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Abstract

Background: Lipoprotein (a) [Lp(a)] is a risk factor for coronary heart disease and calcific aortic
valve disease. We determined the relationships of Lp(a) with prevalence and progression of
coronary artery calcification (CAC), mitral annular calcification (MAC), and thoracic aortic
calcification (TAC) in a multi-ethnic cohort of middle to older-aged adults.

Methods: This analysis included 6705 Multi-Ethnic Study of Atherosclerosis participants. Lp(a)
was measured with a turbidimetric immunoassay. CAC, MAC, and TAC were assessed by cardiac
computed tomography both at baseline and once during follow-up.

Results: In adjusted relative risk regression cross-sectional analysis, a Lp(a) level =50 mg/dL
was associated with a 22% higher prevalence of MAC (relative risk (RR)=1.22, 95% confidence
interval (CI) 1.00, 1.49). No significant associations were observed for prevalent CAC or TAC. In
adjusted prospective analyses, participants with Lp(a) =50 mg/dL were at significantly higher risk
for rapid CAC progression (median follow-up=8.9 years), defined as =100 units/year, compared to
those with lower Lp(a) levels (RR=1.67, 95% Cl=1.23, 2.27). The association between higher
Lp(a) levels and incident CHD was no longer significant after adjusting for CAC progression. No
significant associations were observed for MAC or TAC progression (median follow-up=2.6
years).
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Conclusions: Higher Lp(a) levels are associated with more rapid CAC progression. Additional
study is needed to better understand how this relationship can further improve the ability of Lp(a)
to enhance cardiovascular disease risk prediction.

Summary

Lipoprotein (a) [Lp(a)] is a risk factor for calcified aortic valvular disease; however, studies
assessing associations between Lp(a) and coronary or other extra-coronary measures of
calcification are limited. In adjusted prospective analyses, participants with Lp(a) =50 mg/dL were
at significantly higher risk for rapid coronary artery calcium progression (median follow-up=8.9
years), defined as 2100 units/year, compared to those with lower Lp(a) levels (RR=1.67, 95%
Cl=1.23, 2.27). The association between higher Lp(a) levels and incident coronary heart disease
was no longer significant after adjusting for CAC progression. Additional study is needed to better
understand how this relationship can further improve the ability of Lp(a) to enhance cardiovascular
disease risk prediction.

Introduction

Lipoprotein (a) [Lp(a)] is a cholesterol-rich LDL sub-particle consisting of a molecule of
apolipoprotein B100 covalently linked with a molecule of apolipoprotein(a).! Lp(a) activates
adhesion of monocytes and migration of macrophage foam cells into the arterial wall, and
elevated levels increase risk for development of coronary heart disease (CHD).1 Prior
study in selected populations has suggested that higher Lp(a) levels are also associated with
severe stenosis of the aortic and mitral valves, possibly due to increased valvular
calcification.® Higher Lp(a) levels are already known to predict more prevalent and more
severe calcific aortic valve disease (CAVD).5 And yet, to our knowledge, no study has
examined whether an association exists between elevated Lp(a) and mitral annular
calcification (MAC). Like CAVD, MAC also occurs in the left heart, has similar risk factors
for development, and is associated with an increased risk of coronary heart disease, stroke,
atrial fibrillation, and overall mortality.’-10

Aortic and mitral valve calcification are detected on cardiac computed tomography (CT).
Cardiac CT detects arterial calcification as well in the same imaging protocol without
additional radiation. Similar to left-sided cardiac valve calcification, the presence of
coronary artery calcification (CAC) and thoracic aortic calcification (TAC) are also each
associated with an increased risk of incident CHD.11-12 Despite the etiologic role of Lp(a) in
atherosclerotic development, the strong correlation between and similar underlying risk
factor profile for left-sided heart valves and CAC, Lp(a) has not been consistently associated
with CAC.13-16 No prior studies have yet reported whether a relationship exists between
Lp(a) and TAC. We determined the association of Lp(a) with the presence, incidence, and
progression of CAC, MAC and TAC.

