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Abstract

BACKGROUND—Lipoprotein(a) (Lp[a]) has been identified as an emerging risk factor for 

adverse cardiovascular (CV) outcomes, including heart failure. However, the connections among 

Lp(a), myocardial fibrosis (interstitial and replacement), and cardiac remodeling as pathways to 

CV diseases remains unclear.

OBJECTIVES—This study investigated the relationship between Lp(a) levels and myocardial 

fibrosis by cardiac magnetic resonance (CMR) T1 mapping and late gadolinium enhancement, as 

well as cardiac remodeling by cine CMR, in the MESA (Multi-Ethnic Study of Atherosclerosis) 

cohort.

METHODS—The study included 2,040 participants with baseline Lp(a) measurements and T1 

mapping for interstitial myocardial fibrosis (IMF) evaluation in 2010. Lp(a) was analyzed as 

a continuous variable (per log unit) and using clinical cutoff values of 30 and 50 mg/dL. 

Multivariate linear and logistic regression were used to assess the associations of Lp(a) with 

CMR measures of extracellular volume (ECV fraction [ECV%]), native T1 time, and myocardial 

scar, as well as parameters of cardiac remodeling, in 2,826 participants.
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RESULTS—Higher Lp(a) levels were associated with increased ECV% (per log-unit Lp[a]; β = 

0.2%; P = 0.007) and native T1 time (per log-unit Lp[a]; β = 4%; P < 0.001). Similar relationships 

were observed between elevated Lp(a) levels and a higher risk of clinically significant IMF 

defined by prognostic thresholds per log-unit Lp(a) of ECV% (OR: 1.20; 95% CI: 1.04–1.43) and 

native T1 (OR: 1.2; 95% CI: 1.1–1.4) equal to 30% and 955 ms, respectively. Clinically used Lp(a) 

cutoffs (30 and 50 mg/dL) were associated with greater prevalence of myocardial scar (OR: 1.85; 

95% CI: 1.1–3.2 and OR: 1.9; 95% CI: 1.1–3.4, respectively). Finally, higher Lp(a) levels were 

associated with left atrial enlargement and dysfunction.

CONCLUSIONS—Elevated Lp(a) levels are linked to greater subclinical IMF, increased 

myocardial scar prevalence, and left atrial remodeling.
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Myocardial fibrosis, characterized by the accumulation of extracellular matrix (ECM) 

proteins and collagen in the myocardium, is a key process underlying cardiac remodeling 

and progression to clinically manifested cardiovascular diseases (CVDs), including atrial 

fibrillation and heart failure.1 Population-based studies, such as MESA (Multi-Ethnic 

Study of Atherosclerosis) and the UK Biobank, have linked increased myocardial 

fibrosis measured by cardiac magnetic resonance (CMR) to worse cardiovascular (CV) 

events and outcomes.2,3 Indeed, both interstitial and replacement fibrosis, 2 distinct 

pathways of myocardial fibrogenesis, contribute to cardiac dysfunction, heart failure, and 

arrhythmias.1,4 Reactive interstitial fibrosis, associated with traditional CV risk factors 

such as pressure overload, microvascular disease, and aging, involves ECM expansion 

within the myocardium.1 Replacement fibrosis, conversely, substitutes healthy myocardium 

with fibrotic tissue after injury by ischemic infarction or inflammation. Untreated reactive 

interstitial fibrosis may also lead to irreversible replacement fibrosis.1

Identifying modifiable risk factors for myocardial fibrosis is essential for developing 

targeted prevention and treatment strategies to improve CV health because effective 

treatments for patients with heart failure with preserved ejection fraction (HFpEF) are 

still lacking.5 Approximately one-third of the general population has elevated lipoprotein(a) 

(Lp[a]) levels, a low-density lipoprotein (LDL)–like particle containing apolipoprotein(a) 

bound to apolipoprotein B-100.6 Recent and increasing evidence has linked higher 

Lp(a) levels to a greater risk of coronary artery disease and cardiac-related mortality, 

as well as worsening aortic stenosis and heart failure.6,7 Inflammation-related factors 

are associated with myocardial fibrosis progression.8 Although Lp(a) is a prothrombotic 

and proinflammatory risk factor, its relationship with both interstitial and replacement 

myocardial fibrosis remains unclear at the population level. At present, no proven therapies 

exist for preventing CVD by lowering Lp(a), but the development of such therapies is being 

pursued on multiple fronts.9 Understanding the relationship between Lp(a) and myocardial 

fibrosis is crucial to elucidating underlying mechanisms and potential therapeutic targets in 

CV medicine, given the strong connection of Lp(a) with CVD.
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This study aimed to investigate the associations of increased Lp(a) levels with greater 

interstitial and replacement myocardial fibrosis, as well as adverse cardiac remodeling 

in a population-based cohort, by using MESA findings. We hypothesized that elevated 

Lp(a) levels correlate with increased markers of subclinical interstitial (extracellular volume 

fraction [ECV%] and native T1 time) and replacement myocardial fibrosis (using late 

gadolinium enhancement [LGE]) as pathways to adverse cardiac remodeling and clinically 

manifested CVD.

METHODS

STUDY GROUP.

