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Novel Size-Based High-Density Lipoprotein
Subspecies and Incident Vascular Events

Austin Deets (2, MD; Parag H. Joshi @@, MD, MHS; Alvin Chandra 2, MD; Kavisha Singh =, MD;

Amit Khera @@, MD; Salim S. Virani (2, MD; Christie M. Ballantyne @, MD; James D. Otvos @, PhD;

Robin P. F. Dullaart @, MD, PhD; Eke G. Gruppen @, PhD; Margery A. Connelly, PhD, MBA;

Colby Ayers @, MS; Ann Marie Navar @2, MD, PhD; Ambarish Pandey @2, MD, MSCS; John T. Wilkins 2, MD, MS;
Anand Rohatgi @@, MD, MSCS

BACKGROUND: High-density lipoprotein (HDL) particle concentration likely outperforms HDL cholesterol in predicting athero-
sclerotic cardiovascular events. Whether size-based HDL subspecies explain the atheroprotective associations of HDL par-
ticle concentration remains unknown. Our objective was to assess whether levels of specific size-based HDL subspecies
associate with atherosclerotic cardiovascular disease in a multiethnic pooled cohort and improve risk prediction beyond
traditional atherosclerotic cardiovascular disease risk factors.

METHODS AND RESULTS: Seven HDL size-based subspecies were quantified by nuclear magnetic resonance (LP4 algorithm;
Hi=smallest; H7=largest) among participants without prior atherosclerotic cardiovascular disease in ARIC (Atherosclerosis
Risk in Communities), MESA (Multi-Ethnic Study of Atherosclerosis), PREVEND (Prevention of Renal and Vascular Endstage
Disease), and DHS (Dallas Heart Study) cohorts (n=15371 people). Multivariable Cox proportional hazards models were used
to evaluate the association between HDL subspecies and incident myocardial infarction (MI) or ischemic stroke at follow-up
(average 8-10years) adjusting for HDL cholesterol and risk factors. Improvement in risk prediction was assessed via dis-
crimination and reclassification analysis. Within the pooled cohort (median age 57 years; female 54%; Black 22%) higher H1
(small) and H4 (medium) concentrations were inversely associated with incident Ml (hazard ratio [HR]/SD, H1 0.88 [95% ClI,
0.81-0.94]; H4 0.89 [95% ClI, 0.82-0.97]). H4 but not H1 improved risk prediction indices for incident MI. Increasing H2 and
H4 were inversely associated with improved risk prediction indices for composite end point of stroke, Ml, and cardiovascular
death (HR/SD, H2 0.94 [95% ClI, 0.88-0.99]; H4 0.91 [95% ClI, 0.85-0.98)]). Levels of the large subspecies (H6 and H7) were
not associated with any vascular end point.

CONCLUSIONS: Two of 7 HDL size-based subspecies modestly improved risk prediction for Ml and composite vascular end
points in a large multiethnic pooled cohort. These findings support assessment of precise HDL subspecies for future studies
regarding clinical utility.

Key Words: HDL m HDL size m HDL-C m M| m multiethnic m stroke

¥20z ‘sz ARe|N uo Aq Blo'sfeulnofeye//:dny woly papeojumoq

tration (HDL-C) remains a cornerstone marker of
atherosclerotic cardiovascular disease (ASCVD)
risk’; however, the evidence supporting its utility is pri-
marily derived from older cohorts.>* As contemporary

H igh-density lipoprotein (HDL) cholesterol concen-

studies expand the diversity of participants to be more
reflective of the US population, there is accumulating
evidence demonstrating that HDL-C’s associations
are nonlinear and blunted with respect to myocardial
infarction (M), stroke, and all-cause mortality.>=® This
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CLINICAL PERSPECTIVE
What Is New?

We demonstrate for the first time that specific
size-based high-density lipoprotein subspecies
improve risk prediction of incident myocardial
infarction beyond high-density lipoprotein cho-
lesterol levels and overall particle numbers.

What Are the Clinical Implications?

e The clinical implications of our study are that
focusing on measurement of specific high-den-
sity lipoprotein species rather than total high-
density lipoprotein cholesterol may enhance
risk prediction of atherosclerotic cardiovascular
disease and uncover potential new therapeutic
targets.

Nonstandard Abbreviations and Acronyms

HDL-P high-density lipoprotein particle

concentration
NMR nuclear magnetic resonance
NRI net reclassification improvement

is underscored by failure of novel drugs that robustly
increase HDL-C to affect incidence of Ml and ischemic
stroke,® further supporting the disconnection between
HDL-C and ASCVD.

HDL does not exist as uniform particles but as a
mixed collection of structurally and functionally unique
subspecies that are not represented by HDL-C per
se.'%2 Properties reflective of the unique physiochem-
istry of HDL, such as HDL particle concentration (HDL-
P), have more consistent relationships with ASCVD
event risk than HDL-C, even in select populations such
as those on statin therapy, with type 1 diabetes, and
children.>"1314 HDL-P, much like HDL-C, represents a
composite of many unique HDL subspecies, with sig-
nificant heterogeneity in size and relative abundance.
Creating more homogeneity by partitioning particles
by size and measuring the particle concentrations of
these size-based HDL subspecies may add further
precision. Whether assessment of these specific size-
based HDL subspecies improves ASCVD risk predic-
tion remains unknown.

HDL composition can be analyzed practically in
a clinical setting by a variety of methods.’> Nuclear
magnetic resonance (NMR) is one technique that has
been well studied in large populations;'6='9 it measures
HDL-C to the same precision as tradition biochemical
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assays® and has added advantage of measuring par-
ticle heterogeneity, namely HLD-P and HDL-particle
size. These size-based HDL subspecies correlate with
ASCVD in some but not all studies, leaving unclear as-
sociations between HDL particle size and ASCVD.?'-%4
This inconsistency may be partly due to the limitations
of inadequate resolution of previous methods that
were unable to separate the heterogeneous conglom-
erate of HDL particles into a sufficient number of dis-
crete homogeneous subspecies. However, advances
in NMR algorithms can now determine 7 different size-
based HDL subspecies,?® which offers an opportunity
to explore the associations between precise HDL sub-
species and ASCVD risk.

Some limitations of prior studies include use of
mostly single cohorts with limited numbers of events.
Further, lack of ethnic diversity and inadequate rep-
resentation of women in some previous studies limit
generalizability of those findings. Therefore, we pooled
individual-level data from the ARIC (Atherosclerosis
Risk in Communities), MESA (Multi-Ethnic Study of
Atherosclerosis), PREVEND (Prevention of Renal and
Vascular Endstage Disease), and DHS (Dallas Heart
Study), which all used the same NMR platform to mea-
sure HDL size-based (H1-H7) subspecies. The ob-
jective of the current study is to use a large diverse
pooled cohort to investigate the associations between
the novel 7 size-base HDL subspecies and ASCVD.

METHODS

ARIC and MESA cohort data are available publicly at
BIOLINCC (https://biolincc.nhlbi.nih.gov/home/). Data
for PREVEND and DHS are available, respectively, at
https://umcgresearch.org/w/prevend and https:/www.
utsouthwestern.edu/research/translational-medicine/
doing-research/dallas-heart/. Approval of local medi-
cal ethics committees was obtained for all cohorts,
and all participants provided written informed consent.
The studies were carried out in accordance with the
Helsinki declaration.

