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Abstract

Background and aims—Peripheral artery disease (PAD) is a systemic manifestation of
atherosclerosis that is associated with a high risk of major adverse cardiovascular events (MACE).
LDL aggregation contributes to atherosclerotic plaque progression and may contribute to plaque
instability. We aimed to determine if LDL aggregation is associated with MACE in patients with
PAD undergoing lower extremity revascularization (LER).

Methods—Two hundred thirty-nine patients with PAD undergoing LER had blood collected at
baseline and were followed prospectively for MACE (myocardial infarction, stroke, cardiovascular
death) for one-year. 19 age, sex and LDL-C-matched control subjects without cardiovascular
disease also had blood drawn. Subject LDL was exposed to sphingomyelinase and LDL aggregate
size measured via dynamic light scattering.

Results—Mean age was 72.3+£10.9 years, 32.6% were female, and LDL-cholesterol was
68+25mg/dL. LDL aggregation was inversely associated with triglycerides, but not associated with
demographics, LDL-cholesterol or other risk factors. Maximal LDL aggregation occurred
significantly earlier in subjects with PAD than in control subjects.

15.9% of subjects experienced MACE over one year. The 1% tertile (shortest time to maximal
aggregation) exhibited significantly higher MACE (25% vs. 12.5% in tertile 2 and 10.1% in tertile
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3, p=0.012). After multivariable adjustment for demographics and CVD risk factors, the hazard
ratio for MACE in the 15t tertile was 4.57 (95% CI 1.60 — 13.01; p=0.004) compared to tertile 3.
Inclusion of LDL aggregation in the Framingham Heart Study risk calculator for recurrent
coronary heart disease events improved the c-index from 0.57 to 0.63 (p=0.01).

Conclusions—We show that in the setting of very well controlled LDL-cholesterol, patients
with PAD with the most rapid LDL aggregation had a significantly elevated MACE risk following
LER even after multivariable adjustment. This measure further improved the classification
specificity of an established risk prediction tool. Our findings support broader investigation of this
assay for risk stratification in patients with atherosclerotic CVD.
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Introduction

Low-density lipoprotein (LDL) is both a key risk factor and causative factor in
atherosclerosis — contributing to lipid-laden plagues with its retention in the arterial intima.!
Despite robust lowering of LDL-cholesterol, cardiovascular events remain frequent in
patients with atherosclerotic cardiovascular disease (ASCVD).2 3 Peripheral artery disease
(PAD) is a systemic manifestation of atherosclerosis and those with PAD are at particularly
high risk of major adverse cardiovascular events (MACE).# Improved risk stratification and
the identification of additional modifiable risk factors for adverse events are needed to
improve outcomes in this population.®

We previously developed an ex vivo assay of LDL aggregation — a process that occurs within
and contributes to atherosclerotic plaques.5: 7 Our work has shown that LDL aggregation
differs among individuals independent of plasma LDL-cholesterol concentration and LDL
particle size and is predictive of death in coronary artery disease (CAD).8 The aims of the
present study were to determine if LDL aggregation is associated with MACE in patients
with PAD undergoing lower extremity revascularization (LER) and may help identify those
at increased risk for adverse outcomes.

Patients and methods

Clinical study design

Men and women scheduled for LER at NYU Tisch Hospital or Bellevue Hospital Center
(New York, NY) provided informed consent and were enrolled into the Platelet Activity in
Vascular Surgery and Cardiovascular Events study (NCT02106429) under an IRB-approved
protocol conforming to the Declaration of Helsinki. Fasting blood samples were collected
prior to LER, plasma and serum isolated and immediately frozen at —80°C until analysis. As
part of a separate, ongoing protocol, we recruit individuals without known ASCVD from our
hospitals to undergo clinical evaluation and blood sampling. Prior to LDL-aggregation
analysis, we identified 19 individuals within this cohort who were of similar sex, race/
ethnicity and had similar LDL-C levels as the PAD patients. Samples from these control
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subjects were processed and analyzed along with samples from PAD subjects in a blinded
fashion.

