02-1.62

1.12-1.65
1.14-1.70
1.04-1.51

p-value

0.049
0.025
0.200

0.053
0.045
0.110

0.399
0.257
0.814

0.113
0.052
0.436

0.110
0.077
0.248

0.497
0.311
0.994

0.169
0.092
0.469

0.114
0.078
0.245

0.716
0.526
0.895

<0.001
<0.001
<0.001

0.042
0.072
0.036

0.002
0.001
0.018

p for gender
interaction

0.412
0.426
0.379

0.381
0.412
0.312

0.347
0.401
0.270

0.928
0.975
0.776

*Model 1 covariates: age, sex, BMI, SBP, DBP, smoking, diabetes, and lipid-lowering therapy
tReal LDL-C refers to LDL only, exclusive of IDL and Lp(a)
SD: Standard Deviation; RLP-C: Remnant Lipoprotein Cholesterol; IDL-C: Intermediate Density Lipoprotein Cholesterol;
VLDLs-C: Very Large Dense Lipoprotein subclass 3 Cholesterol




Figure S1. Splines demonstrating approximately linear association between remnant lipoprotein
cholesterol (RLP-C) and CHD risk in the Jackson Heart and Framingham Offspring Cohort
Studies. There were no significant inflection points in the correlations. Similar correlations were
seen with RLP components: intermediate density lipoprotein and the very low density lipoprotein
3 subclass cholesterol (IDL-C and VLDL,-C).
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Figure S2. Forest plot of hazard ratios for CHD events in the Jackson Heart Study. Hazard ratios
are associated with 1 standard deviation increase in remnant lipoprotein cholesterol (RLP-C) and
its components, intermediate density lipoprotein and the very low density lipoprotein 3 subclass
cholesterol (IDL-C and VLDL3-C) in unadjusted models, risk-factor adjusted models (Model 1),
and models inclusive of HDL-C and real LDL-C [LDL-R; excludes IDL and Lp(a)]. Model 1
variables were age, sex, body-mass index (BMI), current smoking, systolic and diastolic blood

pressure (SBP, DBP), lipid-altering medications, and diabetes.

Jackson Heart Study

Hazard Ratio 95% Cl P-Value

RLP: Unadjusted | 1.34 (1.15, 1.56) <.001

RLP: Model 1 | 1.18 (1.00, 1.39) 0.049

RLP: Model 1 + HDL-C = - { 1.15 (0.97, 1.37) 0.113

RLP: Model 1 + HDL-C + LDL-R P 1.13 (0.95, 1.35) 0.169
IDL: Unadjusted P 1.35 (1.15, 1.58) <.001

IDL: Model 1 P 1.21 (1.02, 1.44) 0.025

IDL: Model 1 + HDL-C | 1.19 (1.00, 1.42) 0.052

IDL: Model 1 + HDL-C + LDL-R F - | 147 (0.97, 1.41) 0.092
VLDL3: Unadjusted = 1.27 (1.10, 1.47) <.001

VLDL3: Model 1 A 1.1 (0.95, 1.30) 0.200

VLDL3: Model 1 + HDL-C | —" 1.07 (0.90, 1.27) 0.436
VLDL3: Model 1 + HDL-C + LDL-R | EE— 1.07 (0.90, 1.27) 0.469
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Figure S3. Forest plot of hazard ratios for CHD events in the Framingham Offspring Cohort
Study. Hazard ratios are associated with 1 standard deviation increase in remnant lipoprotein
cholesterol (RLP-C) and its components, intermediate density lipoprotein and the very low

density lipoprotein 3 subclass cholesterol (IDL-C and VLDL3-C) in unadjusted models, risk-
factor adjusted models (Model 1), and models inclusive of HDL-C and real LDL-C [LDL-R;
excludes IDL and Lp(a)]. Model 1 variables were age, sex, body-mass index (BMI), current

smoking, systolic and diastolic blood pressure (SBP, DBP), lipid-altering medications, and

diabetes.
Framingham Offspring Cohort Study
Hazard Ratio 95% ClI P-Value
RLP: Unadjusted F | 1.32 (0.98, 1.79) 0.070
RLP: Model 1 } | 1.46 (1.05, 2.04) 0.026
RLP: Model 1 + HDL-C } { 1.43 (1.02, 2.01) 0.037
RLP: Model 1 + HDL-C + LDL-R } { 1.08 (0.71, 1.64) 0.717
IDL: Unadjusted f i 1.27 (0.94, 1.72) 0.122
IDL: Model 1 I i 1.47 (1.04, 2.06) 0.027
IDL: Model 1 + HDL-C I { 1.48 (1.05, 2.08) 0.025
IDL: Model 1 + HDL-C + LDL-R —- 1.10 (0.72, 1.68) 0.657
VLDL3: Unadjusted } { 1.38 (1.02, 1.86) 0.034
VLDL3: Model 1 I { 1.36 (0.98, 1.89) 0.068
VLDL3: Model 1 + HDL-C } | 1.27 (0.89, 1.81) 0.183
VLDL3: Model 1 + HDL-C + LDL-R F 1 1.03 (0.68, 1.54) 0.902




Figure S4. 3D-plot of modelled risk for coronary heart disease (CHD) by HDL subclasses and
remnant lipoprotein cholesterol (RLP-C) levels in combined populations from the Jackson Heart
and sample of Framingham Offspring Cohort Studies. There is significant interaction between
the high density lipoprotein 2 subclass (HDL,-C) and RLP-C levels to predict CHD (p for
interaction 0.023). The interaction between the high density lipoprotein 3 subclass (HDL,-C) and

RLP-C does not meet significance (p for interaction 0.169).
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Figure S5. 3D-plot of modelled risk for coronary heart disease (CHD) by real LDL-C [excludes
IDL-C and Lp(a)-C] and remnant lipoprotein cholesterol (RLP-C) levels in combined
populations from the Jackson Heart and sample of Framingham Offspring Cohort Studies (p for
interaction 0.593).
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