Methods

Study Population

The Multi-Ethnic Study of Atherosclerosis (MESA) is a National Heart, Lung, and Blood
Institute—funded multicenter community-based study. The study recruited 6814 adults aged
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45-84 years and free of clinically recognized cardiovascular disease to undergo baseline
examination between 2000 and 2002.17 The study participants self-identified with one of
four race/ethnic groups: non-Hispanic white, African-American, Hispanic, and Chinese.
Follow-up visits 2, 3, 4, and 5 were conducted between the years 2002 to 2012. Institutional
review boards at each site approved the study, and all participants gave informed consent.

Lipoprotein (a)

Lp(a) mass concentration was measured with a latex-enhanced turbidimetric immunoassay
(Denka Seiken, Tokyo, Japan) at visit 1 and methods have been reported previously.5: 18 The
active reagent (R2) contains a suspension of latex particles coated with anti-Lp(a)
antibodies. Following incubation with serum, agglutination is detected by a change in
absorbance at a wavelength of 700 nm, which is proportional to the mass, based on a five-
level calibration. This assay employed five independent calibrators to control for apo(a) size
heterogeneity, and the total imprecision was found to be <5%. At a concentration of 4
mg/dL, the imprecision was 6%.

Coronary artery, Mitral annular, and Thoracic aortic calcification

CAC, MAC, and TAC were assessed by cardiac computed tomography (CT) using either
cardiac-gated electron-beam CT or multi-detector CT systems, depending on the study site,
and the average effective radiation dose per scan in millisieverts (mSv) ranged from 0.6 to
5.6 mSv.19 Per study protocol, all participants underwent a cardiac CT scan at baseline, a
random half at exam 2 and the other half at exam 3. CAC, MAC, and TAC were all evaluated
at these visits. Additionally, all participants underwent a cardiac CT at exam 5, but only
CAC was assessed on this scan. Scoring methods have been described previously.2°

CAC was defined by the baseline presence of calcium (Agatston score >0) in any of the
coronary arteries. Phantom-adjusted Agatston scores for baseline and follow-up
measurements were used to compute the change in CAC per year. Incident CAC was defined
as a CAC score>0 on any follow-up cardiac CT examination amongst participants with a
CAC score=0 at baseline. CAC progression was defined by the presence of >0 U of change
per year and further categorized according to rate of change (1-100 U change per year and
>100 U change per year). An increase in CAC >100 U per year has previously been
demonstrated to be associated with a significantly higher risk of incident CHD.2!
Participants without evidence of progression were defined as <0 U change per year (e.g., no
change or reduction in CAC score).

MAC was defined by the presence of calcium (Agatston score> 0) on the mitral valve
annulus. Phantom-adjusted Agatston scores for baseline and follow-up measurements were
used to compute the change in MAC per year.22 Incident MAC was defined as a MAC
score>0 on follow-up cardiac CT examination amongst participants with a MAC score=0 at
baseline. Progression in MAC was defined by the presence of >0 units of change per year.23

TAC was defined as the presence of calcium (Agatston score >0) in the visualized thoracic
aorta from each participant’s computed tomographic scan—from the aortic annulus, above
the aortic valve, to the lower edge of the pulmonary artery bifurcation (ascending aorta), and
from the lower edge of the pulmonary bifurcation to the cardiac apex (descending aorta).
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The TAC score quantification method has been previously described.?# Incident TAC was
defined as a TAC score>0 on follow-up cardiac CT examination amongst participants with a
TAC score=0 at baseline. Progression in TAC was defined by the presence of >0 units of
change per year.

Coronary heart disease (CHD)

Covariates

Incident CHD was defined as the first occurrence of any of the following: myocardial
infarction (n=101), resuscitated cardiac arrest (n=17), CHD death (n=45), or definite angina
(n=109). Definite angina was defined as symptoms of typical chest pain and physician
diagnosis of angina followed by coronary artery bypass grafting and percutaneous coronary
intervention (PTCA), evidence of ischemia by stress tests or resting ECG, or 270%
obstruction on coronary angiography.