The MESA study was established to explore the incidence and risk factors of CVD in 

individuals who initially did not exhibit any noticeable clinical CVD, cancer treated with 

radiation or chemotherapy, severe major illness, or cognitive impairment, as assessed by 

the screening interviewer at the visit 1 baseline examination.10 Between 2000 and 2002, 

6,814 men and women 45 to 84 years old, self-identified as originating from White, 

Black, Hispanic, or Chinese racial or ethnic backgrounds, were enrolled from 6 different 

U.S. locations: Baltimore, Maryland; Chicago, Illinois; Forsyth County, North Carolina; 

Los Angeles County, California; New York, New York; and Saint Paul, Minnesota. Ethics 

committees at all involved centers approved the research, and all participants gave their 

informed consent. More information about the study’s methodology can be accessed online 

through the MESA website.11 In the present study, we examined participants who were part 

of the MESA visit 5, conducted between 2010 and 2012. All participants underwent CMR 

at visit 5 and had baseline Lp(a) measurements at visit 1. In the entire cohort at visit 5 with 

complete CMR data (n = 2,826), including cine CMR and CMR tagging, 2,040 participants 

had available native T1 time data, whereas 1,262 had both extracellular volume (ECV) and 

myocardial scar assessments (LGE). To explore the relationship between Lp(a) and cardiac 

structure and function, we analyzed the entire MESA cohort at visit 5 with complete CMR 

data (n = 2,826).

LP(a) DETERMINATION.

After fasting, blood samples were collected, and tubes containing EDTA anticoagulant 

were managed according to uniform methodology.12 These samples were divided and 

kept at −70 °C until the time of analyte assessment. Previously established methods 

were used to measure fasting triglyceride, total cholesterol, and high-density lipoprotein 

(HDL) cholesterol levels.13 As the exposure variable, Lp(a) mass concentrations were 

assessed at baseline for 6,700 MESA samples by Health Diagnostics Laboratory using a 

latex-enhanced turbidimetric immunoassay (Denka Seiken) that compensates for the diverse 

sizes of apolipoprotein(a).14 Total imprecision amounted to <5%.

CMR MEASUREMENT.

The previously described CMR protocol for evaluating myocardial fibrosis in the visit 5 

MESA examination (2010–2012) included participants with adequate glomerular filtration 

rate and no history of allergic reactions to contrast agents.15 Using 1.5-T scanners, left 

ventricular (LV) structure and function were assessed using steady-state free precession 
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sequences for LV cine imaging. Parameters included LV mass, end-diastolic volume, end-

systolic volume, mass-to-volume ratio, stroke volume, and ejection fraction. CMR studies 

used myocardial T1 mapping to quantify interstitial fibrosis and CMR tagging to measure 

myocardial strain. The modified Look-Locker inversion recovery (MOLLI) sequence was 

performed before and after gadolinium-diethylene triamine penta-acetic acid injection, with 

uniform scanning parameters across all centers. T1 mapping indices included precontrast 

(native) and postcontrast T1 times, as well as ECV% evaluated using a single-breath-hold 

modified Look-Locker inversion recovery sequence.15 Native T1 time and synthetic ECV 

were used as reference markers for estimating diffuse interstitial myocardial fibrosis (IMF). 

An increased ECV% and T1 time reflected greater IMF magnitude. Myocardial scar 

(replacement myocardial fibrosis) was assessed as localized LGE in either 2 adjacent 

short-axis slices or 1 short-axis and 1 long-axis image from the same myocardial location 

by using QMass version 7.2 (Medis). “Typical” ischemic scars were those involving the 

subendocardium within a coronary artery distribution, whereas “atypical” nonischemic scars 

mainly affected the midwall or subepicardium and were not associated with a specific 

coronary artery distribution. Additional parameters used as remodeling outcomes included 

left atrial (LA) volumes and function. LA and LV functional and strain parameters were 

calculated as detailed in previous reports.16,17

STATISTICAL ANALYSIS.

Continuous variables were presented as mean ± SD or median (Q1-Q3) on the basis 

of data normality, whereas categorical variables were expressed as frequencies and 

percentages. Given that Lp(a) follows a nonparametric distribution, Lp(a) measures were 

log-transformed in our analyses. Missing data were excluded when calculating frequencies. 

For a comprehensive evaluation of Lp(a) as a marker for CV risk, our approach involved 

assessing it as both a continuous variable through log-transformation and a categorical 

variable using established thresholds. Clinical guidelines from the United States and Europe 

recommend differing Lp(a) threshold levels (30 and 50 mg/dL, respectively), and our 

analysis took both into account, as well as classifying Lp(a) levels into quartiles.

Multivariate linear regression was used to evaluate the strength of associations between 

Lp(a) and each of the T1 mapping indices (ECV and native T1), as well as minimal LA 

indexed volume, LA emptying fraction, and LV circumferential strain from CMR tagging. 

Additionally, multivariate logistic regression was used to investigate the associations of 

Lp(a) with clinical cutoff points for adverse CV outcomes: ≥30% for ECV and ≥955 ms 

for native T1 time, as emphasized by Marques et al.2 In a similar fashion, multivariate 

logistic regression was applied to examine the correlation between Lp(a) and the prevalence 

of myocardial scar. Regression models were examined in the following manner: unadjusted 

models were fitted first (model 1); followed by adjusted models for age, sex, race/ethnicity, 

and body mass index (model 2); and finally, fully adjusted models that included minimal 

adjustments along with HDL and LDL levels, triglyceride levels, use of lipid-lowering 

therapy, cigarette smoking status, glomerular filtration rate, systolic and diastolic blood 

pressure, use of antihypertensive medication, diabetes status, and income. Covariates were 

chosen a priori on the basis of clinical relevance or their biologic impact on the outcomes 

deduced from earlier studies. Lp(a) was retained in all models as the exposure variable.
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As sensitivity analyses, the fully adjusted model was repeated to examine the potential 

influence of ischemic heart disease and aortic stenosis as confounders for the Lp(a) 

interstitial fibrosis relationship. For these purposes, models were first adjusted for total 

coronary calcium score, and we also excluded participants who had an interim clinical 

myocardial infarction and those who had myocardial scar defined by CMR LGE. Further 

models were created to adjust for aortic valve calcification and severe aortic stenosis 

as potential confounders, given the established link between Lp(a) and aortic stenosis. 

