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Methods
and results

High-density lipoprotein (HDL) is highly heterogeneous and the link of its subclasses to prognosis remains controversial.
We aimed to rigorously examine the associations of HDL subclasses with prognosis in secondary prevention.

We collaboratively analysed data from two, complementary prospective cohorts: the TRIUMPH study of 2465 acute
myocardial infarction patients, and the IHCS study of 2414 patients who underwent coronary angiography. All patients
had baseline HDL subclassification by vertical-spin density gradient ultracentrifugation. Given non-linearity, we stratified
by tertiles of HDL-C and its two major subclasses (HDL,-C, HDL;-C), then compared multivariable-adjusted hazard
ratios for mortality and mortality/myocardial infarction. Patients were middle-aged to elderly (TRIUMPH: 58.2 + 12.2
years; IHCS: 62.6 + 12.6 years), and the majority were men (TRIUMPH: 68.0%; IHCS: 65.5%). IHCS had lower mean
HDL-C levels (34.6 + 10.1 mg/dL) compared with TRIUMPH (40 + 10.6 mg/dL). HDL3-C accounted for >3/4 of
HDL-C (mean HDL5-C/HDL-C 0.78 + 0.05 in both cohorts). During 2 years of follow-up in TRIUMPH, 226 (9.2%)
deaths occurred, while death/myocardial infarction occurred in 401 (16.6%) IHCS patients over 5 years. No independent
associations with outcomes were observed for HDL-C or HDL,-C. In contrast, the lowest tertile of HDLs-C was inde-
pendently associated with >50% higher risk in each cohort (TRIUMPH: with midd|e tertile as reference, fully adjusted HR
for mortality of HDLs-C, 1.57;95% Cl, 1.13—2.18; IHCS: fully adjusted HR for mortality/myocardial infarction, 1.55; 95%
Cl, 1.20-2.00).

Conclusion In secondary prevention, increased risk for long-term hard clinical eventsis associated with low HDL3-C, but not HDL,-C
or HDL-C, highlighting the potential value of subclassifying HDL-C.
Keywords Acute myocardialinfarction e Coronary heart disease e Secondary prevention e Lipids e High-density lipoprotein
cholesterol e HDL subclasses ¢ HDL, e HDL; e Mortality
Introduction : CHD patients is fuelling intensive investigation into the pharmaco-
- modulation of high-density lipoprotein metabolism.” In this search
Coronary heart disease (CHD) remains a leading cause of deathand  :  for novel therapeutic options, raising the total circulating cholesterol
disability in Europe and the USA."? Despite major advances in the © concentration of high-density lipoprotein (HDL-C) has served as a
treatment of atherogenic lipoproteins, substantial residual risk in  :  central guide.
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However,thereis a growing movement to take a more granular ap-
proach to more fully capture the complex array of functions through
which HDL may confer cardiovascular protection. These functions
include cholesterol efflux from peripheral cells, reverse cholesterol
transport (RCT), anti-inflammatory, antioxidative, anti-thrombotic,
and pro-endothelial actions.*~® Recent epidemiological work sup-
ports efforts to look beyond HDL-C, showing limited value of
HDL-Cfor predicting vascular riskin CHD patients undergoing elect-
ive coronary artery bypass grafting’ or cardiovascular mortality in the
setting of stable or unstable CHD.?

By ultracentrifugation, one can isolate HDL,-C and HDL;-C, or
‘large, buoyant’ and ‘small, dense’ HDL, respectively, and these varia-
tions in density of HDL are related to its functionality.”® It is often
suggested that HDL,; is the ‘protective’ form of HDL, however, epi-
demiological data are conflicting with some studies showing that
higher HDL,-C'%"" but others suggesting that higher HDL5-C"*~"°
levels are most strongly associated with lower risk. These studies
varied in design, adjustment for confounders, and methods for
HDL subclass separation and quantification.

To better understand the associations of HDL,-C and HDL5-C
with clinical outcomes, we collaboratively analysed data from two
complementary, prospective cohorts of secondary prevention
patients in whom HDL-C was subclassified by a common method
of ultracentrifugation: (i) the Translational Research Investigating
Underlying disparities in acute Myocardial infarction Patient’s
Health status (TRIUMPH) study and (ii) the Intermountain Heart
Collaborative Study (IHCS) of patients undergoing coronary
angiography.