BMI was calculated based on pre-operative measures of height and weight. Measurements of
circulating lipoproteins were made from serum samples using NMR spectroscopy (LabCorp
Inc., Morrisville, NC).°

Clinical follow-up of subjects with PAD occurred prospectively at 30-days, 6 months and 12
months from the time of operation. Three blinded reviewers (2 cardiologists and 1 vascular
surgeon) adjudicated the composite endpoint of MACE (all cause death, myocardial
infarction (M), stroke (both ischemic and hemorrhagic) and major adverse cardiovascular
and limb events (MACLE; MACE + acute limb ischemia, major amputation, and repeat
revascularization).

LDL aggregation assay

LDL aggregation was assessed blinded and as previously described.1° First, LDL was
isolated by sequential ultracentrifugation in D,O-based buffers as described,!! with the
exception that samples were first centrifuged twice at a density of 1.019 g/ml for efficient
removal of all chylomicrons, VLDL, and IDL from the samples. LDL was isolated at a
density of 1.063 g/ml and, exposed to human recombinant sphingomyelinase produced in-
housel® and LDL aggregate size was measured every 30 minutes for 5 hours via dynamic
light scattering (Wyatt DynaPro Plate Reader II; Wyatt Technology, CA). Time-size curves
were constructed based on all data points for an individual subject and the inflection point
(mid-point of the sigmoidal curve — time point when the aggregation curve has the steepest
upward slope) was identified. This inflection point was used for between-subject
comparisons.8 The intra-assay variability in the LDL aggregation inflection point was 6.8%
(range 5.9% — 8.2%) and inter-assay variability was 8.1 %. The inter-operator variability was
9.6%.

Statistical analyses

Comparisons between PAD and healthy control subjects were made with two sample t- and
Mann-Whitney tests. Multivariable linear regression modeling included age, sex, BMI, statin
use, insulin use, clopidogrel use, LDL-C, ApoB, triglycerides, smoking, diabetes,
hyperlipidemia and hypertension as covariates. Comparisons between tertiles of subjects
with PAD were performed with Kruskal Wallis tests and Jonckheere-Terpstra and Cochrane-
Armitage tests for trend. Prediction models were generated using Cox proportional hazards
regression. The relation of LDL aggregation inflection point with MACE and MACLE was
presented as Kaplan-Meier curves with inflection point categorized by tertile. The
cumulative risk of MACE and MACLE were calculated in each group and compared using
the log-rank test.

We tested the capacity of the Framingham Risk Calculator for secondary cardiovascular
events'? to predict 1-year MACE within this PAD cohort and compared the associated
Harrell c-statistic with and without the addition of LDL aggregation inflection point using
the z-score test. A two-tailed p-value less than 0.05 was set a priori as the criterion for
statistical significance.
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Two hundred thirty-nine patients with PAD had LDL aggregation assessed. The mean age
was 72.3+10.9 years and 32.6% were female. The cohort had a high burden of ASCVD risk
factors (Table 1) with more than half having known CAD. LDL aggregation inflection point
was not associated with clinical variables, LDL parameters, or other hematologic measures,
other than serum triglyceride concentrations (Table 2).

In comparison to control subjects recruited from the same hospitals without known ASCVD,
patients with PAD exhibited similar LDL-cholesterol and triglyceride levels, but were older,
had slightly lower BMI and a greater prevalence of cardiovascular disease risk factors (Table
1). Maximal LDL aggregation occurred significantly earlier in subjects with PAD than in
control subjects (Figure 1). This difference persisted after adjustment for demographics,
ASCVD risk factors and statin use (p=-0.55 (0.25), p=0.03).

We divided subjects with PAD into tertiles based on LDL aggregation inflection point. There
was a linear trend of higher triglycerides across LDL aggregation tertiles (Table 3).
However, there were no other differences in demographics, LDL quantity or particle size,
medication use or other ASCVD risk factors across LDL aggregation tertiles.

