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BACKGROUND: Lipoprotein(a) (Lp(a)) is a potent causal risk factor for cardiovascular events and mortality. However, its re-
lationship with subclinical atherosclerosis, as defined by arterial calcification, remains unclear. This study uses the ARIC
(Atherosclerosis Risk in Communities Study) to evaluate the relationship between Lp(a) in middle age and measures of vascu-
lar and valvular calcification in older age.

METHODS AND RESULTS: Lp(a) was measured at ARIC visit 4 (1996-1998), and coronary artery calcium (CAC), together with
extracoronary calcification (including aortic valve calcium, aortic valve ring calcium, mitral valve calcification, and thoracic
aortic calcification), was measured at visit 7 (2018-2019). Lp(a) was defined as elevated if >50 mg/dL and CAC/extracoronary
calcification were defined as elevated if >100. Logistic and linear regression models were used to evaluate the association be-
tween Lp(a) and CAC/extracoronary calcification, with further stratification by race. The mean age of participants at visit 4 was
59.2 (SD 4.3) years, with 62.2% women. In multivariable adjusted analyses, elevated Lp(a) was associated with higher odds of
elevated aortic valve calcium (adjusted odds ratio [aOR], 1.82; 95% Cl, 1.34-2.47), CAC (aOR, 1.40; 95% ClI, 1.08-1.81), aortic
valve ring calcium (@OR, 1.36; 95% CI, 1.07-1.73), mitral valve calcification (@OR, 1.37; 95% ClI, 1.06-1.78), and thoracic aortic
calcification (@OR, 1.36; 95% ClI, 1.05-1.77). Similar results were obtained when Lp(a) and CAC/extracoronary calcification
were examined on continuous logarithmic scales. There was no significant difference in the association between Lp(a) and
each measure of calcification by race or sex.

CONCLUSIONS: Elevated Lp(a) at middle age is significantly associated with vascular and valvular calcification in older age,
represented by elevated CAC, aortic valve calcium, aortic valve ring calcium, mitral valve calcification, thoracic aortic calcifica-
tion. Our findings encourage assessing Lp(a) levels in individuals with increased cardiovascular disease risk, with subsequent
comprehensive vascular and valvular assessment where elevated.

Key Words: aortic valve calcium m coronary artery calcium m extra-coronary calcification m lipoprotein(a) m subclinical atherosclerosis

is a potent causal risk factor for cardiovascu- among individuals on statin therapy and among
lar events and mortality."-® Elevated Lp(a) levels those with low-density lipoprotein cholesterol (LDL-
have been independently associated with increased C) <70 mg/dL'* Additionally, elevated Lp(a) has

Lipoprotein(a) (Lp(@) is a plasma lipoprotein that  atherosclerotic cardiovascular disease risk, even
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CLINICAL PERSPECTIVE

What Is New?

e The relationship between lipoprotein(@ and
subclinical atherosclerosis remains unclear.

e |n this prospective cohort study of 2083 older
adults in the ARIC (Atherosclerosis Risk in
Communities) study, we found that elevated
lipoprotein(a) at middle age is significantly asso-
ciated with vascular and valvular calcification in
older age, represented by elevated calcification
in the coronary artery, aortic valve ring, mitral
valve, thoracic aorta, and most especially, the
aortic valve.

What Are the Clinical Implications?

e Qur findings encourage assessing lipoprotein(a)
levels in individuals with increased cardiovascu-
lar disease risk, with subsequent comprehen-
sive vascular and valvular assessment where
elevated.

Nonstandard Abbreviations and Acronyms

ARIC Atherosclerosis Risk in Communities
Study

AVC aortic valve calcium

AVRC aortic valve ring calcium

ECC extracoronary calcification

Lp(a) lipoprotein(a)

MVC mitral valve calcification

TAC thoracic aortic calcification

been associated with increased risk for calcific val-
vular disease.® Lp(a) has a unique structure that com-
prises apolipoprotein B-100, an LDL-like moiety that
is thought to promote atherosclerosis, and an apoli-
poprotein A moiety, similar to plasminogen that may
mediate increased risk of thrombosis.®*® The mecha-
nisms mediating its effects on the cardiovascular sys-
tem are, however, incompletely understood.!

Although Lp(a) has generated increased interest
over the past several years and is recommended by
some for inclusion in management guidelines,® more
information concerning its role in the development of
cardiovascular disease is needed. For example, the re-
lationship between Lp(a) and coronary artery calcium
(CAC), a robust marker of overall atherosclerotic bur-
den and an individualizable integrator of cardiovascular
risk,”8 is inconsistent in the literature, although it ap-
pears to be influenced by race,*" sex,'>'® and certain
comorbidities.'®™
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Similarly, Lp(a) has also been directly implicated
in the development and progression of some valvu-
lar diseases including aortic valve calcification (AVC),
a precursor to calcific aortic valve stenosis, the most
common valvular disease in North America.>'®" Lp(a)
has also been associated with increased severity and
increased risk of mortality from calcific aortic valve
stenosis.>®

To elucidate the relationship between Lp(a) and
measures of vascular and valvular calcification, we
used the ARIC (Atherosclerosis Risk in Communities)
study to evaluate the association between Lp(a) in
middle age and the presence of CAC, AVC, and other
computed tomography-defined measures of athero-
sclerosis including mitral valve calcification (MVC), aor-
tic valve ring calcification (AVRC), and thoracic aortic
calcification (TAC) in older age. Further, we sought to
study whether the association between Lp(a) and CAC
or extracoronary calcification (ECC) differed by race or
Sex.