Methods

TRIUMPH and IHCS studies

The TRIUMPH'® and IHCS"” prospective cohort studies each enrolled
patients 18 years of age or older. The TRIUMPH study enrolled
between 11 April 2005 and 31 December 2008 at 24 centres in the
USA, while the IHCS study enrolled between 1 March 1999 and 5 No-
vember 2007 within the Intermountain Healthcare System (LDS Hos-
pital: Salt Lake City, UT, USA; Intermountain Medical Center, Murray,
UT, USA; and McKay Dee Hospital, Ogden, UT, USA). TRIUMPH parti-
cipants were included on the basis of acute myocardial infarction (Ml) and
IHCS participants on the basis of coronary angiography for MI, unstable
angina, or stable angina. Of eligible patients approached for participation,
74% of TRIUMPH and >95% of IHCS patients provided informed
consent. All patients in this study provided informed consent and each
enrolling site obtained Institutional Review Board approval.

Definitions of clinical presentations
and coronary heart disease

In TRIUMPH, Ml was defined as clinical features of ischaemia (e.g. pro-
longedischaemic signs/symptoms, ST-segment changes in >2 contiguous
leads on electrocardiogram) combined with cardiac biomarker elevation
(troponin per local laboratory cutpoints) outside the setting of elective
coronary revascularization. In IHCS, Ml was defined similarly, and add-
itionally, stable angina was defined as stable exertional symptoms only,
and unstable angina as progressive symptoms or symptoms at rest only.

In both studies, significant CHD was defined as the presence of one or
more >70% obstructive lesions by coronary angiography. Angiograms
were reviewed by the patient’s cardiologist, and from those, patients

were determined to have single-, double-, or triple-vessel disease as
defined by the presence of a >70% stenosis in each major epicardial
vessel, with left main stenosis of >50% counting as two vessels.

Lipid measurements

Serial laboratory testing was a voluntary substudy in TRIUMPH per-
formed within a median of 1 day of discharge (25th—75th: 0—2 days).
Blood samples in TRIUMPH were processed, serum separated, refriger-
ated, and sent by overnight mail in freezer packs to the core laboratory
(Lenexa, KS, USA). Serum specimens were aliquoted, stored frozen at
—70°C, and then sent to Atherotech (Birmingham, AL, USA) by over-
night mail on dry ice. In IHCS, all patients consented to blood sampling
at the time of coronary angiography. Samples were collected in EDTA
and refrigerated at 4°C. Within 24 h, samples were centrifuged, plasma
and DNA were separated and stored cryogenically, and then samples
were later sent to Atherotech.

Cholesterol concentrations of lipoprotein classes [HDL-C, LDL-C,
intermediate-density lipoprotein cholesterol (IDL-C), very-low-density
lipoprotein cholesterol (VLDL-C), and lipoprotein(a) [Lp(a)] and sub-
classes (including HDL,-C and HDL3-C) were measured in the same la-
boratory by the Vertical Auto Profile (VAP) method (Atherotech).'~2°
The VAP method separates lipoproteins based on their density using
single vertical-spin density gradient ultracentrifugation, then quantifies
cholesterol content usingan enzymatic reaction and spectrophotometric
absorbance.

The accuracy of the VAP procedure has been validated and is moni-
tored on an ongoing basis by comparing its results with those obtained
from the standard beta quantification procedure performed at the
Core Laboratories for Clinical Studies at Washington University (St
Louis, MO, USA) using split serum specimens. The following correlation
coefficients (r) are typically obtained: total cholesterol, 0.99; HDL-C,
0.99; LDL-C, 0.98; VLDL-C, 0.98; IDL-C, 0.78; Lp(a)-C, 0.77; HDL,-C,
0.94, and HDL3-C, 0.91. Typical between-days coefficients of variation
are: total cholesterol, 2.0%; HDL-C, 2.9%; LDL-C, 2.1%; VLDL-C, 2.8%;
IDL-C, 8.2%; Lp(a)-C, 9.1%; HDL,-C, 9.2%, and HDL;-C, 2.5%.

Apolipoprotein A1 was measured in all TRIUMPH patients and 1478
IHCS patients by immunoassay (Abbott/Architect C8000; Abbott Park,
IL, USA), calibrated against WHO/IFCC/CDC apolipoprotein A1 Refer-
ence Material SP1-01.>" Results from VAP and apolipoprotein testing
were available for research purposes, but not to the treating providers.

