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Abstract The roles of lipoprotein(a) [Lp(a)] and
related oxidized phospholipids (OxPLs) in the
development and progression of coronary disease is
known, but their influence on extracoronary
vascular disease is not well-established. We sought to
evaluate associations between Lp(a), OxPL apolipo-
protein B (OxPL-apoB), and apolipoprotein(a)
(OxPL-apo(a)) with angiographic extracoronary
vascular disease and incident major adverse limb
events (MALEs). Four hundred forty-six participants
who underwent coronary and/or peripheral angiog-
raphy were followed up for a median of 3.7 years.
Lp(a) and OxPLs were measured before angiog-
raphy. Elevated Lp(a) was defined as ≥150 nmol/L.
Elevated OxPL-apoB and OxPL-apo(a) were defined
as greater than or equal to the 75th percentile (OxPL-
apoB ≥8.2 nmol/L and OxPL-apo(a) ≥35.8 nmol/L,
respectively). Elevated Lp(a) had a stronger associa-
tion with the presence of extracoronary vascular
disease compared to OxPLs and was minimally
improved with the addition of OxPLs in multivari-
able models. Compared to participants with normal
Lp(a) and OxPL concentrations, participants with
elevated Lp(a) levels were twice as likely to experi-
ence a MALE (odds ratio: 2.14, 95% confidence in-
terval: 1.03, 4.44), and the strength of the association
as well as the C statistic of 0.82 was largely un-
changed with the addition of OxPL-apoB and OxPL-
apo(a). Elevated Lp(a) and OxPLs are risk factors for
progression and complications of extracoronary
vascular disease. However, the addition of OxPLs to
Lp(a) does not provide additional information about
risk of extracoronary vascular disease. Therefore,
Lp(a) alone captures the risk profile of Lp(a), OxPL-
apoB, and OxPL-apo(a) in the development and
progression of atherosclerotic plaque in peripheral
arteries.
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Vascular health beyond the coronary arteries is a
worsening global public health issue (1–3) that affects
over 200 million patients worldwide in the lower ex-
tremities alone (2). The incidence of extracoronary
vascular disease is projected to increase with an aging
population (1, 4, 5). Extracoronary vascular diseases are
progressive chronic diseases characterized by arterial
narrowing due to atherosclerotic plaque, which results
in insufficient blood flow to the affected organ (6, 7).
These diseases include lower extremity, carotid, sub-
clavian, and renal arterial disease. While many patients
experience a prolonged asymptomatic disease course,
the diagnosis frequently manifests with symptoms at
late stages when the risk for major adverse limb events
(MALEs) is the greatest (8–10). The occurrence of
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MALE confers increased risk of mortality, with upward
of 50% of patients dying within 1 year of amputation
related to lower extremity extracoronary vascular dis-
ease (11). Better tools are needed to identify patients
with extracoronary vascular disease at high risk of
MALE and guide treatments to reduce risks for both
incident and progressive disease.

Clinical practice guidelines for the treatment of
extracoronary vascular disease have focused on tar-
geting modifiable risk factors, with a primary emphasis
on hyperlipidemia (12–14). Hyperlipidemia plays a
central role in the development and progression of
atherosclerosis, where elevated levels of low-density li-
poprotein cholesterol (LDL-C) cause lipid deposition in
arterial walls, inflammation, and plaque formation (15,
16). However, even after controlling LDL-C levels, ma-
jor adverse cardiovascular events remain elevated
among patients with extracoronary vascular disease.
Patients with extracoronary vascular disease have
higher risk of mortality than patients with coronary
artery disease (CAD), even when the latter is treated
with cholesterol lowering drugs (17, 18). Proatherogenic
lipoprotein(a) [Lp(a)] is composed of apolipoprotein(a)
(apo(a)) and apolipoprotein B (apoB) and is the primary
plasma sink for oxidized phospholipids (OxPLs) (19–22)
Despite established associations between Lp(a) and risk
of severe coronary artery atherosclerosis, the role of
Lp(a) and OxPLs in development and progression of
extracoronary vascular disease is controversial. Some
studies have found elevated Lp(a) levels are associated
with risk of developing lower extremity extracoronary
vascular disease (20, 23–28), while large prospective
cohort studies have not identified this association (29,
30). Importantly, the role or predictive value of Lp(a) in
identifying patients with extracoronary vascular dis-
ease at high risk of complications, including MALE,
remains unknown.

