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Abstract: Lipoprotein(a) [Lp(a)] is a largely genetically determined, independent contributor to residual atherosclerotic cardiovas-
cular disease (ASCVD) risk, but its clinical interpretation is constrained by measurement complexity. Variation in apolipoprotein(a)
[apo(a)] KIV2 copy number, glycosylation, lipid composition, and isoform co-expression complicates mass-based reporting and may
cause isoform-sensitive bias in immunoassays. This review examines how these metrological limitations affect Lp(a) reporting, assay
comparability, LDL-C estimation, and clinical risk stratification. Current evidence supports preferential use of validated molar
reporting (nmol/L) and discourages fixed conversion between mg/dL and nmol/L. Automated immunoassays remain practical for
screening and population studies, whereas ELISA and LC-MS/MS have complementary roles in assay validation, reference-method
development, and standardisation. Clinically, high Lp(a) may distort calculated LDL-C, and fixed 30% Lp(a)-cholesterol correction
can misclassify risk or treatment response. Harmonised molar measurement, ancestry-inclusive validation, and clearer distinction
between intact Lp(a) particles and free apo(a) are essential for improving risk assessment and implementing Lp(a)-targeted therapies.
Keywords: lipoprotein(a), Lp(a), apoprotein(a), apo(a), cardiovascular diseases, heart disease risk factors, analysis

Introduction: Residual Risk of Cardiovascular Disease and the Rise of Lp(a)

The Global Burden of Cardiovascular Disease and the Concept of Residual Risk
Cardiovascular disease (CVD) is the leading cause of death worldwide, significantly impacting healthy life expectancy
and imposing an excessive economic burden on healthcare systems.'? With an increasingly large population base and the
progression of an ageing society, the incidence of cardiovascular disease continues to rise, presenting a formidable
challenge in controlling its risk factors.**

Systematic analyses based on real-world evidence indicate that even among patient groups achieving target control for certain
common risk factors, cardiovascular events cannot be entirely avoided. Despite the effective implementation of guideline-
directed management and therapy (GDMT) and high patient adherence to treatment measures, residual risks of adverse
cardiovascular events persist.” The Residual Risk Reduction Initiative (R3i) defines this residual cardiovascular risk as residual
risk: the risk of cardiovascular events that persists even after patients have achieved current treatment targets for low-density

lipoprotein cholesterol (LDL-C), blood pressure, and blood glucose control, along with therapeutic lifestyle modifications.®

Evidence for Lp(a) as an Independent Residual Risk Factor and Current Guideline

Recommendations
Against the backdrop of residual risk in cardiovascular disease, research has identified a significant increase in novel candidate
risk factors associated with residual risk. These factors hold substantial predictive value for CVD and its complications. The
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association between lipoprotein(a) [Lp(a)] and coronary heart disease (CHD),”  stroke® and aortic valve stenosis (AVS)”'°

has been well-established. Management guidelines for cardiovascular disease in countries such as Europe,'"*'? and China,'? as
well as the United States,'* and the expert panel of the National Academy of Clinical Biochemistry (NACB),'>'® have all
designated Lp(a) as an independent residual risk factor for cardiovascular diseases including coronary heart disease, stroke,
peripheral artery disease, coronary artery calcification, and calcific aortic valve stenosis. Accumulated research demonstrates
that elevated Lp(a) levels drive residual risk through a triple mechanism: promoting atherosclerosis (by carrying oxidised
phospholipids), promoting thrombosis (by inhibiting fibrinolysis), and promoting inflammation.'” Lipoprotein(a) has emerged
as a novel therapeutic target in residual cardiovascular risk management. However, current clinical quantification of
lipoprotein(a) remains limited, potentially constraining clinical control.

Molecular Structure and Polymorphism of Lp(a): The Root Cause of
Detection Challenges
Structure and Composition: LDL-Like Particles and Apolipoprotein(a)

Under electron microscopy, Lp(a) appears spherical with a diameter of approximately 21 nm and a density of about 1.05—
1.10 g/mL. The core lipid structure of Lp(a) resembles that of low-density lipoprotein (LDL) in that it is also composed
of cholesterol esters and triglycerides, surrounded by a membrane structure formed by phospholipids and free cholesterol.
Its protein component consists of a single apolipoprotein B-100 (apoB).'® Within Lp(a) particles, apolipoprotein B100
(apoB) and apolipoprotein(a) [apo(a)] coexist stably in a 1:1 molar ratio. The LDL-C-like lipid core is enveloped by the
kringle domains of apo(a). A disulfide bond covalently links apo(a) to the Apo B100 within the LDL-C-like lipid core.
Apo(a) contains a plasminogen-like kringle V domain, variable numbers of plasminogen-like kringle IV domains (types
1-10), and an inactive protease region.'’

Notably, apo(a) shares structural homology with plasminogen in evolutionary terms. Both contain characteristic
kringle domains, but a significant difference exists: plasminogen contains five kringle domains (KI-KV), while apo(a)
retains only KIV and KV types. The KV domain exists as a single copy in apo(a). In contrast, the KIV domain of apo(a)
can be classified into 10 highly homologous subtypes (KIV1-KIV10), which exhibit 75-85% amino acid sequence
homology with the KIV kringle domain of plasminogen,®® this confers apo(a) with plasminogen-like properties, enabling
it to bind to exposed lysine-rich vascular endothelium—a function similar to and competitively overlapping with that of
plasminogen.>' ?* Within the KIV domain of apo(a), the KIV-1 and KIV-3 to KIV-10 subtypes exist as single copies. The
KIV2 subtype exhibits polymorphism due to variations in the number of gene-encoded repeat sequences, ranging from 2

to 40 copies,?**>

this represents the primary cause of inter- and intra-individual heterogeneity in apo(a) molecular
weight, significant size heterogeneity in Lp(a) particles, and the crucial molecular basis for inter-individual and inter-
ethnic variations in Lp(a) levels.'”*® Glycosylation modifications of apo(a) exhibit significant site heterogeneity, with
modification sites distributed not only within the core Kringle domain but also extending to the Linker sequences
connecting these domains,?’ this similarly contributes to the size heterogeneity observed in Lp(a) particles
(Table 1).2%25283% The complex molecular structure of lipoprotein(a) and the molecular weight polymorphism of its
apo(a), such as the differing immunoreactivity of various apo(a) isoforms, have consistently been major constraints in

developing Lp(a) detection methods.*”