ARIC, MESA, PREVEND, and DHS are all prospec-
tive, community-based cohort studies. We pooled in-
dividual participant-level data into a single harmonized
cohort, excluding participants with known cardiovas-
cular disease. Each study had similar protocols for ob-
taining lipid data.?® Fasting venous blood samples were
collected and stored at —80 °C. Standard methods
were used to measure total cholesterol, HDL-C, and
triglycerides, and calculate non-HDL-C. Low-density
lipoprotein cholesterol concentration levels were cal-
culated with the Friedewald equation.?” The 7 novel
size-based subspecies concentrations were quan-
tified in serum or EDTA plasma specimens by NMR
LipoProfile (LipoScience [now Labcorp], Morrisville,
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NC) testing using a 400-MHz NMR Profiler or Vantera
Clinical Analyzer, a fully automated NMR platform, and
the LP4 deconvolution algorithm.?® H1 is the smallest
subgroup and H7 the largest: H1 (7.4—7.7 nm), H2 (7.8—
8.6nm), H3 (8.7-9.4nm), H4 (9.5-10.2nm), H5 (10.3-
10.7nm), H6 (10.8-11.9nm), and H7 (12.0-13.0nm).
Details on how NMR is able to accurately quantify
lipoprotein particle of different sizes can be found in
Jeyarajah et al.?°

ARIC is a prospective cohort examining cardiovas-
cular disease incidence in Black and White adults 45 to
60years of age from Forsyth County, North Carolina;
Jackson, Mississippi; suburbs of Minneapolis, Minn-
esota; and Washington County, Maryland.?® The ca-
rotid magnetic resonance imaging substudy (N=1686)
performed additional lipoprotein analysis with NMR
only; these participants and their corresponding lipid
profiles were used for the pooled cohort. MESA is a
multiethnic cohort (N=6814) of adults 45 to 84years
old from 6 centers in the United States serially moni-
tored for development of clinically significant ASCVD.?°
PREVEND’s cohort (N=6214) is based in Groningen,
the Netherlands, initially investigating the association of
microalbuminuria and cardiovascular disease in partic-
ipants 28 to 75years of age.3° DHS (N=2782) intention-
ally recruited ~50% Black Dallas County residents to
create a more ethnically diverse cohort (ages 30-65).

All cohorts had self-reported history of sex, eth-
nicity, and smoking status. Diabetes was defined uni-
formly across all cohorts as fasting glucose >126 mg/dL
or 7mmol/L or use of glucose-lowering medications.
Hypertension was defined as average systolic blood
pressure >140mmHg and average diastolic blood
pressure >90mmHg or use of blood pressure-lower-
ing medication.

Methods of obtaining clinical events were individu-
alized to each cohort. ARIC combined death certificate
information, hospital discharge information, follow-up
phone calls, and independent adjudicators to report
events outlined on their website (https://sites.cscc.unc.
edu/aric/surveillance-manuals). MESA called partici-
pants every 9 to 12months, with committees adjudi-
cating events. PREVEND used information from the
national registry of hospital discharge diagnoses and
the Dutch Central Bureau for Statistics. DHS methods
of adjudication have been previously described.®! Each
cohort had approximately similar mean lengths of fol-
low-up, with a range of 8 to 12years.

Co-primary outcomes were defined as (1) fatal and
nonfatal Ml and (2) fatal and nonfatal ischemic stroke
events. All definite or suspected embolic or hemor-
rhagic stroke events were excluded from primary out-
comes. Secondary outcomes were (1) combined end
points of nonfatal and fatal Ml and ischemic stroke and
(2) composite cardiovascular end point defined as car-
diovascular death, Ml, and all strokes.

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160
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Statistical Analysis

All 4 cohorts were harmonized into a single popula-
tion and subsequently analyzed using individual par-
ticipant level data. Spearman correlations were used
to determine correlations across all HDL markers. Main
exposures were reported as medians with interquar-
tile intervals. Cox proportional hazards models for time
to first events were used to determine hazard ratios
(HR) for HDL subspecies as both continuous markers
(per 1 SD) and as quartiles (quartiles 2, 3, and 4 ver-
sus 1). Markers were log-transformed when required
to maintain linearity. For all models, stratified baseline
hazards were used, allowing for a different baseline
hazard function for each cohort. Robust SEs were
used to account for possible correlation within cohorts.
Proportional hazards assumptions were satisfied by
assessing Schoenfeld residuals. A log-likelihood chi-
square test was used to assess the P trend.

Models were adjusted for the traditional risk fac-
tors age, sex, race or ethnicity, hypertension, diabe-
tes, smoking, lipid medications, low-density lipoprotein
cholesterol, and triglycerides as well as body mass
index, waist circumference (centimeters), and high-sen-
sitivity C-reactive protein. Fully adjusted models for the
main results included all 7 HDL subspecies. Serial ad-
justments were made for HDL-C. HDL-P was not in-
cluded in these models because all 7 HDL size species
sum to total HDL-P.

Risk prediction performance was analyzed using
metrics of discrimination,®? C-statistic and integrated
discrimination improvement, and reclassification,®3 net
reclassification improvement (NRI). Positive, nonzero
numbers for these value suggest experimental model is
superior in risk prediction compared with base model.
Base models®* included age, sex, race or ethnicity,
hypertension, diabetes, smoking, lipid medications,
low-density lipoprotein cholesterol, and triglycerides
as well as body mass index, waist circumference (cen-
timeters), and high-sensitivity C-reactive protein. The
additional contributions of HDL-C, total HDL-P, and the
7 HDL subspecies were tested in separate models.
Lastly, the 7 HDL subspecies were each compared
with models that included the aforementioned risk fac-
tors as well as HDL-C. All analyses were conducted
using SAS 9.3 (SAS Institute, Raleigh Durham, Cary,
NO).

RESULTS

The pooled cohort consisted of 15371 participants free
of known underlying ASCVD (Table 1) at baseline. The
median age was 56years; 54% were female and 22%
were Black. Median HDL-C was 48mg/dL (Table 1).
During 11.3years of median follow-up time (total follow-
up time 204 887 years), 721 fatal/nonfatal Ml, 467 fatal/
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Table 1. Baseline Characteristics of Pooled and Constituent Cohorts
Overall (n=15371) ARIC (n=1595) MESA (n=6632) PREVEND (N=5022) | DHS (n=2535)

