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Abstract

Background and aims—Previous results of the AIM-HIGH trial showed that baseline levels of 

the conventional lipid parameters were not predictive of future cardiovascular (CV) outcomes. The 

aims of this secondary analysis were to examine the levels of cholesterol in high density 

lipoprotein (HDL) subclasses (HDL2-C and HDL3-C), small dense low density lipoprotein 

(sdLDL-C), and LDL triglyceride (LDL-TG) at baseline, as well as the relationship between these 

levels and CV outcomes.

Methods—Individuals with CV disease and low baseline HDL-C levels were randomized to 

simvastatin plus placebo or simvastatin plus extended release niacin (ERN), 1,500 to 2,000 mg/
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day, with ezetimibe added as needed in both groups to maintain an on-treatment LDL-C in the 

range of 40 to 80 mg/dL. The primary composite endpoint was death from coronary disease, 

nonfatal myocardial infarction, ischemic stroke, hospitalization for acute coronary syndrome, or 

symptom-driven coronary or cerebrovascular revascularization. HDL-C, HDL3-C, sdLDL-C and 

LDL-TG were measured at baseline by detergent-based homogeneous assays. HDL2-C was 

computed by the difference between HDL-C and HDL3-C. Analyses were performed on 3,094 

study participants who were already on statin therapy prior to enrollment in the trial. Independent 

contributions of lipoprotein fractions to CV events were determined by Cox proportional hazards 

modeling.

Results—Baseline HDL3-C was protective against CV events (HR: 0.84, p=0.043) while HDL-

C, HDL2-C, sdLDL-C and LDL-TG were not event-related (HR: 0.96, p=0.369; HR: 1.07, 

p=0.373; HR: 1.05, p=0.492; HR: 1.03, p=0.554, respectively).

Conclusions—The results of this secondary analysis of the AIM-HIGH Study indicate that 

levels of HDL3-C, but not other lipoprotein fractions, are predictive of CV events, suggesting that 

the HDL3 subclass may be primarily responsible for the inverse association of HDL-C and CV 

disease.
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INTRODUCTION

The Atherothrombosis Intervention in Metabolic Syndrome with Low HDL/High 

Triglycerides and Impact on Global Health Outcomes (AIM-HIGH) trial was a randomized, 

double-blind clinical trial assessing the effect of extended release niacin (ERN) added to 

intensive statin-based low density lipoprotein cholesterol (LDL-C) lowering in patients with 

established cardiovascular (CV) disease and low levels of high density lipoprotein 

cholesterol (HDL-C) and elevated triglycerides (1). The trial was stopped prematurely 

because the addition of ERN to intensive LDL-lowering therapy during a median three year 

follow up period failed to further reduce incident CV events compared with LDL-lowering 

therapy alone (1).

In a secondary analysis, it was found that the parameters of the classic lipid profile, LDL-C, 

HDL-C or non-HDL-C at baseline, were not predictive of clinical CV events in either the 

placebo or ERN group (2). This finding raises the possibility that non-lipoprotein-related 

effects of niacin might have influenced such events in AIM-HIGH (2). In contrast, levels of 

lipoprotein(a) at baseline were predictive of CV events (3). One explanation for this lack of 

predictive power of the traditional lipid parameters may relate to the fact that most 

participants were already on a statin prior to being enrolled in the trial or that these standard 

lipoprotein measurements were not specific enough in this setting. In this new secondary 

analysis, we evaluated whether more specific lipoprotein parameters that can be analyzed 

with methods available in general clinical laboratories, i.e., HDL subclasses, small dense 

LDL-C (sdLDL-C) and LDL triglyceride (LDL-TG), were predictive of CV outcomes. 
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Recent reports indicate an association between lower HDL3-C and increased risk for clinical 

events in patients with significant coronary heart disease (CHD) (4) or carotid artery disease 

(5). These findings lend support to our hypothesis that HDL3-C would more accurately 

reflect the athero-protective properties of HDL than does total HDL-C.

Other novel lipid measures and their relationships to CV risk have been described recently. 

For example, cholesterol in small dense LDL particles (sdLDL-C) has been related to risk of 

coronary events in patients with CHD and low HDL-C (6). In addition, sdLDL-C levels have 

consistently predicted incident CHD in an urban Japanese cohort (7), a biracial American 

cohort (8), and in normoglycemic, non-diabetic participants from a multi-ethnic study of 

atherosclerosis (9). Elevated sdLDL-C has also been shown to predict future CV events in 

patients with stable CHD (10). Since elevated LDL-TG levels have been associated with 

CHD and systemic inflammation (11), this measurement is also of interest. The AIM-HIGH 

trial provides a unique opportunity to examine these parameters in a dyslipidemic population 

with established CV disease.