Risk factor measurements

Research staff conducted detailed chart abstractions to capture baseline
characteristics, including the sociodemographic and clinical parameters
presented in Table 1. The methods of risk factor measurement have
been previously described in TRIUMPH'® and IHCS."”

Follow-up and outcome adjudication

In both studies, mortality was adjudicated using the Social Security Death
Index. Mortality in IHCS was also adjudicated using Intermountain
Healthcare’s electronic health records and Utah State Health Depart-
ment death certificates. In addition to mortality, IHCS but not
TRIUMPH used electronic health records to adjudicate Ml during follow-
up, defined as hospitalization with a troponin | level >0.4 ng/mL or a dis-
charge diagnosis of an Ml (ICD-9 code 410).

Statistical analysis

Based on the rationale that TRIUMPH and IHCS had differences in eligi-
bility criteria, covariates, and endpoints, we analysed the studies in paral-
lel, rather than as pooled data, as each study was sufficiently powered
independently. Following a peer-reviewed analysis plan, descriptive
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Table | Baseline characteristics of TRIUMPH and IHCS

TRIUMPH (n = 2465)

IHCS (n = 2414)

Age
<65 years, (%)
>65 years, (%)

582 (12.2)
1771 (71.8)
694 (28.2)

62.6 (12.6)
1284 (53.2)
1130 (46.8)

Sex, (%)
Female

789 (32.0)
1676 (68.0)

833 (34.5)
1581 (65.5)

Race, (%)
White/Caucasian

Black/African-American

166612461 (67.7)
62912461 (25.6)
166/2461 (6.7)

2162 (89.6)
22 (0.9)
230 (9.5)

Education, (%)
<High school
High school/GED
College

Insured, (%)

Diabetes mellitus, (%)

503/2454 (20.5)
147612454 (60.1)
475/2454 (19.4)
1865/2414 (77.3)
782 (317)

490 (20.3)

Smoking status, (%)
Never
Former

Current

670/2449 (27.4) (never or <100 cigarettes total)
75712449 (30.9) (quit >30 days ago)
1022/2449 (41.7) (ongoing or quit <30 days ago)

2009 (83.2)
405 (16.8) (current smoking or 10-pack-year history)

Alcohol use, (%)
No
Yes
AUDIT scores
Body mass index
<25, (%)
25-<30, (%)
>30, (%)
Waist (cm)
Systolic blood pressure, mmHg
Diastolic blood pressure, mmHg

1040/2455 (42.2)
1415/2455 (57.4)
1.8 (2.5)

29.8 (6.6)
537/2333 (23.0)
807/2333 (34.6)
989/2333 (42.4)
96.9 (14.2)

1427 (29.9)

83.2 (19.0)

29.0 (7.6),n = 1668
375 (22.5)

714 (42.8)

579 (34.7)

145.6 (23.6),n = 2314
82.1(13.2),n = 2313

Physical activity, (%)
Mainly sedentary
Mild exercise
Moderate exercise
Strenuous exercise

Hypertension, (%)

Hyperlipidaemia, (%)

Family history of CHD, (%)

Renal failure, (%)

Heart failure, (%)

Ejection fraction

1091/2451 (44.5)
74612451 (30.4)
517/2451 (21.1)
97/2451 (4.0)
1630 (66.1)

1170 (47.5)

1818 (74.7)

176 (7.1)

214 (8.7)

48.7 (13.4)

1420 (58.8)
1308 (54.2)
1035 (42.9)
28 (1.2)
20 (0.8)
592 (15.3)

Left-ventricular systolic function, (%)

Normal
Mild impairment
Moderate impairment

Severe impairment

1550 (62.9)
445 (18.1)
272 (11.0)
197 (8.0)

1114 (46.1)
542 (22.5)
388 (16.1)
370 (15.3)

Continued
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Table | Continued

TRIUMPH (n = 2465)

IHCS (n = 2414)

167 (6.9)
84 (3.5)

1438 (59.6)
658 (27.2)
318 (13.2)