Overall, MACE occurred in 15.9% of PAD subjects at 1-year. The 15 tertile (shortest time to
maximal aggregation rate), exhibited a significantly higher rate of MACE (25% vs. 12.5% in
tertile 2 and 10.1% in tertile 3, Figure 2A). Data were consistent for each component of the
MACE endpoint. After multivariable adjustment for age, sex, race, BMI, smoking status,
LDL-cholesterol, ApoB, triglycerides, diabetes, insulin use, statin use, clopidogrel use and
history of prior Ml, the hazard ratio for MACE in the 1%t tertile was 4.57 (95% confidence
interval (Cl) 1.60 — 13.01; p=0.004) compared to the 3" tertile. In a secondary analysis, we
also assessed the association of LDL aggregation inflection point with MACLE. A trend
similar to MACE was present (Figure 2B), but the hazard ratio was no longer statistically
significant at 1.67 (0.98, 2.86; p = 0.06).

The Framingham Heart Study risk equation for recurrent coronary heart disease events had a
c-index of 0.57 (95% CI 0.48, 0.67) for 1-year MACE in our cohort of patients with PAD
undergoing LER. The addition of LDL aggregation inflection point to this equation
increased the c-statistic to 0.63 (95% CI 0.53, 0.73; p=0.01).

Discussion

The present study, the largest to date employing the LDL aggregation assay, is the first study
to assess LDL aggregation in patients with PAD and the first prospective study to evaluate
the capacity of this measure in risk stratification. We show that in the setting of very well
controlled LDL-cholesterol (mean LDL-cholesterol was 68+25mg/dL), and after correction
for other ASCVD risk factors, patients with the most rapid LDL aggregation had a
significantly elevated risk of MACE over one year following LER. This measure further
improved the classification specificity within this cohort of an established risk prediction
tool. Our findings support broader investigation of this assay for risk stratification in patients
with ASCVD.
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Patients with PAD undergoing LER are at very high risk for MACE,* as evidenced by the
15.9% event rate in our cohort. Understanding potential mechanisms and identifying those at
increased risk may help improve outcomes in this population. We and others previously
showed that aggregated LDL is present in human atherosclerotic plaques and that
sphingomyelinase catalyzes the aggregative process. 13 We subsequently developed a
highly reliable assay of ex vivo LDL aggregation to human recombinant sphingomyelinase8
and demonstrated a difference in LDL aggregation between subjects with stable CAD and
those who would die from CAD over an average of 2.5 years of follow-up.8 Beyond
stimulating LDL retention and overall plaque burden, LDL aggregation may also contribute
to plaque rupture and adverse outcomes. Aggregated LDL isolated from human
atherosclerotic lesions activates the inflammasome,® and MMP-7 secretion from
macrophages is induced by LDL treated with sphingomyelinase.8 Both of these activities are
associated with plaque instability and rupture and may mechanistically link elevated LDL
aggregation and atherothrombotic events. Accordingly, the tertile of most rapid LDL
aggregation in our cohort experienced a 3-fold elevated risk of MACE over one year even
after correction for traditional risk factors. Incorporation of LDL aggregation inflection point
into an established risk equation improved the c-statistic by more than 10%, demonstrating
the potential capacity of this assay to discriminate those at elevated risk.

Given the mechanistic rationale for the association of LDL aggregation with higher rates of
atherothrombosis, this measure is potentially a modifiable causative factor, in addition to a
marker of risk. While a recent randomized trial did not find that dietary supplementation
with alpha-linoleic acid or increased fish consumption affected LDL aggregation,14 other
studies suggest that adopting a Nordic-style diet, adding plant stanols to the diet, or the use
of a PCSK9 inhibitor reduce LDL aggregation in association with altered LDL particle
sphingomyelin content.8: 15 Notably, PCSK9 inhibition has been shown to reduce MACE in
individuals with PAD16 and we have demonstrated a strong association of dietary quality
with PAD.17: 18 \Whether PCSK9 inhibition and/or intensive dietary modification might
improve outcomes in patients with PAD with rapid LDL aggregation who are at increased
risk for MACE, despite well controlled LDL-cholesterol, will require randomized trials.