METHODS

Because of the sensitive nature of the data collected
for this study, requests to access the data set from
qualified researchers trained in human subject confi-
dentiality protocols may be sent to the ARIC data co-
ordinating center.

Study Population
The ARIC study is an ongoing prospective cohort of
15 792 individuals enrolled between 1987 and 1989
from 4 communities in the United States—Forsyth
County, North Carolina; Jackson, Mississippi; subur-
ban Minneapolis, Minnesota; and Washington County,
Maryland. Participants were aged 45 to 64 years at
baseline and have subsequently undergone additional
extensive examination at 6 other visits (1990-1992,
1993-1995, 1996-1998, 2011-2013, 2016-2017,
2018-2019). Participants provided informed consent
at each visit and institutional review boards at each
field center approved the protocol. More details about
study design and sampling methodology have been
published elsewhere.'®

Cardiac computed tomography was done for the
first time in ARIC at visit 7 (February 2018—-December
2019). Of the 3589 participants at visit 7, we excluded
participants absent from visit 4 (1996-1998: when
Lp(@ was measured; n=187), participants missing
Lp(@ measurements from visit 4 (n=45), participants
with race other than Black or White (n=9), partici-
pants with history of coronary heart disease (CHD) as
of December 2015 per ARIC CAC scanning eligibility
protocol (h=485), participants missing CAC measure-
ments at visit 7 (n=770), and participants with missing
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information on covariates of interest (n=10). A final
sample size of 2083 individuals were included in our
analyses (Figure S1).

Lipoprotein Measurements

Lp(a) in EDTA-plasma samples (stored at —70 °C before
analysis) was measured at visit 4 (1996-1998), using
a commercially sourced automated assay developed
by Denka Seiken Co. Ltd, Tokyo, Japan, that is rela-
tively insensitive to apolipoprotein A kringle IV type 2
repeats.”® Total cholesterol, high-density lipoprotein
cholesterol, and triglycerides were measured using
enzymatic procedures. LDL-C was calculated using
Martins-Hopkins equation, and corrected LDL-C was
calculated as [Total LDL-0.3*Lp(a)].°

CAC/ECC Measurements

CAC/ECC scans were performed using multidetector
64-slice computed tomography scanners by trained
technicians supervised by a physician at in each
center. Calcification was defined as lesions with at-
tenuation >130 Hounsfield units and area >1 mm? in
each slice level. CAC/ECC scores were quantified by
the Agatston score.?’ ECC sites include AVC, AVRC,
MVC, and TAC.

CAC was defined as calcification in any of the cor-
onary arteries, AVC was defined as calcification on the
aortic valve extending to but not including the aortic
root, AVRC was defined as calcification involving the
aortic root only, MVC was defined as calcification on
the mitral valve annulus, and TAC was defined as the
presence of calcification in the ascending or descend-
ing aorta within the field of view on the CAC scan.

Other Covariates

Age, sex, race, education, alcohol use, and smoking
status at visit 4 were based on self-report. Education
level was evaluated, and participants were categorized
into less than a high school education, higher education
other than college, or at least some college. Cigarette
smoking and alcohol use status were classified into 3
categories: current, former, and never user. Body mass
index was calculated as weight (kg)/height? (m?). Blood
pressures were measured in duplicate after a 5-minute
rest in a seated position, and the mean of the 2 meas-
urements was recorded. Systolic blood pressure was
considered elevated if 2140 mm Hg and use of anti-
hypertensive medication was self-reported. Diabetes
was defined as fasting glucose level >126 mg/dL, non-
fasting glucose level >200 mg/dL, self-reported phy-
sician diagnosis, or use of antidiabetic medications.
Medication use over the prior 2 weeks was verified
by reviewing medication containers that participants
brought to the visit.
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Statistical Analysis

We first summarized baseline characteristics of par-
ticipants by elevated versus nonelevated Lp(a) (defined
as per prior literature as <versus>50 mg/dL).??> Means
(SD), median (interquartile interval), and proportions (%)
were reported as appropriate.

We analyzed Lp(a) both continuously and categori-
cally. Lp(a) was log-transformed due to its skewed dis-
tribution. We primarily dichotomized Lp(a) at a clinical
cut-point of 50 mg/dL, as noted previously, and sec-
ondarily categorized Lp(a) using cut-points of <10, 11 to
20, 21 to 30, 31 to 50, and >50 mg/dL.?*?* Consistent
with prior literature, we analyzed CAC/ECC primarily as
“elevated versus not elevated” based on a cut-point of
100"?® and secondarily as continuous variables on a
logarithmic scale.

