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ORIGINAL RESEARCH

Small Dense Low- Density Lipoprotein 
Cholesterol Is the Most Atherogenic 
Lipoprotein Parameter in the Prospective 
Framingham Offspring Study
Hiroaki Ikezaki , MD; Elise Lim , PhD; L. Adrienne Cupples , PhD; Ching- Ti Liu , PhD;  
Bela F. Asztalos, PhD; Ernst J. Schaefer , MD

BACKGROUND: Elevated plasma levels of direct low- density lipoprotein cholesterol (LDL- C), small dense LDL- C (sdLDL- C), low- 
density lipoprotein (LDL) triglycerides, triglycerides, triglyceride- rich lipoprotein cholesterol, remnant lipoprotein particle cho-
lesterol, and lipoprotein(a) have all been associated with incident atherosclerotic cardiovascular disease (ASCVD). Our goal 
was to assess which parameters were most strongly associated with ASCVD risk.

METHODS AND RESULTS: Plasma total cholesterol, triglycerides, high- density lipoprotein cholesterol, direct LDL- C, sdLDL- C, 
LDL triglycerides, remnant lipoprotein particle cholesterol, triglyceride- rich lipoprotein cholesterol, and lipoprotein(a) were 
measured using standardized automated analysis (coefficients of variation, <5.0%) in samples from 3094 fasting subjects free 
of ASCVD. Of these subjects, 20.2% developed ASCVD over 16 years. On univariate analysis, all ASCVD risk factors were sig-
nificantly associated with incident ASCVD, as well as the following specialized lipoprotein parameters: sdLDL- C, LDL triglyc-
erides, triglycerides, triglyceride- rich lipoprotein cholesterol, remnant lipoprotein particle cholesterol, and direct LDL- C. Only 
sdLDL- C, direct LDL- C, and lipoprotein(a) were significant on multivariate analysis and net reclassification after adjustment for 
standard risk factors (age, sex, hypertension, diabetes mellitus, smoking, total cholesterol, and high- density lipoprotein cho-
lesterol). Using the pooled cohort equation, many specialized lipoprotein parameters individually added significant information, 
but no parameter added significant information once sdLDL- C (hazard ratio, 1.42; P<0.0001) was in the model. These results 
for sdLDL- C were confirmed by adjusted discordance analysis versus calculated non– high- density lipoprotein cholesterol, in 
contrast to LDL triglycerides.

CONCLUSIONS: sdLDL- C, direct LDL- C, and lipoprotein(a) all contributed significantly to ASCVD risk on multivariate analysis, 
but no parameter added significant risk information to the pooled cohort equation once sdLDL- C was in the model. Our data 
indicate that small dense LDL is the most atherogenic lipoprotein parameter.
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Established risk factors for atherosclerotic cardio-
vascular disease (ASCVD) in the pooled cohort 
equation (PCE) include sex, age, race, total cho-

lesterol, high- density lipoprotein cholesterol (HDL- C), 
systolic blood pressure, blood pressure treatment, 

diabetes mellitus, and current smoking.1 It has been 
recommended that subjects be considered for statin 
therapy in addition to lifestyle modification if: (1) their 
10- year ASCVD risk is ≥7.5% based on the PCE, (2) 
they have established ASCVD, (3) they have diabetes 
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mellitus (between the ages of 40 and 75 years), or (4) 
they have a plasma low- density lipoprotein cholesterol 
(LDL- C) concentration ≥190 mg/dL.1,2 LDL- C lowering 
with lifestyle modification, statin therapy, and other 
treatment modalities, including the use of ezetimibe 
and PCSK9 (proprotein convertase subtilisin kexin type 
9) inhibitors, results in significant reductions in ASCVD 
morbidity and mortality.3

Studies separating lipoproteins by ultracentrifu-
gation, electrophoresis, ion mobility, or nuclear mag-
netic resonance have documented that patients with 
ASCVD were significantly more likely to have increases 
in low- density lipoprotein (LDL) particle number and 
small dense (pattern B) LDL, as well as decreases 

in high- density lipoprotein particle number and large 
high- density lipoprotein, compared with control sub-
jects.4– 7 These abnormalities have been associated 
with increased triglycerides and decreased HDL- C 
levels.4– 7 However, assessments of plasma lipopro-
teins using these methods have not been shown to be 
independent predictors, require special instrumenta-
tion, are labor intensive, are not well standardized, and 
have not been adopted by standard clinical chemistry 
laboratories.

With the development of methods for precipi-
tating lipoproteins containing apolipoprotein B and 
automated enzymatic assays for cholesterol and 
triglycerides, standard laboratories measured total 
cholesterol, triglycerides, and HDL- C.8– 11 Such as-
says were used in the currently recommended PCE.1 
Currently, many laboratories use the Friedewald for-
mula to calculate LDL- C from total cholesterol, tri-
glycerides, and HDL- C.12 Other formulas have also 
been developed to calculate LDL- C.13,14 In our view, 
the development of methods for directly measuring 
plasma or serum LDL- C makes the use of calculated 
LDL- C obsolete.15– 18 We recently compared the abil-
ity of 2 calculated LDL- C methods and 2 direct LDL- C 
methods to predict ASCVD and documented that 
only 1 direct LDL- C method added significant infor-
mation to prospective ASCVD risk prediction when 
added to standard risk factors in the Framingham 
Offspring Study (FOS).19

Direct automated assays for small dense LDL- C 
(sdLDL- C), low- density lipoprotein triglycerides 
(LDL- TG), remnant lipoprotein particle cholesterol (RLP- 
C), triglyceride- rich lipoprotein cholesterol (TRL- C), and 
lipoprotein(a) have also been developed.20– 26 It has 
been shown in both case- control and prospective stud-
ies that subjects with ASCVD were significantly more 
likely to have elevated levels of these parameters, com-
pared with control subjects.24– 37 Our goal in this study 
was to determine which of these atherogenic lipopro-
tein parameters was most associated with ASCVD risk 
in univariate and multivariate analysis after controlling 
for standard risk factors, as well as in addition to the 
PCE model, using data from the prospective FOS.

METHODS
Study Population and Design
Anonymized data and materials used for this analysis 
have been made publicly available through the FOS 
and can be accessed at https://www.nhlbi.nih.gov/
scien ce/frami ngham - heart - study - fhs. Further infor-
mation can also be obtained by contacting one of 
the coauthors, C.- T.L., at ctliu@bu.edu. Study sub-
jects were participants in cycle 6 (1995– 1998) of the 
FOS, a long- term community- based prospective 

CLINICAL PERSPECTIVE

What Is New?
• In the prospective Framingham Offspring Study, 

we have measured multiple atherogenic lipopro-
tein parameters and documented that elevated 
small dense low- density lipoprotein cholesterol 
was the best lipid measure of incident ath-
erosclerotic cardiovascular disease risk, com-
pared with low- density lipoprotein triglycerides, 
large buoyant low- density lipoprotein choles-
terol, triglyceride- rich lipoprotein cholesterol, 
remnant lipoprotein particle cholesterol, and 
lipoprotein(a), using multivariate analysis, and 
added significant risk information to the pooled 
cohort equation.