Synthesis and Assembly: Liver Specificity and the “Two-Step” Mechanism

The synthesis of lipoprotein(a) neither originates from the conversion of very low-density lipoprotein (VLDL) nor
depends on the metabolic breakdown of other lipoproteins, and it itself lacks the ability to convert into other
lipoproteins.*®*7 The biosynthesis of lipoprotein(a) (Lp(a)) occurs almost entirely in the liver. Plasma levels of each
Lp(a) subtype are primarily determined by their respective synthesis efficiencies rather than their clearance rates from
circulation.”®° Generally, the molecular weight of apo(a) isoforms is inversely correlated with secretion efficiency.***!
Accordingly, smaller apo(a) isoforms, which contain fewer Kringle IV-2 repeats, usually have higher plasma Lp(a)
concentrations, thereby contributing to inter-individual and inter-ethnic heterogeneity in Lp(a) levels.** This phenomenon

suggests that smaller, more numerous lipoprotein(a) particles dominate biological effects through a mechanism of
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Table | Structural Sources of Lp(a) Particle-Mass Heterogeneity and Assay Implications

Component Molecular Detail

KIV domain architecturel/isoform | The number of KIV2 repeats in apoprotein(a) varies from fewer than 3 to more than 40, leading to
changes in apoprotein(a) length.These effects, in turn, causes variations in the molecular weight of its

apoprotein(a) component and consequently alters the overall mass of the Lp(a) particle.

Post-translational modifications Post-translational modifications can also result in changes to Lp(a) particle mass. Specifically, the presence of
(glycosylation) glycosylation sites on lipoprotein(a) leads to variations in the carbohydrate mass of Lp(a) particles. O-glycans
typically range from 200 Da (with a core structure of a single N-acetylgalactosamine, GalNAc) to 2000 Da,
while N-glycans exhibit larger molecular weights, generally between 1200 and 3500 Da. N-glycosylation sites
at the asparagine (N) residue can be predicted based on the consistent sequence N-X-T/S, where X can be any
amino acid except proline.Apo(a) possesses | | predicted N-glycosylation sites within the constant KIV-1, KIV-
3 to KIV-10 regions, with one N-glycosylation site also present on each KIV2 domain. O-glycosylation sites are
also present on apo(a), occurring on serine (S) or threonine (T) residues, though specific sites cannot be
predicted. Variations in glycosylation can lead to substantial differences in Lp(a) particle mass, as each site (N-
and O-glycosylation sites) may be occupied or unoccupied, resulting in glycosylation macroheterogeneity. The
precise polysaccharide structure present at specific glycosylation sites may vary considerably between sites,
a phenomenon termed glycosylation microheterogeneity. Due to KIV2 polymorphisms and post-translational
modifications like glycosylation, the molecular weight of apolipoprotein (a) can vary over an extremely wide
range between 275 and 800 kDa.Similarly, ApoB possesses |9 potential N-glycosylation sites, |17 of which have
been demonstrated to be modified by high-mannose, complex, and mixed N-glycan chains.?'33* However,
the intra- and inter-individual variability in the glycosylation profiles of apoprotein(a) and apolipoprotein

B remains poorly characterised, precluding estimation of the extent to which variable protein glycosylation

influences Lp(a) particle mass.

Lipid composition The primary lipid constituents of Lp(a) particles are triglycerides, phospholipids, and cholesterol esters.
Each category contains multiple fatty acid subtypes exhibiting molecular weight variations due to carbon
chain length and saturation differences. Concurrently, significant heterogeneity exists in the content of

their sphingolipids and other lipophilic molecules.

preferential expression, a notion supported by relevant studies.*>** It is now widely accepted in the scientific community
that Lp(a) assembly follows a two-step cascade mechanism: In the first step, a lysine residue at a specific site on
apolipoprotein B100 (apoB100) undergoes conformational prepositioning through non-covalent interactions with
a weakly binding lysine binding site (LBS) in the kringle IV7,8 domain of apo(a).*>*” In the second step, Cys4057 in
the KIV9 domain®*** forms a stable covalent disulfide bond with Cys4326 on apoB100.*°° At the individual level, over
80% of individuals inherit two distinct molecular weight apo(a) subtypes from their parents, exhibiting co-expression

patterns of dual low molecular weight, high-low molecular weight, or dual high molecular weight subtypes.”>!

Core Metrological Issues in Lp(a) Quantification: Limitations of Mass
Concentration and the Shift Toward Molar Concentration

Inherent Limitations of Mass Concentration: Why mg/dL Cannot Accurately Capture
Lp(a) Particle Burden and Cardiovascular Risk

Current evidence indicates that individuals with higher circulating Lp(a) particle concentrations are at greater cardio-
vascular risk.”>>* However, as noted above, Lp(a) particles vary substantially in mass and size because of apo(a) KIV2
repeat-number polymorphism, post-translational modifications such as glycosylation, heterogeneity in lipid composition,
and the co-expression of multiple apo(a) isoforms. Consequently, two individuals with the same total Lp(a) mass
concentration may have substantially different numbers of circulating Lp(a) particles. One individual may predominantly
carry fewer large particles, whereas another may carry more small particles. As a result, Lp(a) mass concentration does
not necessarily correspond consistently to the patient’s true cardiovascular risk. This is a fundamental limitation of
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reporting Lp(a) in mg/dL: the value reflects the total mass of a heterogeneous particle population rather than the number
of particles per litre of plasma. Reliance on mass concentration alone may therefore obscure clinically relevant
heterogeneity in risk driven by differences in particle number.

Beyond this biological heterogeneity, mass-based reporting also has intrinsic analytical and metrological limitations.
Even if all components of Lp(a) could be measured precisely and their summed mass used for calibration, the resulting
value would still not necessarily represent the true plasma particle concentration. This persistent bias arises because the
composition of purified Lp(a) particles does not necessarily represent the overall particle population in plasma, and because
the relative proportions of the two Lp(a) isoforms in heterozygous individuals may shift during purification.?® These factors
can introduce error into estimates of Lp(a) particle mass, especially given the difficulty of accurately quantifying its lipid,
protein, and carbohydrate components. Therefore, precise determination of total Lp(a) particle mass—and, by extension,
reliable inference of particle concentration from mass concentration—is difficult to achieve in practice.