Age,y 56.8 (13.1) 70.9 (5.6) 62.2 (10.2) 531 (11.9) 437 (9.87)
Female sex, n (%) 8850 (54.2) 888 (55.7) 3506 (52.9) 2730 (54.4) 1413 (55.7)
Black, n (%) 3520 (22.3) 412 (25.8) 1831 (27.6) 44 (0.9) 1212 (47.8)
Systolic blood pressure, mmHg 126 (19) 125 (14) 127 (21) 126 (19) 124 (18)
Low-density lipoprotein cholesterol, 115 (32) 118 (34) 117 (32) 115 (29) 107 (35)
mg/dL
Total cholesterol, mg/dL 125 (94) 197 (40) 194 (35) 212 (40) 181 (39)
Body mass index, kg/m? 28 (6.0) 28.9 (5.3) 28.3 (5.4) 26.6 (4.4) 29.6 (7.0)
Fasting glucose, mg/dL 95 (27) 107 (24) 97 (80) 90 (21) 101 (41)
Diabetes, n (%) 1808 (10) 332 (19.9) 851 (12.6) 352 (5.6) 273 (9.8)
Waist circumference, cm 96 (14) 98.9 (12.7) 98.1 (14.4) 91.7 (12.7) 98.9 (16.6)
Smoking, n (%) 3505 (20) 151 (9) 878 (13) 1727 (28) 749 (27)
HDL-cholesterol, mg/dL 48 (40-57) 48 (40-58) 48 (40-59) 47 (40-56) 48 (40-57)
HDL-particle concentration pumol/L 32.5(28.8-36.8) 34.9 (31.2-39.9) 33.4 (29.3-38) 31.2(27.8) 32.8 (28.9-37.1)
HDL size, nm 9.1 (8.8-9.5) 9.1(8.7-9.5) 9.2 (8.9-9.6) 9.1 (8.7-9.6) 9.0 (8.7-9.3)
H1 pmol/L, median (IQR) 4.20 (2.70-5.50) 1.91 (1.06-3.03) 5.13 (4.20-6.06) 3.43 (2.24-4.64) 4.50 (2.70-5.0)
H2 umol/L, median (IQR) 10.37 (8.50-12.40) 13.08 (10.86-15.17) | 9.45 (7.63-11.44) 10.59 (9.03-12.22) 10.50 (8.50-12.60)
H3 umol/L, median (IQR) 2.37 (0.90-4.08) 2.76 (1.40-4.31) 1.58 (0.43-3.50) 3.18 (1.97-4.45) 1.30 (0.20-3.33)
H4 umol/L, median (IQR) 1.38 (0.78-2.09) 1.25(0.72-1.87) 1.09 (0.56-1.73) 1.71 (1.12-2.46) 1.40 (0.070-2.10)
H5 umol/L, median (IQR) 0.85 (0.35-1.63) 0.94 (0.54-1.58) 1.56 (0.98-2.48) 0.30 (0.05-0.62) 0.90 (0.50-0.80)
H6 wmol/L, median (IQR) 0.42 (0.13-1.01) 0.57 (0.26-1.15) 0.27 (0.04-0.69) 0.63 (0.26-1.38) 0.40 (0.10-0.80)
H7 umol/L, median (IQR) 0.32 (0.13-0.59) 0.16 (0.06-0.32) 0.42 (0.24-0.67) 0.33 (0.13-0.63) 0.20 (0.10-0.40)

Baseline properties of individual cohorts. ARIC indicates Atherosclerosis Risk in Communities; DHS, Dallas Heart Study; HDL-C, high-density lipoprotein
concentration; IQR, interquartile range; MESA, Multi-Ethnic Study of Atherosclerosis; and PREVEND, Prevention of Renal and Vascular Endstage Disease.

Median concentration for HDL subspecies with interquartile range for pooled cohort.

nonfatal ischemic stroke, and 1781 events for compos-
ite end point occurred (cardiovascular death, MI, and
all stroke types).

HDL-C was moderately correlated with HDL-P
(r=0.72; Table S1). The HDL subspecies with the stron-
gest correlations with HDL-C included the 2 largest,
H6 (=0.55) and H7 (r=0.60), as well as H3 (=0.47).
Besides an isolated association between H6 (large)
and H3 (medium; R=0.58) (P<0.01 for each), the 7 HDL
subspecies did not have strong associations among
each other (Table S1).

In risk factor adjusted models (without HDL-C) in-
cluding all 7 HDL subspecies, H1, H2, and H4 were
inversely associated with incident MI. For all 3 signif-
icant HDL subspecies, there was 11% to 14% lower
incidence of Ml per 1 SD higher value at baseline in
our pooled cohort (HR per SD, H1 0.86 [95% ClI, 0.80—
0.93]; H2 0.89 [95% ClI, 0.83-0.97]; H4 0.86 [95% CI,
0.79-0.93]) (Figure 1). Subsequent quartile analysis
demonstrated 27% to 32% lower incidence of Ml com-
paring top versus bottom quartiles (HR Q4 versus Q1,
H1 0.73 [95% Cl, 0.58-0.91]; H2 0.69 [95% CI, 0.54—
0.89]; H4 0.68 [95% ClI, 0.54-0.86]; Figure 2).

With respect to the second co-primary end point
of ischemic stroke, H2 and H4 were inversely asso-
ciated in models adjusted for risk factors (without

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160

HDL-C) and all 7 HDL subspecies (HR per SD higher
value, H2 0.88 [95% CI, 0.80-0.96]; H4 0.87 [95% ClI,
0.78-0.97]) (Figure 3). Quartile analyses revealed 25%
to 32% lower incidence in ischemic stroke in the top
versus bottom quartile (HR Q4 versus Q1, H2 0.69
[95% CI, 0.52-0.92]; H4 0.75 [95% CI, 0.56-1.02))
(Figure 4).

Continuous analysis for the secondary end point of
combined MI and ischemic stroke demonstrated in-
verse associations with H1, H2, H4, and H5 (HR per
SD higher value, H1 0.90 [95% ClI, 0.85-0.99]; H2 0.89
[95% CI, 0.84-0.95]; H4 0.86 [95% CI, 0.81-0.92]; H5
0.90 [95% CI, 0.83-0.98]). H1, H2, and H4 remained
associated in quartile analyses (HR Q4 versus Q1, H1
0.78 [95% Cl, 0.64-0.97]; H2 0.69 [95% ClI, 0.57-0.83];
H4 0.70 [95% ClI, 0.57-0.84));

With respect to the secondary composite end point
of cardiovascular death, MI, and all strokes, H2, H4,
and H5 were inversely associated (HR per SD higher
value, H2 0.90 [95% CI, 0.85-0.95], H4 0.88 [95% ClI,
0.83-0.94], H5 0.92 [95% ClI, 0.85-0.99]). Only H2 and
H4 demonstrated significance in Q4 versus Q1 quartile
analysis (HR Q4 versus Q1, H2 0.74 [95% CI, 0.63-
0.86]; H4 0.75 [95% ClI, 0.63-0.89]).

In risk factor adjusted models including all 7 HDL
subspecies, after serially adjusting for HDL-C for the
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Figure 1. Size-based HDL subspecies associations with incident
myocardial infarction per 1 SD increment.

H1 (7.4-7.7nm), H2 (7.8-8.6nm), H3 (8.7-9.4nm), H4 (9.5-10.2nm), H5 (10.3-
10.7 nm), H6 (10.8-11.9nm), H7 (12.0-13.0nm). A, Cox proportional hazard models
of size-based HDL subspecies and incident myocardial infarction. Models include
adjustment for age, race or ethnicity, sex, diabetes, hypertension, smoking, low-
density lipoprotein cholesterol, triglycerides, lipid-lowering medications, body
mass index, waist circumference, and high-sensitivity C-reactive protein and all 7
HDL subspecies. B, Adjusted for HDL-C in addition to previous risk factors. HDL-C
indicates high-density lipoprotein cholesterol; and Ml, myocardial infarction.

primary end points, only H1 and H4 retained significant
associations with Ml (HR per SD higher value, H1 0.88
[95% CI, 0.81-0.95], H4 0.89 [95% CI, 0.82-0.97]),
and relationships between all HDL subspecies and
ischemic stroke were attenuated. For Ml, HR trends
across increasing quartiles were significant for H1
(Pieng=0.004), H2 (P, .,q=0.03), and H4 (P,,,,q=0.001).

tren ren
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With respect to risk prediction performance be-
yond traditional risk factors, for the primary end point
of MI, addition of HDL-C did not improve C-statistic or
NRI but did improve the integrated discrimination im-
provement (Table 2). Addition of HDL-P did not improve
the C-statistic but did improve both the NRI and in-
tegrated discrimination improvement. Analyzing each
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Figure 2. Associations between quartiles of high-density lipoprotein
particles H1 (7.4-7.7nm), H2 (7.8-8.6nm), and H4 (9.5-1.2nm) and incident
myocardial infarction.