In this study, we sought to investigate the association
of Lp(a) and related OxPL with extracoronary vascular
disease and risk of MALE. We utilized previously
collected data from participants who underwent coro-
nary and/or peripheral angiography in the Catheter
Sample Blood Archive of Cardiovascular Diseases
(CASABLANCA) study. We hypothesized that Lp(a)
and OxPLs would be associated with prevalent angio-
graphic extracoronary vascular disease and would
provide prognostic information regarding future limb-
related complications.
MATERIALS AND METHODS

All study procedures were approved by the Massachusetts
General Hospital Institutional Review Board and carried out
in accordance with the Declaration of Helsinki. The design of
the CASABLANCA study has been described previously
(ClinicalTrials.gov Identifier: NCT00842868 (31). Briefly, 1251
participants undergoing coronary and/or peripheral angiog-
raphy with or without intervention between 2008 and 2011
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were prospectively enrolled at the Massachusetts General
Hospital in Boston, MA, USA. Participants were enrolled in
the study at the time of their index angiogram. Medical re-
cord review from time of enrollment to end of follow-up was
performed. Median follow-up was 3.7 years (IQR 3.1, 4.3),
ranging from a minimum of 1 day to a maximum 4.8 years.
For identification of clinical endpoints, review of medical
records as well as phone follow-up with participants and/or
managing physicians was performed. A detailed definition of
endpoints for CASABLANCA was previously published (31).
MALE was defined as any limb amputation, open surgical
revascularization, or percutaneous revascularization of non-
coronary arterial beds. Participants with extracoronary
vascular disease were followed up to incident MALE.

Specific to this analysis and in accordance with our previ-
ous methodology (32), we included a total of 446 participants
(supplemental Fig. S1). There were 152 participants who un-
derwent peripheral angiography, of which 141 participants
had confirmed extracoronary vascular disease and 11 partic-
ipants did not have extracoronary vascular disease. Thirteen
participants underwent both peripheral and coronary angi-
ography but had no angiographically significant CAD or
extracoronary vascular disease. There were 281 participants
underwent coronary angiography alone and had no angio-
graphically significant CAD, no prior history of atheroscle-
rotic disease, no symptoms of claudication, and no
atherosclerotic events in follow-up. These participants were
included to improve statistical power and classified as controls
without significant peripheral obstruction, given their medi-
cal history and absence of extracoronary vascular disease
diagnosis and/or complications during follow-up. Extracoro-
nary vascular disease was defined as stenosis more than 50%
in any peripheral artery, including lower extremity, carotid,
subclavian, and renal arteries (33). The indications for pe-
ripheral angiography included claudication (n = 100), hyper-
tension (n = 22), carotid artery stenosis with or without stroke
(n = 11), and other extracoronary vascular disease (n = 30).
Angiography was performed of the lower extremity arteries
(n = 129), renal arteries (n = 59), and carotid/subclavian ves-
sels (n = 18).
Biomarker testing
Lp(a) was measured using a minor modification of a novel

immunoassay using a biotin-modified LPA-KIV9 monoclonal
antibody instead of horseradish peroxidase-modified LPA-
KIV9 (34). The principle of the new assay is the capture of
Lp(a) with monoclonal antibody LPA4 primarily directed to
an epitope in apo(a) KIV2, and its detection with monoclonal
antibody LPA-KIV9 directed to a single antigenic site present
on KIV9. No statistically or clinically significant bias was
observed between Lp(a) measurements obtained by the
LPA4/LPA-KIV9 ELISA and those obtained by the gold-
standard University of Washington assay, and therefore, the
methods were previously determined to be equivalent (35).
OxPLs associated with apoB and apo(a) were quantified via
immunoassay using capture antibodies specific to apoB
(MB47) and apo(a) (LPA4), followed by a secondary antibody
EO6, a murine monoclonal antibody that specifically recog-
nizes the phosphocholine headgroup of oxidized but not
native phospholipids (36, 37). Units are reported as nmol/L of
phosphocholine equivalents of phosphocholine-containing
OxPLs.

Literature has extensively characterized the distributions
and correlations of Lp(a) and OxPLs, demonstrating that
Lp(a) is highly correlated with both OxPL-apo(a) and OxPL-
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apoB (38, 39). In order to redemonstrate these correlations
within this cohort to understand the generalizability, a cor-
relation heatmap was generated between each Lp(a)-related
biomarker and traditional lipid parameters.