What Are the Clinical Implications?
• Our data indicate that optimizing small dense 

low- density lipoprotein cholesterol levels with 
lifestyle modification and cholesterol- lowering 
medications, along with control of other ath-
erosclerotic cardiovascular disease risk factors, 
may be a most effective way to minimize future 
atherosclerotic cardiovascular disease risk.

Nonstandard Abbreviations and Acronyms

lbLDL- C  large buoyant low- density lipoprotein 
cholesterol

LDL- TG low- density lipoprotein triglycerides
PCE pooled cohort equation
RLP- C remnant lipoprotein particle cholesterol
sdLDL- C  small dense low- density lipoprotein 

cholesterol
TRL- C triglyceride- rich lipoprotein cholesterol
VLDL- C very- low- density lipoprotein cholesterol

https://www.nhlbi.nih.gov/science/framingham-heart-study-fhs
https://www.nhlbi.nih.gov/science/framingham-heart-study-fhs
mailto:ctliu@bu.edu


J Am Heart Assoc. 2021;10:e019140. DOI: 10.1161/JAHA.120.019140 3

Ikezaki et al Small Dense LDL and ASCVD Risk

observational study of risk factors for ASCVD consist-
ing of the offspring of the original FHS (Framingham 
Heart Study) cohort and their spouses.38 The me-
dian follow- up period was 16 years, until December 
31, 2015. The population was almost entirely White 
individuals. We evaluated 3094 male and female 
participants that: (1) were free of ASCVD at baseline, 
(2) had frozen plasma available from blood sampled 
after an overnight fast, (3) had a history and physi-
cal examination (including measurement of blood 
pressure, height, and weight) as part of their par-
ticipation in the study, and (4) had long- term follow-
 up data available. All subjects provided information 
about their medical history and use of medications 
and supplements. Hypertension was defined as a 
blood pressure >140/90 mm Hg or being on medica-
tions for hypertension. Diabetes mellitus was defined 
as a fasting glucose >125 mg/dL or being on medi-
cations for diabetes mellitus. Smoking was defined 
as cigarette smoking within the past year. At base-
line, 15.1% of the subjects were taking lipid- lowering 
medications. All studies were performed with the ap-
proval of the human Institutional Review Boards of 
Boston University School of Medicine, Boston, MA; 
Tufts University School of Medicine, Boston, MA; and 
the FHS, National Heart, Lung, and Blood Institute, 
National Institutes of Health, Framingham, MA, and 
Bethesda, MD. Written informed consent was ob-
tained from all study participants.

Criteria for Atherosclerotic Cardiovascular 
Events
For prospective ASCVD end points in this analysis, we 
used the following criteria: the development of myocar-
dial infarction (recognized with diagnostic ECG; recog-
nized without diagnostic ECG but including enzymes and 
history; recognized without diagnostic ECG but with au-
topsy evidence; unrecognized silent; unrecognized not 
silent; or recognized at autopsy), stroke (atherothrom-
botic brain infarction, cerebral embolism, intracerebral 
hemorrhage, subarachnoid hemorrhage, or definite or 
other cardiovascular accident), and death from either 
myocardial infarction or stroke (sudden death from cor-
onary heart disease; death from coronary heart disease 
within 1  hour, within 1– 23 hours, within 24– 47 hours, 
or ≥48 hours; death from cerebrovascular accident; or 
death from other cardiovascular disease), coronary re-
vascularization (angioplasty or coronary artery bypass 
grafting), carotid artery surgery, and/or peripheral artery 
surgery during the follow- up period, as well as the pres-
ence of angina pectoris, coronary insufficiency, and/or 
transient ischemic attacks. All subjects included in this 
analysis were free of ASCVD, as defined above, at the 
time of examination 6. Only the first event over the en-
tire median follow- up time of 16 years was used in the 

analysis. In this analysis, there were 624 subjects with 
incident ASCVD and 2470 subjects without incident 
ASCVD. For comparison with the PCE model, follow- up 
for events was truncated to 10 years, as specified by the 
model, and only hard ASCVD end points were used.1 
Hard ASCVD included all criteria listed above, except for 
coronary, carotid, and peripheral artery revasculariza-
tion procedures, and the presence of angina pectoris, 
coronary insufficiency, and/or transient ischemic at-
tacks. In this latter analysis, there were 364 subjects 
with incident hard ASCVD events and 2730 subjects 
without incident events. Those subjects whose events 
occurred after 10  years were counted as nonincident 
events during the 10- year follow- up period. The survival 
time was censored at 10 years.

Laboratory Measurements
Fasting plasma samples that were stored at −80°C 
and never thawed were used for the analysis. Plasma 
levels of total cholesterol, triglycerides, and HDL- C 
were determined by standard enzymatic methods 
using assay kits from Roche Diagnostics, as previ-
ously described.4,18 These assays were standardized 
with the lipid standardization program of the Centers 
for Disease Control and Prevention, Atlanta, GA. 
Direct LDL- C, sdLDL- C, LDL- TG, RLP- C, TRL- C, and 
lipoprotein(a) were measured on an Olympus AU400 
automated chemistry analyzer using assay kits ob-
tained from Denka Corporation (Niigata, Japan), as 
previously described.16,21– 23,26 For all assays, the 
within- run and between- run coefficients of varia-
tion were <5.0%. Analyses were run between 2015 
and 2017. The long- term stability of direct lipoprotein 
cholesterol measurements has been documented 
for >7  years, provided plasma or serum samples 
have been kept continuously at −80°C and never 
thawed until use.4,16,18,19,21– 23 Large buoyant LDL- C 
(lbLDL- C), non– HDL- C, and very- LDL- C (VLDL- C) 
were calculated as follows: (1) lbLDL- C=direct 
LDL- C−sdLDL- C; (2) non– HDL- C=total cholesterol−
HDL- C; and (3) VLDL- C=total cholesterol−(direct LDL- 
C+HDL- C). For comparison purposes, LDL- C was 
also calculated using the Friedewald formula: total 
cholesterol−HDL- C−triglycerides/5.12

Statistical Analysis
H.I. and colleagues at Tufts University generated the 
laboratory data using numbered anonymized samples. 
E.L., L.A.C., and C.- T.L. had full access to all the data 
in the study, performed independent data analysis, and 
take responsibility for this analysis and data integrity. All 
statistical analyses were performed using R software, 
version 3.6.0. Continuous variables were expressed 
as median values with interquartile ranges (25th– 75th 
percentile values), and categorical variables were 
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expressed as frequencies and percentages (Table 1). All 
data in Table 1 are unadjusted.

