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ARTICLE INFO ABSTRACT

Keywords: Lipoprotein(a) (Lp(a)) is an independent risk factor in the development of atherosclerotic cardiovascular diseases
Lp(a) mass (ASCVD) and calcific aortic valve disease (CAVD). Lp(a) is an LDL-like particle to which apolipoprotein (a) (apo
Apolipoprotein(a) (a)) is covalently bound. Apo(a) contains a variable number of kringle IV repeats, a kringle V and a protease
Quantitative mass spectrometry-based domain. Serum/plasma Lp(a) concentrations are traditionally expressed as total particle mass in mg/L. Concern
g:ii:zzﬁ;s has arisen lately as flawed Lp(a) mass tests have masked its clinical utility.

The determinants of variability in Lp(a) composition were investigated, including the apo(a) size poly-
morphism, post-translational modifications -N- and O-glycosylation- and the lipid:protein ratio. Depending on
the number of kringle IV-2 repeats, the theoretical protein content of the Lp(a) particle varies between 30 and 46
(w/w) %, which inescapably confounds Lp(a) mass measurements.

The authors advocate that reporting of Lp(a) particle concentrations in mass units is metrologically in-
appropriate and should be abandoned, as it results in systematically biased Lp(a) results. Enabling technology,
such as mass spectrometry, allows unequivocal molecular characterization of the apo(a) measurand(s) and ac-
curate quantitation of apo(a) in molar units, unaffected by apo(a) size polymorphism. To guarantee that Lp(a)/
apo(a) tests are fit-for-clinical-purpose, basic metrology principles should be implemented upfront during test

KIV2 size polymorphism
Protein glycosylation

development.

1. Introduction

Already in the 1970s lipoprotein (a) (Lp(a))1 was reported to be a
risk factor for the development of cardiovascular disease [1-3], which
resulted in the development of Lp(a) mass tests. Biochemically, Lp(a) is
an LDL-like particle, that contains a single copy of the apolipoprotein
(a) (apo(a)) covalently linked by a disulfide bridge to apolipoprotein B
(apoB) [4]. Importantly, Apo(a) carries a number of kringle IV repeats,
a kringle V (KV) and a protease domain, and varies widely in size due to
a size polymorphism in kringle IV-2 (KIV,) [5]. In traditional tests Lp(a)
mass concentrations are measured using polyclonal antibodies against
apo(a). While these tests are relatively easy to develop, they overlook
the potentially large variation in apo(a) size which lead to inaccurate Lp

(a) mass results.

The position of Lp(a) as a risk factor for cardiovascular disease
(CVD) has not always been clear. In the early 1990s several prospective
studies evaluating Lp(a) levels as risk markers provided inconsistent
results. Out of nine studies, summarized in 1995 by Ridker [6], five
showed positive associations, but four did not. Specifically, of the large,
well-designed studies, Positive associations between Lp(a) concentra-
tions and coronary heart disease as well as risk of myocardial infarction
were found in the Lipid Research Clinics Coronary Primary Prevention
Trials (LRC-CPPT) [7] and Gottingen Risk Incidence and Prevalence
Study (GRIPS) [8], respectively, while no association between Lp(a)
and acute myocardial infarction was observed in the Physicians Health
Study (PHS) [9]. These results invoked a major discussion on the
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clinical usefulness of Lp(a), and halted scientific interest in Lp(a) testing
for more than a decade. Inadequate implementation of the metrological
traceability concept as described in ISO 17511:2020 [10] and ignorance
regarding the necessity of a unique, defined Lp(a) measurand con-
tributed to poor analytical performance and incongruous reports on the
clinical utility of Lp(a) as risk factor for atherosclerotic cardiovascular
diseases (ASCVD) and calcific aortic valve disease (CAVD) [6,9,11].