Elevated Lp(a) was defined as Lp(a) ≥150 nmol/L based on
current clinical practice guidelines (40). Elevated OxPL-apoB
and OxPL-apo(a) were defined as greater than or equal to
the 75th percentile (OxPL-apoB ≥8.2 nmol/L and OxPL-
apo(a) ≥35.8 nmol/L). Specifically, the data were divided in
to four equal groups, each containing 25% of the total N. For
OxPL-apoB, the value of the first quartile was 2.75, the value
of the second quartile was 3.69, and the value for the third
quartile was 8.17. For OxPL-apo(a), the value of the first
quartile was 4.57, the value of the second quartile was 11.77,
and the value for the third quartile was 35.79. Thresholds for
each biomarker to discriminate extracoronary vascular dis-
ease confirmed the chosen definition for elevated bio-
markers, as the optimal cutoff point was close to 150 nmol/L
for Lp(a) and around the 75th percentile for OxPLs
(supplemental Table S1).

Biomarkers were log(2)-transformed to create normal dis-
tributions for statistical analysis.
Statistical analysis
Median (interquartile range) and count (frequency) were

used to present continuous and categorical variables, respec-
tively. Kruskal-Wallis and chi-square tests compared baseline
characteristics in participants with and without extracoronary
vascular disease. Logistic regressions were run to assess the
association between Lp(a), OxPL-apoB, and OxPL-apo(a) with
extracoronary vascular disease compared to participants
without extracoronary vascular disease. Consistent with prior
studies (27, 41), covariates included age, sex, race, systolic
blood pressure, HDL-c, total cholesterol, diabetes, smoking,
and history of cardiovascular disease.

We then restricted our cohort to participants only with
extracoronary vascular disease, regardless of Lp(a) or OxPL
levels. We conducted multivariable Weibull accelerated fail-
ure time regression analysis to assess the association between
Lp(a) and incident MALE among participants with extrac-
oronary vascular disease. Accelerated failure time models
assume the effect of a relevant covariate (in this case Lp[a]
and related particles) have an increasingly important effect
over the life course of a disease rather than exerting a con-
stant risk. The exponentiated Weibull regression coefficient is
known as event time ratio (ETR). An ETR of 1.0 means no
association between the independent variable and the
outcome. Values lower than 1.0 indicate an earlier incidence
of the outcome, and values higher than 1.0 indicate a delayed
incidence of the outcome. In addition, hazard ratio (HR) per 1
unit increment in log(2) particle concentration with 95% con-
fidence intervals was expressed. These were graphed in a
restricted cubic spline curve. We reported HRs of MALE
stratified by high and normal level of both Lp(a) and OxPLs.
Participants with normal levels for Lp(a) and OxPL were used
as reference.

There was minimal missing data in this cohort, where the
data field with the highest amount of missingness, HDL, only
had 5.8% missing data fields. Before building logistic regres-
sion models and Cox models, MICE imputation was employed
to ensure there was no missing data for model analysis. All P-
values reported were 2-sided. A P value <0.05 was considered
statistically significant. All statistical analyses were performed
using R, version 4.2.2 (R Foundation for Statistical Computing,
Vienna, Austria. URL: https://www.R-project.org/).
Ass
RESULTS

A total of 446 study participants were included in this
study. The mean age of participants was 64 ± 11 years,
and 247 (55.4%) were male (Table 1). Of these, 141
(31.6%) had extracoronary vascular disease at baseline.
Those with angiographically demonstrated extracoro-
nary vascular disease were older, more likely be male,
and had higher prevalence of hypertension, dyslipide-
mia, CAD, prior myocardial infarction, diabetes melli-
tus, prior cerebrovascular accident, and chronic kidney
disease. Of the participants with extracoronary vascular
disease, 87% were prescribed statin medications,
resulting in significantly lower total cholesterol
(139 mg/dl vs. 167 mg/dl) and LDL-C (70 mg/dl vs.
99 mg/dl) levels compared to participants without
extracoronary vascular disease. Participants with
extracoronary vascular disease had higher levels of
hemoglobin A1c, fasting glucose, creatinine, blood urea
nitrogen, and Lp(a). Of the participants with extrac-
oronary vascular disease, participants with elevated
Lp(a) had higher prevalence of CAD, heart failure,
myocardial infarction, chronic obstructive pulmonary
disease, smoking, and history of coronary intervention
compared to those with normal Lp(a) levels
(supplemental Table S2). Within these participants, we
observed a high degree of correlation between Lp(a)
and OxPLs, with a statistically significant Spearman
correlation coefficient of 0.90 for OxPL-apo(a) and 0.95
for OxPL-apoB (supplemental Fig. S2). To confirm this
correlation in our cohort, we split participants into
quartiles based on Lp(a) levels (supplemental Table S3).
This table demonstrates there is a significant increase in
the median OxPL-apo(a) and OxPL-apoB levels across
increasing quartiles of Lp(a).