Standardized questionnaires were used at baseline to obtain demographic information, level
of education, annual household income, physical activity, smoking history (never/former/
current), family history of coronary heart disease (CHD), and medication usage, including
statin, anti-hypertensive, or anti-diabetic use. Physical activity was recorded as participant-
reported number of intentional exercise metabolic equivalent (MET)-minutes per week.
Total and high-density lipoprotein (HDL) cholesterol, high-sensitivity C-reactive protein (hs-
CRP), serum creatinine, and plasma glucose were measured from fasting blood samples.
Estimated glomerular filtration rate (eGFR) was calculated using the CKD-EPI creatinine
equation.2> Hypertension was defined as a self-report of physician diagnosis and use of an
anti-hypertensive medication, or SBP =140, or DBP =90 mmHg. Diabetes was defined as a
fasting glucose >125 mg/dl or use of anti-diabetic medications.

Statistical Analysis

Participants with Lp(a) measurement, CAC, MAC, & TAC scores on baseline cardiac CT
examination, and complete covariate data at the baseline examination were included in the
cross-sectional analysis. Individuals with an additional evaluation of CAC, MAC, & TAC on
follow-up cardiac CT examination were included in the prospective analysis. The exam 5
value was used for participants with two follow-up CAC scores. Baseline characteristics
were compared according to Lp(a) levels (=50 mg/dL vs. <50 mg/dL). Categorical variables
were reported as frequency and percentage while continuous variables were reported as
mean + standard deviation. Statistical significance for categorical variables was tested using
the chi-square method and the analysis of variance procedure for continuous variables.

Relative risk regression models were run to calculate adjusted relative risks and 95%
confidence intervals for Lp(a) levels with the risk of CAC, MAC, and TAC. Prevalence ratios
and the risk for incidence and progression of each of these measures, as defined above,
according to Lp(a) levels were determined. Multinomial logistic regression was used for
CAC progression. Models were run using the clinically recognized cut-points: Lp(a) =30
mg/dL and Lp(a) =50 mg/dL. Multivariable models were constructed as follows: model 1
adjusted for age, sex, race, education, and clinic site; model 2 adjusted for model 1
covariates with the addition of clinical factors associated with each of the endpoints:
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cigarette smoking, BMI, diabetes, hypertension, family history of coronary heart disease,
total and HDL cholesterol, eGFR, hs-CRP, statin use and aspirin use. Statistical significance
was defined as p <0.05. Stata Version 16.1 (StataCorp, College Station, TX) was used for all
analyses.

We examined potential mediation effects of CAC progression on the association between
Lp(a) and CHD. Cox regression analysis was performed to test for association between
Lp(a) and the primary outcome of CHD, adjusting for the same set of covariates as in
previous models, with and without CAC progression variable. In this analysis, Lp(a) was
categorized as a dichotomous variable (=50 mg/dL vs. <50 mg/dL), while CAC progression
was analyzed as a continuous variable (U change per year prior to occurrence of CHD
event). A formal mediation analysis was performed to estimate the direct and indirect effects
between Lp(a) and CHD, following the methods proposed by Huang and Yang (2017), using
the R software (version 3.5.2).26: 27

Figure 1 shows the flow of included participants. A total of 6705 participants were included
in the cross-sectional analysis (mean age=62 years; 53% female; 38% white, 28% African-
American 22% Hispanic, and 12% Chinese). Table 1 shows that participants with Lp(a)
levels =50 mg/dL were more likely to be female, African-American, have a family history of
CHD, have a higher BMI, have a higher SBP and DBP, have hypertension, have a higher
total and HDL cholesterol, have diabetes, have a higher CRP, and report using both statin
and anti-hypertensive medications.

The numbers of participants with CAC, MAC, and TAC at the baseline examination were
3342 (49.8%), 631 (9.4%), and 1810 (27.0%) respectively. Table 2 shows the prevalence of
CAC, MAC, and TAC according to Lp(a) levels. After adjustment for model 2 variables,
participants with Lp(a) levels =50 mg/dL had more prevalent MAC compared to those with
lower levels (prevalence ratio=1.22; 95% confidence interval (Cl) 1.00, 1.49). Higher Lp(a)
levels were not associated with a higher prevalence of CAC or TAC.