Recent evidence at the genetic level from genome-wide association
studies (GWAS) and mendelian randomization trials (MRT) clearly in-
dicates that the LPA gene is causally associated with CVD [2], and that
apo(a) is a major risk factor for CVD. These insights have triggered
renewed interest in Lp(a) testing, and resulted in the recent develop-
ment of Lp(a) lowering medication [12,13]. Therefore, next generation
Lp(a) tests should enable correct identification of high-risk patients that
would benefit from Lp(a) lowering therapies and should allow mon-
itoring of the efficacy and safety of patients’ treatment. To adequately
address residual CVD risk beyond LDL-cholesterol with personalized
therapies, Lp(a) test results should be accurate within allowable limits
of uncertainty. Notably, this renewed interest has resulted in the es-
tablishment of an International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC) working group on Apolipoprotein Quanti-
tation, which is establishing a Reference Measurement System for
standardization of Lp(a) tests in molar units [14]. Here, we discuss the
relevance of proper implementation of the metrological traceability
concept during Lp(a) test development and the absolute necessity to
unequivocally define the molecular form intended to be measured in
the calibration hierarchy. To fully unmask the clinical utility of Lp(a)
and exploit the potential of Lp(a) testing, accurate Lp(a) or apo(a) test
results are key because of the tight interdependency between analytical
and clinical performance of a medical test.

2. Analytical performance of contemporary Lp(a) tests

Medical tests should be fit-for-clinical-purpose, to ensure that they
contribute to intended patient management and patient outcome [15].
The Test Evaluation framework developed by the European Federation
of Clinical Chemistry and Laboratory Medicine (EFLM) Test Evaluation
working group considers five key elements that guide the development
from promising biomarker to useful medical test [15]. There is a dy-
namic interrelation between unmet clinical needs in specific patient
groups (such as ASCVD patients with residual risk due to hyperlipo-
proteinemia (a)), the clinical pathway, the analytical and clinical per-
formance, the clinical and cost-effectiveness, and the broader impact of
medical tests. Clinical needs and the intended use of the medical test in
the clinical pathway should drive each of the components of test eva-
luation [16]. Ideally, analytical and clinical performance should be
predefined so that a medical test will be developed that fulfils the
performance requirements needed. This can be an iterative process
because analytical and clinical performance are interrelated, as pre-
sented by the cog wheels in the EFLM Test Evaluation framework
[15,16].

The EFLM has endorsed a hierarchy of three levels of desirable
analytical performance specifications (APS) for medical tests [17,18].
Ideally, APS are based on clinical outcome studies, but in practice these
are often not available [19]. Frequently, APS are deduced from biolo-
gical variation data [20], and the least favourable level is based on the
state-of-the art performance. Because outcome based data is not avail-
able for Lp(a) at this time, we here investigate the available data on
biological variation.

According to Fraser, one of the founders of the biological variation
concept, estimates of within-subject biological variation are in-
dependent of (a) the population examined, (b) the number and age of
the study participants, (c) the setting where the study was conducted,
(d) the health status of the subjects, (e) the sampling scheme /duration
used, and (f) the analytical variability of the methodology used.
However, as a result of the wide variation of published average
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biological variation estimates (CVy;,)) for Lp(a), Fraser’s points of de-
parture do not seem to be universally valid across different Lp(a) stu-
dies and populations. Our group published biological variation data
that (a) illustrate concentration dependency of analytical variation
(CV,) (from 1.3% to 8.4%) and CVy; (from 5.7% to 29.4%) across the
Lp(a) concentration range (from lower detection limit up to 2500 mg/
L), implicating the inadequacy of using average CVy;, and CV, values
for Lp(a); (b) explain the controversy in the literature regarding in-
traindividual biological variability of Lp(a) and (c) underscore the fact
that the intraindividual biological variability of Lp(a) is greater than
previously believed, especially in the low concentration range [21].

This contrasts with a recent Lp(a) biological variation study which
advocates for an average allowable CV, of 3.8%, an average allowable
bias of 34% and critical differences ranging from —22.6 to +29.2%
[22]. Although compliant with the EFLM Biological Variation Data
Critical Appraisal Checklist, this study has limitations due to 25% drop
outs in the lowest concentration range (mainly specimens with Lp(a)
concentrations below the lower detection limit of 7 nmol/L of the
Roche Lp(a) test used) and due to absence of samples in the highest Lp
(a) range (from > 300 up to 1000 nmol/L) [23]. However, facing the
enormous interindividual concentration differences for Lp(a), Fraser’s
approach of calculating average indices for desirable imprecision and
bias, and critical differences on the basis of average CV,, CVy;,, and
inter-individual biological variation (CV,) values, does not seem to be
ubiquitously valid for Lp(a), implying the need for more individualized
indices [19].