The association between Lp(a) and CAC/ECC was
first assessed using logistic regression models with
incremental adjustment for potential confounders.
Model 1 was crude; Model 2 adjusted for age, race,
sex, education level, smoking status, alcohol drinking
status, and cardiovascular risk factors (body mass
index, systolic blood pressure, diabetes, antihyperten-
sive medication use, high-density lipoprotein choles-
terol, and triglycerides) and is referred to as the fully
adjusted-model. Total cholesterol and LDL-C were not
included in the adjusted models as Lp(a) is typically
measured as a component of both. However, we per-
formed sensitivity analyses including corrected LDL-C.
Additionally, to account for its importance in modifying
lipid parameters, lipid-lowering medication use was
included separately in Model 3 (in addition to the vari-
ables in Model 2).

We also evaluated the association between con-
tinuous Lp(@) and CAC/ECC using restricted cubic
splines with knots at values corresponding to the 25th,
50th, and 75th centiles (4.9, 12.4, and 37.9 mg/dL re-
spectively). The reference point was set at a value cor-
responding to the 20th centile (3.9 mg/dL).

To assess the incremental value of Lp(a) over con-
ventional risk factors for predicting CAC/ECC, a re-
ceiver operating characteristic curve was constructed
with a base model including cardiovascular risk factors
(age, sex, race, high-density lipoprotein cholesterol,
elevated systolic blood pressure/use of antihyper-
tensive medication, diabetes, and smoking status).
Another receiver operating characteristic curve was
constructed with Lp(a) (in continuous log-transformed
form) added to the base model. The area under the
curve for both models was then compared using chi-
square test.

For sensitivity analyses, the association between
Lp(@) (modeled continuously as a log-transformed vari-
able, and with prespecified cut-points) and CAC/ECC
(modeled continuously as IN(CAC+1) or IN(ECC+1)) was
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assessed using linear regression, with the same mod-
els outlined previously.

Subgroup analyses by race (White versus Black)
and sex were conducted to assess the association be-
tween Lp(a) (modeled as <50 versus >50 mg/dL) and
CAC/ECC. To maximize power, CAC/ECC was mod-
eled as score 0 versus >0. The P value for interaction
was tested using the likelihood ratio test.

All analyses were conducted using Stata 15 soft-
ware (Stata Corp, College Station, TX). Statistical sig-
nificance was set as a 2-sided P value of <0.05.

RESULTS

Overall, the participants in our study had a mean age
of 59.2 (SD 4.3) years at visit 4, with 62.2% women,
21.4% Black race, and 18.8% with Lp(@) >50 mg/

Lp(a) and Subclinical Atherosclerosis

dL. Compared with individuals with Lp(@) <50 mg/
dL, a larger proportion of individuals with Lp(a) values
>50 mg/dL were women, Black people, had hyperten-
sion or reported use of antihypertensive medication,
and used lipid-lowering medication (Table 1). Other
characteristics were similarly distributed between the
groups.

Coronary Artery Calcium

In the fully adjusted model, elevated Lp(a) was signifi-
cantly associated with elevated CAC, with individuals
having Lp(a) >50 mg/dL more likely to have CAC>100
(adjusted odds ratio [aOR], 1.40; 95% CI, 1.08-1.81).
After additionally adjusting for lipid lowering medica-
tion, the association remained significant (@OR, 1.35;
95% Cl, 1.04-1.75) (Table 2). Further sensitivity anal-
yses adjusting for corrected-LDL-C showed similar

Table 1. Baseline Characteristics of Participants by Lipoprotein(a) Category

Total Lp(a) <50 mg/dL Lp(a) >50 mg/dL
Characteristic N=2083 N=1691 N=392
Age, y 59.2 (4.3) 59.3 (4.2) 58.9 (4.3)
Female sex 1296 (62.2%) 1018 (60.2%) 278 (70.9%)
Black race 446 (21.4%) 319 (18.9%) 127 (32.4%)
Education level
<High school 200 (9.6%) 169 (10.0%) 31 (7.9%)
Higher education other than college 860 (41.3%) 697 (41.2%) 1683 (41.6%)
At least some college 1023 (49.1%) 825 (48.8%) 198 (50.5%)
Body mass index, kg/m? 28.4(5.2) 28.4 (5.1) 28.6 (5.5)
Systolic blood pressure, mm Hg 121.7 (16.5) 121.7 (16.5) 121.4 (16.7)
Diastolic blood pressure, mm Hg 71.49.7) 71.3(9.7) 71.8 (10.0)
Antihypertensive medication use 585 (28.1%) 466 (27.6%) 119 (30.4%)
Smoking status
Never smoker 992 (47.6%) 797 (471%) 195 (49.7%)
Former smoker 885 (42.5%) 722 (42.7%) 1683 (41.6%)
Current smoker 206 (9.9%) 172 (10.2%) 34 (8.7%)
Alcohol use status
Never drinker 388 (18.6%) 303 (17.9%) 85 (21.7%)
Former drinker 478 (22.9%) 385 (22.8%) 93 (28.7%)
Current drinker 1217 (568.4%) 1003 (59.3%) 214 (54.6%)
Diabetes 154 (7.4%) 123 (7.3%) 31 (7.9%)
Lipid lowering medication use 173 (8.3%) 127 (7.5%) 46 (11.7%)
Total cholesterol, mg/dL 198.0 (177.0-222.0) 196.0 (174.0-219.0) 211.0 (190.0-232.0)
High-density lipoprotein cholesterol, mg/dL 50.0 (41.0-62.0) 49.0 (40.0-62.0) 53.0 (43.0-65.0)
Triglycerides, mg/dL 114.0 (83.0-159.0) 115.0 (84.0-163.0) 106.0 (81.0-147.0)
Thoracic aorta >100 1430 (68.7%) 1157 (68.4%) 273 (69.6%)
Aortic valve ring >100 988 (47.4%) 789 (46.7%) 199 (50.8%)
Aortic valve >100 366 (17.6%) 282 (16.7%) 84 (21.4%)
Mitral valve >100 537 (25.8%) 423 (25.0%) 114 (29.1%)
Total coronary artery calcium >100 1327 (63.7%) 1079 (63.8%) 248 (63.3%)