For our analysis of incident calcification outcomes, there were 3073, 5266, and 4297
participants without evidence of baseline CAC, MAC, and TAC, respectively, who
underwent a follow-up cardiac CT. Median follow-up was 8.9 years for CAC and 2.6 years
for MAC and TAC. Of these participants, 1078 (35.1%), 237 (4.5%), and 393 (11.3%)
developed new CAC, MAC, and TAC, respectively, on the follow-up examination. Adjusting
for model 1 variables, an Lp(a) level =50 mg/dL was associated with a 13% higher risk of
incident CAC compared to those with lower levels (relative risk (RR)=1.13; 95% CI 1.01,
1.27). After additional adjustment for model 2 variables, associations were attenuated and of
borderline significance (RR=1.11; 95% CI 0.99, 1.25). No significant associations were
observed for Lp(a) levels and risk of incident MAC or TAC (Table 2).

Table 3 reports the risk of CAC progression associated with Lp(a) levels. Compared to
participants without evidence of CAC progression (<0 Ulyear), Lp(a) levels =30 mg/dL and
>50 mg/dL were each associated with a higher risk of rapid CAC progression (>100 U/year).
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Higher Lp(a) levels were not associated with an increased risk of either MAC or TAC
progression (Table 4).

A significant association was observed between the binary Lp(a) category (=50 mg/dL vs.
<50 mg/dL) and risk of CHD (hazard ratio (HR)= 1.25; 95% CI 1.01, 1.55) after adjusting
for age, sex, race, education, clinic site, cigarette smoking, BMI, diabetes, hypertension,
family history of coronary heart disease, total and HDL cholesterol, eGFR, hs-CRP, and
aspirin use. However, when CAC progression score was added to the model, Lp(a) was no
longer significant (HR=1.13; 95% CI 0.87, 1.46), while CAC progression score was
significantly associated with risk of CHD (HR=1.26 per SD increment; 95% CI 1.19, 1.34).
In the mediation analysis, we assumed a biological pathway from Lp(a) — CAC progression
— CHD, and that all confounders have been considered in our analysis. We estimated a
direct effect between Lp(a) and CHD (HR = 1.13, 95% CI: (0.87, 1.46), p = 0.35), and
marginally significant indirect effect through CAC progression (HR = 1.02, 95% CI: (1.00,
1.03), p = 0.07).

Discussion

Participants with higher Lp(a) levels were at a substantially higher risk for rapid CAC
progression. In addition, we found that the association between high Lp(a) levels and
incident CHD was no longer significant after adjusting for CAC progression. While no
relationship was observed for Lp(a) levels and prevalence of CAC, a greater risk of incident
CAC approached statistical significance. Although our findings regarding relationships
between Lp(a) levels and either MAC or TAC did not demonstrate meaningful associations,
our data are novel in that we evaluated the impact of Lp(a) on progression of calcification in
vascular beds which has not been extensively studied in a large population-based cohort free
of cardiovascular disease.

Lp(a) adheres to multiple components of the extracellular matrix in the arterial wall and
promotes atherogenesis by transporting cholesterol and oxidized phospholipids into the
subendothelial arterial space.28: 27 Calcium deposition in the arterial wall occurs as the
atherosclerotic lesion continues to develop.28 Prior pathologic studies have documented a
close correlation between coronary calcium and atherosclerotic plaque.2%-32 Since Lp(a)
may be reflective of underlying atherosclerotic burden, it would follow that individuals with
higher Lp(a) levels would have a greater CAC prevalence. Lp(a), however, was not
associated with prevalent CAC in this study and this finding is consistent with other
population-based cohort studies.b: 15 16. 33 Additionally, genetic variations in Lp(a) genetic
locus have not been associated with the presence of CAC either.34