Quartile analyses unadjusted and adjusted for age 
and sex (model 1), and for age, sex, total cholesterol, 
HDL- C, hypertension, antihypertensive medication use, 
smoking, and diabetes mellitus status (model 2) were 
done (Table S1). Quartile analysis was performed to de-
termine the incident ASCVD risk for a given parameter, 
comparing subjects with values in the top quartile, in-
termediate quartiles, and the bottom quartile for a given 
biochemical parameter. This type of analysis is widely 
used to determine the risk associated with commonly 
used clinical cut- points for such variables and has been 
used in prior analyses.32,33 Unadjusted Kaplan- Meier 
survival analyses by quartiles were also done for direct 
LDL- C, sdLDL- C, LDL- TG, triglycerides, TRL- C, and 
RLP- C (Figure 1). Because all quartile risk relationships 

were no longer statistically significant when adjusted 
for total cholesterol and HDL- C, we performed Pearson 
correlation coefficient analyses to assess correlations 
between biochemical parameters (Table 2).

Unadjusted and adjusted Cox proportional hazards 
regression analysis was conducted to identify parame-
ters significantly associated with the incident ASCVD in 
the absence (Table 1) or presence of other ASCVD risk 
factors (Table 3). These results are expressed as a haz-
ard ratio (HR) based on the interquartile range interval, 
as previously described.39,40 We calculated the HR from 
models with the continuous variable by comparing the 
risk for the 75th percentile value with that of the 25th 
percentile value. P<0.05 was considered statistically 
significant.

Cox proportional hazards regression analysis 
was also used to determine whether any parameters 

Table 1. Characteristics of Inclusive ASCVD Cases Compared With Noncases

Characteristic Non- ASCVD (n=2470) ASCVD (n=624) Hazard Ratio (95% CI)* P Value†

Standard parameters

Diabetes mellitus, n (%) 159 (6.4) 102 (15.1) 2.57 (2.08– 3.17) 1.9×10−18

Age, y 56.0 (14.0) 63.0 (14.0) 2.50 (2.23– 2.81) 8.7×10−54

Hypertension, n (%) 827 (33.5) 373 (55.1) 2.39 (2.06– 2.79) 2.5×10−29

Hypertension medication, n (%) 521 (21.1) 250 (36.9) 2.16 (1.84– 2.52) 6.2×10−22

Men, n (%) 1025 (41.5) 375 (55.4) 1.72 (1.48– 2.00) 2.1×10−12

Cholesterol- lowering medication, n (%) 203 (8.2) 92 (13.6) 1.70 (1.37– 2.12) 2.1×10−6

HDL- C, mg/dL‡ 51.0 (21.0) 45.0 (19.5) 1.64 (1.46– 1.83) 8.6×10−18

Triglycerides, mg/dL§ 111 (83.0) 133 (96.0) 1.49 (1.35– 1.64) 5.9×10−15

Smoking, n (%) 352 (14.3) 131 (19.4) 1.48 (1.22– 1.79) 5.8×10−5

Non– HDL- C, mg/dL|| 150 (52.0) 162 (50.0) 1.36 (1.24– 1.49) 3.8×10−11

Calculated LDL- C, mg/dL¶ 125 (44.0) 132 (43.0) 1.24 (1.12– 1.36) 1.4×10−5

BMI, kg/m2 26.8 (6.0) 28.2 (6.3) 1.21 (1.12– 1.32) 1.6×10−5

Total cholesterol, mg/dL 203 (50.0) 209 (49.0) 1.17 (1.06– 1.29) 0.00147

Advanced lipid biomarkers

sdLDL- C, mg/dL§ 41.7 (28.3) 50.7 (29.0) 1.64 (1.46– 1.85) 4.8×10−16

LDL- TG, mg/dL§ 16.7 (8.0) 18.8 (8.0) 1.53 (1.38– 1.69) 1.2×10−16

TRL- C, mg/dL§ 45.2 (29.4) 51.8 (32.9) 1.42 (1.28– 1.58) 9.1×10−11

RLP- C, mg/dL§ 5.9 (8.0) 8.0 (10.20) 1.38 (1.24– 1.53) 3.4×10−9

Direct LDL- C, mg/dL 131 (45.4) 139 (44.9) 1.34 (1.21– 1.48) 9.9×10−9

Lipoprotein(a), mg/dL§ 12.6 (28.8) 13.6 (36.6) 1.13 (1.00– 1.28) 0.052

lbLDL- C, mg/dL# 86.1 (31.1) 88.3 (33.0) 1.10 (0.99– 1.23) 0.064

VLDL- C, mg/dL§,** 17.7 (15.6) 19.4 (18.4) 1.08 (0.99– 1.17) 0.077

Values are median (interquartile range) for continuous variables or number (percentage) for categorical variables. ASCVD indicates atherosclerotic 
cardiovascular disease; BMI, body mass index; HDL- C, high- density lipoprotein cholesterol; lbLDL- C, large buoyant LDL- C; LDL- C, low- density lipoprotein 
cholesterol; LDL- TG, low- density lipoprotein triglycerides; RLP- C, remnant lipoprotein particle cholesterol; sdLDL- C, small dense LDL- C; TRL- C, triglyceride- rich 
lipoprotein cholesterol; and VLDL- C, very- LDL- C.

*Unadjusted hazard ratios for continuous variables represent comparison across interquartile range, the 75th percentile vs the 25th percentile. Variables not 
normally distributed were log transformed before regression analysis.

†P value for comparison of inclusive ASCVD cases vs noncases.
‡The unadjusted hazard ratio for HDL- C was calculated as lower HDL- C (25th percentile) vs higher HDL- C (75th percentile) based on the interquartile range.
§Variable was log transformed before regression analysis.
||Value is calculated using the following equation: total cholesterol−HDL- C.
¶Value is calculated using the Friedewald equation: (total cholesterol−HDL- C)−(triglycerides/5).
#Value is calculated using the following equation: direct LDL- C−sdLDL- C.
**Value is calculated using the following equation: total cholesterol−(direct LDL- C+HDL- C).
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added information after the PCE model was applied 
to our data (Figure 2). The variables in the PCE model 
were summed using the published regression pa-
rameters.1 The PCE model includes age, sex, systolic 
blood pressure, blood pressure treatment, diabe-
tes mellitus, smoking, total cholesterol, and HDL- C.1 
These values for these variables were then entered 
into the published equation to generate an estimated 
10- year ASCVD risk for each subject, providing a 

weighted score as a predictor. Specialized lipid pa-
rameters were then added to this score to deter-
mine whether they added ASCVD risk information. 
Parameters that were not normally distributed were 
log transformed before regression analyses. These 
parameters included triglycerides, TRL- C, RLP- C, 
VLDL- C, sdLDL- C, and lipoprotein(a). Net reclassifi-
cation analysis was used to determine if an individ-
ual parameter contributed independently to ASCVD 