Values are mean (SD), median (interquartile interval), or n (%).Lp(a) indicates lipoprotein(a).
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Table 2. Adjusted Odds Ratio of CAC or ECC>100
Comparing Elevated Lp(a) to Normal Lp(a)

Lp(a) <50 mg/dL Lp(a) >50 mg/dL

CAC

Model 1 Reference 0.98 (0.78-1.23)

Model 2 Reference 1.40 (1.08-1.81)

Model 3 Reference 1.35 (1.04-1.75)
Thoracic Aorta

Model 1 Reference 1.06 (0.83-1.34)

Model 2 Reference 1.36 (1.05-1.77)

Model 3 Reference 1.35 (1.04-1.76)
Aortic valve

Model 1 Reference 1.36 (1.04-1.79)

Model 2 Reference 1.82 (1.34-2.47)

Model 3 Reference 1.79 (1.32-2.43)
Aortic valve ring

Model 1 Reference 1.18 (0.95-1.47)

Model 2 Reference 1.36 (1.07-1.73)

Model 3 Reference 1.32 (1.04-1.67)
Mitral valve

Model 1 Reference 1.23 (0.96-1.57)

Model 2 Reference 1.37 (1.06-1.78)

Model 3 Reference 1.35 (1.04-1.76)

Model 1 is unadjusted.

Model 2 is adjusted for age, race, sex, education level, smoking status,
alcohol drinking status, and cardiometabolic risk factors (body-mass index,
systolic blood pressure, diabetes, antihypertensive medication use, high-
density lipoprotein cholesterol, and triglycerides).

Model 3 is Model 2 + lipid lowering therapy. CAC indicates coronary artery
calcium; ECC, extracoronary calcification; and Lp(a), lipoprotein(a).

results (Table S1). The odds of having elevated CAC
(>100) across increasing levels of Lp(a) is depicted
using restricted cubic splines in Figure 1A.

In sensitivity analyses, using a multivariable-
adjusted linear regression model, there was a signifi-
cant association between log-transformed Lp(a), and
log-transformed CAC (adjusted coefficient, 0.11; 95%
Cl, 0.04-0.18) (Table S2). Additionally, in logistic regres-
sion models comparing categories of Lp(a) (11-20, 21—
30, 31-50, and >50 mg/dL) to the lowest category of
<10 mg/dL, only the highest group with Lp(a) >50 mg/
dL had significantly higher odds of having elevated
CAC >100 (@OR, 1.46; 95% CI, 1.10-1.94) (Table S3).

The addition of Lp(@) to the base model of car-
diovascular risk factors nominally increased the area
under the curve for prediction of CAC>100 from 0.7447
to 0.7450; however, this change was not significant
(P=0.76) (Table S4).

Aortic Valve Calcium

Elevated Lp(a) (>50 mg/dL) was significantly associ-
ated with higher odds of AVC>100 across all models
(fully adjusted aOR, 1.82; 95% ClI, 1.34-2.47) (Table 2),

J Am Heart Assoc. 2022;11:e024870. DOI: 10.1161/JAHA.121.024870
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as well as in sensitivity analyses (Table S1). The rela-
tionship between Lp(a) and AVC is graphically depicted
using restricted cubic splines in Figure 1B.

In sensitivity analyses, using multivariable-adjusted
linear regression, we confirmed the significant associa-
tion between log-transformed Lp(a), and log-transformed
AVC (adjusted coefficient, 0.20; 95% CI, 0.12-0.28).
In logistic regression models, compared with the low-
est category of <10 mg/dL, the odds of elevated AVC
among those with Lp(a) 21 to 30 mg/dL, 31 to 50 mg/dL,
and >50 mg/dL were significantly elevated.