Although the published literature does not suggest a strong relationship between Lp(a) and
CAC, nearly all of these studies were cross-sectional. A longitudinal study involving over
2500 healthy Korean adults undergoing sequential cardiac CT scans 4 years apart found
Lp(a) levels =50 mg/dL were associated with a 33% higher risk of any CAC progression (>0
Ulyear).35 Our study not only extends these findings to a multi-ethnic cohort with a longer
follow-up but also suggests the relationship may be particularly relevant for rapid CAC
progression. The contrast in the association of Lp(a) with prevalent CAC as opposed to CAC
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progression may be due to higher Lp(a) levels being more indicative of atherosclerotic
disease activity rather than coronary atherosclerotic burden. Lp(a) has been previously
demonstrated to preferentially accumulate at sites of endothelial injury, where plaque
formation occurs, compared with LDL as a result of its greater capacity to bind to exposed
fibrin or glycosaminoglycans.38 Calcification is known to occur during the healing of these
plaques and CAC progression might correlate more with progression of noncalcified plaque
than pathologically stable calcified plaque. The intimal calcification that forms in response
to the healing plaque might then propagate a positive feedback loop of further inflammation
and calcification.3”- 38 CAC progression is, therefore, an increasingly recognized indicator of

disease activity and can identify a subset of individuals at high risk for future CHD events.
21,39

Since CAC and TAC share similar risk factors, we expected associations between Lp(a)
levels and TAC to be similar to those reported for Lp(a) levels and CAC.24 Despite an
assumed shared pathophysiology with CAC, higher Lp(a) levels did not increase risk for any
TAC outcome. Indeed, the disparate results for CAC and TAC may be a due to a variety of
etiologic factors. Most coronary artery smooth muscle cells derive from a distinct
embryological origin than those smooth muscle cells found in the thoracic aorta.%: 41 In
addition, CAC is only seen in the intimal layer whereas TAC occurs in both the intima and
media.*2 Calcification in the coronary arteries is a result of the healing response to
atherosclerotic plaque inflammation.3 Medial calcification, however, is more reflective of
aging and metabolic processes such as diabetes and renal disease rather than atherosclerosis.
43,44 Finally, shear stress, a phenomenon associated with atherosclerosis development, may
be lower in the ascending thoracic aorta as it is devoid of arterial branches, unlike the
coronary arteries.*?

Considering that mitral and aortic valves experience similar blood flow hemodynamics and
share many of the same clinical risk factors for valvular calcification, we also anticipated
that Lp(a) levels would be associated with MAC development in a similar fashion to that
reported for CAVD.5 7 Higher Lp(a) levels were associated with a higher prevalence of
MAC; however, no associations were noted for MAC incidence or progression. Genetic
factors may help explain the seemingly paradoxical findings for associations of Lp(a) with
MAC compared to CAVD. A large genome-wide association study was performed in
participants across multiple cohorts to better understand genetic contributions to valvular
calcification.34 In this study, genetic variation in the LP4 locus rs10455872 was associated
with CAVD across multiple ethnic groups and the relationship was mediated by Lp(a) levels.
Similar associations were not seen for genetic variations in the £24 locus and MAC.

An important strength of this study is the recruitment of a racially/ethnically diverse
population spread across 6 U.S. cities and who were without prior clinical CVD at the time
of enrollment. Additionally, CAC, MAC, and TAC were all assessed with serial CT scan
measurements and potential confounders that were also well characterized in MESA. Our
study also has some limitations. Although no significant associations for Lp(a) and both
MAC and TAC were found in prospective analyses, the confidence intervals were wide and
median follow-up was only 2.6 years. This timeframe was likely too short to definitively
assess prospective associations of Lp(a) with these extra-coronary measures of calcification.
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Calcification in the aortic arch and in the abdominal aorta were not considered in the
assessment of TAC as chest CT imaging studies in MESA were performed for CAC
screening purposes only. We had limited power to perform stratified analyses. We also
acknowledge the limitation of our mediation analysis which heavily relies on model
assumptions, including the validity of the causal pathway between Lp(a), CAC progression,
and CHD, and no other confounders for the Lp(a)-CAC progression, CAC progression-
CHD, and Lp(a)-CHD relationship that were not included in our model. These assumptions
are not all verifiable. Finally, there was a selection bias for CAC progression. Because these
participants had follow-up visits at MESA Exam 5, the resulting cohort was comprised of
healthier individuals—though this would have skewed our findings toward the null.