Prior myocardial infarction, (%) 499 (20.2)
Prior stroke, (%) 118 (4.8)
Presentation, (%)
Stable angina N/A
Unstable angina N/A
Acute myocardial infarction 2465 (100)
Extent of angiographic CHD, (%)
0-vessel 195/2279 (8.6)
1-vessel 955/2279 (41.9)
2-vessel 598/2279 (26.2)
3-vessel 531/2279 (23.3)
GRACE mortality risk score (6 m) 98.9 (29.6)
Atrial fibrillation, (%) 119 (4.8)
Discharge medications, (%)
Statin 2156 (87.5)
Other lipid medication® 336 (13.6)
Aspirin 2333 (94.6)
Diabetes medication 717 (29.1)
Diuretic 654 (26.5)
ACE-I/ARB 1839 (74.6)
Beta-blocker 2217 (89.9)
Calcium channel blocker 285 (11.6)
Coumadin 246 (10.0)
Antidepressant 295 (12.0)

1114 (46.1)
542 (22.5)
388 (16.1)
370 (15.3)

245 (11.7), n = 2090

1154 (47.8)
1227 (50.8)
303 (12.6)
546 (22.7)
777 (32.3)
605 (25.1)
308 (12.8)
178 (7.4)
339 (14.3)

Cells represent mean (SD) or n (%) with the denominators at the top of the table, unless otherwise specified within cells.
ACE-|, angiotensin-converting enzyme inhibitor; ARB, angiotensin receptor blocker; CAD, coronary artery disease; GED, general educational development; GRACE, Global Registry

of Acute Coronary Events; N/A, not applicable.
*—, data not available or not complete.
PEzetimibe, bile acid sequestrants, fibrates, niacin, and fish oil.

statistics were utilized to characterize the populations. Continuous vari-
ables with a Gaussian distribution were reported as mean (standard
deviation) and their differences were assessed by independent t-tests.
Continuous variables without a Gaussian distribution were reported as
median (25th—75th percentile) with differences compared by the
Wilcoxon rank-sum test. Categorical variables were reported as propor-
tions and differences were compared using the x> method and Fisher’s
exact test.

To examine the associations of HDL parameters with outcomes, we
used unadjusted Kaplan—Meier estimates, adjusted restricted cubic
spline curves, and multivariable-adjusted Cox proportional hazards
regression. Based on study-specific analysis protocols, TRIUMPH ana-
lyses were limited to the 2-year time point, while the IHCS protocol
allowed for analyses at 1, 2, 3, 4, and 5 years. Findings were similar
acrosstime pointsin IHCS and the 1-, 3-,and 5-year results are presented.
Sequentially adjusted models are detailed in Figure 1. Given non-linearity,
we stratified patients by tertiles of HDL-C, HDL,-C, and HDL;-C.
We examined for interactions with age/sex/race, and performed add-
itional subgroup (HDL-C subclass combinations), and sensitivity analyses
(those with angiographically proven CHD).

In TRIUMPH, the overall covariate missing rate was 9.7%, mainly due to
missing information on race, insurance, education, tobacco use, AUDIT
scores, physical activity, or body mass index. Data were assumed to be

missing at random and were imputed using an imputation model that
contained all of the variables from the multivariable model. For IHCS,
all patients had values for all covariates used in the multivariable
modelling.

Statistical analyses were coordinated across centres by the Lipopro-
tein Investigators Collaborative (LIC). TRIUMPH analyses were con-
ducted with SAS version 9.2 (SAS Institute, Cary, NC, USA) and
R version 2.7.2 (R Foundation for Statistical Computing, Vienna,
Austria); IHCS analyses were conducted with SPSS version 15.0 (IBM,
Chicago, IL, USA) and SAS version 9.3 (SAS Institute, Cary, NC, USA).
Two-tailed P-values <0.05 were considered statistically significant.

Results

Baseline characteristics

The baseline sociodemographic and clinical characteristics of the
TRIUMPH and IHCS cohorts are shown in Table 1. Patients were
middle-aged to elderly, and more than two-thirds were men. Approxi-
mately, two-thirds of patients were white in TRIUMPH, whereas IHCS
was predominantly white. About one-third of TRIUMPH patients and
20% of IHCS patients had diabetes mellitus. A minority of patients in
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Figure | Adjustedspline curves of HDL parameters in association with predicted mortality and mortality/myocardial infarction. Restricted cubic
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TRIUMPH and mortality/myocardial infarction at 5 years in IHCS after adjusting for all covariates in the fully adjusted model 3.*Dotted lines indicate
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gestive heart failure, in-hospital percutaneous coronary intervention, in-hospital coronary artery bypass surgery, prior M, ST-segment depression
on electrocardiogram, and elevated cardiac biomarkers.
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both cohorts had heart failure. A discharge statin prescription was
given to 87.5% in TRIUMPH, and nearly half of IHCS patients were
discharged on a statin. There were relatively low rates of use of
other lipid-modifying agents such as ezetimibe, fibrates, or niacin.