A further problem arises in assays that use antibodies directed against the repetitive KIV2 region. Depending on
whether the sample contains smaller or larger apo(a) isoforms than the calibrator, Lp(a) concentrations may be under-
estimated or overestimated.’'>* Importantly, both the direction and magnitude of this bias depend on the degree of
matching in KIV2 epitope copy number between the calibrator and the patient sample. Specifically, when the apo(a)
isoform in the test sample is larger than that in the calibrator and contains more KIV2 repeats, each Lp(a) particle may
generate a stronger immunoreactive signal, leading to potential overestimation of Lp(a) concentration. Conversely, when
the apo(a) isoform in the test sample is smaller than that in the calibrator and contains fewer KIV2 repeats, each particle
may produce a weaker signal, leading to potential underestimation.

By contrast, molar concentration expressed in nmol/L, which is based on Lp(a) particle number, is increasingly
regarded as the preferred reporting approach. Its advantages extend beyond metrology to risk characterisation and clinical
interpretation. By directly quantifying particle concentration, this approach avoids mass-calculation bias introduced by
variability in protein, lipid, and carbohydrate composition. More importantly, it is biologically closer to the true carrier of
Lp(a)-related risk: the circulating Lp(a) particle burden.’®>* Accordingly, current consensus statements increasingly
recommend expressing Lp(a) results as particle concentration in nmol/L.>>3°-*® However, for immunoassays to report
Lp(a) particle concentration reliably in nmol/L, they should use specific monoclonal antibodies that recognise non-
repetitive epitopes outside the KIV2 repeat region and do not cross-react with plasminogen.

Apo(a) Isoform Size: Uncertain Incremental Risk Information Beyond Particle

Concentration

It should be noted that neither mass concentration nor particle concentration directly captures the apo(a) isoform size
expressed by an individual. A substantial body of evidence suggests that the association between smaller apo(a) isoforms
and increased cardiovascular risk is largely explained by the tendency of low-molecular-weight apo(a) isoforms to be
associated with higher Lp(a) particle concentrations.’”>® After adjustment for Lp(a) concentration, the independent
association between isoform size and cardiovascular risk is markedly attenuated or may even disappear, suggesting that
the circulating burden of Lp(a) is the predominant determinant of risk.”>°' In other words, the risk may be driven
primarily by Lp(a) particle burden rather than by apo(a) isoform size itself.

However, the evidence is not entirely consistent, and some studies suggest that smaller apo(a) isoforms may have
greater pathogenic potential. Using mutually adjusted phenotypic analyses, isoform-specific genetic instruments, and
Mendelian randomisation, Saleheen et al®® provided evidence that smaller apo(a) isoform size may exert a pathogenic
effect independent of Lp(a) concentration. Another possible exception may involve specific pathological processes, such
as pro-inflammatory oxidised phospholipid burden, in which smaller isoforms carrying greater amounts of oxidised lipids
may be particularly atherogenic.>~®° In addition, experimental studies have shown that recombinant apo(a) isoforms of
different sizes differ in their ability to stimulate collagen-primed monocytes. Specifically, 10K and 18K isoforms
significantly increased ROS and MMP-9 production, whereas the 34K isoform had little effect; the magnitude of this
response was inversely related to apo(a) size.*®
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Nevertheless, the current evidence is neither sufficiently consistent nor sufficiently strong to justify moving away
from a risk-assessment framework centred on Lp(a) particle concentration. In particular, it has not yet been clearly
established that apo(a) isoform size provides additional clinically meaningful risk information beyond particle
burden.”**” Taken together, Lp(a) particle concentration remains the more direct, interpretable, and clinically imple-
mentable measure for risk characterisation in current practice.®®

Challenges in Reporting Units and Fixed Conversion Factors: Clinical Transition

from mg/dL to nmol/L

At present, serum/plasma Lp(a) concentrations are still reported using two unit systems: molar concentration, expressed
as nanomoles per litre (nmol/L), and mass concentration, expressed as milligrams per decilitre (mg/dL). In clinical
practice, a commonly used approach has been to apply an average conversion factor of 2.4, whereby the mass
concentration in mg/dL is multiplied by this factor to derive an estimated value in nmol/L. This average conversion
factor was derived from statistical relationships between molar and mass concentrations reported in previous studies and
is, in essence, only an approximation.’’®® Other conversion factors, including 2.02 and 1.67, have also been
proposed.’””® Because different conversion coefficients can substantially alter the resulting nmol/L values, the use of
fixed conversion factors inevitably propagates and may amplify measurement uncertainty; therefore, such conversion
should be avoided.®

Because much of the earlier epidemiological evidence, many risk thresholds, and existing clinical laboratory work-
flows were established using mg/dL, the transition from mass-based to molar reporting should not be interpreted as an
immediate discontinuation of mg/dL. Rather, it should be viewed as a gradual process of metrological standardisation and
clinical implementation.’®”"”> The 2024 ADLM guidance document on the measurement and reporting of lipids and
lipoproteins’' recommends that Lp(a) should be reported in molar units where feasible; however, when validated molar-
based assays are not available, reporting in mass units remains acceptable. The 2024 focused update to the National Lipid
Association (NLA) scientific statement® takes a similar position: from a technical perspective, apo(a) isoform size
heterogeneity supports the preferential use of nmol/L, but if a healthcare setting only has access to assays reported in mg/
dL, measuring Lp(a) is still preferable to not measuring it at all.

A more appropriate approach is therefore to use nmol/L as the primary reporting unit when an assay system has been
calibrated and methodologically validated for molar reporting. When laboratories continue to use validated mass-based
methods, reporting in mg/dL remains acceptable, provided that the assay platform and calibration system are clearly
stated in the laboratory report. During the transition period, a dual-reporting framework may also be considered, with
nmol/L as the preferred unit and mg/dL as a supplementary unit. However, it should be emphasised that, whether single-
unit molar reporting or dual-unit reporting is used, one unit should not be derived from the other by applying a fixed
conversion factor to a single measurement result. Instead, both reported values should be generated through reporting

procedures validated by the manufacturer or the laboratory.”>’!