PATIENTS AND METHODS

Study population

Demographic, laboratory parameters, and clinical characteristics of the AIM-HIGH cohort, 

along with LDL-lowering therapy design have been previously described (1). Participants 

had established stable atherosclerotic CV disease with HDL <40 mg/dL for men, <50 mg/dL 

for women, high triglyceride (150 to 400 mg/dL), and LDL-C <180 mg/dL (adjusted for 

lipid lowering). At the study entry, all subjects initially received simvastatin 40 mg daily, 

plus ERN at doses increasing weekly from 500 mg to 2000 mg/day. Subjects tolerating at 

least 1500 mg ERN were randomized to 1:1 to ERN or matching placebo tablets. The 

subgroup for this study included 3,094 participants who had sufficient sample available for 

measurement of the lipoprotein particles of interest out of the 3,196 participants who were 

receiving statin therapy prior to the initiation of the trial. Based on information collected at 

the screening visit, the 3,094 participants were taking at least six different statins. Based on 

the reported doses, 61.8% were considered to be on moderate-intensity treatment and 35.1% 

on high-intensity treatment (12). Events occurred in 15.4% of participants who were on 

moderate treatment prior to the trial and 17.3% of those on intensive treatment. Analyses of 

the lipoprotein parameters for this study were performed on plasma collected at baseline for 

2,632 men and 462 women. The primary composite outcome was death from CHD or the 

occurrence of nonfatal myocardial infarction, ischemic stroke, hospitalization for acute 

coronary syndrome or cerebrovascular revascularization.

Laboratory methods

Blood samples for lipid analysis were collected from fasting participants into EDTA-

containing vacutainers and processed using standardized conditions. Plasma samples were 

aliquoted into 2 mL cryovials and shipped on dry ice to the central laboratory. Determination 

of total HDL-C and HDL3-C concentrations in plasma samples was performed by fully 

automated detergent-based homogeneous methods (Denka Seiken, Tokyo, Japan) on a 

Roche Modular P chemistry analyzer (Roche Diagnostics Inc., Indianapolis, IN). The intra- 

Albers et al. Page 3

Atherosclerosis. Author manuscript; available in PMC 2017 August 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



and inter-assay coefficients of variation (CVs) on quality control samples with low and high 

HDL-C levels were 1.18% and 1.16%, respectively, and 3.49% and 2.68%, respectively. The 

intra- and inter-assay CVs on quality control samples with low and high HDL3-C levels 

were 1.18% and 3.49%, respectively, and 0.99% and 3.46%, respectively. HDL2-C was 

estimated by subtracting HDL3-C from total HDL-C. Values of homogeneous HDL3-C and 

calculated HDL2-C were in close agreement with cholesterol values measured in HDL3 and 

HDL2 fractions separated by ultracentrifugation in the density range 1.125–1.210 kg/L and 

1.063–1.125 kg/L, respectively (13). Additionally, the assay validation showed good 

linearity and precision (14).

Determination of sdLDL-C concentration was performed by a fully automated homogeneous 

method (Denka Seiken, Tokyo, Japan) on a Roche Modular P chemistry analyzer (Roche 

Diagnostics Inc., Indianapolis, IN) as previously described (15). Results of the assay 

validation showed an excellent agreement between the values obtained by this homogeneous 

method and those obtained by density gradient ultracentrifugation (16). The intra- and inter-

assay CVs on quality control samples with low and high sdLDL-C levels were 1.11% and 

0.75%, respectively, and 4.65% and 4.46%, respectively. Concentration of triglycerides in 

LDL (LDL-TG) was determined by the LDL-TG-EX homogeneous method (Denka Seiken, 

Tokyo, Japan) on a Roche Modular P chemistry analyzer (Roche Diagnostics Inc., 

Indianapolis, IN). The intra- and inter-assay CVs on quality control samples with low and 

high LDL-TG levels were 1.57% and 1.06%, respectively, and 2.38% and 1.60%, 

respectively. The estimation of the glomerular filtration rate (eGFR) was performed by the 

CKD-EPI formula (17)

Statistical analysis

Baseline distributions were examined using histograms overall and by primary event status 

(observed or unobserved) for each parameter. Descriptive statistics including the mean, 

standard deviation (SD), median, and quartiles were calculated for each parameter. The t-test 

was used to compare baseline distributions by primary event status. Correlation between 

parameters was assessed using Pearson’s correlation coefficient. Cox Proportional Hazards 

regression was used to estimate the independent relationship between each parameter and 

CV events; these models included gender, history of diabetes, eGFR, BMI and 

randomization assignment as fixed covariates. Each lipoprotein parameter was modeled 

individually, and any parameter that showed a statistically significant relationship with 

events (p<0.05) was also parameterized using baseline quartiles. Unadjusted Kaplan-Meier 

curves showing the event-free distribution by baseline quartiles were constructed. A 

multivariate lipoprotein analysis was performed by including all four continuous parameters 

in a Cox Proportional Hazards model including fixed effects of gender, history of diabetes, 

eGFR, BMI and randomization assignment. Thus, subgroup analyses by treatment were not 

performed. There were no formal type-I error adjustments, and the results of this secondary 

analysis should be interpreted in the context of hypothesis generation. All reported 

confidence intervals and p-values are two-tailed. A p value <0.05 defined significance.
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RESULTS

The baseline demographic, clinical characteristics and lipoprotein parameters of this AIM-

HIGH cohort are shown in Table 1.