In agreement with our previous reports, LDL aggregation was not associated with LDL-
cholesterol or LDL particle size in the present study. LDL aggregation inflection point did
inversely correlate with serum triglycerides, also in accordance with prior studies.g The
reasons for this seemingly paradoxical association are unclear. Serum triglyceride level
reflects triglyceride content of LDL particles and greater LDL triglyceride content has been
shown to associate with reduced aggregation-susceptibility of LDL particles. Increases in
LDL-triglycerides are associated with greater proportions of phosphatidylcholines and lower
proportions of sphingomyelins in the surface monolayer of LDL particles. We previously
showed that changes in the proportions of these two types of phospholipids control the
aggregation of LDL particles.8 LDL from human APOB transgenic/ L DLr~~/Soat2”~ mice
exhibiting increased LDL-triglyceride content is extremely resistant to sphingomyelinase-
induced LDL aggregation.® Whether LDL triglyceride content independently affects LDL
aggregative potential is the focus of ongoing studies.
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Our study has several limitations. Our cohort only contains individuals with severe PAD
requiring LER. Whether LDL aggregation provides similar risk prediction in a broader
population of patients with PAD will require additional investigation. Additionally, while our
subjects came from two separate hospitals, they represented a single locale and were
predominantly Caucasian males. We recently reported differences in LDL aggregation
between races, with South Asians exhibiting more rapid aggregation than Caucasians.10
Further studies of more diverse cohorts, including greater numbers of women — in whom
PAD is most prevalent!®: 20 — are necessary before extrapolating our findings.

In conclusion, we show that patients with PAD undergoing LER with more rapid LDL
aggregation have a significantly elevated risk of MACE over one year and that this measure
improves risk prediction in this group. These findings support broader investigation of this
assay for risk stratification and potential intervention in patients with ASCVD.
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Figure 1. LDL -aggregation in subjectswith peripheral artery disease.
(A) Representative aggregation curves of a PAD subject (black squares) and healthy control

subject (gray circles) with inflection point highlighted. (B) LDL aggregation inflection point
in all subjects with peripheral artery disease (n=239) and control subjects without known
atherosclerotic cardiovascular disease (n=19). Comparison with two sample t-tests.
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Figure 2. Major adverse cardiovascular eventsfollowing lower extremity revascularization
stratified by tertile of LDL aggregation.

Kaplan-Meier curves for (A) major adverse cardiovascular events and (B) major adverse
cardiovascular and limb events over one year following lower extremity revascularization in
239 subjects stratified by tertiles of LDL aggregation inflection point. Cumulative risk of
MACE and MACLE between tertiles was compared using the log-rank test.
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Descriptive characteristics of subjects with peripheral artery disease and control subjects without known

atherosclerotic cardiovascular disease.

Table 1.

No ASCVD PAD p=
n=19 n=239

Age, mean (SD), years 63.2 (6.3) 72.3(10.9) | <0.001
Female sex, n (%) 7 (37%) 78(32.6%) | 0.81
BMI, mean (SD), kg/m? 29.9(5.1) 26.7 (5.3) 0.01
L DL -cholesterol, mean (SD), mg/dL 77 (42) 68 (25) 0.47
HDL -cholesterol, mean (SD), mg/dL 55 (17) 43 (13) 0.006
Triglycerides, median [range], mg/dL | 116 [35, 259] | 94 [31, 349] 0.20
Hypertension, n (%) 11 (57.9) 205 (85.8) 0.002
Hyperlipidemia, n (%) 12 (63.2) 177 (74.1) 0.34
Diabetes, n (%) 3(15.8) 118 (49.4) | 0.002
Insulin use, n (%) 0 (0.0) 75 (31.4) -
Coronary artery disease, n (%) 0(0.0) 133 (55.6) -
Prior myocardial infarction, n (%) 0 (0.0) 55 (23.0) -
Current smokers, n (%) 1(5.3) 38 (15.9) 0.20
Statin use, n (%) 11 (57.9) 193 (80.7) 0.02
Aspirin use, n (%) 10 (52.6) 208 (87.0) | <0.001
Clopidogrel use, n (%) 0(0.0) 90 (37.7) -

Sl conversion factors: To convert cholesterol to mmol/L, multiply values by 0.0259.