Most medical laboratories measure Lp(a) mass using automated
immunoassays with polyclonal antibodies that are directed against apo
(a). When polyclonal apo(a) antibodies are used, they bind to the KIV,
section of apo(a) as well, which may be larger or smaller, depending on
the number of KIV, repeats. Apo(a) with more KIV, will then result in a
higher signal than apo(a) with fewer KIV,, thus introducing measure-
ment bias. Accredited labs, compliant with e.g. ISO 15189:2012, reg-
ularly participate in EQA-surveys that give insight in interlaboratory
variation. SKML, the Dutch External Quality Assessment (EQA) orga-
nization, carries out EQA-surveys with fresh frozen human samples for
serum lipids, apoA-I, apo B and Lp(a) in the Netherlands. To evaluate Lp
(a) test result variability among different laboratories and manu-
facturers, the Lp(a) EQA data of 2018 are presented. In total 17 la-
boratories participated with nearly complete data sets, which com-
prised 11 rounds of two blinded samples each. Each of the blinded
samples was included twice in the EQA-survey: i.e., in the first re-
spectively in the second half of the year. A scatterplot of the Lp(a) mass
results produced by individual labs, stratified by in-vitro diagnostics
(IVD) manufacturer, is shown in Fig. 1. Large inter-laboratory varia-
tions exist, which are partially, but certainly not entirely, attributed to
differences between IVD-manufacturers. The overall interlab variation
ranges from 16.4% to 32.1% at Lp(a) levels of ~ 150 to 450 mg/L,
whereas the interlab variations were typically smaller within manu-
facturers. These data demonstrate that in identical EQA-specimens Lp
(a) mass results scatter from 150 to 300 mg/L and from 250 to 450 mg/
L across labs. Interestingly, Scharnagl et al. recently compared six
commercial immunoassays, and also found substantial differences in
mass results between the Lp(a) tests [11], despite the availability of
WHO-IFCC reference material and a reference measurement system for
apo(a) that should aid in standardization efforts.

3. Metrological traceability and standardization of Lp(a) anno
2020

In a global society, it is of utmost importance that medical test re-
sults and treatment decisions are based on standardized (or harmo-
nized) reference intervals and/or decision limits. To make this happen,
the total diagnostic testing process, encompassing the preanalytical,
analytical and postanalytical phases, should be considered [24]. In
addition, comparability of test results produced by end-users can only
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Fig. 1. National External Quality Assessment -results of Lp(a) surveys held in 2018 in the Netherlands. In total 17 accredited laboratories participated with nearly
complete data sets, which comprised 11 rounds of two blinded samples each. EQA-samples were analyzed with 2-weekly intervals. Each of the blinded samples was
included twice in the EQA-survey: i.e., in the first respectively in the second half of 2018, to evaluate independent duplicates within a year. A scatterplot of Lp(a)
mass results (in mg/L) produced by individual labs and stratified by IVD-manufacturer is presented (manufacturers have different color codes). The All Lab Total
Mean (ALTM) is presented with a black horizontal stripe. The overall interlab variation of Lp(a) mass tests ranges from 16.4% to 32.1% at Lp(a) levels of ~150 to
450 mg/L, Siemens demonstrating a negative bias and Abbott and Beckman a positive bias compared to the ALTM. The Roche Lp(a) test is closest to the ALTM.

be achieved through implementation of the concept of metrological
traceability, which is defined as ‘the property of a measurement result
whereby the result can be related to a reference through a documented un-
broken chain of calibrations, each contributing to the measurement un-
certainty’ [10,25]. While major efforts have been initiated to implement
the metrological traceability concept through harmonization or stan-
dardization efforts by e.g. the International Federation of Clinical
Chemistry and Laboratory Medicine (IFCC) and World Health Organi-
zation (WHO), adoption and implementation of test standardization by
the IVD-manufacturers under the current EU IVD Directive 98/79/EC is
slow and daunting. A system of self-declaration is used by manu-
facturers to comply with current the EU IVDD and bring their medical
tests to the EU-market. The importance of metrological traceability of
test results within allowable measurement uncertainty is not always
recognized and acknowledged by the stakeholders involved [26]. Once
the future IVD regulation 2017/746 enters into force per May 2022,
extensive clinical evidence will be required, encompassing data on
scientific validity, analytical and clinical performance, before tests can
enter the EU-market.