Baseline lipid profile and HDL-C subclasses

Baseline lipid profile and HDL-C subclass information are presented
in Table 2. Mean baseline levels of total cholesterol, LDL-C,

non-HDL-C, and triglycerides were below goal levels for high-risk
patients as defined by NCEP ATP Ill. HDL-C levels were low
(TRIUMPH: 40 + 10.6 mg/dL; IHCS: 34.6 + 10.1 mg/dL), and the
ratio of total cholesterol to HDL-C was high (TRIUMPH: 4.1 + 1.2;
IHCS: 4.5 £+ 2.0). HDL3-C accounted for more than three-fourths of
HDL-C; the mean ratio of HDL3-C to HDL-C was 0.78 4+ 0.05 in
both cohorts. Apolipoprotein A1 was more tightly correlated with
HDL;-C than HDL,-C (Supplementary material online, Table S7).
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Table 2 Baseline lipid parameters in TRIUMPH and IHCS

TRIUMPH (n = 2465)

IHCS (n = 2414)

Standard lipid profile

Total cholesterol, mg/dL 156.2 (38.5) 134.7 (33.5)
HDL-C, mg/dL 40.0 (10.6) 34.6 (10.1)
Triglycerides, mg/dL 132.0 (100.0-179.0) 130.0 (93.0-181.0)
LDL-C (direct), mg/dL 95.4 (32.3) 81.9 (28.8)
Non-HDL-C, mg/dL 116.2 (36.4) 100.1 (53.8)
TC/HDL-C 41(1.2) 45 (2.0)
TG/HDL-C 3.5 (24-5.0) 3.6(2.1-52)
HDL subclasses and ApoAl
HDL,-C, mg/dL 9.0 (4.0) 7.8(3.8)
HDL;-C, mg/dL 31.0(7.3) 26.8 (6.9)
HDL,-C/HDL;-C 0.29 (0.09) 0.28 (0.10)
HDL;-C/HDL-C 0.78 (0.05) 0.78 (0.05)
HDL,-C/HDL-C 0.22 (0.05) 0.22 (0.05)
ApoAl, mg/dL 1132 (25.3) 106.8 (22.9)
HDL-C/ApoAl 0.37 (0.81) 0.30 (0.04)

Mean (SD) or median (25th—75th percentile).

Unadjusted outcomes

Follow-up was 100% complete in both studies at 2 years. In addition,
in IHCS, follow-up was 89 and 46% complete at 3 and 5 years, re-
spectively. Mortality occurred in 226 (9.2%) TRIUMPH and 243
(10.19%) IHCS patients. A total of 208 (8.6%) IHCS patients were
rehospitalized for MI. There were no significant differences in mortal-
ity rates between tertiles of HDL-C (Supplementary material online,
Table S2). Within subclasses, there were also no differences between
HDL,-C tertiles. However, for the lowest tertile of HDL5;-C com-
pared with the middle and highest tertiles, approximately two-fold
higher rates of events were observed for mortality in TRIUMPH
and mortality or Ml in IHCS. This finding emerged by 1 year in
IHCS, and remained consistent over time.

Adjusted outcomes

Findings were consistent across sequentially adjusted models in both
TRIUMPH and IHCS (Supplementary material online, Table S3).
Using fully adjusted models, Figure 1 shows restricted cubic spline
curves examining the association of HDL parameters with outcomes.
For HDL-C, there was a non-linear, weak U-shaped association with
mortality in TRIUMPH, whereas in IHCS, the curve was flat and not
statistically significant. Examining HDL-C subclasses, the association
of HDL,-C with outcomes was flat and not statistically significant in
either cohort. In contrast, HDL3-C was strongly inversely associated
with outcomes in both cohorts up through levels of ~40 mg/dL after
which in TRIUMPH there was suggestion of non-linearity with
modest upturning of the curve in U-shaped fashion (could be ad-
versely affected by the small sample size at upper limits).