A, Cox proportional hazard models of quartile 2 (Q2), quartile 3 (Q3), and quartile 4
(Q4) vs quartile 1 for H1, H2, H4, and incident myocardial infarction. Models include
adjustment for age, race or ethnicity, sex, diabetes, hypertension, smoking, low-
density lipoprotein cholesterol, triglycerides, lipid-lowering medications, body
mass index, waist circumference, and high-sensitivity C-reactive protein and all 7
HDL subspecies. B, Adjusted for HDL-C in addition to previous risk factors. HDL-C

indicates high density lipoprotein cholesterol; MI, myocardial infarction.

subspecies separately with regard to MI, H4 was the
only subspecies that improved the C-statistic, NRI, and
integrated discrimination improvement when added to
risk factor adjusted models with and without HDL-C.

For risk prediction performance for the combined
end point of cardiovascular death, MI, and all strokes,
compared with risk factor adjusted models including
HDL-C, H2 and H4 improved both the C-statistic and
NRI.

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160

DISCUSSION

In our large, multiethnic pooled cohort, novel size-
based HDL subspecies were associated with incident
ASCVD events. Of 7 HDL subspecies, higher levels of
H2 (small) and H4 (medium) were consistently associ-
ated with reduced risk of MI, ischemic stroke, and the
composite end point of cardiovascular death, Ml, and
all stroke. In addition to H2 and H4, higher levels of
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Figure 3. Size-based HDL subspecies associations with incident ischemic
stroke per 1 SD increment.

H1 (7.4-7.7nm), H2 (7.8-8.6nm), H3 (8.7-9.4nm), H4 (9.5-10.2nm), H5 (10.3-
10.7 nm), H6 (10.8-11.9nm), H7 (12.0-13.0nm). A, Cox proportional hazard models
of size-based HDL subspecies and incident ischemic stroke. Models include
adjustment for age, race or ethnicity, sex, diabetes, hypertension, smoking, low-
density lipoprotein cholesterol, triglycerides, lipid-lowering medications, body
mass index, waist circumference, and high-sensitivity C-reactive protein and all 7
HDL subspecies. B, Adjusted for HDL-C in addition to previous risk factors. HDL-C

indicates high-density lipoprotein cholesterol; and MI, myocardial infarction.

H1 (smallest size) were also associated with reduced
risk of incident MI. Intriguingly, none of the large sub-
species (H6-H7) were associated with any specific or
composite end point despite prior associations with fa-
vorable cardiometabolic phenotypes.®®36 These find-
ings expand on prior studies that had demonstrated
associations between total HDL particle concentration
(HDL-P) and MI by now revealing specific size-based
HDL subspecies that may contribute to that protective
relationship in a large, diverse pooled cohort across 4
distinct studies (Figure 5).

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160

Although HDL has purported atheroprotective ef-
fects, whether markers of HDL metabolism have clinical
utility in risk prediction remains unknown. The overall
cholesterol content of HDL (HDL-C) has been the prin-
cipal measurement over the decades but with incon-
sistent results in terms of CVD risk prediction. Recent
studies reveal that HDL exists as a heterogenous set of
subspecies with diversity in structure and function3-39;
using the simplistic HDL-C in current models of ASCVD
does not consider this physicochemical complexity
but only its cholesterol cargo. It is likely that specific
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Figure 4. Associations between quartiles of high-density lipoprotein
particles H2 (7.8-8.6 nm) and H4 (9.5-1.2nm) and incident ischemic stroke.
H1 (7.4-7.7nm), H2 (7.8-8.6nm), H3 (8.7-9.4nm), H4 (9.5-10.2nm), H5 (10.3-
10.7 nm), H6 (10.8-11.9nm), H7 (12.0-13.0nm). A, Cox proportional hazard models
of size-based HDL subspecies and incident ischemic stroke. Models include
adjustment for age, race or ethnicity, sex, diabetes, hypertension, smoking, low-
density lipoprotein cholesterol, triglycerides, lipid-lowering medications, body
mass index, waist circumference, and high-sensitivity C-reactive protein and all
7 HDL subspecies. B, Adjusted for HDL-C in addition to previous risk factors.
HDL-C, high-density lipoprotein cholesterol; and MI, myocardial infarction.

subspecies of HDL drive associations with ASCVD,
and ability to measure these subspecies could lead
to more consistent associations and potential thera-
peutic targets.?® Advanced methods have evolved to
precisely measure these subspecies and have been
scaled for clinical application. Size-based characteri-
zation of HDL subspecies is an attractive approach.
Density-based methods were methodologically robust
but laborious and provided inconsistent associations
with CVD end points across population-based co-
horts and clinical trials.*9-%2 lon mobility*® and NMR
are high-throughput technologies used both in re-
search and clinically that provide refined size-based

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160

assessment of HDL subspecies. NMR-based lipo-
protein particle measurement has been used in mul-
tiple cohorts with CVD end points and now provides
improved resolution, with the ability to assess 7 size-
based HDL subspecies, a significant advance beyond
the conventional 2 to 5 size-based subspecies ap-
proach with prior methods. Recently, using the same
NMR methodology as this study, Sokooti et al found
some of the 7 size-based HDL subspecies associated
with incident type 2 diabetes both in the general pop-
ulation' and in kidney transplant recipients.** Here we
showed that applying this more precise technique to
our pooled cohort revealed that particles that were
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Table 2. Risk Prediction Performance of HDL Subspecies for Myocardial Infarction

C-statistic (95% CI) | Delta_C-statistic (95% CI) | NRI (95% ClI); P value IDI (95% ClI); P value
Base model 0.77 (0.75-0.78)
Base model+HDL-P 0.77 (0.75-0.78) 0.0004 (-0.0008-0.002) 0.12 (0.03-0.20); P=0.007 0.002 (0.0008-0.004); P=0.0007
Base model+HDL-C 0.77 (0.75-0.78) 0.0007 (-0.002-0.003) 0.05 (-0.04-0.15); P=0.26 0.002 (0.0006-0.003); P=0.003
Base model+H1 0.77 (0.75-0.78) 0.0002 (-0.001-0.001) 0.05 (-0.05-0.15); P=0.31 —0.00009 (-0.0007-0.0005); P=0.77
Base model+H2 0.77 (0.75-0.78) 0.002 (-0.0001-0.004) 0.03 (-0.08-0.15); P=0.58 0.00003 (-0.0006-0.0007); P=0.93
Base model+H4 0.77 (0.75-0.78) 0.004 (0.0001-0.01) 0.16 (0.08-0.24); P=0.0001 0.002 (0.0009-0.004); P=0.001
Base model+H1+HDL-C 0.77 (0.75-0.78) 0.0008 (-0.002-0.003) 0.06 (-0.05-0.16); P=0.29 0.00001 (-0.0007-0.0008); P=0.98
Base model+H2+HDL-C 0.77 (0.75-0.79) 0.002 (-0.001-0.005) 0.01 (-0.09-0.11); P=0.82 —-0.0001 (-0.0008-0.0006); P=0.78
Base model+H4+HDL-C 0.77 (0.75-0.79) 0.004 (0.0002-0.01) 0.15 (0.07-0.21); P=0.0001 0.002 (0.0003-0.003); P=0.01

C-statistic, delta-C-statistic, NRI, and (IDl) values comparing the base model of risk prediction to base model+biomarker (either HDL-C, HDL-P) or H1, H2,
and H4 for myocardial infarction. Nonzero NRI and IDI values indicate an increase in performance of reclassification. HDL-C indicates high-density lipoprotein
cholesterol; HDL-P, high-density lipoprotein particle concentration; IDI, integrated discrimination index; and NRI, net reclassification index.

once previously grouped together have heterogeneous
associations with ASCVD (Figure 5).