Figure 1. Unadjusted Kaplan- Meier survival analysis by quartiles: apolipoprotein B– containing lipoprotein particle 
biomarkers.
A, Direct low- density lipoprotein cholesterol (LDL- C) and incident atherosclerotic cardiovascular disease (ASCVD). B, Small dense 
LDL- C (sdLDL- C) and incident ASCVD. C, Low- density lipoprotein triglycerides (LDL- TG) and incident ASCVD. D, Fasting triglycerides 
(TG) and incident ASCVD. E, Triglyceride- rich lipoprotein cholesterol (TRL- C) and incident ASCVD. F, Remnant lipoprotein particle 
cholesterol (RLP- C) and incident ASCVD. Hazard ratio (HR) and P value compared fourth quartile (top, blue line) with first quartile 
(bottom, green line). Quartile cut- point values are shown in Table S1.
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risk, as previously described, after controlling for all 
risk factors, which included age, sex, hypertension, 
hypertension treatment, smoking, diabetes mellitus, 
total cholesterol, HDL- C, and use of cholesterol- 
lowering medication (Table 4).39,40

To further elucidate the interrelationships between 
sdLDL- C, LDL- TG, and non– HDL- C, we performed 
discordance analysis, as previously described.19,41,42 
We modeled discordance by using residuals from lin-
ear regression models to reflect the discordance be-
tween expected and observed (measured) values for 
sdLDL- C and LDL- TG based on non– HDL- C values. 
This approach identified positive residuals (higher than 
expected sdLDL- C and LDL- TG values based on non– 
HDL- C) and negative residuals (lower than expected 
sdLDL- C and LDL- TG values based on non– HDL- C val-
ues). To compare risk, we examined ASCVD risk among 
those with positive residuals (≥75th percentile) or neg-
ative residuals (≤25th percentile), compared with those 
with “concordant” and intermediate residuals (25th‒ 
75th percentile). Examination of the highest and lowest 
quartiles was chosen to evaluate ASCVD risk (Figure 3). 
The purpose of the analysis was to determine whether 
subjects with sdLDL- C or LDL- TG values above the 75th 
percentile or below the 25th percentile as well as non– 
HDL- C values within the 25th to 75th percentile range 
had different ASCVD risk than those in whom the values 
were congruent (ie, both sdLDL- C and LDL- TG within 
the 25th– 75th percentile range).

RESULTS
Population Description and Univariate 
Analysis
Of the 3094 men and women studied, 624 (20.2%) 
had an incident ASCVD event (Table 1). All standard 
risk factors and other parameters were significantly 

(P<0.01) different at baseline between subjects who 
developed ASCVD and those who did not develop 
ASCVD over the 16- year follow- up period. The un-
adjusted associations for standard risk factors with 
incident ASCVD based on HR values in descend-
ing order were as follows: diabetes mellitus, age, 
hypertension, hypertension treatment, male sex, 
cholesterol- lowering medication, low HDL- C, triglyc-
erides, non– HDL- C, calculated LDL- C, body mass 
index, smoking, and total cholesterol. For advanced 
lipoprotein parameters unadjusted for other covari-
ates, the following parameters were significantly as-
sociated with incident ASCVD in descending order 
of HR: sdLDL- C, LDL- TG, TRL- C, RLP- C, and direct 
LDL- C. In this unadjusted analysis, lipoprotein(a), 
lbLDL- C, and calculated VLDL- C did not reach sta-
tistical significance.

Association of Atherogenic Lipoproteins 
With ASCVD Risk Based on Quartile 
Analysis
Unadjusted quartile analysis indicated that the 
strongest relative significance with regard to incident 
ASCVD for atherogenic lipoprotein parameters, com-
paring top quartile versus bottom quartile values, 
were in descending order: LDL- TG, sdLDL- C, triglyc-
erides, TRL- C, direct LDL- C, and RLP- C (Table S1). 
VLDL- C top quartile values were only modestly as-
sociated with increased ASCVD risk, compared with 
bottom quartile values. There was no significant 
risk relationship associated with lipoprotein(a) or 
lbLDL- C. Adjustment for age and sex only modestly 
affected these relationships, with the notable ex-
ception being that top quartile lipoprotein(a) values 
became significant compared with bottom quartile 
values. Unadjusted Kaplan- Meier survival analyses 
of the most significant relationships are presented in 

Table 2. Pearson Correlation Coefficient Matrix Analysis of Standard and Advanced Lipid and Lipoprotein Measurements

Variable Direct LDL- C Log sdLDL- C lbLDL- C Log LDL- TG Log TRL- C Log RLP- C Log Lipoprotein(a)

TC 0.867 0.697 0.653 0.501 0.499 0.324 0.133

HDL- C −0.170 −0.292 −0.001* −0.307 −0.472 −0.328 0.047*

Non– HDL- C 0.920† 0.805 0.641 0.619 0.684 0.453 0.111

Log triglycerides 0.314 0.690 −0.119 0.695 0.843 0.882 −0.051*

Calculated LDL- C 0.950† 0.658 0.814 0.432 0.456 0.165 0.151

Direct LDL- C 1.00 0.739 0.818 0.517 0.472 0.225 0.135

Log sdLDL- C 0.739 1.00 0.246 0.759 0.727 0.629 0.022*

Log lipoprotein(a) 0.135 0.022* 0.184 0.046* 0.003* −0.079 1.00

Log VLDL- C 0.016 0.280 −0.218 0.287 0.592 0.555 −0.027*

Data indicate variables with r>0.700 to r<0.900, unless otherwise indicated. HDL- C indicates high- density lipoprotein cholesterol; lbLDL- C, large buoyant 
LDL- C; LDL- C, low- density lipoprotein cholesterol; LDL- TG, low- density lipoprotein triglycerides; RLP- C, remnant lipoprotein particle cholesterol; sdLDL- C, small 
dense LDL- C; TC, total cholesterol; TRL- C, triglyceride- rich lipoprotein cholesterol; and VLDL- C, very- LDL- C.

*P>0.0001. All other correlations were statistically significant at P<0.0001.
†Data indicate variables with r≥0.900.
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Figure  1. Quartile cut- point data are provided (see 
figure footnote and Table S1). It can clearly be seen 
that the relationships between sdLDL- C, LDL- TG, and 
triglycerides and incident ASCVD were graded based 
on quartile groups; for direct LDL- C and TRL- C, the 
middle quartiles had similar risk; and for RLP- C, the 
bottom 2 quartiles had similar risk (Figure  1). After 

adjustment for all ASCVD risk factors, including total 
cholesterol and HDL- C, top quartile values for none 
of these parameters were still significantly associ-
ated with risk compared with bottom quartile values 
(Table S1). Only for sdLDL- C (HR, 1.44; P=0.064) and 
triglycerides (HR, 1.29; P=0.084) were the relation-
ships close to being statistically significant.