Figure 2 presents forest plots of point estimates and 95% confi-
dence intervals for the relationship of HDL parameters with
outcomes in fully adjusted models. In both cohorts, confidence

intervals crossed unity for each HDL parameter with the exception
of HDL3-C. For the lowest vs. middle tertile of HDL3-C (similar
results for lowest vs. highest tertile of HDL3-C; Supplementary ma-
terial online, Table $4), there was a higher risk of mortality (HR,
1.57;95% Cl, 1.13-2.18) in TRIUMPH and mortality or Ml in IHCS
(HR, 1.55;95% Cl, 1.20—-2.00). These associations were only modes-
tly attenuated by further adjustment for apolipoprotein A1
(TRIUMPH: HR, 1.42; 95% ClI, 1.00—2.02 and IHCS: HR, 1.43; 95%
Cl, 1.05-1.96).

Interaction, subgroup, and sensitivity
analyses

In IHCS, but not TRIUMPH, there was a significant interaction
between age and HDL3-Cin fully adjusted Cox models (Supplemen-
tary material online, Table S5). There were no other significant inter-
actions between age/sex and HDL parameters in either cohort
(Supplementary material online, Table S6). In TRIUMPH, there was
no interaction between race and HDL parameters. When stratified
by sex, only HDL3-C was significantly associated with outcomes in
both cohorts (Supplementary material online, Table S6A and B).

Supplementary material online, Figure ST presents forest plots of
point estimates and 95% Cls for the relationship of combinations
of HDL,-C and HDL;-C with outcomes in fully adjusted models.
The signal for risk was concentrated in the subgroups in both the
lowest tertile of HDLs-C and lowest or middle tertile of HDL,-C.

In a sensitivity analysis, the IHCS population was restricted to only
those with angiographic CHD (n = 1300) and the same patterns
were found, in that HDL3-C tertiles were strongly associated with
outcomes, whereas they were not for HDL-C or HDL,-C (Supple-
mentary material online, Table S7A and B).
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Figure 2 Hazard ratios for mortality and mortality/myocardial infarction in association with hdl parameters. Models were adjusted for all covari-
ates in the fully adjusted model 3. (A) TRIUMPH mortality at 2 years, (B) IHCS mortality/myocardial infarction at 1 year, (C) IHCS mortality/myo-
cardial infarction at 3 years, and (D) IHCS mortality/myocardial infarction at 5 years.

Discussion

To our knowledge, this is the largest and most completely adjusted
observational study seeking to define the independent associations
of HDL-C and its two major subclasses with clinical outcomes in
patients with established CHD. In this type of population, it is also
the first to examine mortality as an endpoint in relation to HDL,-C
vs. HDL3-C. Our results show higher mortality in Ml patients and
mortality or Ml in patients undergoing angiography to be strongly
associated with lower HDL3-C, but not with HDL,-C levels. The con-
sistency of findings across two complementary, prospective studies
of patients spanning the clinical spectrum of CHD enhances the gen-
eralizability of our findings. Importantly, the risk associated with low
HDL;-C is minimally attenuated by adjustment for apolipoprotein

A1, an HDL measure previously cited to be more predictive of
HDL-associated risk than HDL-C.*

HDL, vs. HDL;

High-density lipoprotein is a highly heterogeneous particle in terms
of its size, density, charge, chemical composition, and functionality.s’9
These properties are differentially related to HDL,-C and HDL;-C,
the less dense and denser subclasses. HDL; is the major form of
HDL as evidenced by the majority (75%) of HDL cholesterol residing
in this subclass. HDL; particles play a central role in RCT, extracting
cholesterol from the periphery, and mature into HDL, particles via
progressive lipidation by lecithin:cholesteryl acyltransferase.
Indeed, apolipoprotein A1 is considered the major structural HDL



HDL-C subclasses and prognosis

29

protein and is more tightly correlated with HDL3-C than HDL,-C in
our data. The central positioning of HDL3 in RCT and greater contri-
bution to total HDL-C may indicate that HDL3 assumes the majority
of responsibility for HDL functions, such as RCT. One could specu-
late that low concentrations of HDL; indicate inefficiency in this
process, potentially explaining in part the findings of our study. Inadd-
ition, the findings may be related to other HDL functions, such as anti-
oxidative capacity, that may track more closely with HDL;.