The concept of metrological traceability is outlined in ISO guideline
17511:2020. An example of a traceability chain, as described in ISO
17511:2020, is shown in Fig. 2. Ideally, each analyte should have a full
traceability chain in place that allows traceability to the units of the
international system of quantities (SI). However, the development of
complete reference measurement systems is challenging and demands
extensive collaboration between reference institutes, metrology in-
stitutes, (candidate) reference laboratories, academia and IVD-industry.
Also, to realize Sl-traceability of test results, both a reference mea-
surement procedure and primary reference materials have to be es-
tablished and internationally endorsed. So far, for many tests, only
incomplete reference measurement systems exist as no higher order
reference materials and/or methods are in place.

More than 30 years ago, the IFCC-WHO acknowledged that a
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reference measurement system was required to reduce inter-lab varia-
tion of Lp(a) measurements and harmonize Lp(a) tests. A first IFCC
working group on standardization of Lp(a) was established in the 1990s
[27-29] in which a secondary reference material, SRM2B was devel-
oped. SRM2B is a lyophilized human serum pool with preservatives,
that was selected out of four manufactured Lp(a) preparations as the
material providing the best harmonization results in 27 Lp(a) tests.
Value assignment of SRM2B was performed through KIV, independent
ELISA measurements that were calibrated against two individually
freshly isolated Lp(a) preparations from a donor exhibiting a single apo
(a) isoform. The absolute mass of these isolates was determined using
amino acid analysis [27]. However, when SRM2B was used to achieve
traceability within the allowable measurement uncertainty, inter-la-
boratory CVs of up to 31% were still reported for the measurement of
30 fresh frozen serum samples with 22 assays [30]. It was already then
acknowledged that these incongruent results are likely caused by var-
iation of the measurand in patients’ specimens as compared to cali-
brators, and the use of polyclonal antibodies, both contributing to
kringle-dependent test results.

In a recent study, the effects of KIV, number on the reported results
were assessed using an immunoassay which was KIV, dependent re-
spectively KIV, independent [31]. Tsimikas et al. clearly demonstrated
tilting of the regression line at the calibration point, with lower Lp(a)
concentrations being overestimated by kringle dependent tests, and
higher concentrations being underestimated by kringle dependent tests
[31].

To minimize the kringle-dependence of immunoassays and keep
error within allowable limits of measurement uncertainty, a calibration
strategy was developed by some IVD manufacturers in which five ca-
librators were selected over a range of apo(a) concentrations. The
higher concentrations are expected to have a relatively low number of
KIV, repeats, while the lower concentrations have a higher number of
kringle IV-2 repeats. Each of the five calibrators would then be made
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Fig. 2. Metrological traceability chain as outlined
in ISO 17511:2020. Currently, tests for apo(a) can
be traceable to WHO-IFCC secondary reference
material SRM2B (blue), through an ELISA-based
KIV, independent method (green). However, the
top of the traceability chain is not in place (grey).
To ensure Sl-traceability primary reference mate-
rials and a higher order, KIV, independent re-
ference measurement procedure are needed. (For
interpretation of the references to color in this
figure legend, the reader is referred to the web
version of this article.)
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traceable to WHO-IFCC reference material SRM2B by ELISA using a
KIV, independent reference measurement procedure. To confirm tra-
ceability, the correlation between the KIV, independent reference
measurement procedure and the newly calibrated immunoassays was
assessed using 80 well characterized samples with Lp(a) concentrations
ranging from 8.7 to 276 nmol/L [27,32]. When 42 analytical systems
were calibrated and evaluated using this procedure, an average inter-
method CV of 5.5% could be achieved [33], demonstrating equivalence
of results among manufacturers. However, this method of harmoniza-
tion relies entirely on a reference measurement procedure run by a
single laboratory, and as such is fragile and not sustainable enough for
worldwide standardization.