Despite the fact that atherosclerotic processes
mediate both coronary heart disease and ischemic
stroke, differential associations with HDL-C have been
noted.*®* HDL-C has inverse associations with cor-
onary heart disease, whereas the associations with
stroke are less clear.*® HDL-C has been reported to
have inverse,*48 positive,*®*8 and null associations*®

with incident stroke, suggesting heterogenous asso-
ciations across different vascular beds. Shortcomings
of prior studies investigating size-based HDL particles
and ASCVD either have low number of events* or use
surrogate markers of MI.5%5" Our pooled cohort de-
sign provided sufficient numbers of Ml and ischemic
strokes to assess associations with each vascular
end point separately. We found that H1 and H4 were
consistently inversely associated with Ml even when

Discrete Sized-Based HDL Subspecies Concentrations
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Figure 5. Size-based HDL subspecies that associate with vascular events enhance risk assessment.
CV indicates cardiovascular; HDL-C, high-density lipoprotein cholesterol; and MI, myocardial infarction.
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adjusted for HDL-C. H1 is the smallest sized HDL par-
ticle detected by NMR and, although controversial,
may be the most readily available to accept choles-
terol from peripheral tissues such as the arterial wall
via the ABCA1 cell membrane transporter. Of note,
H1 does not represent pre-beta HDL particles, the
smallest most lipid-poor cholesterol acceptors, which
are not detected by NMR. H4 is a medium-sized HDL
particle but not the most abundant HDL species and
not highly correlated with any other HDL parameter.
It represents the center point of HDL size subspecies
and, thus, may facilitate reverse cholesterol transport
to both small and medium-sized particles via ABCAT
and ABCG1 transporters. H2 (small HDL) is the most
abundant HDL subspecies and was inversely associ-
ated with Ml and ischemic stroke but was attenuated
when adjusted for HDL-C despite minimal correlations
with HDL-C. It is unclear why H2 and H3 did not have
significant associations with MI despite significant as-
sociations with adjacent size-based particles (H1 and
H4). H2 was associated with the composite cardiovas-
cular end point even with adjustment for HDL-C. Lastly,
the largest HDL subspecies (H7 and H6) did not asso-
ciate with Ml or stroke in risk factor adjusted models
even before adjustment for HDL-C, suggesting that
the largest size-based HDL subspecies has no added
benefit in ASCVD risk prediction beyond traditional risk
factors. Overall, our current findings suggest that spe-
cific size-based HDL species independently associate
with Ml and likely contribute to the overall association
of HDL-P and ASCVD events.

Whether HDL markers improve actual ASCVD risk
prediction to justify clinical utility in contemporary di-
verse cohorts remains unclear. Our study shows that
adding total HDL-P to traditional risk factors improves
reclassification for MI, suggesting modest clinical util-
ity. Inclusion of specific size-based HDL subspecies
improved metrics of both discrimination and reclas-
sification beyond traditional risk factors and HDL-C.
These findings support potential clinical utility, but the
overall magnitude of improvement was modest. Future
studies are needed to confirm these findings across
different populations and determine if the improvement
in risk prediction in specific populations is sufficient for
clinical relevance. Whether H1, H2, and H4 associate
with subclinical atherosclerosis or non-ASCVD is un-
known but would further enhance understanding of the
role of HDL metabolism in cardiometabolic disease.

Limitations

Although the pooled cohort design reflected strengths
in number of events and diversity with respect to sex,
race, and geography, there remained some limitations.
These include the observational nature of the study,
which precluded assessment of causality and lack of

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160
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other measures of HDL composition and function. Only
variables available in all 4 cohorts and able to be har-
monized were included. Although cohorts differed in
demographics and risk factor prevalence, cohort status
was accounted for in the multivariable analyses. The
size-based subspecies in this study are derived from
NMR spectroscopy, which uses an analytic approach
to partition discrete size-based lipoprotein particles.

CONCLUSIONS

The large numbers of events across 4 cohorts with
varying diversity, age, and risk was anticipated to pro-
vide more robust estimates concerning the associa-
tion of HDL subspecies with incident ASCVD. H1 and
H4 were found to be inversely associated with Ml and
modestly improved risk prediction of Ml beyond risk
factors including HDL-C; None of the 7 subspecies
were independently associated with ischemic stroke.
Although H2 and H4 improved risk prediction of com-
posite atherosclerotic CV end points beyond risk fac-
tors and HDL-C, the size of this difference was small.
These findings support future studies of the role of
specific HDL subspecies in cardiometabolic health.

ARTICLE INFORMATION
Received May 26, 2023; accepted September 18, 2023.

Affiliations

University of Texas Southwestern Medical Center, Dallas, TX (A.D., PH.J.,
AC., AK, CA, AMN.,, AP, AR); Providence Spokane Heart Institute,
Spokane, WA (K.S.); Michael E. Debakey Veteran Affairs Medical Center,
Houston, TX (S.S.V.); Baylor College of Medicine, Houston, TX (S.S.V,,
C.M.B.); Labcorp, Morrisville, NC (J.D.O., M.A.C.); University of Groningen
and University Medical Center Groningen, Groningen, The Netherlands
(R.P.D., E.G.G.); and Feinberg School of Medicine, Northwestern University,
Chicago, IL (J.T.W.).

Sources of Funding

This work was supported by National Heart, Lung, and Blood Institute and
National Institutes of Health; K24HL146838 and ROT1HL136724.

Disclosures

M. A. Connelly is employed by Labcorp and is a stock shareholder of
LabCorp. C. Ayers has funding from the National Institutes of Health. A.
Rohatgi has disclosures for CSL Limited, Raydel, and HDL Diagnostics as
a consultant and for CSL and Quest for research grants. Dr Joshi has dis-
closures related to Honoraria for Regeneron and Bayer, as well as Research
Grants for American Heart Association, Novo Nordisk, GlaxoSmithKline,
Sanofi/Regeneron, AstraZeneca, and NASA and is a stock shareholder
for G3 Therapeutics. Dr Virani has disclosures related to honoraria for
American College of Cardiology (associate editor for Innovations, ACC.org).
Dr Ballantyne has disclosures related to Abbott Diagnostics, Genentech,
Amgen, Arrowhead, Astra Zeneca, Esperion, Gilead, Matinas BioPharma
Inc, Novartis, Novo Nordisk, Regeneron, Sanofi-Synthelabo, lllumina,
Pfizer, Merck, Althera, Roche Diagnostic, Amarin, Denka Seiken, and New
Amsterdam, as well as research grants with Abbott Diagnostic, Akcea,
Amgen, Esperion, Novartis, Regeneron, Roche Diagnostic, lonis, and
Arrowhead. J. D. Otvos is employed by Labcorp. Dr Wilkins has disclosures
related to 3M and National Heart, Lung, and Blood Institute grant support,
as well as disclosures related to research support from the National Institute
on Aging GEMSSTAR Grant (1RO3BAG067960-01), and the National Institute
on Minority Health and Disparities (ROIMD017529), Applied Therapeutics

10


http://acc.org

¥20z ‘sz ARe|N uo Aq Blo'sfeulnofeye//:dny woly papeojumoq

Deets et al

and Gilead Sciences; honoraria outside of the present study as an advisor/
consultant from Tricog Health Inc, Lilly USA, Rivus, Cytokinetics, Pieces
Technologies, Roche Diagnostics, Emmi solutions, Axon therapies, Sarfez
Pharmaceuticals; stock compensation from Palomarin Inc. with stock com-
pensation; and nonfinancial support from Pfizer and Merck. Dr Navar has
disclosures related to funding for research to her institution from BMS,
Esperion, Amgen, and Janssen and honoraria and consulting fees from
Astra Zeneca, Boehringer Ingelheim Bayer, Janssen, Lilly, Novo Nordisk,
Novartis, New Amsterdam, Cerner, and Pfizer. The remaining authors have
no disclosures to report.