Clinical and Metrological Considerations in Lp(a) Measurement: Testing
Strategy, Ancestry-Related Interpretation, and LDL-C Estimation

Lifetime Testing, Repeat Measurement, and Ancestry-Related Interpretation of Lp(a)

Approximately 90% of interindividual variation in Lp(a) concentration is genetically determined, with metabolic status
and other secondary factors exerting only a limited influence.?*”*7* Consequently, Lp(a) concentrations tend to remain
relatively stable over the life course. Accordingly, lipid-management guidelines and related evidence from China,
Europe, the United States, and other regions generally support a once-in-a-lifetime Lp(a) measurement for most clinical
purposes. These documents emphasise that Lp(a) testing is generally reproducible and that a single measurement is
usually sufficient to improve cardiovascular risk prediction and determine whether an individual exceeds established risk
thresholds'? 43387576 (Fjgure 1B). Nevertheless, because Lp(a) measurement remains affected by persistent metho-
dological limitations, a single result may still be vulnerable to false-positive or false-negative classification. In clinical
practice, repeat testing with the same assay method is therefore advisable when the initial value lies close to a clinical
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Black Median apo(a) isoform size
ac (KIV-2 repeats)
South Asian 0
i South Asian\ | European . [ African
White g 25 od
Chinese
Representative UK Biobank median Lp(a) concentrations nmol/L
Study
UK Biobank White: 19 nmol/L South Asian: 31 nmol/L Black: 75 nmol/L Chinese: 16 nmol/L
Dallas Heart Study Black: 79.0 nmal/ White: 26.9 nmol/L Hispanic: 21.3 nmol/L
NHANES IlI Black: 35 mg/dL White: 12 mg/dL Mexican American: 8 mg/dL
MESA Black: 35.1 mg/dL White: 12.9 mg/dL Hispanic: 13.1 mg/dL Chinese: 12.9 mg/dL
MASALA South Asian: 17.0 mg/dL

INTERHEART: African: 27.2 mg/dL, Arab: 15.3 mg/dL,Chinese: 7.8 mg/dL, European:9.6 mg/dL, Latin American: 11.5 mg/dL, South Asian: 13.8 mg/dL, Southeast Asian: 10.2 mg/dL

Once-in-lifetime testing as early as possible Selective or risk-based testing
Brussels international Declaration (2025) American Heart Association (2018)
European Society of Cardiology (2022) American College of Cardiology (2018)

European Atherosclerosis Society Guidelines (2019)
National Lipid Association (2024)
Chinese Guidelines for Lipid Management (2023)
Expert Statement on the Relationship Between Lipoprotein(a) and Cardiovascular
Disease Risk and Clinical Management (China, 2021)

Test at least once in an individual's lifetime, as early as possible Test those with personal or family history of premature ASCVD or other risk factors
Ancestry not considered Ancestry not considered

Figure | Ethnic differences in median lipoprotein(a) concentrations and guideline recommendations for Lp(a) testing. (A) Representative median Lp(a) concentrations
reported across ethnic or ancestry groups in major population-based studies, with median apo(a) isoform size shown as KIV-2 repeat number. Values are presented in the units
reported by the original studies and were not converted between nmol/L and mg/dL. (B) Summary of selected guideline and consensus recommendations for Lp(a) testing.
Abbreviations: apo(a), apolipoprotein(a); ASCVD, atherosclerotic cardiovascular disease; KIV-2, kringle IV type 2; Lp(a), lipoprotein(a).

decision threshold. Repeat measurement should also be considered in specific settings in which Lp(a) concentrations may
change, including suspected reversible secondary causes of Lp(a) elevation, such as nephrotic syndrome, or after
initiation of Lp(a)-lowering therapy, such as antisense oligonucleotides or lipoprotein apheresis, when serial monitoring
is required to assess treatment response.>”

Existing evidence indicates that Lp(a) levels and their population distributions differ across racial, ethnic, and
ancestry groups’’ (Figure 1A). However, these distributional differences do not imply that validated and widely accepted
ancestry-specific clinical risk thresholds have already been established. The relative increase in ASCVD risk associated
with each 50 nmol/L increment in Lp(a) appears broadly similar across populations, although the estimate for the
Chinese subgroup could not be reliably assessed because of the limited number of events.”® Similarly, the 2022 European
Atherosclerosis Society (EAS) consensus statement on Lp(a) concluded that the causal and continuous association
between Lp(a) and cardiovascular outcomes is generally observed across ethnic groups, while emphasising that evidence
in non-White populations remains comparatively limited and requires further expansion.’® The 2024 NLA focused
update further noted that, although Lp(a) distributions differ across racial and ethnic groups, current evidence is still
insufficient to support race-based definitions of “clevated” Lp(a).>

A more appropriate interpretation is therefore that the relative risk gradient associated with elevated Lp(a) may be
broadly consistent across populations, whereas the performance of fixed thresholds for risk identification, their relation-
ship with absolute risk, and the population-attributable burden may still vary by ancestry.>*’® Guan et al, in an analysis
from the Multi-Ethnic Study of Atherosclerosis (MESA) cohort,” suggested that traditional mg/dL cut points do not
perform identically for CHD risk discrimination across racial and ethnic groups. More recent analyses using disaggre-
gated ethnicity categories have also shown that, even within broad groups such as “Asian” or “Hispanic,” the prevalence
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of elevated Lp(a) and the associated clinical risk profiles remain heterogeneous.®® Grant et al®' using data from the
Atherosclerosis Risk in Communities (ARIC) cohort, further showed that although the relative ASCVD risk associated
with Lp(a) did not differ significantly between Black and White participants, the higher prevalence of elevated Lp(a) in
Black individuals may translate into a greater population-attributable burden. Taken together, currently used uniform
thresholds remain practical for clinical use, but they should not be interpreted as resolving all issues related to risk
stratification across ancestry groups.”>’®®! Future research should therefore use standardised nmol/L-based assays and
large prospective cohorts with broader ancestry representation, sufficient event numbers, and harmonised outcome
definitions to determine whether ancestry-specific Lp(a) thresholds can meaningfully improve ASCVD risk stratification
and clinical decision-making.