Severe aortic stenosis was previously defined in MESA by Whelton et al,18 as follows: 

1) echocardiography (eg, peak velocity ≥4.0 m/s, mean gradient ≥40 mm Hg, aortic valve 

area <1.0 cm2); 2) aortic valve replacement (surgical or transcatheter) for documented 

severe aortic stenosis; 3) aortic valve replacement for moderate aortic stenosis when 

part of coronary artery bypass graft surgery; or 4) clinical documentation of severe 

aortic stenosis diagnosis. Finally, although no interactions were observed between race or 

ethnicity and Lp(a) concerning myocardial fibrosis, the impact of Lp(a) on CVD has been 

identified as race or ethnicity dependent.6 To investigate these variations further, a stratified 

subgroup multivariate analysis was performed, examining the relationship of Lp(a) with both 

interstitial and replacement myocardial fibrosis across different racial or ethnic groups. All 

analyses were performed using Stata Statistical Software, release 17 (StataCorp), and figures 

were created with BioRender.com.

RESULTS

In 2,826 participants who had both Lp(a) and complete CMR data from visit 5, a total 

of 2,040 participants (48% female patients, with a mean age of 69 ± 9 years) had CMR 

T1 mapping measures. The distributions of Lp(a) relative to native T1 values and ECV% 

in this subcohort of 2,040 participants are highlighted in Figures 1A and 1B. Participant 

characteristics for the subcohort included in the Lp(a) and fibrosis study (n = 2,040) are 

shown in Table 1. The study group consisted of 47% White, 22% Black, 15% Chinese, 

and 15% Hispanic participants who were stratified on the basis of Lp(a) clinical cutoffs: 

<30, 30–50, and >50 mg/dL. Significant differences in Lp(a) levels were observed among 

the different racial or ethnic groups. No significant associations were found between 

Lp(a) levels and traditional CV risk factors. However, participants with Lp(a) levels >50 

mg/dL were more likely to exhibit higher levels of LDL and HDL cholesterol and lower 

levels of triglyceride, and they were more likely to be receiving lipid-lowering therapy. 

LV volumes, mass, ejection fraction, and circumferential strain were similar among the 3 

groups. Although the mean ECV did not show significant differences among the 3 Lp(a) 

groups, the mean native T1 values increased significantly because Lp(a) levels rose across 

severity categories (Table 1). In addition, participants with Lp(a) levels >50 mg/dL exhibited 

lower LA emptying fraction when compared with participants with Lp(a) levels <30 mg/dL, 

with a trend toward increased LA minimal volume that did not reach statistical significance 

(P = 0.09).

INTERSTITIAL CARDIAC FIBROSIS.

Significant correlations were observed between Lp(a) levels and both ECV% and native 

T1 time (Table 2). In a fully adjusted model, a 1-SD increase in log-transformed Lp(a) 
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corresponded to a 0.2% increase in ECV% and a 4-ms increase in native T1 time. 

These results remained consistent after excluding participants with an interim myocardial 

infarction or myocardial scar and after controlling for total coronary calcium score. 

Moreover, adjusting for aortic valve calcification and excluding participants with severe 

aortic stenosis did not alter the associations of Lp(a) with markers of interstitial cardiac 

fibrosis (Table 3).

When Lp(a) levels were stratified into quartiles on the basis of the available ECV and 

native T1 data, participants in the highest Lp(a) quartile exhibited a significant association 

with being in the highest ECV% quartile (β: 0.6; 95% CI: 0.1–1.1; P = 0.01) when 

compared with the lowest Lp(a) quartile (Supplemental Table 1). Additionally, there was 

a significant incremental increase in native T1 time as Lp(a) quartiles increased. Lp(a) was 

also associated with increased native T1 time when stratified using the clinical cutoff of 50 

mg/dL (β = 7; 95% CI: 0.2–13) (Supplemental Table 2). No significant interactions were 

observed between Lp(a) and measures of interstitial cardiac fibrosis among the different 

racial or ethnic groups, although White and Hispanic individuals had higher native T1 times 

(Supplemental Table 3).

Applying severity cutoffs for ECV% and native T1 time that were previously shown to 

reflect increased risk of adverse outcomes (≥30% and ≥955 ms, respectively), we found 

that elevated Lp(a) levels were associated with a greater likelihood of worse interstitial 

cardiac fibrosis (Table 4). In a fully adjusted model, each log unit of Lp(a) was associated 

with a 20% increased likelihood of having ECV% ≥30% and native T1 times ≥955 ms, 

respectively. Similar findings were observed after controlling for total coronary and aortic 

calcium score and excluding participants with interim myocardial infarction and those with 

myocardial scar by CMR LGE, as well as those patients with severe aortic stenosis.