Lp(@) significantly improved the area under the
curve for predicting the presence of AVC beyond car-
diovascular risk factors from 0.7101 to 0.7211 (P=0.02)
(Table S4).

Other Extracoronary Calcification

Elevated Lp(a) (=50 mg/dL) was also associated with
elevated AVRC (aOR, 1.36; 95% ClI, 1.07-1.73), MVC
(@OR, 1.37; 95% ClI, 1.06-1.78), and TAC (aOR, 1.36;
95% Cl, 1.05-1.77) (Table 2), with similar findings in
sensitivity analyses (Table S1). The relationship be-
tween Lp(a) and these other ECC sites is graphically
depicted using restricted cubic splines in Figure 1C
through 1E.

In sensitivity analyses, using multivariable-adjusted
linear regression models, we also confirmed the signif-
icant associations between log-transformed Lp(a) and
log-transformed AVRC (adjusted coefficient, 0.12; 95%
Cl, 0.05-0.20) and MVC (adjusted coefficient, 0.13;
95% Cl, 0.04-0.23) (Table S2). In logistic regression
models, compared with the lowest category of <10 mg/
dL, the odds of elevated MVC and TAC were signifi-
cantly elevated only among those with Lp(a)>50 mg/
dL (Table S3).

Lp(@) did not significantly improve the area under
the curve for predicting AVRC, MAC, or TAC beyond
cardiovascular risk factors (Table S4).

Subgroup Analyses by Race and Sex

There was no significant difference in the association
between Lp(a) and measures of calcification by race
or sex. However, looking within each race subgroup,
among Black people, those with Lp(a) >50 mg/dL ver-
sus <50 mg/dLhad 1.73 (95% CI, 1.10-2.72) times higher
odds of having AVC present, 2.05 (95% CI, 1.11-3.80)
times of having AVRC, and 2.44 (95% CI, 1.18-5.05)
times of having CAC than those with Lp(a) (Figure 2).
Among White people, those with Lp(a) >50 mg/dL had
2.25 (95% ClI, 1.69-2.99) times higher odds of having
AVC than those with Lp(a) <50 mg/dL (Figure 2).

Compared with women with Lp(a) <50 mg/dL, women
with Lp(@) >50 mg/dL had 1.93 (95% ClI, 1.45-2.57)
times higher odds of having AVC present, 1.45 (95%
Cl, 1.10-1.92) times of having MVC and 1.83 (95% CI,
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Figure 1. Multivariable adjusted restricted cubic splines for the association between Lp(a) and CAC/ECC.

(A) The association between coronary artery calcium and Lp(a); (B) The association between aortic valve calcium and Lp(a); (C)
The association between mitral valve calcium and Lp(a); (D) The association between thoracic aortic calcium and Lp(a); (E) The
association between aortic valve ring calcium and Lp(a). CAC indicates coronary artery calcium; ECC, extracoronary calcification;

Lp(a), lipoprotein(a); and OR, odds ratio.

1.19-2.82) times of having CAC. Men with Lp(a) >50 mg/
dL had 2.57 (95% CI, 1.60-4.12) times higher odds of
having AVC than men with Lp(a) <50 mg/dL (Figure 3).

DISCUSSION

In this analysis of 2083 White and Black participants in
the ARIC study, elevated baseline Lp(a) was consistently

associated with all measures of subclinical vascular and
valvular calcification, although results were strongest for
AVC. No significant differences were observed for each
measure of calcification by race or sex; however, within
subgroups, elevated Lp(a) values were associated with
AVRC, AVC, and CAC presence among Black people
and with AVC, MVC, and CAC among women.

Lp(@ mediates vascular calcification through dif-
ferent mechanisms including its lysine binding sites,

J Am Heart Assoc. 2022;11:e024870. DOI: 10.1161/JAHA.121.024870 6
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Adjusted Odds Ratio of CAC or ECC presence, by Race
Subgroup No. of Events/Total OR (95%Cl) P for interaction
Thoracic Aorta
White 1522/1637 >—J—' 0.94 (0.56-1.57) 0.289
Black 364/446 [ . — 1.55 (0.84-2.87)
Aortic Valve
White 772/1637 - 2.35(1.76-3.14) 0.269
Black 167/446 - 1.71 (1.08-2.69)
Aortic Valve Ring
White 1419/1637 —-—— 1.39 (0.92-2.09) 0.257
Black 356/446 —— 2.09 (1.11-3.91)
Mitral Valve
White 815/1637 - 1.37 (1.04-1.80) 0.718
Black 179/446 —— 1.47 (0.93-2.34)
CAC
White 1482/1637 —&—— 1.59 (1.00-2.53) 0.249
Black 381/446 . 2.44 (1.13-5.28)
0.4 24 5

Figure 2. Adjusted odds ratio of CAC/ECC presence comparing elevated Lp(a) to normal Lp(a) by race.