ASCVD - atherosclerotic cardiovascular disease

BMI — body mass index

LDL - low density lipoprotein
HDL - high density lipoprotein
PAD - peripheral artery disease

SD - standard deviation
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Correlations of clinical and hematologic variables with LDL aggregation inflection point.

Table 2.

r= p=
Age -0.03 0.69
BMI -0.08 0.21
White blood cells 0.02 0.83
Neutrophils —-0.002 | 0.98
Monocytes —-0.08 0.22
Hemoglobin Alc -0.03 0.73
Total cholesterol 0.004 0.96
LDL-cholesterol -0.05 0.44
LDL-particles 0.03 0.65
LDL-particlesize -0.08 0.22
Triglycerides 0.14 0.03
HDL -cholesterol -0.02 0.79
Creatinine 0.08 0.25
Systalic blood pressure | —0.03 0.35

BMI — body mass index

LDL - low density lipoprotein

HDL - high density lipoprotein
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Table 3.

Page 13

Descriptive characteristics of tertiles of LDL aggregation in subjects with peripheral artery disease undergoing

lower extremity revascularization.

L DL -aggregation L DL -aggregation L DL -aggregation p-value for
Tertilel Tertile2 Tertile3 trend
n=80 n=79 n=80

Age, mean (SD), years 73.5(12.2) 72.7(9.8) 70.3 (11.0) 0.15
Female sex, n (%) 28 (35.0) 28(35.4) 22 (27.5) 0.31
BMI, mean (SD), kg/m? 26.8 (5.6) 27.2(5.1) 26.3(5.4) 0.58
L DL -cholesterol, mean (SD), mg/dL 71(27) 75 (24) 68 (23) 0.97
ApoB, mean (SD), mg/dL 109 (27) 107 (24) 107 (22) 0.93
LDL -particles, mean (SD), nmol/L 1147 (379) 1232 (358) 1145 (323) 0.56
LDL-particle size, mean (SD), nm 20.5(0.6) 20.5 (0.6) 20.3(0.6) 0.10
HDL -cholesterol, mean (SD), mg/dL 41 (11) 43 (12) 41 (10) 0.23
Triglycerides, median [range], mg/dL 83 [31, 290] 97 [35, 236] 118 [41, 349] <0.01
Hypertension, n (%) 68 (85.0) 69 (87.3) 68 (85.0) 0.85
Hyperlipidemia, n (%) 63 (78.8) 55 (69.6) 59 (73.8) 0.42
Diabetes, n (%) 36 (45.0) 36 (45.6) 46 (57.5) 0.08
Insulin use, n (%) 28 (35.0) 26 (32.9) 21 (26.3) 0.25
Coronary artery disease, n (%) 48 (60.0) 43 (54.4) 42 (52.5) 0.43
Prior myocardial infarction, n (%) 16 (20.0) 20 (25.3) 19 (23.8) 0.57
Current smokers, n (%) 9(11.3) 12 (15.2) 17 (21.3) 0.09
Statin use, n (%) 65 (81.5) 62 (78.5) 66 (82.5) 0.65
Aspirin use, n (%) 63 (78.8) 66 (83.5) 69 (86.3) 0.15
Clopidogrel use, n (%) 30 (37.5) 26 (32.9) 34 (42.5) 0.58

Sl conversion factors: To convert cholesterol to mmol/L, multiply values by 0.0259.

ASCVD - atherosclerotic cardiovascular disease

BMI — body mass index

LDL — low density lipoprotein
HDL - high density lipoprotein
PAD - peripheral artery disease

SD - standard deviation
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