MYOCARDIAL SCAR.

Contrast-enhanced CMR was conducted on 1,262 participants, and 105 (8%) of these 

patients had a myocardial scar. Of these participants, 86.9% were men and 13.1% 

were women. We assessed the associations between Lp(a) levels and the presence of 

myocardial scar and found a significantly increased likelihood of having a myocardial 

scar in participants with Lp(a) levels ≥30 mg/dL (OR: 1.85; 95% CI: 1.1–3.2; P = 0.025) 

and ≥50 (OR: 1.9; 95% CI: 1.1–3.4; P = 0.02) across all models (Table 5). However, 

when adjusting for aortic valve calcification and clinically manifested aortic stenosis, the 

association was less significant when the Lp(a) cutoff of 50 mg/dL was used, compared with 

a cutoff of 30 mg/dL (Table 6). Nevertheless, those patients with an Lp(a) level ≥30 mg/dL 

had increased odds of having myocardial scar after adjusting or excluding those patients 

with any evidence of aortic valve calcification or clinically manifested aortic stenosis. No 

significant interactions were observed on the basis of on race or ethnicity; however, when 

stratified by race or ethnicity, White participants demonstrated a slightly greater likelihood 

of having a myocardial scar (OR: 2.2; 95% CI: 1.03–4.6; P = 0.04) when Lp(a) levels 

were ≥30 mg/dL. Furthermore, no significant difference was observed in the distribution of 

ischemic and nonischemic scars for both Lp(a) cutoffs of 30 mg/dL (36% vs 36%; P = 0.9) 

and 50 mg/dL (24% vs 23%; P = 0.9).
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CARDIAC STRUCTURE AND FUNCTION.

Participant characteristics for the entire cohort with complete cine and tagging CMR data 

at visit 5 (n = 2,826) are detailed in Supplemental Table 4. The entire cohort was included 

in the study probing associations of Lp(a) with LA and LV cardiac remodeling parameters. 

Lp(a) was significantly associated with minimal LA indexed volume and LA emptying 

function, whereas no correlations were found with the parameter of LV structure or function, 

including LV circumferential strain (Table 7). In a fully adjusted model, a 1-SD increase 

in log-transformed Lp(a) corresponded to a 0.3 mL/m2 increase in minimal LA indexed 

volume, as well as a 0.5% decrease in LA emptying function. These relationships persisted 

after excluding participants with an interim myocardial infarction or myocardial scar and 

after controlling for total coronary calcium score (Table 7). Furthermore, adjusting for aortic 

valve calcification score while excluding individuals with severe aortic stenosis did not alter 

these associations (Table 8).

DISCUSSION

In this study, we examined the relationship between Lp(a) levels and subclinical interstitial 

and replacement cardiac fibrosis in a diverse community cohort of 2,040 participants 

with native T1 time and 1,262 participants who underwent ECV and LGE analysis. 

Moreover, we studied the relationship between elevated Lp(a) serologic levels and cardiac 

remodeling, including LV and LA remodeling among 2,826 participants who had complete 

cine and tagging CMR data at MESA examination 5. We discovered that higher Lp(a) 

levels correlated with increased markers of subclinical IMF (ECV% and native T1 time), 

independent of age, sex, race or ethnicity, and traditional CV risk factors (Central 

Illustration). This association persisted after controlling for total coronary artery calcium 

score and excluding participants with interim myocardial infarction or myocardial scar 

defined by CMR LGE, as well as those patients who had clinically manifested aortic 

stenosis or evidence of aortic valve calcification. Using ECV and native T1 clinical cutoffs 

that have been associated with worse CV outcomes, we found that increased levels of 

Lp(a) significantly raised the likelihood of having ECV >30% and native T1 time >955 

ms. Participants with Lp(a) levels above 50 mg/dL had higher native T1 times, and patients 

with levels above 30 mg/dL had greater odds of having myocardial scar on LGE (Central 

Illustration). Additional analysis on the associations of Lp(a) with parameters of cardiac 

structure and function demonstrated a positive correlation between Lp(a) and minimum LA 

volume index, as well as an inverse relationship between Lp(a) and LA emptying function.

INTERSTITIAL MYOCARDIAL FIBROSIS AND LP(a).

In this study, we found that higher levels of Lp(a) were associated with greater diffuse 

cardiac fibrosis, as well as an increased probability of reaching T1 mapping thresholds 

associated with greater all-cause mortality and untoward CV outcomes.2 In a previous 

MESA longitudinal study by Steffen et al,19 White participants with elevated Lp(a) levels 

had an increased risk of incident HFpEF (per log unit Lp[a] [HR: 1.48; P = 0.001], 

Lp[a] ≥30 mg/dL [HR: 2.15; P = 0.01)] and Lp[a] ≥50 mg/dL [HR: 2.60; P = 0.004]). 

Additionally, both the Atherosclerosis Risk In Communities study and the Copenhagen City 

Heart Study documented associations between elevated Lp(a) levels and a greater risk of 
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heart failure hospitalization. However, in both studies, this link was in part mediated by 

ischemic heart disease because the relationships were weakened after exclusion of patients 

who had experienced a myocardial infarction.20,21 In our study, however, after excluding 

participants who experienced interim myocardial infarction or had myocardial scars defined 

by CMR LGE, the association between elevated Lp(a) and fibrosis remained significant, 

even after controlling for total coronary calcium score. This finding suggests that the link 

between Lp(a) and interstitial fibrosis is largely independent of coronary artery disease or 

LV remodeling secondary to myocardial infarction.