Model adjusted for age, race, sex, education level, smoking status, alcohol drinking status and cardiometabolic risk factors (body mass
index, systolic blood pressure, diabetes, antihypertensive medication use, high-density lipoprotein cholesterol, and triglycerides).
CAC indicates coronary artery calcium; ECC, extracoronary calcification; Lp(a), lipoprotein(a); and OR, odds ratio.

which facilitate its accumulation on the endothelium,
and its oxidized phospholipids, which cause inflamma-
tion in the vascular wall.?8 Additionally, its inhibition of
plasminogen activation and fibrin degradation further
promulgates its effects in the vasculature.?® In prior lit-
erature, however, the association between Lp(a) and
CAC has been inconsistent.'®?%28 Genetic polymor-
phisms in the genes that encode Lp(a) are associated
with circulating Lp(a) levels, which could explain the
variation in association between Lp(a) and CAC ob-
served in different study populations.?42 However,
our findings of a significant association between Lp(a)
and CAC reinforce studies that observed significant

associations between Lp(a) and CAC, extending their
findings to older adults.?”?® The association between
Lp(a) and TAC also differs through the literature 39-3;
however, Lp(a) was also associated with TAC in our
study, supporting that Lp(a) mediates its effect on ath-
erosclerosis in different vascular beds. Our findings
have additional validity considering that the associa-
tion between Lp(a) and CAC as well as TAC persists in
a study population of older adults who have remained
free of CHD, suggesting that Lp(a) has a role in the life-
time accumulation of disease burden in the vasculature
even in seemingly healthy individuals. As elevated vas-
cular calcification has been repeatedly associated with

Adjusted Odds Ratio of CAC or ECC presence, by Sex
Subgroup No. of Events/Total OR (95%Cl) P for interaction
Thoracic Aorta
Men 703/787 ’f 1.31 (0.63-2.70) 0.605
Women 1183/1296 1.08 (0.67-1.74)
Aortic Valve
Men 434/787 - 2.63 (1.634.23) 0.609
Women 505/1296 - 2.00 (1.51-2.66)
Aortic Valve Ring
Men 674/787 —t— 1.35 (0.71-2.57) 0.517
Women 1101/1296 - 1.68 (1.11-2.55)
Mitral Valve
Men 346/787 - 1.21 (0.79-1.86) 0.4
Women 648/1296 —— 1.49 (1.13-1.98)
CAC
Men 750/787 1.15 (0.42-3.17) 0.2
Women 1113/1296 —— 2.05 (1.33-3.14)
0.4 24 5

Figure 3. Adjusted odds ratio of CAC/ECC presence comparing elevated Lp(a) to normal Lp(a) by sex.

Model adjusted for age, race, sex, education level, smoking status, alcohol drinking status and cardiometabolic risk factors (body mass
index, systolic blood pressure, diabetes, antihypertensive medication use, high-density lipoprotein cholesterol, and triglycerides).
CAC indicates coronary artery calcium; ECC, extracoronary calcification; Lp(a), lipoprotein(a); and OR, odds ratio.
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increased risk of CVD and all-cause mortality,33-3% in-
corporating the testing for Lp(a) among individuals at
increased risk of CHD (with subsequent assessment
of vascular calcification if elevated) in prevention guide-
lines would improve cardiovascular risk stratification,
further refining the initiation of aggressive therapy.

The strong statistically significant association be-
tween the burden of Lp(a) and AVC among older adults
in our study extends the rich body of literature with
similar results to this subdemographic.>'®"" Lp(a) has
been postulated to cause AVC via several mechanisms
including the binding of its apolipoprotein A moiety to
valvular endothelium damaged by mechanical stress
in the left side of the heart, inflammation induced by
its apolipoprotein B moiety and the oxidized phospho-
lipids attached to it, as well as Lp(a) mediated deposi-
tion of cholesterol on the valvular leaflets, which act as
calcification nodes.3® Unlike vascular atherosclerosis,
valvular calcification appears to be independent of the
atherosclerotic pathway, and statins have thus far not
been shown to have any effect on it.3¢ Our findings
encourage the testing of Lp(a) lowering therapies in
deterring the progression of calcification among indi-
viduals with AVC, especially because younger individ-
uals with elevated Lp(a) have been shown to progress
quickly from mild aortic stenosis to severe stenosis
requiring aortic valve replacement.?4383” Qur findings
are even more important as the progression from sub-
clinical calcification to clinically observable stenosis of
the aortic valve typically occurs over a decade or more,
providing ample opportunity for preventive therapy.3®

Although the prevalence of MVC in the general
population is relatively low, our findings of a significant
association between Lp(a) and elevated MVC are im-
portant as MVC, typically observed at the mitral annu-
lus, has also been associated with fatal cardiovascular
events and all-cause mortality, as well as worsened
postprocedure outcomes among individuals who have
undergone transcatheter aortic valve replacement.3®
Our findings extend the results of Garg et al. in the
younger Multi-Ethnic Study of Atherosclerosis cohort
to an older population.? These findings are important
because they support the development of Lp(a) tar-
geted therapy, which might provide a potential ther-
apeutic entry point for the prevention of the disease.