HDL-C subclasses and risk

Studies as early as the 1960s suggested that measurement of HDL-C
subclasses might add information in CHD risk prediction.?® Consist-
entwith our findings, multiple studies have found that higher HDL3-C
is most strongly associated with lower risk.'>~"* However, other
studies showed the opposite'®'" and, by extension, suggested that
HDL,; is the more protective subclass. Working towards resolution
of this subclass controversy is ever more important given the demon-
stration in our study and other contemporary secondary prevention
studies”® that total HDL-C levels are not predictive of risk combined
with difficulties in developing therapies targeting total HDL-C
levels.”*?* The results of this study, along with parallel primary pre-
vention analyses using the same methodology for HDL-C subclassi-
fication (manuscript submitted jointly), tip the balance of evidence
to HDL;-C as the primary mediator or marker of risk (Supplemen-
tary material online, Table S8).

U-shaped curve

Mortality is an objective endpoint but subject to competing non-
cardiovascular risks. Our data suggest that the relationship of
HDL;-C levels with mortality in CHD patients may be modestly
U-shaped. This is compatible with findings from the Livermore
Cohort wherein the lowest HDL3 quartile was associated with
shorter longevity, while linear increases in HDL; were not.?
A U-shaped relationship between HDL-C and mortality has also
been described in several prior studies.”’ ~%° In a Veterans Adminis-
tration Medical Center Population with low LDL-C, investigators
observed a U-shaped relationship between HDL-C and 1-year all-
cause mortality in unadjusted and adjusted analyses.””

This observation might in part reflect the disconnect between
HDL-C levels and HDL function and might also reflect HDL as a
marker for non-cardiovascular conditions that lead to mortality,
such as diseases or accidents related to alcohol abuse. Nevertheless,
adjustment for alcohol use failed to fully account for the weak
U-shaped relationship in our study, as was also the case in the afore-
mentioned Veterans Administration population.”’ This leaves open
the possible role of dysfunctional HDL?*® or other mechanistic possi-
bilities that are not yet well characterized. Transformation of HDLs
to dysfunctional, pro-inflammatory forms appears to be animportant
determinant of cardiovascular risk, and more work is needed in this
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novel area of research.

The question of causality

Mendelian randomization suggests that aggregate cholesterol
content of HDL particles, or HDL-C, is not causal in CHD.?'
However, potential anti-atherogenic functions attributed to HDL
include RCT, reduction of inflammation in the arterial wall, inhibition

of LDL oxidation, and improvement of endothelial function.”~’

Given that HDL functions vary by subclass, size, and composition
of HDL,*?it may be informative to conduct Mendelian randomization
studies mapped to HDL subclass or particle concentration measures
if genes can be identified to allow for such analysis.

Limitations

First, while we performed extensive bivariate comparisons of rele-
vantfactorsin our well-characterized samples and used adjusted mul-
tivariable modelling, unmeasured confounders are possible in this
observational analysis. Secondly, a one-time lipid profile at the time
of Ml or coronary angiography may not represent levels of HDL-C
parameters over a lifetime and does not address the relationship of
changes in HDL-C parameters with outcomes. Third, HDL-C sub-
classification by ultracentrifugation is one method of measurement
among a heterogeneous set of available technologies for more granu-
lar characterization of HDL.3* Nuclear magnetic resonance spectros-
copy and 2D gel electrophoresis provide information on additional
subfractions, and there may be discernible differences between
these technologies in risk associations. Further research is necessary
to compare these techniques with ultracentrifugation, delineate
which subfractions are prone to change functionality (and when),
while examining their clinical implications.*® Fourth, while all-cause
mortality is a reliable and important hard endpoint, competing
non-cardiovascular risks may contribute. We also did not study car-
diovascular endpoints other than recurrent M, such as angina or
revascularization. Finally, we address the question of prognosis, not
management of HDL, wherein there is currently clinical uncertainty,
and novel approaches are needed.>***

Conclusion

These contemporary, rigorouslyadjusted analyses, supplemented
with prior biological, epidemiological, and clinical trial evidence,
appear to implicate the HDL; density subclass as being the primary
marker or mediator of risk. In secondary prevention populations,
these data provide evidence that, by ultracentrifugation, a worse
prognosis is associated with low HDL3-C, but not HDL,-C or
HDL-C. Our results highlight the value of subclassifying HDL for
risk stratification and provide a strong impetus for further research
leveraging technologies that characterize HDL at a more granular
level and map this information to clinical outcomes.

Supplementary material

Supplementary material is available at European Heart Journal online.
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