Importantly also, we performed analyses controlling for the presence of clinically 

manifested aortic stenosis (moderate to severe), as well as any evidence of aortic valve 

calcification, which practically excludes significant aortic stenosis altogether, given that 

MESA participants at baseline were at least 45 years of age, had no history of previous 

heart disease, and were therefore highly unlike to have significant aortic valve disease in the 

absence of valve calcification. These results thus suggest that the association between Lp(a) 

and IMF reported here is not significantly confounded by myocardial remodeling induced by 

valvular aortic stenosis and is possibly secondary to a direct effect of Lp(a) on myocardial 

fibrogenesis.

Indeed, the mechanisms linking Lp(a) to IMF can at least in part be attributed to the 

oxidative stress pathway combined with inflammation, which is a critical factor in the 

development of diffuse cardiac fibrosis.6,22,23 Oxidized phospholipids present on Lp(a) 

particles can activate various proinflammatory pathways, thereby leading to the recruitment 

of inflammatory cells to the myocardium.22,23 In turn, these inflammatory cells may 

produce reactive oxygen species and cytokines that promote fibroblast activation and 

ECM synthesis.6 Another potential mechanism includes the activation of the transforming 

growth factor (TGF)-β signaling pathway.24 TGF-β is a key profibrotic cytokine that has 

been implicated in the pathogenesis of diffuse cardiac fibrosis.24 Studies have shown 

that Lp(a) can upregulate TGF-β expression in vascular smooth muscle cells, and TGF-β 
signaling can lead to the differentiation of fibroblasts into myofibroblasts, thereby promoting 

ECM synthesis and fibrotic tissue deposition.25,26 Finally, Lp(a) can directly interact 

with fibroblasts and modulate their function, thus promoting fibrosis. The combination 

of the processes mentioned earlier ultimately affects diastolic function, resulting in 

increased LV filling pressures and the development of heart failure with preserved ejection 

fraction (HFpEF), potentially through enhancing reactive interstitial cardiac fibrosis. This 

underscores the significance of understanding the role of elevated Lp(a) levels in promoting 

interstitial cardiac fibrosis and adverse cardiac remodeling, therefore influencing the 

pathogenesis of HFpEF.

MYOCARDIAL SCAR AND LP(a).

Further analyses revealed that participants with Lp(a) levels of either >30 mg/dL or >50 

mg/dL had an increased risk of having a myocardial scar on CMR LGE. However, a 

threshold of 30 mg/dL demonstrated a greater propensity for unfavorable CV outcomes than 

the 50 mg/dL cutoff, thus serving as a more accurate identifier of participants at heightened 

risk. There was no difference in risk between ischemic and nonischemic scars.
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Data on the association between Lp(a) and the presence of myocardial scar defined by 

CME LGE in the general population are scarce. In an observational study conducted by 

Vassiliou et al,27 comprising 110 patients with aortic stenosis of varying degrees of severity, 

there was no association between Lp(a) and the presence of myocardial scar. Conversely, 

the current research involved a significantly larger sample size from a prospective study 

that recruited multiethnic participants without a history of heart disease at baseline. The 

study revealed that elevated Lp(a) levels were linked to an increased likelihood of detecting 

myocardial scarring through CMR LGE even after excluding those patients who had 

clinically significant aortic stenosis or any evidence of aortic valve calcification. The basis 

for the increased myocardial scar risk may lie in the prothrombotic properties of Lp(a).28 

Studies have shown that high Lp(a) levels have been found to impair the fibrinolytic 

system, thereby obstructing clot dissolution.29 This interference may subsequently lead to a 

heightened accumulation of microthrombi, ultimately increasing the risk of focal and diffuse 

myocardial fibrosis.30 However, the direct effect of Lp(a) on myofibroblast activation and 

matrix collagen deposition may also lead to scar formation combined or not with enhanced 

interstitial fibrogenesis.

CLINICAL IMPLICATION FOR CARDIOVASCULAR DISEASE DEVELOPMENT, INCLUDING 
HEART FAILURE.

Although Lp(a) augmentation has been linked to incident heart failure,19–21 the mechanisms 

by which such an increase in Lp(a) leads to heart failure remain unknown. Our study 

provides a potential window of understanding into the pathogenesis of Lp(a)-related incident 

heart failure (particularly HFpEF), through further elucidating the causation pathway leading 

from increased Lp(a) to cardiac remodeling and dysfunction in the absence of myocardial 

infarction and aortic stenosis. Our results suggest that such a pathway includes interstitial 

fibrogenesis leading to myocardial stiffness and dysfunction with LA enlargement and 

dysfunction as early alterations in the pathogenesis chain leading to HFpEF. Indeed, in 