Associations Between Atherogenic 
Lipoprotein Parameters
Correlation coefficient analysis was used to assess 
interrelationships between biochemical parameters 
(Table  2). As expected, non– HDL- C showed strong 
positive correlations with most atherogenic lipid traits, 
especially calculated LDL- C, direct LDL- C, total cho-
lesterol, log sdLDL- C, log TRL- C, lbLDL- C, log LDL- TG, 
and log triglycerides (all r>0.50; P<0.001). Log sdLDL-
 C values were strongly correlated with log LDL- TG 
values (r=0.76; P<0.001). There were also significant 
(P<0.001) inverse correlations between HDL- C and 
triglycerides (r=−0.43), TRL- C (r=−0.47), and RLP- C 
(r=−0.33).

Cox Proportional Hazards Analysis
We assessed the significance of each specialized con-
tinuous atherogenic biomarker for ASCVD risk without 
adjustment and after adjustment for standard risk fac-
tors, using 3 different models using multivariate anal-
ysis (Table  3). Model 1 included age, sex, smoking, 
hypertension, and hypertension treatment. Model 2 
included age, sex, smoking, hypertension, hyperten-
sion treatment, diabetes mellitus, and HDL- C. Model 3 
included age, sex, smoking, hypertension, hyperten-
sion treatment, diabetes mellitus, HDL- C, total cho-
lesterol, and cholesterol- lowering medication. After 
multivariate adjustment for the parameters in model 
1, all atherogenic biomarkers, except VLDL- C, re-
mained significant. Once diabetes mellitus and HDL- C 
entered into the model (model 2), the associations of 
log triglycerides, log TRL- C, and log RLP- C with in-
cident ASCVD were no longer significant. In the fully 
adjusted model (model 3), which included total cho-
lesterol and the use of cholesterol- lowering medica-
tion, only log sdLDL- C, direct LDL- C, log LDL- TG, and 
log lipoprotein(a) remained significant (P<0.05). The C 
statistic for model 3 alone was 0.716, and increased 
to 0.734 (P<0.001) when log sdLDL- C was added, in-
creased to 0.731 when direct LDL- C was added, and 
increased to 0.734 when log lipoprotein(a) was added 
to model 3. Because almost all subjects in the FOS 
were White individuals, we did not have the opportu-
nity to explore potential race/ethnicity ASCVD risk dif-
ferences. It is well known that there are significant sex 
differences in ASCVD risk. Therefore, we controlled for 
sex in all models used.

Table 3. Association of Incident ASCVD With Atherogenic 
Lipoprotein Parameters as Continuous Variables

Variable
Hazard Ratio 

(95% CI) P Value C Statistic

Log sdLDL- C 1.64 (1.46– 1.85)† <0.0001 0.600

Model 1 1.48 (1.30– 1.69) <0.0001 0.728

Model 2 1.35 (1.18– 1.54) <0.0001 0.734

Model 3 1.28 (1.04– 1.58) 0.021 0.734

Direct LDL- C 1.34 (1.21– 1.48)† <0.0001 0.568

Model 1 1.31 (1.17– 1.45) <0.0001 0.723

Model 2 1.28 (1.15– 1.42) <0.0001 0.731

Model 3 1.33 (1.02– 1.72) 0.034 0.731

Log LDL- TG 1.53 (1.38– 1.69)† <0.0001 0.600

Model 1 1.39 (1.25– 1.55) <0.0001 0.729

Model 2 1.26 (1.12– 1.42) 0.0001 0.733

Model 3 1.16 (1.00– 1.34) 0.048 0.733

Log lipoprotein(a) 1.13 (1.00– 1.28)† 0.052 0.526

Model 1 1.18 (1.04– 1.33) 0.011 0.719

Model 2 1.18 (1.04– 1.34) 0.008 0.730

Model 3 1.15 (1.01– 1.30) 0.031 0.734

Log triglycerides 1.49 (1.35– 1.64)† <0.0001 0.587

Model 1 1.30 (1.17– 1.44) <0.0001 0.724

Model 2 1.12 (0.99– 1.27) 0.071 0.729

Model 3 1.00 (0.87– 1.15) 0.950 0.732

Log TRL- C 1.42 (1.28– 1.58)† <0.0001 0.579

Model 1 1.27 (1.13– 1.42) <0.0001 0.724

Model 2 1.10 (0.97– 1.25) 0.157 0.729

Model 3 0.91 (0.77– 1.06) 0.228 0.733

Log RLP- C 1.38 (1.24– 1.53)† <0.0001 0.570

Model 1 1.23 (1.10– 1.38) 0.0003 0.722

Model 2 1.08 (0.96– 1.22) 0.217 0.729

Model 3 0.99 (0.87– 1.13) 0.856 0.733

lbLDL- C 1.10 (0.99– 1.23)† 0.064 0.522

Model 1 1.12 (1.00– 1.24) 0.044 0.716

Model 2 1.16 (1.04– 1.29) 0.007 0.727

Model 3 1.04 (0.91– 1.19) 0.580 0.729

Hazard ratio (95% CI) is expressed as the risk for the 75th percentile vs the 
25th percentile. Model 1 was adjusted by age, sex, smoking, hypertension, 
and antihypertensive medication use. Model 2 was model 1 plus diabetes 
mellitus status and high- density lipoprotein cholesterol. Model 3 was model 
2 plus total cholesterol and cholesterol- lowering medication use (C statistic, 
0.716). ASCVD indicates atherosclerotic cardiovascular disease; lbLDL- C, 
large buoyant LDL- C; LDL- C, low- density lipoprotein cholesterol; LDL- TG, 
low- density lipoprotein triglycerides; RLP- C, remnant lipoprotein particle 
cholesterol; sdLDL- C, small dense LDL- C; and TRL- C, triglyceride- rich 
lipoprotein cholesterol.

*Variable is unadjusted for any other risk factors.
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Net Reclassification Analysis
None of the biochemical parameters, including sdLDL-
 C, alone significantly affected the net reclassification 
index. The parameters specifically assessed in de-
tail, as shown in Table  4, included log sdLDL- C, di-
rect LDL- C, log LDL- TG, and log lipoprotein(a). When 

the composite of log sdLDL- C, direct LDL- C, and log 
lipoprotein(a) was added to model 3 with all standard 
risk factors included, the net reclassification index for 
ASCVD was improved significantly by ≈10%. The addi-
tion of log LDL- TG either alone or together with other 
variables did not significantly affect net reclassification.