Lp(a) Interference in LDL-C Estimation: Pseudo-Statin Resistance and Risk

Misclassification

Elevated LDL-C is the principal modifiable risk factor for ASCVD and remains the primary therapeutic target in lipid
management.®? The Friedewald, Sampson-NIH, and Martin-Hopkins equations, which are widely used to estimate LDL-
C, include cholesterol carried by Lp(a) and intermediate-density lipoprotein (IDL).** Although IDL-C contributes little in
most fasting plasma samples, Lp(a) is a cholesterol-rich lipoprotein.** A commonly cited approximation assumes that
cholesterol accounts for 30% of Lp(a) mass, but this fraction shows substantial interindividual and assay-dependent
variability.*>*® Consequently, individuals with high baseline Lp(a) levels will have overestimated calculated LDL-C
values. Furthermore, the cholesterol content within lipoprotein(a) contributes to total cholesterol measurements used in
cardiovascular risk scoring systems (eg, QRISK3 and Pooled Cohort Equations). The atherogenic effects of Lp(a) may be
partially attributed to LDL-C, leading to collinearity bias that underestimates or even obscures the risk associated with
elevated Lp(a).®” Additionally, this may result in patients with elevated Lp(a) being misclassified as having familial
hypercholesterolemia (FH).***°

Some studies indicate statins exert a neutral effect on Lp(a) concentration.”' However, some patients (especially those
with baseline Lp(a)>30mg/dL) may experience a decrease in LDL-C levels but an increase in Lp(a) levels after statin
therapy.gm2 Early research reported that Lp(a) concentrations could rise by up to 45% from baseline and suggested that
this represented a true increase in concentration, not an artefact due to altered immunoreactivity of the lipoprotein(a)
particles.”® Cell culture studies demonstrating time- and dose-dependent increases in Lp(a) mRNA expression and apo(a)
production by statins further corroborate this.”?

The resulting increase in the Lp(a)-C contribution to calculated LDL-C may mask the true reduction in LDL-C,
creating the false impression of statin ineffectiveness, often referred to as pseudo-resistance; at the same time, higher
Lp(a) itself may contribute to residual cardiovascular risk.°> This creates an apparent paradox: although statins may
increase Lp(a) in some patients, they remain first-line lipid-lowering therapy for patients at elevated cardiovascular risk.
The 2025 Focused Update of the 2019 ESC/EAS Guidelines for the management of dyslipidaemias recommends
interpreting Lp(a) elevation in the context of overall cardiovascular risk.”* Accordingly, current guidance supports at
least one lifetime Lp(a) measurement and selective re-measurement in specific contexts, rather than routine serial
monitoring for all patients >30 mg/dL. Fixed-fraction “Lp(a)-corrected LDL-C” calculations should not be used
mechanically for routine decision-making. Instead, apoB and/or non-HDL-C should be considered to better characterise
atherogenic particle burden, while Lp(a)-adjusted LDL-C approaches may be used as interpretive adjuncts when they
have been analytically validated. In high-risk patients who remain above LDL-C goals, adding a PCSK9 inhibitor is
appropriate and also lowers Lp(a) modestly.95 Lp(a) measurement may be considered in patients with recurrent or
progressive ASCVD despite optimal risk-factor control, including those with target-vessel restenosis or bypass graft
failure; however, routine serial monitoring is not universally recommended.®®**

The most straightforward correction method uses the measured Lp(a) mass concentration in mg/dL, multiplies it by an
assumed average cholesterol mass fraction to estimate Lp(a)-cholesterol [Lp(a)-C], and subtracts this value from LDL-C
estimated by standard equations, such as Friedewald, Martin-Hopkins, or Sampson-NIH. A major limitation of this
approach is the marked interindividual variability in the actual cholesterol mass fraction of Lp(a) particles, which can
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introduce error into the Lp(a)-C estimate. Direct measurements indicate that the cholesterol fraction of Lp(a) mass ranges
from 5.8% to 57.3% across individuals.”® The clinical acceptability of this potential error should therefore be carefully
considered when such estimates are used for decision-making. At present, for Lp(a) reported in particle concentration
units (nmol/L), there is no universally validated, large-scale correction formula to convert particle concentration to Lp(a)-
C for routine clinical use; recently proposed molar approaches remain investigational and require independent external
validation before widespread adoption.”” Part of the reported “statin pseudo-resistance” may therefore reflect Lp(a)-C
embedded in measured or calculated LDL-C, rather than true on-treatment LDL-C. This interpretation is consistent with
consensus statements emphasising the independent and often under-recognised contribution of Lp(a) to atherosclerotic

risk and the need to interpret LDL-C in this context.’’%*9%

Although a 30% Lp(a)-C fraction is commonly used as a pragmatic average for LDL-C “correction”,”®" inter-
individual variability is substantial and assay standardisation remains incomplete.”®’® In the absence of individualised
Lp(a)-C data, a fixed proportion may represent a practical but imperfect compromise. However, applying a uniform 30%
subtraction can introduce clinically meaningful error in patients with markedly elevated Lp(a), even when triglyceride
concentrations are within an acceptable range.

Despite the potential superiority of apoB concentration over LDL-C in predicting cardiovascular risk,'® LDL-C
remains the primary therapeutic target for ASCVD prevention. For patients with high Lp(a) and formula-derived LDL-C
values near treatment thresholds, apoB and/or non-HDL-C should be used to contextualise risk and treatment decisions.
A validated Lp(a)-adjusted LDL-C estimate, preferably based on molar Lp(a), may provide additional interpretive value
where available, but it should not replace established LDL-C targets in routine practice. This approach aligns with
guideline trends advocating at least once-in-a-lifetime Lp(a) testing and more refined risk reclassification near treatment
thresholds.”®-'%!