Patients were predominantly white (92%) and 85% of this cohort were men. More than half 

of the patients had a history of myocardial infarction, about one third had a history of 

diabetes, and more than 71% had a history of hypertension. The mean HDL3-C value was 

17.4 mg/dl (0.45 mmol/L), slightly lower than the mean HDL2-C value of 21.3 mg/dl (0.55 

mmol/L). The mean sdLDL-C value was 32.7 mg/dl (0.85 mmol/L) while the LDL-TG was 

21.2 mg/dl (0.24 mmol/L (Table 1).

The distribution of each lipoprotein parameter was approximately symmetric, with the 

sdLDL values slightly skewed to the right. A modest correlation (r=0.59, p<0.001) was 

observed between sdLDL-C and LDL-TG concentrations. Approximately 48±20% of LDL-

C was sdLDL in this cohort while, on average, LDL TG represented 13±5% of the total 

plasma triglyceride.

There were 507 participants who experienced a primary outcome. Results did not differ by 

treatment assignment, nor was there evidence of interaction between treatment and any 

baseline lipoprotein. A greater proportion of those having a CV event during the trial were 

male and had a coronary artery bypass graft, stroke or cerebrovascular disease, peripheral 

artery disease, history of diabetes, and history of hypertension compared to those without an 

event (Table 1). Mean levels of HDL3-C, HDL2-C, and total HDL-C were lower in those 

with events than in those without events (p=0.006, 0.035, and 0.015, respectively). The 

distribution of HDL3-C among those having a primary outcome was shifted to slightly lower 

levels compared to those without a primary outcome (Figure 1). Baseline levels of HDL3-C 

were inversely predictive of CV events. Compared to the lowest quartile, the highest quartile 

was about 1.4 times less likely to experience a CV event (HR: 0.73, 95% CI: 0.56, 0.95, 

p=0.017, Figure 2).

Baseline total HDL-C did not predict events (HR: 0.96, 95% CI 0.87–1.05, p=0.369). 

However, a one standard deviation increase in HDL3-C was significantly associated with a 

9% reduction in CV event risk (HR: 0.91, 95% CI: 0.82–1.00, p=0.044). Multivariate 

analysis also indicated that HDL3-C was inversely related to CV events (HR: 0.84, 95% CI: 

0.71–0.99, p=0.043), but neither HDL2-C (HR: 1.07, 95% CI: 0.92–1.24, p=0.373), sdLDL 

(HR: 1.05, 95% Cl: 0.92–1.19, p=0.492) nor LDL-TG (HR: 1.03, 95% Cl 0.92–1.16), 

p=0.554) predicted CV events; Figure 3). The proportional hazard assumption was evaluated 

and satisfied (p=0.69) for this model.

DISCUSSION

Historically, HDL has been divided in HDL2 and HDL3 subclasses based on their relative 

hydrated density in ultracentrifugation, which is primarily determined by the lipid to protein 

ratio. Higher levels of cholesterol in both these lipoprotein subclasses have been associated 

with lower risk of CV disease in some studies, but not in others (18). Considering that the 

increase of HDL-C in the cohort receiving ERN did not result in clinical benefit, we wanted 
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to evaluate whether baseline HDL2-C or HDL3-C levels were predictive of CV events. 

Interestingly, we found that higher baseline HDL3-C levels, but not HDL2-C levels, were 

predictive of fewer adverse CV events in this cohort receiving intensive LDL-C lowering 

therapy with statins. One explanation for this finding could be that this denser HDL3-C 

subclass containing smaller HDL particles may better reflect the cholesterol efflux capacity 

and antioxidant, anti-inflammatory, anti-thrombotic, and anti-apoptotic properties of small, 

dense HDL particles than does HDL2-C (19, 20).