Table 2 details the association between Lp(a), OxPLs,
and extracoronary vascular disease. In univariable
models, elevated Lp(a) (odds ratio [OR]: 1.96, 95% con-
fidence interval [CI]: 1.14, 3.36), OxPL-apo(a) (OR: 1.84,
95% CI: 1.18, 2.88), and combinations of these levels (OR:
1.96, 95% CI: 1.14, 3.36]) were significantly associated
with increased risk of extracoronary vascular disease.
All univariable models had a similar C-statistic ranging
from 0.54 to 0.57. After adjustment for age, sex, race,
systolic blood pressure, HDL-C, total cholesterol, dia-
betes, smoking, and history of cardiovascular disease,
these associations remained significant: Lp(a) (OR: 2.14,
95% CI: 1.03, 4.44), OxPL-apo(a) (OR: 1.64, 95% CI: 0.92,
2.92), and Lp(a)&OxPL-apo(a) (OR: 2.14, 95% CI: 1.03,
4.44). Although elevated OxPL-apoB was significantly
associated with extracoronary vascular disease in uni-
variable modes, OxPL-apoB was not significantly asso-
ciated with extracoronary vascular disease in
multivariable models. Participants with elevated Lp(a)&
OxPL-apo(a)& OxPL-apoB (OR: 2.35, 95% CI:1.12, 4.91)
were at the highest risk of extracoronary vascular dis-
ease. Multivariate models for extracoronary vascular
disease including covariates and Lp(a) had a C-statistic
ociations of lipids with extracoronary vascular disease 3
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TABLE 1. Baseline characteristics of study patients

Demographics

Subjects Without
Extracoronary Vascular

Disease (n = 305)
Subjects With Extracoronary
Vascular Disease (n = 141) P Value

Age, year (mean (SD)) 62.9 (11.5) 67.9 (11.1) <0.001
Male (%) 175 (57.4) 99 (70.2) 0.01
Caucasian (%) 274 (89.8) 132 (93.6) 0.35
Medical conditions (%)
Hypertension 188 (61.6) 132 (93.6) <0.001
Dyslipidemia 154 (50.5) 106 (75.2) <0.001
Coronary artery disease 71 (23.3) 90 (63.8) <0.001
Prior MI 27 (8.9) 33 (23.4) <0.001
Heart Failure 78 (25.6) 26 (18.4) 0.12
COPD 61 (20.0) 31 (22.0) 0.72
Diabetes Mellitus 51 (16.7) 58 (41.1) <0.001
CVA/TIA 24 (7.9) 27 (19.1) 0.001
Chronic kidney disease 16 (5.2) 30 (21.3) <0.001
Renal replacement therapy 4 (1.3) 3 (2.1) 0.81
Smoker 38 (12.6) 25 (18.0) 0.18
Afib/Aflutter 76 (24.9) 21 (14.9) 0.02
Prior angioplasty 14 (4.6) 46 (32.6) <0.001
Prior CABG 11 (3.6) 30 (21.3) <0.001
Prior PCI 39 (12.8) 46 (32.6) <0.001

Medications (%)
ACEi/ARB 142 (47.0) 90 (63.8) 0.001
β-blocker 170 (56.1) 96 (68.1) 0.02
Aldosterone antagonist 12 (4.0) 8 (5.7) 0.57
Loop diuretic 68 (22.4) 28 (19.9) 0.62
Nitrate 26 (8.6) 26 (18.4) 0.004
CCB 60 (19.8) 47 (33.6) 0.002
Statin 166 (54.8) 122 (86.5) <0.001
Aspirin 186 (61.4) 123 (87.2) <0.001
Warfarin 65 (21.5) 19 (13.6) 0.07
Clopidogrel 33 (10.9) 50 (35.5) <0.001