PCE Analysis
We also assessed the extent to which atherogenic 
lipoprotein parameters provided incremental value in 
the prediction of ASCVD risk, above and beyond that 
provided using the PCE model.1 With the PCE model 
alone, the C statistic was 0.6898 for ASCVD (Figure 2). 
Significant information about ASCVD risk on top of 
the PCE model was added individually by log sdLDL-
 C, log triglycerides, log LDL- TG, log TRL- C, and log 
RLP- C (P<0.05). When log sdLDL- C was added to the 
PCE model, the C statistic was increased to 0.6966 
(P=0.005). No other parameter added significantly 
to ASCVD risk once log sdLDL- C was in the model. 
Moreover, when other variables entered the model, the 
addition of sdLDL- C caused these variables to be re-
moved, based on lack of statistical significance; and 
sdLDL- C remained significant.

Figure 2. Association with 10- year atherosclerotic cardiovascular disease (ASCVD) risk when 
atherogenic biomarker is added to the pooled cohort equation (PCE).
The C statistic for the PCE model (age, sex, total cholesterol, high- density lipoprotein cholesterol [HDL- C], 
systolic blood pressure, antihypertension medication, diabetes mellitus status, and smoking) was 0.6898. 
The C statistic increased to 0.6966 (P=0.005 vs PCE model) when log small dense low- density lipoprotein 
cholesterol (sdLDL- C) was added. The other parameters added no significant information about ASCVD 
risk after log sdLDL- C was entered. When log low- density lipoprotein triglycerides (LDL- TG) was first 
entered into the model, followed by log sdLDL- C, log LDL- TG was no longer significant, whereas the P 
value for log sdLDL- C was 0.0028. The fully adjusted hazard ratio (HRadj) (95% CI) is expressed as the 10- 
year ASCVD risk for the 75th percentile vs the 25th percentile when the parameter is added to the PCE. 
Variables not normally distributed were log transformed before statistical analysis. lbLDL- C indicates 
large buoyant LDL- C; LDL- C, low- density lipoprotein cholesterol; RLP- C, remnant lipoprotein particle 
cholesterol; TG, triglycerides; TRL- C, triglyceride- rich lipoprotein cholesterol; and VLDL- C, very- LDL- C.

Biomarker HRadj (95% CI) P Value

Log sdLDL-C 1.42 (1.21-1.68) 0.00003

Log LDL-TG 1.28 (1.11-1.47) 0.0007

Log TG 1.26 (1.10-1.45) 0.001

Log TRL-C 1.26 (1.09-1.46) 0.002

Log RLP-C 1.22 (1.05-1.42) 0.008

LDL-C, direct 1.19 (1.04-1.37) 0.010

Non-HDL-C 1.17 (1.03-1.32) 0.017

LDL-C, calculated 1.09 (0.96-1.24) 0.193

Log VLDL-C 0.96 (0.86-1.07) 0.505

lbLDL-C 1.02 (0.89-1.17) 0.800

5.10.15.0

Table 4. NRI Analysis

Parameters Added to Model Mean NRI (95% CI) P Value

sdLDL- C* 0.077 (−0.0008 to 0.128) 0.052

Direct LDL- C 0.080 (−0.031 to 0.124) 0.104

LDL- TG* 0.030 (−0.108 to 0.092) 0.363

Lipoprotein(a)* 0.044 (−0.032 to 0.091) 0.172

sdLDL- C+direct 
LDL- C+lipoprotein(a)*

0.104 (0.028 to 0.152) 0.008

sdLDL- C+direct 
LDL- C+lipoprotein(a)+LDL- TG*

0.099 (0.041 to 0.149) 0.008

Model was adjusted by age, sex, smoking, hypertension, antihypertensive 
medication use, diabetes mellitus status, high- density lipoprotein cholesterol, 
total cholesterol, and cholesterol- lowering medication use. LDL- C indicates 
low- density lipoprotein cholesterol; LDL- TG, low- density lipoprotein 
triglycerides; NRI, net reclassification improvement; and sdLDL- C, small 
dense LDL- C.

*sdLDL- C, lipoprotein(a), and LDL- TG were log transformed before 
analysis.
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Discordance Analysis
Figure  3 shows that subjects with discordant high 
sdLDL- C values (>75th percentile, 23.3%) versus 
sdLDL- C values concordant with values expected 
from non– HDL- C values (53.2%) had a significantly 
increased HR of 1.46, which decreased to 1.29 (95% 
CI, 1.07– 1.56; P=0.008) after adjustment for all param-
eters. No such differences were seen for discordant 
low sdLDL- C or discordant high or low LDL- TG.

DISCUSSION
LDL Subfraction Composition and 
Metabolism
LDL particles by weight percentage contain ≈25% 
protein (almost all apolipoprotein B- 100), 45% cho-
lesterol, 20% phospholipid, and 10% triglycerides. 
We have previously documented that as LDL size de-
creases from the largest to smallest LDL, there are 
significant decreases in the relative content of cho-
lesteryl ester (40%– 25%), free cholesterol (10%– 5%), 

and phospholipid (24%– 19%), along with significant in-
creases in triglycerides (5%– 20%) and protein content 
(20%– 30%).43 These data explain why there is a strong 
correlation between sdLDL- C and LDL- TG. These com-
positional alterations in LDL particles were estimated to 
cause major changes in apolipoprotein B- 100 confor-
mation on the surface of LDL based on calculations by 
Dr Donald Small of Boston University, which, in turn, 
were predicted to cause decreases in LDL receptor 
binding affinity, plasma clearance, and resistance to 
oxidation.43

More than a decade later, our subsequent stud-
ies confirmed some of these predictions.44 When 
we studied human apolipoprotein B- 100 metab-
olism within VLDL (density, <1.019  g/mL), lbLDL 
(density, 1.019– 1.044  g/mL), and sdLDL (density, 
1.044– 1.063 g/mL) with stable isotope methods, we 
documented that after VLDL apolipoprotein B- 100 
production, most of lbLDL apolipoprotein B- 100 was 
derived from VLDL conversion and much of sdLDL 
apolipoprotein B- 100 was derived from lbLDL con-
version. Some sdLDL apolipoprotein B- 100 was 

Figure 3. Discordant analysis of small dense low- density lipoprotein cholesterol (sdLDL- C) and low- density lipoprotein 
triglycerides (LDL- TG) relative to non– high- density lipoprotein cholesterol (non– HDL- C).
A, Discordance between sdLDL- C and non– HDL- C. B, Discordance between LDL- TG and non– HDL- C. Discordant high (>75th 
percentile) sdLDL- C (23.3%) and LDL- TG (23.5%) values are depicted in green; discordant low (<25th percentile) sdLDL- C (23.5%) and 
LDL- TG (23.5%) values are depicted in blue; and concordant (25th– 75th percentile) sdLDL- C (53.2%) and LDL- TG (53.0%) values are 
depicted in red. Tables show the atherosclerotic cardiovascular disease risk, expressed as adjusted hazard ratio (HRadj) (95% CI), for 
discordant low and discordant high sdLDL- C and LDL- TG values vs the concordant values in 3 models. Model 1 was adjusted by age, 
sex, smoking, hypertension, and antihypertensive medication use. Model 2 was model 1 plus diabetes mellitus status and HDL- C. 
Model 3 was model 2 plus total cholesterol and cholesterol- lowering medication use.