Supplemental Material
Table S1

REFERENCES

1. Arnett DK, Blumenthal RS, Albert MA, Buroker AB, Goldberger ZD,
Hahn EJ, Himmelfarb CD, Khera A, Lloyd-Jones D, McEvoy JW, et al.
2019 ACC/AHA guideline on the primary prevention of cardiovascu-
lar disease: a report of the American College of Cardiology/American
Heart Association task force on clinical practice guidelines. Circulation.
2019;140:6596-e646. doi: 10.1161/CIR.0000000000000678

2. Gordon T, Castelli WP, Hjortland MC, Kannel WB, Dawber TR. High
density lipoprotein as a protective factor against coronary heart dis-
ease. The Framingham Study. Am J Med. 1977,62:707-714. doi:
10.1016/0002-9343(77)90874-9

3. Barter P, Gotto AM, LaRosa JC, Maroni J, Szarek M, Grundy SM,
Kastelein JJ, Bittner V, Fruchart JC. Treating to new targets I. HDL cho-
lesterol, very low levels of LDL cholesterol, and cardiovascular events.
N Engl J Med. 2007;357:1301-1310. doi: 10.1056/NEJM0a064278

4. Frick MH, Elo O, Haapa K, Heinonen OP, Heinsalmi P, Helo P, Huttunen
JK, Kaitaniemi P, Koskinen P, Manninen V, et al. Helsinki heart study:
primary-prevention trial with gemfibrozil in middle-aged men with dys-
lipidemia. Safety of treatment, changes in risk factors, and incidence
of coronary heart disease. N Engl J Med. 1987;317:1237-1245. doi:
10.1056/NEJM198711123172001

5. Josefs T, Wouters K, Tietge UJF, Annema W, Dullaart RPF, Vaisar T,
Arts ICW, van der Kallen CJH, Stehouwer CDA, Schalkwijk CG, et al.
High-density lipoprotein cholesterol efflux capacity is not associ-
ated with atherosclerosis and prevalence of cardiovascular outcome:
the CODAM study. J Clin Lipidol. 2020;14:122-132.e4. doi: 10.1016/.
jacl.2019.10.012

6. Rodriguez A. High HDL-cholesterol paradox: SCARB1-LAG3-HDL axis.
Curr Atheroscler Rep. 2021;23:5. doi: 10.1007/s11883-020-00902-3

7. Mora S, Glynn RJ, Ridker PM. High-density lipoprotein choles-
terol, size, particle number, and residual vascular risk after po-
tent statin therapy. Circulation. 2013;128:1189-1197. doi: 10.1161/
CIRCULATIONAHA.113.002671

8. Voight BF, Peloso GM, Orho-Melander M, Frikke-Schmidt R, Barbalic
M, Jensen MK, Hindy G, Holm H, Ding EL, Johnson T, et al. Plasma HDL
cholesterol and risk of myocardial infarction: a Mendelian randomisation
study. Lancet. 2012;380:572-580. doi: 10.1016/S0140-6736(12)60312-2

9. Barter PJ, Caulfield M, Eriksson M, Grundy SM, Kastelein JJ, Komajda
M, Lopez-Sendon J, Mosca L, Tardif JC, Waters DD, et al. Effects of
torcetrapib in patients at high risk for coronary events. N Engl J Med.
2007;357:2109-2122. doi: 10.1056/NEJM0a0706628

10. Pirillo A, Catapano AL, Norata GD. HDL in infectious diseases and sep-
sis. Handb Exp Pharmacol. 2015;224:483-508.

11. Sokooti S, Flores-Guerrero JL, Kieneker LM, Heerspink HJL, Connelly
MA, Bakker SJL, Dullaart RPF. HDL particle subspecies and their as-
sociation with incident type 2 diabetes: the PREVEND study. J Clin
Endocrinol Metab. 2021;106:1761-1772. doi: 10.1210/clinem/dgab075

12. Duprez DA, Otvos J, Tracy RP, Feingold KR, Greenland P, Gross MD,
Lima JA, Mackey RH, Neaton JD, Sanchez OA, et al. High-density lipo-
protein subclasses and noncardiovascular, noncancer chronic inflam-
matory-related events versus cardiovascular events: the Multi-Ethnic
Study of Atherosclerosis. J Am Heart Assoc. 2015;4:e002295. doi:
10.1161/JAHA.115.002295

13.  Ahmed MO, Byrne RE, Pazderska A, Segurado R, Guo W, Gunness A,
Frizelle I, Sherlock M, Ahmed KS, McGowan A, et al. HDL particle size
is increased and HDL-cholesterol efflux is enhanced in type 1 diabetes:

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160

16.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

Size-Based HDL Subspecies and Vascular Events

a cross-sectional study. Diabetologia. 2021;64:656-667. doi: 10.1007/
s00125-020-05320-3

Ojanen X, Cheng R, Tormakangas T, Rappaport N, Wilmanski T, Wu
N, Fung E, Nedelec R, Sebert S, Vlachopoulos D, et al. Towards early
risk biomarkers: serum metabolic signature in childhood predicts car-
dio-metabolic risk in adulthood. EBioMedicine. 2021;72:103611. doi:
10.1016/j.ebiom.2021.103611

Davidson WS, Shah AS. High-density lipoprotein subspecies in health
and human disease: focus on type 2 diabetes. Methodist Debakey
Cardiovasc J. 2019;15:55-61. doi: 10.14797/mdcj-15-1-55

Mora S, Otvos JD, Rifai N, Rosenson RS, Buring JE, Ridker PM.
Lipoprotein particle profiles by nuclear magnetic resonance com-
pared with standard lipids and apolipoproteins in predicting incident
cardiovascular disease in women. Circulation. 2009;119:931-939. doi:
10.1161/CIRCULATIONAHA.108.816181

Hoogeveen RC, Gaubatz JW, Sun W, Dodge RC, Crosby JR, Jiang J,
Couper D, Virani SS, Kathiresan S, Boerwinkle E, et al. Small dense
low-density lipoprotein-cholesterol concentrations predict risk for cor-
onary heart disease: the Atherosclerosis Risk in Communities (ARIC)
study. Arterioscler Thromb Vasc Biol. 2014;34:1069-1077. doi: 10.1161/
ATVBAHA.114.303284

Cromwell WC, Otvos JD, Keyes MJ, Pencina MJ, Sullivan L, Vasan RS,
Wilson PW, D’Agostino RB. LDL particle number and risk of future car-
diovascular disease in the Framingham offspring study—implications
for LDL management. J Clin Lipidol. 2007;1:583-592. doi: 10.1016/].
jacl.2007.10.001

Mackey RH, Greenland P, Goff DC Jr, Lloyd-Jones D, Sibley CT, Mora
S. High-density lipoprotein cholesterol and particle concentrations, ca-
rotid atherosclerosis, and coronary events: MESA (Multi-Ethnic Study
of Atherosclerosis). J Am Coll Cardiol. 2012;60:508-516. doi: 10.1016/j.
jacc.2012.03.060

Jeyarajah EJ, Cromwell WC, Otvos JD. Lipoprotein particle anal-
ysis by nuclear magnetic resonance spectroscopy. Clin Lab Med.
2006;26:847-870. doi: 10.1016/j.cll.2006.07.006