Despite elevated Lp(a) levels being directly linked
with CHD, prior research has shown that among Black
individuals the risk of CHD does not increase propor-
tionately to their burden of elevated Lp(a).232° Our find-
ings of significant associations between Lp(a), AVC,
AVRC, and CAC among Black people are remarkable
considering that Black people made up only about
20% of our sample size. It is possible that genetic
factors, in addition to determining the circulating lev-
els of Lp(a),® might also mediate the degree to which
Lp(a) affects vascular and valvular calcification by race.
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Furthermore, among women in our study, elevated
Lp(a) was associated with AVC, MVC, and CAC. This
has additional face validity considering that other stud-
ies have shown that women with elevated Lp(a) have a
much higher risk of CHD events than men.*® Although
there was no significant difference observed in the as-
sociation between Lp(a) and measures of calcification
by race or sex, our findings emphasize the need for as-
sessment of potential differential impact of proposed
Lp(a) therapies by race and sex in larger cohorts.

Our study leverages the ARIC study to examine the
association between Lp(a) and calcification in different
vascular and valvular beds using data collected over a
long follow-up period, allowing for the longitudinal as-
sessment of the effect of lifelong exposure to Lp(a) on
atherogenic markers. However, our findings should be
interpreted considering certain limitations. Individuals
with prior CHD were not included in our study.
However, this is likely to have weakened our observed
estimates, shifting them toward null, making our con-
sistent positive associations even more notable. Also,
a substantial proportion of participants alive at visit 7
were either unwilling or unable to attend the visit; thus,
visit participants were likely to have been healthier than
those who did not attend. However, this would likely
have further shifted our estimates towards the null.
Only Black and White participants were included in
this study, which might limit the generalizability of our
results. Also, the abdominal aorta and aortic arch were
not scanned in our study.

CONCLUSIONS

In conclusion, elevated Lp(a) levels at middle age are
significantly associated with vascular and valvular cal-
cification at older age, represented by elevated CAC,
AVRC, TAC, MVC, and most notably AVC. Our results
support existing guidelines that recommend the meas-
urement of Lp(a) at least once in certain intermediate to
high-risk individuals, and they encourage the assess-
ment of subclinical vascular and valvular calcification
among individuals with elevated Lp(a).
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Table S1: Sensitivity analyses for Adjusted Odds Ratio of CAC or ECC > 100 Comparing

Elevated Lp(a) to Normal Lp(a) (adjusting for corrected LDL-C)

CAC/ECC Lp(a) s 50 mg/dL  Lp(a) > 50 mg/dL
CAC
Model1 reference 0.98 (0.78-1.23)
Model2 reference 1.47 (1.13-1.91)
Model3 reference 1.41 (1.09-1.84)
Aortic Valve
Model1 reference 1.36 (1.04-1.79)
Model2 reference 1.83 (1.35-2.48)
Model3 reference 1.80 (1.33-2.45)

Aortic Valve Ring

Model1 reference 1.18 (0.95-1.47)

Model2 reference 1.47 (1.15-1.87)

Model3 reference 1.42 (1.11-1.81)
Mitral Valve

Model1 reference 1.23 (0.96-1.57)

Model2 reference 1.40 (1.08-1.83)

Model3 reference 1.38 (1.06-1.80)

Thoracic Aorta

Model1 reference 1.06 (0.83-1.34)
Model2 reference 1.40 (1.07-1.82)
Model3 reference 1.39 (1.06-1.81)

Model 1 is unadjusted

Model 2 is adjusted for age, race, sex, education level, smoking status, alcohol drinking status and cardiometabolic risk factors(body mass
index, systolic blood pressure, diabetes, antihypertensive medication use, high density lipoprotein-C, low density lipoprotein-C (corrected)
and Triglycerides)

Model 3 is Model 2 + lipid lowering therapy

CAC: Coronary artery calcium

ECC: Extra-coronary calcification



Table S2: Adjusted Difference of In(CAC+1) or In(ECC+1) with 1-unit increment in

log(Lp(a))

CAC/ECC

Thoracic Aorta

1-unit increment in

log(Lp(a))

Model 1 -0.09 (-0.18--0.01)
Model 2 0.06 (-0.02-0.14)
Model 3 0.06 (-0.02-0.14)

Aortic Valve

Model 1 0.11 (0.03-0.18)
Model 2 0.20 (0.12-0.28)
Model 3 0.19 (0.11-0.27)
Aortic Valve
Ring
Model 1 0.05 (-0.02-0.12)
Model 2 0.12 (0.05-0.20)
Model 3 0.11 (0.04-0.19)
Mitral Valve
Model 1 0.06 (-0.03-0.15)
Model 2 0.13 (0.04-0.23)
Model 3 0.13 (0.03-0.22)
CAC
Model 1 -0.02 (-0.10-0.06)
Model 2 0.11 (0.04-0.18)
Model 3 0.10 (0.03-0.18)

Model 1 is unadjusted

Model 2 is adjusted for age, race, sex, education level, smoking status, alcohol drinking status and cardiometabolic risk factors(body-mass
index, systolic blood pressure, diabetes, antihypertensive medication use, high density lipoprotein-C and Triglycerides)