Laboratory data (median [IQR]) [Range]
Sodium, mEq/L 140 (138, 141) [128, 149] 140 (137, 141) [132, 148] 0.85
BUN, mg/dl 17 (14, 21) [5, 86] 21 (16, 28) [8, 67] <0.001
Creatinine, mg/dl 1.00 (0.86, 1.20) [0.5, 11.67] 1.20 (0.98, 1.52) [0.67, 2.97] <0.001
Glycohemoglobin, % 5.8 (5.4, 6.6) [4.4, 13.9] 6.8 (5.9, 9.0) [4.1, 12.4] 0.008
Glucose, mg/dl 99 (89, 116) [64, 342] 106 (93, 123) [61, 246] 0.02
Hemoglobin, g/dl 13.5 (12.2, 14.6) [9.6, 18.8] 13.0 (11.6, 14.0) [9.0, 18.2] 0.001
Total cholesterol, mg/dl 167 (137, 194) [93, 339] 139 (118, 170) [55, 277] <0.001
LDL-C, mg/dl 95 (69, 118) [35, 222] 70 (56, 89) [16, 194] <0.001
HDL-C, mg/dl 43 (35–54) [15, 152] 40 (32–50) [10, 104] 0.09
Triglycerides, mg/dl 110 (79–140) [38, 528] 110 (80–170) [27, 547] 0.78
Lp(a), nmol/L 24.61 (11.18, 74.17) [0.00, 599.58] 32.75 (11.15, 137.30) [1.52, 497.76] 0.08
OxPL-apo(a), nmol/L 10.47 (4.81, 31.34) [0.9, 77.7] 13.21 (4.48, 42.52) [1.09, 74.11] 0.19
OxPL-apoB, nmol/L 3.61 (2.78, 7.27) [0.9, 25.6] 3.98 (2.70, 10.84) [1.27, 31.99] 0.19

Biomarker Thresholds (%)
Lp(a) >150 nmol/L 35 (11.5) 29 (20.6)
OxPL-apo(a) >35.8 nmol/L 64 (21.0) 47 (33.3)
OxPL-apoB >8.2 nmol/L 65 (21.3) 46 (32.6)

ACEi, angiotensin converting enzyme inhibitor; Afib, atrial fibrillation; ARB, angiotensin receptor blocker; BUN, blood urea nitrogen;
CABG, coronary artery bypass graft; CCB, calcium channel blocker; CVA, cerebrovascular accident; HDL-C, high density lipoprotein
cholesterol; LDL-C, low density lipoprotein cholesterol; Lp(a), lipoprotein(a); MI, myocardial infarction; OxPL, oxidized phospholipid; PCI,
percutaneous coronary intervention; TIA, transient ischemic event.
of 0.82, which was unchanged with the serial addition
of OxPLs (supplemental Table S4). To assess the pre-
dictive power of OxPL in participants with low levels of
Lp(a), we restricted participants to those with Lp(a) less
than the 25th percentile and found OxPL-apoB was no
longer associated with extracoronary vascular disease
(OR: 0.41, 95% CI:0.07, 2.16) (supplemental Table S5).

Over median 3.7 years of follow-up, 91 cases of
MALE occurred (13 cases of limb amputation, 22 sur-
gical revascularization, and 56 percutaneous revascu-
larization), and 38 (42%) participants had diabetes.
Figure 1 depicts restricted cubic spline analyses for
4 J. Lipid Res. (2024) 65(7) 100585
MALE by Lp(a) and OxPL levels. The graph demon-
strates that higher Lp(a), OxPL-apoB, and OxPL-apo(a)
levels were all associated with progressively elevated
risk of MALE. The HR for MALE with dichotomous
values is shown in Table 3, which also demonstrates a
significant association between levels of Lp(a) and
OxPLs. In a univariable model, participants with
elevated Lp(a) (HR: 2.22, 95% CI: 1.34, 3.69), OxPL-apo(a)
(HR: 2.14, 95% CI: 1.36, 3.35), OxPL-apoB (HR: 2.01, 95%
CI: 1.28, 3.16), and combinations of all levels were twice
as likely to experience a MALE. HRs were slightly
attenuated after adjustment in a multivariable for



TABLE 2. Association of Lp(a) and oxidized phospholipids with extracoronary vascular disease

Biomarkers

Univariable Model Multivariable Model

OR (95% CI) P Value C-Statistic OR (95% CI) P Value C-Statistic

Lp(a)
Log(2), per 1 unit increment 1.16 (1.00, 1.35) 0.04 0.55 1.15 (0.97, 1.36) 0.11 0.82
Level ≥150 nmol/L 1.96 (1.14, 3.36) 0.01 0.54 2.14 (1.03, 4.44) 0.04 0.82

OxPL-apoB
Log(2), per 1 unit increment 1.36 (1.02, 1.81) 0.03 0.54 1.18 (0.83, 1.70) 0.36 0.81
Level ≥8.2 nmol/L 1.75 (1.12, 2.73) 0.01 0.55 1.24 (0.69, 2.17) 0.46 0.81