Parra ES, Panzoldo NB, Zago VH, Scherrer DZ, Alexandre F, Bakkarat
J, Nunes VS, Nakandakare ER, Quintao EC, Nadruz W Jr, et al. HDL
size is more accurate than HDL cholesterol to predict carotid subclinical
atherosclerosis in individuals classified as low cardiovascular risk. PLoS
One. 2014;9:e114212. doi: 10.1371/journal.pone.0114212

Shah AS, Davidson WS, Gao Z, Dolan LM, Kimball TR, Urbina EM.
Superiority of lipoprotein particle number to detect associations with
arterial thickness and stiffness in obese youth with and without predia-
betes. J Clin Lipidol. 2016;10:610-618. doi: 10.1016/j.jacl.2016.01.007
Tiozzo E, Gardener H, Hudson BI, Dong C, Della-Morte D, Crisby M,
Goldberg RB, Elkind MS, Cheung YK, Wright CB, et al. Subfractions
of high-density lipoprotein-cholesterol and carotid intima-media thick-
ness: the northern Manhattan study. Stroke. 2016;47:1508-1513. doi:
10.1161/STROKEAHA.115.012009

Generoso G, Bensenor IM, Santos IS, Santos RD, Goulart AC, Jones
SR, Kulkarni KR, Blaha MJ, Toth PP, Lotufo PA, et al. Diabetes alters
the association between high-density lipoprotein subfractions and
carotid intima-media thickness: the Brazilian Longitudinal Study of
Adult Health (ELSA-Brasil). Diab Vasc Dis Res. 2018;15:541-547. doi:
10.1177/1479164118788080

Bedi S, Garcia E, Jeyarajah EJ, Shalaurova |, Perez-Matos MC, Jiang
ZG, Dullaart RPF, Matyus SP, Kirk WJ, Otvos JD, et al. Characterization
of LP-Z lipoprotein particles and quantification in subjects with liver dis-
ease using a newly developed NMR-based assay. J Clin Med. 2020;9:9.
doi: 10.3390/jcm9092915

Singh K, Chandra A, Sperry T, Joshi PH, Khera A, Virani SS, Ballantyne
CM, Otvos JD, Dullaart RPF, Gruppen EG, et al. Associations between
high-density lipoprotein particles and ischemic events by vascu-
lar domain, sex, and ethnicity: a pooled cohort analysis. Circulation.
2020;142:657-669. doi: 10.1161/CIRCULATIONAHA.120.045713
Friedewald WT, Levy RI, Fredrickson DS. Estimation of the concentra-
tion of low-density lipoprotein cholesterol in plasma, without use of the
preparative ultracentrifuge. Clin Chem. 1972;18:499-502. doi: 10.1093/
clinchem/18.6.499

The Atherosclerosis Risk in Communities (ARIC) study: design and ob-
jectives. The ARIC investigators. Am J Epidemiol. 1989;129:687-702.
doi: 10.1093/oxfordjournals.aje.a115184

Bild DE, Bluemke DA, Burke GL, Detrano R, Diez Roux AV, Folsom AR,
Greenland P, Jacob DR Jr, Kronmal R, Liu K, et al. Multi-Ethnic Study of

11


https://doi.org//10.1161/CIR.0000000000000678
https://doi.org//10.1016/0002-9343(77)90874-9
https://doi.org//10.1056/NEJMoa064278
https://doi.org//10.1056/NEJM198711123172001
https://doi.org//10.1016/j.jacl.2019.10.012
https://doi.org//10.1016/j.jacl.2019.10.012
https://doi.org//10.1007/s11883-020-00902-3
https://doi.org//10.1161/CIRCULATIONAHA.113.002671
https://doi.org//10.1161/CIRCULATIONAHA.113.002671
https://doi.org//10.1016/S0140-6736(12)60312-2
https://doi.org//10.1056/NEJMoa0706628
https://doi.org//10.1210/clinem/dgab075
https://doi.org//10.1161/JAHA.115.002295
https://doi.org//10.1007/s00125-020-05320-3
https://doi.org//10.1007/s00125-020-05320-3
https://doi.org//10.1016/j.ebiom.2021.103611
https://doi.org//10.14797/mdcj-15-1-55
https://doi.org//10.1161/CIRCULATIONAHA.108.816181
https://doi.org//10.1161/ATVBAHA.114.303284
https://doi.org//10.1161/ATVBAHA.114.303284
https://doi.org//10.1016/j.jacl.2007.10.001
https://doi.org//10.1016/j.jacl.2007.10.001
https://doi.org//10.1016/j.jacc.2012.03.060
https://doi.org//10.1016/j.jacc.2012.03.060
https://doi.org//10.1016/j.cll.2006.07.006
https://doi.org//10.1371/journal.pone.0114212
https://doi.org//10.1016/j.jacl.2016.01.007
https://doi.org//10.1161/STROKEAHA.115.012009
https://doi.org//10.1177/1479164118788080
https://doi.org//10.3390/jcm9092915
https://doi.org//10.1161/CIRCULATIONAHA.120.045713
https://doi.org//10.1093/clinchem/18.6.499
https://doi.org//10.1093/clinchem/18.6.499
https://doi.org//10.1093/oxfordjournals.aje.a115184

¥20z ‘sz ARe|N uo Aq Blo'sfeulnofeye//:dny woly papeojumoq

Deets et al

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

J Am Heart Assoc. 2023;12:e031160. DOI: 10.1161/JAHA.123.031160

Atherosclerosis: objectives and design. Am J Epidemiol. 2002;156:871—
881. doi: 10.1093/aje/kwf113

Hillege HL, Janssen WM, Bak AA, Diercks GF, Grobbee DE, Crijns
HJ, Van Gilst WH, De Zeeuw D, De Jong PE; Prevend Study G.
Microalbuminuria is common, also in a nondiabetic, nonhypertensive
population, and an independent indicator of cardiovascular risk factors
and cardiovascular morbidity. J Intern Med. 2001;249:519-526. doi:
10.1046/}.1365-2796.2001.00833.x

Victor RG, Haley RW, Willett DL, Peshock RM, Vaeth PC, Leonard D,
Basit M, Cooper RS, lannacchione VG, Visscher WA, et al. The Dallas
Heart Study: a population-based probability sample for the multidis-
ciplinary study of ethnic differences in cardiovascular health. Am J
Cardiol. 2004;93:1473-1480. doi: 10.1016/j.amjcard.2004.02.058
Pencina MJ, D’Agostino RB Sr, D’Agostino RB Jr, Vasan RS. Evaluating
the added predictive ability of a new marker: from area under the ROC
curve to reclassification and beyond. Stat Med. 2008;27:157-172; dis-
cussion 207-112. doi: 10.1002/sim.2929

Pencina MJ, D’Agostino RB Sr, Steyerberg EW. Extensions of net re-
classification improvement calculations to measure usefulness of new
biomarkers. Stat Med. 2011;30:11-21. doi: 10.1002/sim.4085

Harrell FE Jr, Lee KL, Mark DB. Multivariable prognostic models: issues
in developing models, evaluating assumptions and adequacy, and mea-
suring and reducing errors. Stat Med. 1996;15:361-387. doi: 10.1002/
(SICI)1097-0258(19960229)15:4<361::AID-SIM168>3.0.CO;2-4