A wealth of epidemiological data has shown that HDL-C levels are inversely related to CV 

risk (21). These observations have suggested that HDL-C is athero-protective. However, as 

HDL-C only reflects the average cholesterol content of a complex heterogeneous mixture of 

lipoprotein particles, it may not adequately capture the athero-protective anti-inflammatory, 

antioxidant, and cholesterol efflux properties of HDL. In the AIM-HIGH Trial, HDL-C was 

measured in patients with established CV disease who were randomized to niacin or placebo 

while receiving intensive LDL-C lowering therapy. After a two-year follow up, the patients 

randomized to niacin had significantly higher HDL-C, but this change did not lead to fewer 

CV events compared to the placebo group. Thus, raising HDL-C did not reduce CV events 

in this cohort, which suggests that HDL-C is not causally related to CVD. A Mendelian 

randomization study, evaluating a polymorphism that increased HDL-C levels without 

altering the risk of myocardial infarction, also failed to establish a causal link between HDL-

C and CVD (22). These findings confirm that total HDL-C level does not necessarily reflect 

the athero-protective properties of HDL. Interestingly, one study published this year 

concluded that smaller, denser HDL3-C levels are primarily responsible for the inverse 

association between HDL-C and incident CHD (23) and the other concluded that the small 

and medium size HDL particle measurements improve mortality risk prediction (24). These 

studies lend further support to the concept that the smaller, denser HDL subpopulation is 

superior to total HDL in risk prediction.

Although a number of studies have suggested that sdLDL-C measurement is useful for 

identifying risk for CVD (6–9), sdLDL-C levels failed to predict CV events in this cohort 

with established CV disease. The reason for the negative findings is not completely clear, but 

may be due to the fact that all patients were taking statins, which generally lower sdLDL-C 

(25). There was also variability in the time of day when patients were sampled, which could 

also be a contributing factor; sdLDL-C has been shown to exhibit circadian change, with 

highest values in the morning followed by a steady decrease during the day (26). In the 

Framingham Offspring Study (27), women with CHD had higher sdLDL-C concentrations 

than controls, but men did not exhibit this difference.

Little is known about the clinical usefulness of LDL-TG levels, probably due to the 

complexity of the analytical methods used for their determination. In a study (11) where 

levels of LDL-TG were measured after fractionation of LDL by equilibrium density-gradient 

centrifugation, it was found that alteration of the LDL metabolism characterized by high 

LDL-TG was correlated with CHD and systemic low-grade inflammation. LDL-TG failed to 

predict CV events in our cohort. The differences between the previous study (11) and our 

study in relation to LDL-TG and CV outcomes could be related to the fact that the earlier 

study excluded patients taking lipid lowering drugs while in AIM-HIGH the study 
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participants were taking statins which normalize LDL metabolism and reduce systemic 

inflammation.

Detergent-based homogeneous assays for HDL3-C, HDL2-C, sdLDL-C and LDL-TG are 

simple and convenient methods to be used in clinical laboratories as they do not require 

separation of lipoproteins by ultracentrifugation or dedicated instrumentation. Additionally, 

the values are highly precise on automated analyzers. Further application of these methods 

to large scale clinical studies should clarify whether these lipoprotein parameters are 

superior markers of CVD and provide additional information to the conventional lipoprotein 

measurements.

Some limitations to the current analysis should be recognized. The AIM-HIGH cohort was 

predominantly composed of white men, and therefore our findings cannot be generalized to 

women or other ethnic groups. Secondly, the measurements of lipoprotein subclasses at 

baseline do not address the relationship of the changes in these parameters with outcome. 

Third, a single baseline measurement may not reflect lifetime exposure to these risk factors. 

Fourth, the convenient homogeneous methods for the determination of these lipoprotein 

measures used here may not measure the same population of lipoprotein particles as other 

approaches. Therefore, the observed risk associations may vary depending on the 

characteristics of the population and on the specific methodology used to measure these 

lipoprotein subclasses.

In conclusion, this secondary analysis from the AIM-HIGH Study found that levels of 

HDL3-C, but not HDL-C, HDL2-C, sdLDL, or LDL-TG, predict CV events in patients with 

metabolic dyslipidemia. This finding lends support to the hypothesis that HDL3 subclass 

may be primarily responsible for the inverse association between HDL-C and CV disease.
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Fig. 1. The overall lipoprotein distribution is summarized on the left and in those without (blue) 
and with events (red) on the right
The median (25th and 75th percentile) of each parameter is displayed as text.
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Fig. 2. Proportions based on Kaplan-Meier estimates, shown separately by quartile of HDL3-C 
but pooled across randomization assignments
Hazard ratios are derived from Cox Proportional Hazards models including treatment, 

gender, BMI, eGFR and history of diabetes. Pair-wise comparisons of the highest three 

quartiles to the lowest quartile are displayed.
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Fig. 3. Cox proportional hazards models for the primary composite outcome as a function of 
lipoprotein parameters/baseline standard deviation as continuous variables
Model 1 includes treatment group, gender, history of diabetes, BMI, eGFR and single 

lipoprotein parameters. Model 2 includes treatment group, gender, history of diabetes, BMI, 

eGFR and the four lipoprotein sub-fraction parameters simultaneously.
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