OxPL-apo(a)
Log(2), per 1 unit increment 1.11 (0.94, 1.33) 0.23 0.54 1.04 (0.84, 1.30) 0.72 0.81
Level ≥ 35.8 nmol/L 1.84 (1.18, 2.88) 0.007 0.56 1.64 (0.92, 2.92) 0.09 0.82

Combination of levels
Lp(a)&OxPL-apoB 2.17 (1.25, 3.76) 0.006 0.55 2.35 (1.13, 4.91) 0.02 0.82
Lp(a)&OxPL-apo(a) 1.96 (1.14, 3.36) 0.01 0.54 2.14 (1.03, 4.44) 0.04 0.82
OxPL-apoB&OxPL-apo(a) 2.11 (1.33, 3.36) 0.002 0.57 1.74 (0.96, 3.18) 0.07 0.82
Lp(a)&OxPL-apoB&OxPL-apo(a) 2.17 (1.25, 3.76) 0.006 0.55 2.35 (1.12, 4.91) 0.02 0.82

Multivariable model: age, sex, race, systolic blood pressure, HDL-C, total cholesterol, diabetes, smoking and history of cardiovascular
disease. apoB, apolipoprotein B; apo(a), apolipoprotein(a); CI, confidence interval; Lp(a), lipoprotein(a); OR, odds ratio; OxPL, oxidized
phospholipids.
aforementioned covariates, but participants with
elevated OxPL-apo(a) were at highest risk of MALE
(HR: 2.11, 95% CI: 1.28, 3.49). Multivariate models for
MALE including covariates and Lp(a) had a C-statistic
of 0.77, which decreased with the serial addition of
OxPLs (supplemental Table S6). To assess the predictive
power of OxPL in participants with low levels of Lp(a),
Fig. 1. Restricted cubic spline curve showing the association betw
with major adverse limb events.

Ass
we restricted participants to those with Lp(a) less than
the 25th percentile and found OxPL-apoB (OR: 0.67 and
95% CI:0.10, 4.42) and OxPL-apo(a) (OR: 1.18 and 95%
CI:0.45, 3.06) were no longer associated with MALE
(supplemental Table S5). A variance inflation factor
was calculated within these models for both Lp(a) and
OxPLs. The variance inflation factor of 9 for these
een (A) log(2) Lp(a), (B) OxPL-apoB, and (C) OxPL-apo(a) levels

ociations of lipids with extracoronary vascular disease 5



TABLE 3. Association of Lp(a) and oxidized phospholipids with major adverse limb event in patients with extracoronary vascular disease

Biomarkers

Univariable Model Multivariable Model

HR (95% CI) P Value C-Statistic HR (95% CI) P Value C-Statistic

Lp(a)
Log(2), per 1 unit increment 1.26 (1.06, 1.49) 0.008 0.58 1.21 (1.01, 1.45) 0.04 0.77
Level ≥150 nmol/L 2.22 (1.34, 3.69) 0.002 0.56 2.04 (1.14, 3.63) 0.02 0.77

OxPL-apoB
Log(2), per 1 unit increment 1.50 (1.11, 2.03) 0.008 0.57 1.37 (1.00, 1.89) 0.05 0.76
Level ≥8.2 nmol/L 2.01 (1.28, 3.16) 0.002 0.57 1.70 (1.03, 2.80) 0.04 0.76

OxPL-apo(a)
Log(2), per 1 unit increment 1.25 (1.02, 1.53) 0.003 0.58 1.21 (0.98, 1.50) 0.08 0.76
Level ≥35.8 nmol/L 2.14 (1.36, 3.35) <0.001 0.58 2.11 (1.28, 3.49) 0.003 0.77

Combination of levels
Lp(a)&OxPL-apoB 2.36 (1.42, 3.92) <0.001 0.56 2.08 (1.17, 3.70) 0.01 0.77
Lp(a)&OxPL-apo(a) 2.22 (1.34, 3.69) 0.002 0.56 2.04 (1.14, 3.63) 0.02 0.77
OxPL-apoB&OxPL-apo(a) 2.32 (1.47, 3.65) <0.001 0.58 2.07 (1.24, 3.44) 0.005 0.77
Lp(a)&OxPL-apoB&OxPL-apo(a) 2.36 (1.42, 3.92) <0.001 0.56 2.08 (1.17, 3.70) 0.01 0.77

Multivariable model: age, sex, race, systolic blood pressure, HDL-C, total cholesterol, diabetes, smoking, and history of cardiovascular
disease. apoB, apolipoprotein B; apo(a), apolipoprotein(a); CI, confidence interval; HR, hazard ratio; Lp(a), lipoprotein(a); OxPL, oxidized
phospholipids.
models indicates the presence and high intensity of
multicollinearity.