Formula-derived LDL-C, regardless of the equation used, cannot separate cholesterol carried by Lp(a) from
cholesterol carried by LDL particles. Even after excluding samples with triglycerides >400 mg/dL, residual triglyceride-
related imprecision in calculated LDL-C may persist. These caveats do not alter the core message: although fixed-fraction
Lp(a)-C adjustments, such as the commonly used 30% correction, have long been used as pragmatic tools, routine
decision-making should prioritise apoB and/or validated molar Lp(a)-adjusted LDL-C estimates where available. Direct
LDL-C measurement should be reserved primarily for reducing equation-related imprecision rather than for correcting
Lp(a)-C contamination, especially when Lp(a) is high or LDL-C values lie near treatment thresholds.

Assay Standardisation and the Evolution of Detection Technologies
Moving Toward Molar Reporting: The WHO/IFCC SRM-2B Reference Material

The limited comparability of earlier Lp(a) immunoassays was partly attributable to the absence of standardised
calibration materials and value-transfer systems. Immunoassays often use calibrators with high Lp(a) concentrations;
however, these calibrators may predominantly contain isoforms with smaller apo(a) molecules. When apo(a) isoforms in
patient samples are larger than those in the calibrator, this mismatch may lead to systematic overestimation of Lp(a)
concentrations.”’ In addition, commercial assays and research laboratories have historically assigned target values to
calibration materials using different procedures. These assignments were often based on different in-house reference
materials and on poorly defined “primary calibrators”, without a unified metrologically traceable reference-material
system.’*>> As a result, the same serum or plasma sample may yield different Lp(a) mass or particle concentrations when
measured using different assays.’> Together, these factors represent important additional sources of inaccuracy in Lp(a)
measurement and poor comparability among commercial methods.*

To address this problem, the World Health Organization (WHO) designated the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) SRM-2B as the secondary reference material for Lp(a) immunoassays in
2003, now commonly referred to as WHO/IFCC SRM-2B. Its assigned value is metrologically traceable to a primary
reference measurement procedure. SRM-2B has played a central historical role in harmonising Lp(a) testing. As the first
internationally recognised reference reagent for Lp(a) immunoassays, it provided a common calibration anchor across

analytical systems, enabled value assignment and traceability in molar units, and substantially reduced inter-method

8 https: International Journal of General Medicine 2026:19



Lu et al

variation arising from inconsistent calibration. Previous IFCC studies showed that SRM-2B had good stability, limited
matrix effects, and acceptable commutability, supporting its use as a reference material for improving the harmonisation
of Lp(a) measurement. Accordingly, guidelines in many countries recommend that calibrators used in clinical labora-
tories should be traceable to the WHO/IFCC SRM-2B.'"+1%2

However, reference-material traceability should not be interpreted as evidence that an assay method is entirely free
from bias. The principal value of SRM-2B lies not in eliminating all measurement bias, but in providing a common basis
for accuracy-oriented value assignment, value transfer to manufacturers’ master calibrators, and cross-method compar-
ison. Parallelism testing showed that SRM-2B was parallel to frozen serum control C (FSC C) in 71% of assay systems
and to an in-house serum pool (IHSP) in 63% of systems,'*® indicating that SRM-2B still has practical limitations. As
a lyophilised human serum preparation, SRM-2B also raises, through commutability testing, the possibility that its
analytical behaviour may differ from that of fresh serum. After reconstitution, its matrix may differ from fresh patient
serum in protein conformation, lipid microenvironment, and other properties, which may in turn affect antibody-binding
efficiency. These findings suggest that reference materials should continue to be refined to more closely mimic native
serum and further improve harmonisation across Lp(a) immunoassay platforms.

In addition, improvements in calibration systems must be accompanied by rigorous control of assay performance
itself. To reduce the influence of apo(a) isoform size on measurement results, manufacturers of calibration materials and
assay developers should further optimise calibrator matrices so that they more closely resemble human serum. At the
same time, assay systems should adequately evaluate their linear range and the risk of a high-dose hook effect,
particularly for samples with extremely high Lp(a) concentrations.'®* Testing platforms should therefore have reliable
sample-dilution capability. Samples exceeding the linear range or suspected of being affected by the hook effect should
be appropriately diluted and retested to ensure accurate results.

Immunoassay Methods: Practical Utility and Standardisation Challenges

Lp(a) has been quantified using a range of immunochemical methods. Early radioimmunoassays (RIA), radial immuno-
diffusion (RID) assays, and some subsequent routine immunoturbidimetric or nephelometric assays commonly used anti-
apo(a) polyclonal antibodies. In addition, several early immunoassay studies did not clearly specify whether the
antibodies used were monoclonal or polyclonal, nor did they adequately define the recognised epitopes or domain
specificity.'® This impression was also supported by the 2000 IFCC standardisation study: among the 22 systems
included, most used anti-apo(a) polyclonal antibodies, whereas only a small number used latex-coated monoclonal
antibodies.' If antibody reactivity or the calibration system is influenced by the KIV2 repeat region, apo(a) isoform-
sensitive bias may occur.'?”1%%

Compared with earlier routine immunoassays, which were relatively fixed in format, ELISA offers a more adaptable
assay platform. It offers greater methodological flexibility in the choice of capture and detection antibody pairs, epitope
selection, experimental conditions, and calibration strategies. However, the ELISA format itself does not automatically
eliminate bias arising from apo(a) size polymorphism. Whether an Lp(a) assay is isoform-independent depends not on the
assay format per se, but on whether the analytical signal is affected by the copy number of KIV2 repeat epitopes and
whether quantification can be based on non-repeated epitopes that approximate a “one-recognition-event-per-Lp(a)-
particle” principle.