LDL-TG Discordant Low LDL-TG Discordant High

HRadj (95% CI) p Value HRadj (95% CI) p Value

Model 1 0.81 (0.65-0.99) 0.044 1.18 (0.98-1.42) 0.074

Model 2 0.88 (0.71-1.09) 0.258 1.06 (0.88-1.28) 0.534

Model 3 0.79 (0.64-0.99) 0.037 1.04 (0.86-1.25) 0.719

sdLDL-C Discordant Low sdLDL-C Discordant High 

HRadj (95% CI) p Value HRadj (95% CI) p Value

Model 1 1.03 (0.84-1.26) 0.796 1.46 (1.22-1.76) <0.001

Model 2 1.05 (0.85-1.30) 0.638 1.35 (1.12-1.62) 0.002

Model 3 0.96 (0.77-1.19) 0.704 1.29 (1.07-1.56) 0.008
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also derived directly from VLDL apolipoprotein B- 
100 conversion. Of greatest importance was that 
the plasma residence time of sdLDL apolipoprotein 
B- 100 (≈74  hours) was much greater than that ob-
served for lbLDL apolipoprotein B- 100 (≈40 hours).44 
In our view, sdLDL is substantially more atherogenic 
than lbLDL because of its smaller size and its greater 
plasma residence time.44 These properties of sdLDL 
allow more time for plasma modification and oxi-
dation, greater penetration into the artery wall, and 
subsequent enhanced uptake by modified LDL re-
ceptors on macrophage surfaces.

Atherogenic Lipoproteins and ASCVD 
Risk
Unadjusted analyses indicated that sdLDL- C, LDL- TG, 
direct LDL- C, triglycerides, TRL- C, and RLP- C were 
all significantly associated with increased ASCVD 
risk. These findings were supported by the unad-
justed Kaplan- Meier plots by quartile. However, 
after adjustment for all risk factors, including total 
cholesterol and HDL- C, top quartile values for these 
parameters were no longer significantly associated 
with risk compared with bottom quartile values. We 
have documented that there are significant positive 
and inverse correlations between various lipid and li-
poprotein parameters. As expected, total cholesterol 
and non– HDL- C were strongly and positively corre-
lated with all atherogenic lipoprotein parameters ex-
cept lipoprotein(a). We also noted that sdLDL- C and 
LDL- TG were strongly correlated. Triglyceride values 
were strongly and positively correlated with TRL- C, 
RLP- C, LDL- TG, and sdLDL- C, and were inversely 
correlated with HDL- C. It has been previously docu-
mented that patients with premature ASCVD often 
have elevated triglycerides >150 mg/dL, decreased 
HDL- C <40  mg/dL, and elevated small dense LDL 
based on gradient gel analysis.5,6

On multivariate analyses, the significant relation-
ships of atherogenic lipoprotein parameters were 
retained when adjusted for age, sex, hypertension, 
hypertension treatment, and smoking. However, 
once diabetes mellitus and HDL- C were entered 
into the model along with the prior variables, the 
association of triglycerides, TRL- C, and RLP- C with 
incident ASCVD was no longer significant, presum-
ably because of inverse associations with HDL- C 
and positive associations with diabetes mellitus. 
When adjustments were made for total cholesterol 
and cholesterol- lowering medication in addition to 
the other risk factors, only sdLDL- C, direct LDL- C, 
LDL- TG, and lipoprotein(a) remained significant, al-
though the strength of these associations was signifi-
cantly attenuated. The C statistic was only marginally 
improved by the addition of sdLDL- C, direct LDL- C, 

and lipoprotein(a), and was not altered by adding 
LDL- TG. Net reclassification analysis confirmed these 
findings.

Our data support the observations of Saeed and 
colleagues about the importance of both RLP- C and 
LDL- TG as ASCVD risk factors using univariate anal-
ysis, and the finding that only LDL- TG is significant 
after adjustment for all risk factors.37 However, our 
data also indicate that LDL- TG and sdLDL- C are highly 
correlated, and that once sdLDL- C is added to the 
multivariate model or to the PCE, LDL- TG no longer 
added significant risk information. These findings were 
further confirmed by discordance analysis, which doc-
umented that, after adjustment for all other standard 
risk factors, discordant top quartile sdLDL- C as related 
to non– HDL- C values was associated with significant 
increased ASCVD risk, compared with subjects who 
had concordant values. This was not the case for dis-
cordant bottom quartile sdLDL- C or for discordant top 
quartile or bottom quartile LDL- TG. We have previously 
used discordance analysis in assessing direct LDL- C 
versus non– HDL- C in the FOS, and other investigators 
have used this type of analysis in the WHS (Women’s 
Health Study).19,41,42

Our studies support the findings reported from the 
ARIC (Atherosclerosis Risk in Communities) Study, 
the MESA (Multi- Ethnic Study of Atherosclerosis), 
and the CGPS (Copenhagen General Population 
Study) that sdLDL- C is significantly related to inci-
dent ASCVD.32– 34 However, our findings also extend 
their conclusions to indicate that sdLDL- C provides 
additional information about ASCVD risk, even after 
controlling for all standard risk factors, including 
HDL- C, total cholesterol, and cholesterol- lowering 
medication, in contrast to other studies. We have 
documented this finding to be the case in univariate 
analysis, multivariate analysis, discordance analysis, 
and on top of the PCE. Therefore, our overall data 
support the concept that sdLDL- C is the most ath-
erogenic lipoprotein parameter and is worth measur-
ing in subjects at increased ASCVD risk. Both direct 
LDL- C and sdLDL- C are assays approved by the 
Food and Drug Administration, are relatively inexpen-
sive, and are available from reference laboratories in 
the United States and other countries. These param-
eters can be lowered by >50% with the combination 
of lifestyle modification and intensive statin therapy.45

Study Strengths and Limitations
Strengths of the present study include its prospec-
tive nature and the wide variety of state- of- the- art li-
poprotein particle assays used. A limitation of the 
analysis was the significant correlations of many of 
the biochemical variables with each other, especially 
total cholesterol and non– HDL- C with direct LDL- C 
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and sdLDL- C. Despite these correlations, sdLDL- C 
remained significant on multivariate analysis, but not 
in the adjusted quartile analysis. Our study popula-
tion was largely White individuals; and, therefore, the 
results cannot be generalized to other ethnic groups. 
In the future, pooling of data across prospective stud-
ies should strengthen our ability to test which of these 
atherogenic biomarkers should be measured for more 
precise ASCVD risk assessment in various ethnic 
groups.