MESA, an Lp(a) increase has been linked primarily to HFpEF, before and after the exclusion 

of participants with interim myocardial infarction and clinically manifested coronary artery 

disease.19 Abnormal atrioventricular coupling has been implicated in the genesis not only 

of heart failure, but also of atrial fibrillation and CV events in clinical and population 

studies.31,32 Our findings demonstrate a link between Lp(a) increase and LA enlargement 

and dysfunction that has direct clinical implications for incident atrial fibrillation and stroke 

in association with elevated serum levels of Lp(a). Additionally, through enhancing the risk 

of myocardial scar formation, high Lp(a) may also lead to ventricular arrhythmias, which 

may further contribute to poorer CV outcomes.28

Lp(a) augmentation may cause or contribute to myocardial ECM remodeling through 

up-regulation of profibrotic factors such as TGF-β1 and the stimulation of inflammatory 

pathways. Our findings support the concept that such alterations eventually lead to 

myocardial tissue stiffening and architectural disorganization with secondary atrial 

enlargement and dysfunction. Further mechanistic studies are warranted to elucidate fully 

both atrial and ventricular myopathy in association with Lp(a) increase. If confirmed in 

further clinical studies, the study results could influence early detection, monitoring, and 

risk stratification through routine Lp(a) testing of individuals at risk for heart failure, 
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atrial fibrillation, and stroke. Lp(a) testing may also influence the management of patients 

with heart failure, particularly HFpEF, as well as those with atrial fibrillation, and may 

possibly help to guide treatment decisions.33 Hopefully, understanding the role of Lp(a) in 

myocardial fibrogenesis can inform the development of novel therapies aimed at reducing 

Lp(a) levels to modulate IMF, thus reducing the burden of heart failure and CV diseases in 

the future.

STUDY LIMITATIONS.

This study features a diverse group of patients with available T1 mapping and Lp(a) 

measurements. The MESA cohort comprises participants of different ethnicities and 

backgrounds, a feature that enables the exploration of associations across a range of 

demographic groups through standardized protocols. However, the analysis is cross-sectional 

and thus can establish only associations and not causation. Longitudinal studies are required 

to determine temporal relationships between Lp(a) levels and myocardial fibrogenesis. 

Furthermore, we cannot rule out residual confounding, as well as selection bias, because 

participants in MESA may not be entirely representative of the general population, thereby 

potentially limiting the generalizability of the study findings. Finally, whereas native T1 and 

ECV maps are used in the evaluation of myocardial fibrosis, their lack of specificity for 

individual diseases requires that findings be examined within the scope of particular clinical 

settings.34 Although the primary cause of ECM expansion is fibrosis, other factors such 

as edema, hypertrophy, or additional infiltrative cardiac conditions may also play a role.35 

Conversely, CMR T1 mapping techniques are known to offer a reliable and noninvasive 

means of assessing myocardial fibrosis, particularly in long-term settings, as in the case of 

this study.1 Native T1 does not necessitate the administration of contrast agents, thus making 

it a suitable option for the follow-up of patients with specific comorbidities such as kidney 

impairment.34

CONCLUSIONS

This population-based cohort study offers evidence demonstrating a significant association 

between elevated Lp(a) levels and both interstitial and replacement myocardial fibrosis. Our 

results also demonstrate an association between Lp(a) increase and LA remodeling, thereby 

emphasizing the necessity for additional prospective studies to investigate the crucial role 

of Lp(a)e as a potential contributor to the onset and progression of cardiac fibrosis across 

disease processes leading to atrial fibrillation and heart failure. Further understanding the 

interconnections among Lp(a), myocardial fibrosis, and cardiac remodeling could potentially 

lead to the development of novel targeted prevention and treatment strategies.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS AND ACRONYMS

CMR cardiac magnetic resonance

CV cardiovascular

CVD cardiovascular disease

ECM extracellular matrix

ECV extracellular volume

ECV% extracellular volume fraction

HDL high-density lipoprotein

HFpEF heart failure with preserved ejection fraction

IMF interstitial myocardial fibrosis

LA left atrial

LDL low-density lipoprotein

LGE late gadolinium enhancement

Lp(a) lipoprotein(a)

LV left ventricular

TGF transforming growth factor
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE:

Elevated blood levels of Lp(a) are associated with both IMF and replacement fibrosis 

(myocardial scar), independent of age, race, conventional CV risk factors, and interim 

cardiovascular events, thus supporting a causal link between Lp(a) and subclinical CVD.

TRANSLATIONAL OUTLOOK:

These findings may form the basis for the development of therapeutic strategies targeting 

Lp(a) to mitigate cardiac fibrosis and scarring. Further research is needed to uncover the 

mechanisms by which Lp(a) adversely affects CV health.
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FIGURE 1. 
Lp(a) Distribution Histogram Among Participants With Cardiac Magnetic Resonance T1 

Mapping in MESA

Positively skewed distribution of lipoprotein(a) (Lp[a]) among those patients with available 

(A) native T1 time and (B) percentage of extracellular volume (ECV%).
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CENTRAL ILLUSTRATION. 
Lipoprotein(a) Is Associated With Interstitial Cardiac Fibrosis and Myocardial Scar

(Top) Lipoprotein(a) (Lp[a]) was found to be associated with both interstitial and 

replacement myocardial fibrosis independent of aortic valve calcification and major adverse 

cardiovascular events. (Middle) Multivariate regression analysis highlighting the increased 

probability of reaching clinical interstitial fibrosis cutoff thresholds of native T1 time of 955 

ms and percentage of extracellular volume (ECV%) of 30% with each SD unit increase in 

lipoprotein(a). (Bottom) Forest plot demonstration of both lipoprotein(a) of at least 30 and 

50 mg/dL linked to greater risk of myocardial scar in a fully adjusted model.
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TABLE 2

Association of Lp(a) as a Continuous Variable With Cardiac Magnetic Resonance-Measures of Interstitial 

Myocardial Fibrosis

Lp(a) (Log-Transformed)