This methodological principle was systematically demonstrated in the 1995 study by Marcovina et al.'®> The
sandwich ELISA developed in that study later became one of the long-standing reference methods used by the
Northwest Lipid Metabolism and Diabetes Research Laboratory (NLMDRL). This method used monoclonal antibodies
directed against defined epitopes. An antibody targeting the a-6 epitope on the KIV-2 domain, which is present as
a variable number of identical repeats, was used as the capture antibody to improve the capture efficiency of apo(a)-
containing particles; another antibody targeting the single a-40 epitope on the non-repeated kringle IV type 9 (KIV-9)
domain of apo(a) was used as the detection antibody.*'%>'%® This design allowed each apo(a)-containing particle, as far
as possible, to contribute only once to the quantitative signal. In performance validation, the assay showed within-assay
coefficients of variation of 2.3—4.0% and between-assay coefficients of variation of 4.0-6.9%. In 723 samples with
a single apo(a) band, the method showed excellent agreement with an apoB-based size-insensitive assay, with
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a correlation coefficient of 0.986 and a mean bias of only 2.4 nmol/L, or 5.5%.'%> The 2000 IFCC standardisation study
further noted that this method had been extensively evaluated and that its measurement accuracy was not affected by
apo(a) size polymorphism. In the reference value-assignment process, the within-assay and between-assay coefficients of
variation were 3.6% and 7.0%, respectively. Together, these findings support the methodological reliability and accuracy
of this assay as an isoform-independent reference method.' It has subsequently been regarded as an accurate reference
method in later studies of Lp(a) measurement.' %

At the same time, other research groups have expanded the practical applications of Lp(a) immunoassay platforms
from different perspectives. Bustos et al''® developed a monoclonal antibody-based sandwich ELISA using the anti-apo
(a) monoclonal antibody 2F4E7 as the capture antibody and a biotinylated anti-apoB-LDL monoclonal antibody as the
detection antibody. The assay showed low intra-assay and inter-assay coefficients of variation, suggesting that mono-
clonal antibody combinations can be used to construct stable immunoquantitative platforms for Lp(a). This study also
again highlighted the importance of apo(a) epitope selection and the apo(a) isoform composition of calibration sera for
measurement results. Wang et al''" developed a sandwich ELISA for detecting oxidised Lp(a) and found that ox-Lp(a)
levels were significantly higher in patients with coronary heart disease than in controls, suggesting that immunoassays
can also be used to study oxidative modification of Lp(a) and its potentially pathogenic phenotypes.

Recent method-comparison studies indicate that systematic bias and sample-specific differences remain evident
across commercial immunoassays, even when some assays are traceable to WHO/IFCC SRM-2B or use multi-point

calibration. For example, Dikaios et al''?

compared an IFCC candidate mass spectrometry-based reference measurement
procedure with eight commonly used immunoassays. They found that immunoassays reporting results in nmol/L
generally correlated well with the candidate reference method, although substantial sample-specific differences persisted.
Previous comparisons among six commercial immunoassays also reported relative biases of approximately —8% to
22%.""* These discrepancies likely reflect unresolved analytical and metrological issues in current assay systems,
including antibody epitope selection, KIV2 repeat-related reactivity, antibody-pair design, calibrator value assignment,
multi-point calibration strategies, and reference-material commutability.''*!'"3

In addition, assay results obtained under specific metabolic conditions require cautious interpretation. Cross-reactive
substances capable of binding both antibodies may produce false-positive signals. For example, studies have shown that,
in patients with hypertriglyceridemia (HTG), 10-78% of Lp(a) can form stable complexes with triglyceride-rich
lipoproteins (TRLs), compared with approximately 1% in healthy individuals. These complexes resist ultracentrifugation
and are difficult to dissociate during the incubation and washing steps of ELISA. This phenomenon provides
a mechanistic explanation for the negative association between plasma Lp(a) levels and triglycerides in patients with
HTG: Lp(a)-TRL complexes may accelerate the metabolic clearance of Lp(a), thereby lowering its true concentration.''
It also suggests that sandwich ELISA methods based on an “apo(a)-capture/apoB-detection” strategy may overestimate
actual Lp(a) concentrations because of cross-reactivity with apoB within these complexes. Although current studies
generally tend to support non-fasting sampling,''*''7 fasting sampling may still have practical relevance for patients
tested with this type of ELISA method.

However, these analytical challenges do not mean that Lp(a) ELISA, immunocapture platforms, or routine automated
immunoassays lack practical value. From a clinical-practice perspective, the key issue in evaluating existing Lp(a)
immunoassays is not whether they eliminate all analytical error, but whether, within clearly defined reporting units,
calibration systems, and intended-use boundaries, they provide reproducible and interpretable information for risk
screening, risk re-stratification, and therapeutic decision-making. For routine clinical screening and risk stratification,
automated immunoturbidimetric and nephelometric platforms are well suited to large-scale implementation because they
are widely accessible, offer relatively high throughput, and can be readily incorporated into routine clinical laboratory
quality-control systems. The main value of ELISA and related immunocapture platforms is not to replace routine
automated testing, but to provide controllable and verifiable experimental tools for establishing reference methods,
validating assay performance, evaluating pharmacodynamic effects in clinical trials, and quantifying Lp(a) particle
concentration, oxidative modification status, and Lp(a)-associated analytes through antibody-pair selection, epitope

.. . . . . . .. 100
restriction, and optimisation of experimental and calibration conditions.>*7% !¢
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Large-scale clinical and epidemiological studies also support the practical value of routine automated immunoassay
platforms and ELISA-based methods. A UK Biobank s‘fudy78 measured Lp(a) concentrations using a uniformly calibrated
immunoturbidimetric assay in 460,506 middle-aged participants and showed an approximately linear association between
Lp(a) concentration and incident ASCVD risk. This finding provides practical support for the use of automated platforms in
large-scale population studies and risk-stratification applications. The study by Saleheen et al, based partly on the Pakistan
Risk of Myocardial Infarction Study (PROMIS), also illustrates this functional division.®® In that study, Lp(a) concentrations
were measured in 9015 patients with acute myocardial infarction and 8629 controls using a Denka Seiken high-sensitivity
immunoturbidimetric assay, whereas an in-house ELISA that did not recognise the KIV2 domain was used for supplementary
measurement in a subset of samples. Lp(a) concentrations measured by the two methods were highly correlated, suggesting
that automated immunoturbidimetric assays are suitable for large-sample testing, whereas ELISA can serve as
a complementary tool for methodological validation and specific research questions. Updates in guidelines and consensus
documents further indicate that Lp(a) testing has gradually moved from a purely research-based tool into the framework of
clinical risk assessment and preventive management. This shows that, although assay standardisation still requires continued
improvement, Lp(a) measurement already has clear clinical and public-health value.?*%%7

Therefore, the purpose of current standardisation efforts is not to negate the clinical utility of existing immunoassays,
but to further improve the comparability of values across platforms, the consistency of risk classification near clinical
thresholds, and the reliability of eligibility screening and treatment monitoring in the future era of Lp(a)-targeted
therapy.''*!"® In this context, newly developed monoclonal antibody-based sandwich ELISAs, including the LPA4/LPA-
KIV9 ELISA recently developed by Marcovina et al,'” provide a methodological pathway for further reducing
measurement bias while preserving the clinical accessibility of immunoassay-based testing.