Reina SA, Llabre MM, Allison MA, Wilkins JT, Mendez AJ, Arnan MK,
Schneiderman N, Sacco RL, Carnethon M, Delaney JA. HDL cholesterol
and stroke risk: the Multi-Ethnic Study of Atherosclerosis. Atherosclerosis.
2015;243:314-319. doi: 10.1016/j.atherosclerosis.2015.09.031
Davidson WS, Heink A, Sexmith H, Dolan LM, Gordon SM, Otvos JD,
Melchior JT, Elder DA, Khoury J, Geh E, et al. Obesity is associated with
an altered HDL subspecies profile among adolescents with metabolic
disease. J Lipid Res. 2017;58:1916-1923. doi: 10.1194/jlr.M078667
Shah AS, Tan L, Long JL, Davidson WS. Proteomic diversity of high
density lipoproteins: our emerging understanding of its importance
in lipid transport and beyond. J Lipid Res. 2013;564:2575-2585. doi:
10.1194/jIr.R035725

Rohatgi A, Khera A, Berry JD, Givens EG, Ayers CR, Wedin KE,
Neeland IJ, Yuhanna IS, Rader DR, de Lemos JA, et al. HDL choles-
terol efflux capacity and incident cardiovascular events. N Engl J Med.
2014;371:2383-2393. doi: 10.1056/NEJM0a1409065

Davidson WS, Shah AS, Sexmith H, Gordon SM. The HDL proteome
watch: compilation of studies leads to new insights on HDL function.
Biochim Biophys Acta Mol Cell Biol Lipids. 2022;1867:159072. doi:
10.1016/j.bbalip.2021.159072

Johansson J, Carlson LA, Landou C, Hamsten A. High density lipo-
proteins and coronary atherosclerosis. A strong inverse relation with
the largest particles is confined to normotriglyceridemic patients.
Arterioscler Thromb. 1991;11:174-182. doi: 10.1161/01.ATV.11.1.174
Kontush A, Chantepie S, Chapman MJ. Small, dense HDL particles
exert potent protection of atherogenic LDL against oxidative stress.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

Size-Based HDL Subspecies and Vascular Events

Arterioscler Thromb Vasc Biol. 2003;23:1881-1888. doi: 10.1161/01.
ATV.0000091338.93223.E8

Williams PT, Feldman DE. Prospective study of coronary heart disease
vs. HDL2, HDL3, and other lipoproteins in Gofman’s Livermore cohort.
Atherosclerosis. 2011;214:196-202. doi: 10.1016/j.atherosclerosis.2010.
10.024

Musunuru K, Orho-Melander M, Caulfield MP, Li S, Salameh WA, Reitz
RE, Berglund G, Hedblad B, Engstrom G, Williams PT, et al. lon mobility
analysis of lipoprotein subfractions identifies three independent axes of
cardiovascular risk. Arterioscler Thromb Vasc Biol. 2009;29:1975-1980.
doi: 10.1161/ATVBAHA.109.190405

Sokooti S, Szili-Torok T, Flores-Guerrero JL, Oste MCJ, Gomes-Neto
AW, Kootstra-Ros JE, Heerspink HJL, Connelly MA, Bakker SJL,
Dullaart RPF. High-density lipoprotein particles and their relationship
to posttransplantation diabetes mellitus in renal transplant recipients.
Biomolecules. 2020;10:10. doi: 10.3390/biom10030481

Giang KW, Bjorck L, Novak M, Lappas G, Wilhelmsen L, Toren K,
Rosengren A. Stroke and coronary heart disease: predictive power
of standard risk factors into old age—long-term cumulative risk study
among men in Gothenburg, Sweden. Eur Heart J. 2013;34:1068-1074.
doi: 10.1093/eurheartj/ehs458

Zhang Y, Tuomilehto J, Jousilahti P, Wang Y, Antikainen R, Hu G.
Total and high-density lipoprotein cholesterol and stroke risk. Stroke.
2012;43:1768-1774. doi: 10.1161/STROKEAHA.111.646778

Koch M, Aroner SA, Fitzpatrick AL, Longstreth WT Jr, Furtado JD,
Mukamal KJ, Jensen MK. HDL (high-density lipoprotein) subspecies,
prevalent covert brain infarcts, and incident overt ischemic stroke: car-
diovascular Health Study. Stroke. 2022;53:1292-1300. doi: 10.1161/
STROKEAHA.121.034299

Bots ML, Elwood PC, Nikitin Y, Salonen JT, Freire de Concalves A,
Inzitari D, Sivenius J, Benetou V, Tuomilehto J, Koudstaal PJ, et al.
Total and HDL cholesterol and risk of stroke. Eurostroke: a collabora-
tive study among research centres in Europe. J Epidemiol Community
Health. 2002;56(Suppl 1):i19-i24. doi: 10.1136/jech.56.suppl_1.i19
Woodward M, Barzi F, Feigin V, Gu D, Huxley R, Nakamura K, Patel A,
Ho S, Jamrozik K; Asia Pacific Cohort Studies C. Associations between
high-density lipoprotein cholesterol and both stroke and coronary heart
disease in the Asia Pacific region. Eur Heart J. 2007;28:2653-2660. doi:
10.1093/eurheartj/ehm427

Generoso G, Bensenor IM, Santos RD, Staniak HL, Sharovsky R,
Santos IS, Goulart AC, Jones SR, Kulkarni KR, Blaha MJ, et al. High-
density lipoprotein-cholesterol subfractions and coronary artery cal-
cium: the ELSA-Brasil study. Arch Med Res. 2019;50:362-367. doi:
10.1016/j.arcmed.2019.10.006

Kim DS, Li YK, Bell GA, Burt AA, Vaisar T, Hutchins PM, Furlong CE,
Otvos JD, Polak JF, Arnan MK, et al. Concentration of smaller high-den-
sity lipoprotein particle (HDL-P) is inversely correlated with carotid intima
media thickening after confounder adjustment: the Multi Ethnic Study
of Atherosclerosis (MESA). J Am Heart Assoc. 2016;5:e002977. doi:
10.1161/JAHA.115.002977

12


https://doi.org//10.1093/aje/kwf113
https://doi.org//10.1046/j.1365-2796.2001.00833.x
https://doi.org//10.1016/j.amjcard.2004.02.058
https://doi.org//10.1002/sim.2929
https://doi.org//10.1002/sim.4085
https://doi.org//10.1016/j.atherosclerosis.2015.09.031
https://doi.org//10.1194/jlr.M078667
https://doi.org//10.1194/jlr.R035725
https://doi.org//10.1056/NEJMoa1409065
https://doi.org//10.1016/j.bbalip.2021.159072
https://doi.org//10.1161/01.ATV.11.1.174
https://doi.org//10.1161/01.ATV.0000091338.93223.E8
https://doi.org//10.1161/01.ATV.0000091338.93223.E8
https://doi.org//10.1016/j.atherosclerosis.2010.10.024
https://doi.org//10.1016/j.atherosclerosis.2010.10.024
https://doi.org//10.1161/ATVBAHA.109.190405
https://doi.org//10.3390/biom10030481
https://doi.org//10.1093/eurheartj/ehs458
https://doi.org//10.1161/STROKEAHA.111.646778
https://doi.org//10.1161/STROKEAHA.121.034299
https://doi.org//10.1161/STROKEAHA.121.034299
https://doi.org//10.1136/jech.56.suppl_1.i19
https://doi.org//10.1093/eurheartj/ehm427
https://doi.org//10.1016/j.arcmed.2019.10.006
https://doi.org//10.1161/JAHA.115.002977

	Novel size-based high-density lipoprotein subspecies and incident vascular events
	Recommended Citation
	Authors

	Novel Size-Based High-Density Lipoprotein Subspecies and Incident Vascular Events
	METHODS
	Statistical Analysis

	RESULTS
	DISCUSSION
	Limitations

	CONCLUSIONS
	Sources of Funding
	Disclosures
	References