Regression Models

ECV (%)
(n = 1,262)

Native T1 (ms)
(n = 2,040)

β (95% CI) P Value β (95% CI) P Value

Model 1a 0.2 (0.1–0.3) 0.004 5 (3–6) <0.001

Model 2b 0.2 (0.05–0.3) 0.007 4 (3–6) <0.001

Model 3c 0.2 (0.05–0.3) 0.007 4 (2–6) <0.001

Model 4d 0.2 (0.1–0.3) 0.006 4 (2–6) 0.001

a
Model 1: Unadjusted.

b
Model 2: Adjusted for age, sex, race/ethnicity, body mass index.

c
Model 3: Adjusted for variables included in model 2, high- and low-density lipoprotein levels, use of lipid-lowering therapy, triglyceride levels, 

cigarette smoking status, glomerular filtrate rate, systolic and diastolic blood pressure, use of antihypertensive medication, diabetes status, and 
income.

d
Model 4: Adjusted for variables included in model 3, in addition to total coronary calcium score and excluding those patients with myocardial scar 

and interim myocardial infarction.

Abbreviations as in Table 1.
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TABLE 3

Association Between Lp(a) Levels and Cardiac Magnetic Resonance-Measures of Interstitial Myocardial 

Fibrosis After Controlling for Aortic Valve Calcification and Moderate to Severe Aortic Stenosis

ECV (%) Native T1 (ms)

Lp(a) mg/dL (Log) β (95% CI) P Value β (95% CI) P Value

Model 1a 0.2 (0.04–0.3) 0.01 4 (2–6) <0.001

Model 2b 0.2 (0.05–0.3) 0.007 4 (3–6) <0.001

Model 3c 0.2 (0.05–0.3) 0.005 4 (2–6) <0.001

Model 4d 0.2 (0.06–0.3) 0.004 4 (2–5.5) <0.001

a
Model 1: Adjusted for age, sex, race/ethnicity, body mass index, high- and low-density lipoprotein levels, use of lipid-lowering therapy, 

triglyceride levels, cigarette smoking status, glomerular filtrate rate, systolic and diastolic blood pressure, use of antihypertensive medication, 
diabetes status, income, and whether there was evidence of aortic valve calcium from baseline visit.

b
Model 2: Adjusted for the same variables as model 1 but excluding those patients who had evidence of any aortic valve calcification from the 

baseline examination (ECV, n = 1,162; native T1 time, n = 1,858).

c
Model 3: Adjusted for the same variables as model 1 and those patients who had evidence of clinically severe aortic stenosis.

d
Model 4: Adjusted for the same variables as model 1 but excluding those patients who had evidence of clinically manifested moderate to severe 

aortic stenosis (ECV, n = 1,251; native T1 time, n = 2,019).

Abbreviations as in Table 1.
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TABLE 4

Association Between Lp(a) Levels and Increased Risk of Exceeding Clinical Thresholds for Interstitial 

Myocardial Fibrosis in MESA

Lp(a) (Log-Transformed)

Regression Models
ECV ≥30% Native T1 ≥955 ms

OR (95% CI) P Value OR (95% CI) P Value

Model 1a 1.2 (1.02–1.40) 0.03 1.3 (1.2–1.4) <0.001

Model 2b 1.2 (1.01–1.34) 0.03 1.3 (1.2–1.4) <0.001

Model 3c 1.2 (1.04–1.43) 0.01 1.2 (1.1–1.4) <0.001

Model 4d 1.4 (1.1–1.7) 0.002 1.2 (1.1–1.4) 0.006

a
Model 1: Unadjusted.

b
Model 2: Adjusted for age, sex, race/ethnicity, and body mass index.

c
Model 3: Adjusted for variables included in model 2, high- and low-density lipoprotein levels, use of lipid-lowering therapy, triglyceride levels, 

cigarette smoking status, glomerular filtrate rate, systolic and diastolic blood pressure, use of antihypertensive medication, diabetes status, and 
income.

d
Model 4: Adjusted for variables included in model 3 and total coronary calcium score and excluding patients those with myocardial scar, interim 

myocardial infarction, and severe aortic stenosis.

Abbreviations as in Table 1.
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TABLE 5

Lp(a) Relationship With Myocardial Scar Among 1,262 MESA Participants

Myocardial Scar

Lp(a) (Log) Lp(a) ≥30 mg/dL Lp(a) ≥50 mg/dL

Models OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value

Model 1a 1.1 (0.9–1.4) 0.20 1.7 (1.1–2.6) 0.02 1.7 (1.1–2.7) 0.02

Model 2b 1.2 (0.96–1.4) 0.10 1.7 (1.1–2.7) 0.02 1.8 (1.1–2.8) 0.01

Model 3c 1.15 (0.9–1.4) 0.20 1.85 (1.1–3.2) 0.025 1.9 (1.1–3.4) 0.02

a
Model 1: Adjusted for age, sex, race/ethnicity, body mass index, and race.

b
Model 2: Adjusted for variables included in model 1, high- and low-density lipoprotein levels, use of lipid-lowering therapy, triglyceride levels, 

cigarette smoking status, glomerular filtrate rate, systolic and diastolic blood pressure, use of antihypertensive medication, diabetes status, and 
income.

c
Model 3: Adjusted for variables included in model 2 and total coronary calcium score.