In conclusion, higher Lp(a) levels were associated with CAC progression and the
relationship appeared to be strongest in those participants experiencing a rapid annual
increase (>100 U/year). More importantly, the association between higher Lp(a) levels and
incident CHD in this cohort was no longer significant after adjusting for CAC progression,
although Lp(a) has been previously shown as an important biomarker for CHD. Current
guidelines consider an elevated Lp(a) (=50 mg/dL) to be a risk-enhancing factor for the
development of cardiovascular disease and should prompt either the initiation of statin
therapy or further risk-stratification with CAC testing in appropriate individuals.46 Our
findings suggest that additional study is needed to better understand how this relationship of
high Lp(a) levels with rapid CAC progression can improve the ability of Lp(a) to enhance
cardiovascular disease risk prediction. Further studies are also needed to better target which
individuals with high Lp(a) levels are more likely to experience rapid CAC progression and
determine whether more aggressive primary prevention measures lead to slower CAC
progression and, ultimately, a reduced cardiovascular risk.
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Figure 1:

Flowchart of participants included in the analysis for CAC, MAC, and TAC

J Cardiovasc Comput Tomogr. Author manuscript; available in PMC 2022 March 01.

Progressive CAC assessment,
n=5975

!

Baseline CAC=0

l

Progressive TAC assessment,

n=5793

Baseline TAC=0

l

Incident CAC assessment,
n=3073

Incident TAC assessment,
n=4297




1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Garg et al.

Table 1.

Baseline characteristics of MESA participants according to Lp(a) levels™

Characteristic Lp(a) <50 mg/dL (n=5359) | Lp(a) =50 mg/dL (n=1346) p—valueT
Age 62.0 (10.3) 62.4 (10.0) 0.27
Male, % 2614 (48.8%) 550 (40.9%) <0.001
Race, %

White 2169 (40.5%) 413 (30.7%) <0.001

Chinese 718 (13.4%) 75 (5.6%)

African-American 1207 (22.5%) 641 (47.6%)

Hispanic 1265 (23.6%) 217 (16.1%)
Education, %

High school or less 1946 482 0.65

Some college 1503 394

College or more 1893 464
Body mass index, kg/m2 28.2 (5.4) 28.8 (5.7) <0.001
Family history of MI, 2106 (41.8%) 583 (46.3%) 0.004
Hypertension, % 2328 (43.4%) 670 (49.8%) <0.001
Systolic blood pressure, mmHg 126.0 (21.3) 128.2 (22.1) 0.001
Diastolic blood pressure, mmHg 71.7 (10.2) 72.4 (10.4) 0.023
Total cholesterol, mg/dL 191.7 (35.1) 203.1 (36.6) <0.001
HDL cholesterol, mg/dL 114.8 (30.8) 126.1 (32.1) <0.001
Glucose, mg/dL 97.5 (30.4) 96.6 (29.4) 0.32
Diabetes, % 649 (12.1%) 193 (14.4%) 0.007
Smoking status, %

Never 2688 (50.3%) 675 (50.4%) 0.17

Former 1980 (37.1%) 472 (35.2%)

Current 675 (12.6%) 193 (14.4%)
hs-CRP, mg/dL 3.7(5.8) 4.2 (6.4) 0.008
eGFR 81.3 (18.5) 80.7 (18.3) 0.22
Anti-hypertensive use, % 1927 (36.0%) 560 (41.6%) <0.001
Statin use, % 1078 (18.9%) 267 (27.0%) <0.001
Aspirin use, % 1669 (31.2%) 449 (33.4%) 0.12
Coronary artery calcium score 140.9 (394.4) 164.8 (499.7) 0.060
Mitral annular calcium score 48.8 (438.0) 48.7 (386.7) 1.00
Thoracic aortic calcium score 220.3 (871.5) 204.2 (836.3) 0.54

MI=myocardial infarction; HDL=high-density lipoprotein

*

Continuous variables are expressed as mean (SD). Categorical variables are N (percent).

fComparisons were made between Lp(a)<50 mg/dL and Lp(a) =50 mg/dL. Fisher’s exact used to make statistical comparison.
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