Model 3 is Model 2 + lipid lowering therapy

CAC: Coronary artery calcium

ECC: Extra-coronary calcification



Table S3: Adjusted Odds Ratio of CAC or ECC > 100 Comparing Lp(a) categories to the

lowest group

CAC/ECC
Thoracic Aorta
Model 1
Model 2
Model 3
Aortic Valve
Model 1
Model 2
Model 3
Aortic Valve Ring
Model 1
Model 2
Model 3
Mitral Valve
Model 1
Model 2
Model 3
CAC
Model 1
Model 2
Model 3

Model 1 is unadjusted

Model 2 is adjusted for age, race, sex, education level, smoking status, alcohol drinking status and cardiometabolic risk factors(body-mass

<10 mg/dL

reference
reference

reference

reference
reference

reference

reference
reference

reference

reference
reference

reference

reference
reference

reference

10-20 mg/dL

0.82 (0.64-1.06)
0.90 (0.68-1.20)
0.90 (0.67-1.19)

1.24 (0.90-1.70)
1.29 (0.92-1.82)
1.29 (0.92-1.81)

0.99 (0.78-1.26)
0.97 (0.75-1.26)
0.96 (0.74-1.25)

0.99 (0.75-1.31)
0.99 (0.74-1.32)
0.98 (0.74-1.31)

0.87 (0.68-1.12)
0.94 (0.71-1.23)
0.92 (0.70-1.22)

20-30 mg/dL

0.81 (0.57-1.15)
1.09 (0.74-1.61)
1.09 (0.74-1.61)

1.33 (0.87-2.02)
1.67 (1.06-2.62)
1.66 (1.06-2.62)

1.44 (1.04-2.00)
1.53 (1.08-2.16)
1.52 (1.08-2.16)

1.15 (0.80-1.67)
1.37 (0.92-2.03)
1.37 (0.92-2.03)

1.08 (0.77-1.53)
1.25 (0.86-1.82)
1.24 (0.86-1.80)

30-50 mg/dL

0.66 (0.48-0.89)
1.02 (0.72-1.44)
1.02 (0.72-1.44)

1.16 (0.78-1.71)
1.64 (1.08-2.49)
1.65 (1.08-2.51)

1.06 (0.79-1.42)
1.22 (0.88-1.68)
1.22 (0.88-1.68)

0.96 (0.68-1.36)
1.16 (0.80-1.69)
1.17 (0.80-1.69)

0.90 (0.66-1.21)
1.24 (0.86-1.79)
1.24 (0.86-1.78)

> 50 mg/dL

0.94 (0.72-1.21)
1.35 (1.01-1.80)
1.34 (1.00-1.79)

1.50 (1.11-2.03)
2.20 (1.57-3.10)
2.17 (1.54-3.05)

1.23 (0.97-1.56)
1.46 (1.13-1.90)
1.41 (1.09-1.83)

1.24 (0.95-1.61)
1.45 (1.09-1.92)
1.43 (1.07-1.90)

0.94 (0.74-1.20)
1.46 (1.10-1.94)
1.40 (1.06-1.87)

index, systolic blood pressure, diabetes, antihypertensive medication use, high density lipoprotein-C and Triglycerides)

Model 3 is Model 2 + lipid lowering therapy

CAC: Coronary artery calcium

ECC: Extra-coronary calcification



Table S4: Reviewer operating curve C-statistics testing incremental value of Lp(a) over base

model
CAC/ECC ROC P value (chi-square test)
CAC
Base model 0.7447 (0.7233-0.7660) 0.757
Base model+ Lp(a) 0.7450 (0.7236-0.7663)
Thoracic Aorta
Base model 0.7223 (0.6988-0.7458) 0.7482
Base model+ Lp(a) 0.7225 (0.6990-0.7460)
Aortic valve ring
Base model 0.6903 (0.6677-0.7129) 0.3548
Base model+ Lp(a) 0.6913 (0.6688-0.7139)
Aortic valve
Base model 0.7101 (0.6809-0.7392) 0.0238
Base model+ Lp(a) 0.7211 (0.6920-0.7501)
Mitral valve
Base model 0.6481 (0.6222-0.6741) 0.1432
Base model+ Lp(a) 0.6543 (0.6284-0.6802)

Base model includes age, race, sex, education level, smoking and drinking status, body-mass index, systolic blood pressure, diabetes,
antihypertensive medication use, high density lipoprotein-C, and triglycerides

CAC: Coronary artery calcium



Figure S1: Participant flow diagram from ARIC visit 7

ARIC at visit 7
N = 3,589

Excluded:

Without visit 4 (n = 187)

Missing lipoprotein(a) at visit 4 (n = 45)
Non-black/non-white (n = 9)

CHD prior to 12/31/2015 (n=485)
Missing CAC at visit 7 (n= 770)
Missing covariates (N = 10)

Toial
N =2.083

CHD: Coronary heart disease, CAC: Coronary artery calcium
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