Lp(a) = lipoprotein(a).
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TABLE 6

Lp(a) Relationship With Myocardial Scar After Controlling for Aortic Valve Calcification and Severe Aortic 

Stenosis

Myocardial Scar

Lp(a) (Log) Lp(a) ≥30 mg/dL Lp(a) ≥50 mg/dL

Models OR (95% CI) P Value OR (95% CI) P Value OR (95% CI) P Value

Model 1a 1.15 (0.9–1.4) 0.10 1.7 (1.1–2.7) 0.02 1.7 (1.0–2.9) 0.05

Model 2b 1.2 (0.9–1.4) 0.10 1.8 (1.1–3.0) 0.02 1.7 (0.95–3.1) 0.07

Model 3c 1.15 (0.9–1.4) 0.10 1.7 (1.1–2.7) 0.02 1.7 (1.03–2.9) 0.04

Model 4d 1.15 (0.9–1.4) 0.10 1.7 (1.1–2.8) 0.01 1.8 (1.05–3) 0.03

a
Model 1: Adjusted for age, sex, race/ethnicity, body mass index, high- and low-density lipoprotein levels, use of lipid-lowering therapy, 

triglyceride levels, cigarette smoking status, glomerular filtrate rate, systolic and diastolic blood pressure, use of antihypertensive medication, 
diabetes status, income, and evidence of aortic valve calcification.

b
Model 2: Adjusted for the same variables as model 1 and excluding those patients who had evidence of any aortic valve calcification on baseline 

examination (n = 1,162).

c
Model 3: Adjusted for the same variables as model 1 and including those patients who had evidence of clinically severe aortic stenosis.

d
Model 4: Adjusted for the same variables as model 1 but excluding those patients who had evidence of clinically severe aortic stenosis (n = 

1,251).

Lp(a) = lipoprotein(a).
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TABLE 7

Lp(a) Correlation With Cardiac Structure/Function Among Those Patients Who Underwent Cardiac Magnetic 

Resonance Cine/Tagging

Lp(a) (Log-Transformed)

Minimal LA Volume Indexed to Body Surface Area, 
mL/m2 LA Emptying Fraction, % LV Circumferential Strain, %

Models β (95% CI) P Value β (95% CI) P Value β (95% CI) P Value

Model 1a 0.3 (0.1–0.7) 0.01 −0.5 (−0.9 to −0.1) 0.006 0.0 (−0.1 to 0.1) 0.40

Model 2b 0.3 (0.1–0.6) 0.01 −0.6 (−0.9 to −0.2) 0.001 0.0 (−0.1 to 0.1) 0.60

Model 3c 0.3 (0.1–0.6) 0.01 −0.5 (−0.8 to −0.1) 0.01 0.0 (−0.2 to 0.1) 0.30

Model 4d 0.4 (0.1–0.7) 0.02 −0.5 (−0.9 to −0.1) 0.02 −0.1 (−0.2 to 0.0) 0.10

a
Model 1: Unadjusted.

b
Model 2: Adjusted for age, sex, race/ethnicity, and body mass index.

c
Model 3: Adjusted for variables included in model 2, high- and low-density lipoprotein levels, use of lipid-lowering therapy, triglyceride levels, 

cigarette smoking status, glomerular filtrate rate, systolic and diastolic blood pressure, use of antihypertensive medication, diabetes status, and 
income.

d
Model 4: Adjusted for variables included in model 3, in addition to total coronary calcium score and excluding those patients with myocardial scar 

and interim myocardial infarction.

LA = left atrial; Lp(a) = lipoprotein(a); LV = left ventricular.
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TABLE 8

Lp(a) Correlation With Cardiac Structure/Function After Controlling for Aortic Valve Calcification and Severe 

Aortic Stenosis

Lp(a) (Log-Transformed)

Minimal LA Volume Indexed to Body Surface Area, 
mL/m2 LA Emptying Fraction, % LV Circumferential Strain, %

Models β (95% CI) P Value β (95% CI) P Value β (95% CI) P Value

Model 1a 0.3 (0.0–0.5) 0.05 −0.4 (−0.8 to −0.0) 0.02 −0.1 (−0.2 to 0.0) 0.20

Model 2b 0.3 (0.0–0.6) 0.05 −0.5 (−0.9 to −0.1) 0.01 0.0 (−0.1 to 0.1) 0.60

Model 3c 0.3 (0.0–0.6) 0.05 −0.5 (−0.8 to −0.1) 0.01 −0.1 (−0.2 to 0.0) 0.20

Model 4d 0.3 (0.0–0.6) 0.05 −0.5 (−0.8 to −0.1) 0.01 −0.1 (−0.2 to 0.1) 0.30

a
Model 1: Adjusted for age, sex, race/ethnicity, body mass index, high- and low-density lipoprotein levels, use of lipid-lowering therapy, 

triglyceride levels, cigarette smoking status, glomerular filtrate rate, systolic and diastolic blood pressure, use of antihypertensive medication, 
diabetes status, income, and whether there was evidence of aortic valve calcium from baseline visit.

b
Model 2: Adjusted for the same variables as model 1 but excluding those patients who had evidence of any aortic valve calcification from the 

baseline examination.

c
Model 3: Adjusted for the same variables as model 1 and those patients who had evidence of clinically severe aortic stenosis.

d
Model 4: Adjusted for the same variables as model 1 but excluding those patients who had evidence of clinically manifested moderate to severe 

aortic stenosis.

Abbreviations as in Table 7.
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