LC-MS/MS in Lp(a) Standardisation: Principles, Reference-Method Role, and

Limitations

Targeted liquid chromatography—tandem mass spectrometry (LC-MS/MS) can accurately quantify proteins in complex
biological matrices and has therefore become an important higher-order tool in standardised biomarker measurement
systems.''? Unlike ELISA and other antigen—antibody-based methods, LC-MS/MS selects specific quantitative peptides
outside the KIV2 repeat region,'*° thereby minimising the influence of apo(a) size polymorphism on measurement. This
analytical principle gives LC-MS/MS a degree of specificity and additional functional capability that conventional
immunoassays, including ELISA, cannot fully provide. In particular, LC-MS/MS can avoid interference related to apo(a)
size heterogeneity, glycosylation, and potential cross-reactive analytes in immunoassays. More importantly, with
calibration strategies such as isotope dilution, LC-MS/MS results can be made traceable to the International System of
Units (SI), which is a key element of the reference framework for assay standardisation.'*'

Recent IFCC-related work has further strengthened the central role of LC-MS/MS in the standardisation framework
for Lp(a). Diederiks et al'*? reported an ISO 17511:2020-compliant, LC-MS-based, IFCC-endorsed reference measure-
ment procedure (RMP) that supports the standardisation of Lp(a) in molar units by targeting apo(a)-specific peptides.
However, this RMP is technically demanding and requires highly trained personnel. To facilitate the transition of in vitro
diagnostic manufacturers from mass-based to molar-unit reporting, the authors further developed a semi-automated,
higher-throughput LC-MS-based designated comparison method. In direct method-comparison studies, this method
showed excellent agreement with the RMP, with a median regression slope of 0.997 and a median bias of —0.2 nmol/
L (—0.2%). It has therefore been positioned as a higher-order designated comparison method for guiding the restandar-
disation of Lp(a) assay results by IVD manufacturers.

Nevertheless, the high cost of LC-MS instrumentation, operational complexity, and the continued need for batch-
mode sample preparation substantially limit its clinical accessibility and routine practicality, and may also reduce patient-
level acceptability. Therefore, unlike automated immunoassays, which are better suited to clinical screening because of
their high throughput, lower cost, and easier integration into routine quality-control workflows, the main value of LC-MS
/MS lies in reference material value assignment, recalibration of commercial assays, inter-laboratory comparability
assessment, improvement of classification consistency near clinical decision thresholds, and standardised support for
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enrolment screening and treatment monitoring in the future era of Lp(a)-targeted therapy. Its core role is therefore closer
to that of a standardisation anchor and method-comparison tool than that of a routine front-line clinical screening assay.

In addition, current measurement approaches still require caution in defining the measurand. It is now well recognised
that proteins do not exist as single uniform molecular entities but may exhibit conformational polymorphism. This
complexity indicates that defining the analytical target either at the particle level, such as Lp(a), or at the monomeric
protein level, such as apo(a), has inherent limitations.>' Accordingly, a persistent and non-negligible issue is that LC-MS
/MS quantifies Lp(a) indirectly by detecting characteristic apo(a) peptides. In this respect, it shares a key limitation with
apo(a)-based assays, apo(a)-capture sandwich ELISAs, and other immunoassays: these methods cannot distinguish free
apo(a) from intact Lp(a) par‘cicles.83

This distinction may have clinical relevance. Because free apo(a) and intact Lp(a) particles may differ in their
pathogenic mechanisms, their biological effects may also differ. Therefore, when free apo(a) is markedly elevated, its
inclusion in apo(a)-based quantification may lead to overestimation of the intact Lp(a) particle burden. In other words,
what these methods measure may be closer to an “apo(a)-related antigen burden” or an “apo(a) amount-of-substance”
rather than a strict concentration of intact Lp(a) particles. In most populations, free apo(a) usually accounts for less than

123

5% of total plasma apo(a), “~ and therefore does not generally have a major impact on clinical interpretation. However,

the proportion of free apo(a) in total plasma apo(a) can increase substantially in certain conditions, including nephrotic

124 the post-renal transplantation state,'** end-stage renal disease (ESRD) treated with hemodialysis or

124-127

syndrome,
peritoneal dialysis, and hyperhomocysteinemia.'** In these settings, NLMDRL-type apo(a)-based assays, apo(a)-
capture sandwich ELISAs, and related immunoassays may overestimate the true concentration of intact Lp(a) particles.
These considerations suggest that further research is needed to determine whether modified apo(a)-related cardiovascular

risk prediction algorithms are needed for precision medicine.

Conclusions

Lp(a) is an established independent contributor to residual ASCVD risk, but its clinical utility depends on accurate,
comparable, and interpretable measurement. Structural heterogeneity—particularly apo(a) KIV2 copy-number variation,
glycosylation, lipid composition, and isoform co-expression—Ilimits the reliability of mass-based values and can
introduce assay-dependent bias. Validated molar reporting in nmol/L should therefore be preferred, whereas fixed
conversion between mg/dL and nmol/L should be avoided.

Current immunoassays remain useful for routine screening and risk stratification when their calibration systems,
reporting units, and analytical limitations are clearly defined. ELISA and LC-MS/MS provide additional value for
reference-method development, assay validation, and standardisation. In patients with high Lp(a), calculated LDL-C
should be interpreted cautiously because fixed Lp(a)-cholesterol corrections may misclassify residual risk or apparent
treatment response. Future work should prioritise globally harmonised molar measurement, commutable reference
materials, ancestry-inclusive validation, and improved distinction between intact Lp(a), free apo(a), and biologically
relevant Lp(a) subspecies. These advances will be essential for more precise cardiovascular risk stratification and for the
clinical implementation of emerging Lp(a)-lowering therapies.
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