Participants with elevated Lp(a), OxPL-apo(a), and
OxPL-apoB were more likely to experience earlier
MALE as evident by ETR of 0.24 (95% CI: 0.06, 0.99), 0.17
(95% CI: 0.04, 0.63), and 0.22 (95%CI: 0.06, 0.79),
Fig. 2. Cumulative rates of major adverse limb events (MALE) amo
apoB, and (C) OxPL-apo(a) levels during follow-up. Elevated Lp(a) w
apoB and OxPL-apo(a) were defined based levels ≥75th percentiles
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respectively. In cumulative hazard curves, higher values
for Lp(a) (log-rank P < 0.002), OxPL-apoB (log-rank P =
0.002), and OxPL-apo(a) (log-rank P < 0.001) were asso-
ciated with shorter time to first MALE (Fig. 2). Finally,
Fig. 3 depicts HRs of MALE stratified by combinations
of levels of Lp(a) and OxPLs. Participants with elevated
ng patients with and without elevated (A) log(2) Lp(a), (B) OxPL-
as defined as Lp(a) ≥150 nmol/L (≥50 mg/dl). Elevated OxPL-
(OxPL-apoB ≥8.2 nmol/L and OxPL-apo(a) ≥35.8 nmol/L).



Fig. 3. Hazard ratios of major adverse limb events in patients with elevated Lp(a), OxPL-apoB, and OxPL-apo(a) levels. Patients with
elevated Lp(a) and OxPLs had the highest risk of developing adverse events.
Lp(a), OxPLs, and combinations of these levels had
more than twice the risk of MALE compared to par-
ticipants with normal levels for these measures.

DISCUSSION

In this prospective cohort of individuals who under-
went coronary and/or peripheral angiography, we
demonstrated participants with higher Lp(a) and
related OxPLs had elevated unadjusted and adjusted
odds of extracoronary vascular disease. After exam-
ining long-term adverse outcomes of extracoronary
vascular disease, Lp(a) and OxPLs were predictive of
future MALE. The risk of future MALE was similarly
high among participants with elevated Lp(a) and com-
binations of elevated Lp(a) and OxPLs. These findings
emphasize that Lp(a) alone captures the risk profile of
Lp(a), OxPL-apoB, and OxPL-apo(a) in the develop-
ment and progression of atherosclerotic plaque in pe-
ripheral arteries. Future studies should investigate the
efficacy of novel therapies to lower Lp(a) in partici-
pants diagnosed with extracoronary vascular disease to
prevent adverse-related outcomes.

Although the role of Lp(a) and related particles in
the development of atherosclerosis and complications
of coronary artery atherosclerosis is well established,
the role of Lp(a) in the development of extracoronary
vascular disease has been controversial in the literature
(42, 43). There have been large cohort studies of
healthy patients where Lp(a) levels have not been
associated with extracoronary vascular disease. In a
prospective cohort of 14,916 healthy adult men who
were followed for development of symptomatic pe-
ripheral artery disease (PAD), (30) authors showed that
higher quartiles of Lp(a) did not predict future PAD
events. In a similar fashion, a study (29) of 27,935 US
adult females who were followed for 12 years reported
no association between Lp(a) concentrations and future
extracoronary vascular disease events. However, mea-
surement of Lp(a) in both cohorts were made around
30 years ago, and since that time, the distributions,
recognition, and management of atherogenic lipopro-
teins and other risk factors have substantially advanced.
Furthermore, both cohorts studied younger individuals
and thus, despite large sizes, captured less than 200
Ass
incident PAD cases each. More contemporary studies in
older populations known to be at higher risk for PAD
have identified high levels of Lp(a) in patients with
poor ankle/brachial index, which is a marker of PAD
(44). A human genetic study of 112,338 participants also
linked Lp(a) with PAD (28). Lp(a) has also been associ-
ated with the development of symptomatic extracoro-
nary vascular disease (45–47). Prior studies have linked
Lp(a) with both coronary and extracoronary vascular
calcification among asymptomatic individuals (48). We
showed that Lp(a) and OxPLs associate with both
extracoronary vascular disease and complications of
extracoronary vascular disease, namely MALE.