CONCLUSIONS
Our data indicate that sdLDL- C is the most athero-
genic lipoprotein parameter in our prospective as-
sessment. Although sdLDL- C, direct LDL- C, and 
lipoprotein(a) all added significant ASCVD risk in-
formation with adjusted multivariate analysis, only 
sdLDL- C provided such information when added 
to the PCE model. In our view, optimizing sdLDL- C 
levels may be paramount in ASCVD risk reduction, 
along with optimizing blood pressure and glucose 
levels and smoking cessation.
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SUPPLEMENTAL MATERIAL 



Table S1. Association of inclusive ASCVD Risk by quartiles of atherogenic lipoprotein parameters.

Quartile 1 Quartile 2 Quartile 3 Quartile 4 

P Value 

for Trend 

LDL-Associated Parameters 

Direct LDL-C, mg/dL < 111.2 111.2 – < 132.6 132.6 – < 157.0 ≥ 157.0 

     Unadjusted 1.0 1.22 (1.13-1.31) 1.44 (1.26-1.64) 1.82 (1.45-2.25) < 0.0001 

     Model 1* 1.0 1.19 (1.11-1.28) 1.38 (1.20-1.57) 1.69 (1.36-2.11) < 0.0001 

     Model 2† 1.0 0.96 (0.85-1.07) 0.90 (0.69-1.18) 0.81 (0.46-1.40) 0.442 

sdLDL-C, mg/dL < 31.2 31.2 – < 43.6 43.6 – < 60.2 ≥ 60.2 

     Unadjusted 1.0 1.23 (1.16-1.30) 1.56 (1.39-1.76) 2.20 (1.78-2.72) < 0.0001 

     Model 1* 1.0 1.19 (1.13-1.26) 1.46 (1.29-1.64) 1.95 (1.58-2.40) < 0.0001 

     Model 2† 1.0 1.13 (0.99-1.29) 1.25 (0.99-1.58) 1.44 (0.98-2.13) 0.064 

lbLDL-C, mg/dL < 71.1 71.1 – < 86.5 86.5 – < 102.9 ≥ 102.9 

     Unadjusted 1.0 1.07 (0.99-1.15) 1.13 (0.98-1.29) 1.22 (0.97-1.52) 0.085 

     Model 1* 1.0 1.06 (0.98-1.14) 1.10 (0.96-1.26) 1.17 (0.94-1.46) 0.166 

     Model 2† 1.0 1.05 (0.96-1.14) 1.11 (0.92-1.33) 1.20 (0.87-1.66) 0.262 

LDL-TG, mg/dL < 13.6 13.6 – < 17.2 172. – < 21.8 ≥ 21.8 

     Unadjusted 1.0 1.24 (1.17-1.30) 1.54 (1.39-1.72) 2.32 (1.89-2.84) < 0.0001 

     Model 1* 1.0 1.21 (1.15-1.28) 1.48 (1.33-1.65) 2.13 (1.72-2.63) < 0.0001 

     Model 2† 1.0 1.02 (0.94-1.12) 1.04 (0.89-1.23) 1.07 (0.82-1.40) 0.615 

TRL-Associated Parameters 

Triglycerides, mg/dL < 80.0 80.0 – < 115.0 115.0 – ≤ 167.0 ≥ 167.0 

     Unadjusted 1.0 1.17 (1.12-1.22) 1.40 (1.28-1.52) 2.04 (1.70-2.45) < 0.0001 

     Model 1* 1.0 1.13 (1.08-1.19) 1.31 (1.19-1.45) 1.77 (1.43-2.19) < 0.0001 

     Model 2† 1.0 1.07 (0.99-1.14) 1.14 (0.98-1.32) 1.29 (0.97-1.71) 0.084 

TRL-C, mg/dL < 33.2 33.2 – < 46.7 46.7 – < 63.8 ≥ 63.8 

     Unadjusted 1.0 1.19 (1.13-1.25) 1.43 (1.28-1.60) 1.96 (1.59-2.41) < 0.0001 

     Model 1* 1.0 1.15 (1.09-1.21) 1.33 (1.19-1.48) 1.69 (1.37-2.09) < 0.0001 

     Model 2† 1.0 0.98 (0.92-1.04) 0.96 (0.84-1.09) 0.91 (0.69-1.20) 0.520 

RLP-C, mg/dL < 3.4 3.4 – < 6.3 6.3 – < 12.0 ≥ 12.0 

     Unadjusted 1.0 1.07 (1.05-1.10) 1.23 (1.14-1.32) 1.73 (1.43-2.09) < 0.0001 



Quartile 1 Quartile 2 Quartile 3 Quartile 4 

P Value 

for Trend 

     Model 1* 1.0 1.06 (1.03-1.08) 1.17 (1.09-1.26) 1.53 (1.26-1.86) < 0.0001 

     Model 2† 1.0 0.97 (0.90-1.06) 0.95 (0.80-1.12) 0.90 (0.66-1.24) 0.514 

VLDL-C, mg/dL < 10.6 10.6 – < 18.0 18.0 – < 26.9 ≥ 26.9 

     Unadjusted 1.0 1.07 (1.01-1.14) 1.14 (1.01-1.28) 1.26 (1.02-1.56) 0.032 

     Model 1* 1.0 1.03 (0.96-1.09) 1.05 (0.93-1.18) 1.09 (0.88-1.35) 0.439 

     Model 2† 1.0 1.00 (0.97-1.03) 0.99 (0.91-1.09) 0.99 (0.78-1.26) 0.936 

Lipoprotein(a), mg/dL < 5.7 5.7 – < 12.7 12.7 – < 35.8 ≥ 35.8 

         Unadjusted 1.0 1.01 (1.00-1.03) 1.04 (0.99-1.09) 1.16 (0.96-1.40) 0.128 

     Model 1* 1.0 1.02 (1-1.03) 1.05 (1.00-1.10) 1.23 (1.00-1.50) 0.038 

     Model 2† 1.0 0.92 (0.85-0.98) 0.85 (0.74-0.97) 0.74 (0.58-0.94) 0.015 

Hazard ratios (95% CI) are expressed as the risk for each quartile relative to the 1st quartile. 

*Model 1 was adjusted by age and sex.

†Model 2 was model 1 plus total cholesterol, HDL-C, hypertension, antihypertensive medication use, smoking, and diabetic status. 

ASCVD, atherosclerotic cardiovascular disease; lbLDL-C, large buoyant low-density lipoprotein cholesterol; LDL-C, low-density 

lipoprotein cholesterol; LDL-TG, low-density lipoprotein triglyceride; RLP-C, remnant lipoprotein cholesterol; sdLDL-C, small dense 

low-density lipoprotein cholesterol; TRL-C, triglyceride-rich lipoprotein cholesterol; TRL, triglyceride-rich lipoprotein; VLDL-C, 

very low-density lipoprotein cholesterol. 