There is also mounting evidence that increased Lp(a)
is linked to limb-related complications. Studies have
reported the association between Lp(a) and need for
revascularization as well as limb amputation (25, 47).
Notably, among more than 16,500 patients that had an
Lp(a) measured during clinical evaluation, Guedon et al.
utilized accelerated time failure methodology similar to
this analysis, finding that higher concentrations of
Lp(a) were associated with MALE during follow-up (42).
Our data are in concordance with these findings, as we
demonstrate the importance of Lp(a) measurement in
predicting limb-related complications in those with
extracoronary vascular disease. In our study cohort
with fewer than 100 MALE events, we were still able to
show Lp(a) was associated with MALE using an adjusted
accelerated failure time model. This model assumes the
cumulative effect of a covariate may escalate over time,
and still Lp(a) had an independent association.

This study provides novel information that Lp(a)
alone captures the risk profile of Lp(a), OxPL-apoB,
and OxPL-apo(a) in the development and progression
of atherosclerotic plaque in peripheral arteries. OxPL
formation depends heavily on the burden of oxidative
stress and has been recently investigated as a biomarker
in atherosclerosis (37). OxPLs are theorized to
contribute to Lp(a) pathogenesis by enhancing foam
cell formation and inflammatory cell recruitment (49,
50). Specifically, OxPL-apo(a) represents OxPL con-
centrations within Lp(a). OxPL-apoB represents OxPL
concentrations within all apoB-containing lipoproteins,
which include chylomicrons, VLDL. IDL, LDL, and
Lp(a). This study redemonstrates a high degree of
ociations of lipids with extracoronary vascular disease 7



correlation between Lp(a) and OxPLs and an associa-
tion between these biomarkers and our outcomes of
interest. However, we do not show an independent as-
sociation between these biomarkers and our outcomes
of interest (39). Multivariate models including cova-
riates and Lp(a) for both extracoronary vascular disease
and MALE show an unchanged or lower C-statistic with
the serial addition of OxPLs, indicating multi-
collinearity issues that reduce predictive accuracy.
Although higher concentrations of all three particles
measured (Lp(a), OxPL-apo(a), and OxPL-apoB) were
associated with shorter time to first MALE event in
both ETR and cumulative hazard analyses, the addition
of OxPLs did not enhance the association and there-
fore are not necessary to obtain when Lp(a) levels are
readily available.

Our results demonstrate a correlation between Lp(a)
and extracoronary vascular disease, which is not sub-
stantially enhanced with the addition of OxPLs. Reas-
suringly, there are Lp(a) assays readily available to
clinicians, while assays for OxPL-apoB and OxPL-
apo(a) are more difficult to access (51, 52). These avail-
able tests for Lp(a) may be sufficient for quantifying
the risk of in the development and progression of
atherosclerotic plaque in peripheral arteries. This cor-
relation also supports further investigation of Lp(a) as a
potential biomarker of extracoronary vascular disease.
Lp(a) concentrations are highly heritable, with minimal
influence by diet or environmental factors (53). Until
recently, medical therapies were lacking for substantial
Lp(a) lowering. With the development of treatments
such as antisense oligonucleotide therapy, the prospect
now exists to substantially lower Lp(a) (54). The find-
ings of this analysis make a strong case to explore effect
of such therapies to lower Lp(a) in patients with
extracoronary vascular disease with a goal to slow
progression of disease and reduce major complications
of the disease such as need for revascularization or
amputation.

Our study has several limitations. First, majority of
study participants were white males. Lp(a) is predomi-
nantly heritable with higher concentrations in Black
individuals (55, 56); thus, our results may not be
generalizable and should not be extended to a more
multiethnic/multiracial population with more female
representation. Second, in order to provide statistical
power for the analysis, we constructed a comparator
control group using an approach that minimizes the
risk for unrecognized extracoronary vascular disease
through exclusion of those with prevalent or incident
clinical extracoronary vascular disease, and who were
also without angiographic CAD. Despite this approach,
it is possible some of the control participants had occult
extracoronary vascular disease. Even with these efforts,
the sample size is relatively small, and with multivari-
able adjustment, associations between Lp(a) and OxPLs
were attenuated owing to wider CI around an OR that
was comparable to unadjusted analyses; larger studies
8 J. Lipid Res. (2024) 65(7) 100585
using these assays are now justified. Finally, study par-
ticipants were followed up for median of 3.7 years;
future studies may assess the impact of elevated Lp(a)
on longer term limb-related complications.
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25. Sanchez Muñoz-Torrero, J. F., Rico-Martín, S., Álvarez, L. R.,
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