4. Determinants of variation in Lp(a) particle composition

Proper standardization of medical tests starts with defining the
measurand, i.e. the starting point of the calibration hierarchy.
According to the vocabulary international de metrology, the measurand
is defined as ‘a quantity intended to be measured’ [25], and should in-
clude both the analyte of interest as well as the matrix to be used. It
might seem rather straightforward to define a protein measurand, but
this was true in the era of the one-gene-one-protein paradigm [34].
Nowadays, it is known that a protein does not exist in a single mole-
cular form, but may be present in many proteoforms [35]. Therefore,
the definition of a measurand at the level of a particle (such as Lp(a)) or
even a single protein (such as apo(a)) may not be sufficient. As stated in
the introduction, Lp(a) is often measured in mass units, specifically mg/
L, where Lp(a) mass reflects the mass of the entire Lp(a) particle.
However, this is a poorly defined measurand, as Lp(a) does not have a
single mass, but is rather a continuum of particles with variable masses.
The Lp(a) particles hold a lipid core of cholesteryl esters (CE) and tri-
glycerides (TG) surrounded by free cholesterol (FC), phospholipids
(PL), apoB and apo(a) [36]. Variation in mass content may occur in
each of these components.

As stated previously, a protein is likely to present itself in multiple

263

proteoforms, and this holds true for both proteins associated with Lp(a).
Specifically, it is well known that apo(a) is formed by an inactive C-
terminal protease like domain and a kringle five (KV) domain, as well as
a variable number of copies of the plasminogen-like kringle four (KIV)
domain [5]. Each of ten KIV types is present once, with the exception of
KIV,, of which minimum 3 and maximum 40 copies may be present
[2,33,37,38]. Moreover, several genetic variants with effects on the
atherogenicity of Lp(a) have been reported [39,40].

Besides the variable amino acid length due to the KIV, poly-
morphism of apo(a), its mass also varies due to post-translational
modifications, specifically N- and O-linked glycosylation. The aspar-
agine (N) sites of N-glycosylation may be predicted based on the con-
sensus sequence N-X-T/S, where X may be any amino acid except
proline [41]. O-glycosylation occurs on serine (S) or threonine (T)
amino acid residues, but the exact sites cannot be predicted. Apo(a) has
11 predicted N-glycosylation sites on the constant KIV and KV regions,
as well as one N-glycosylation site on each of the KIV, domains. Var-
iation in glycosylation can result in very high variation in mass, as each
of the sites (both N- and O-glycosylation sites) may or may not be oc-
cupied, indicated by the glycosylation macroheterogeneity. Moreover,
the exact glycan structures present at a particular site of glycosylation
may vary largely between sites. This is coined glycosylation micro-
heterogeneity. Because both macro- and microheterogeneity may vary
between individuals, glycosylation may have a large impact on the mass
of apo(a). The size of O-glycans may vary from approximately 200 Da
(single GalNAc) to > 2000 Da, while N-glycans are often larger with
masses ranging from approximately 1200 Da to > 3500 Da for tetra-
antennary glycans. Similarly, the occupancy or inoccupancy of a singly
glycosylation site may result in a mass variation of up to 3500 Da per
glycosylation site for a large tetraantennary N-glycan [42]. Highly
glycosylated proteins such as mucins may carry 50-80 of their weight in
glycans, depending on the glycan heterogeneity.

A proteins’ glycosylation can be studied using modern technology,
specifically liquid chromatography (LC) and/or mass spectrometry
(MS) [43,44]. Thus far, one study characterized apo(a) glycans [45]. In
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this study, Lp(a) particles were purified from human EDTA plasma
samples, and apo(a) was isolated after reduction of the disulphide
bridge linking apo(a) and apoB. The N-glycans as well as the O-glycans
on apo(a) were individually chemically released and analysed using
both LC and Matrix Assisted Laser Desorption Ionization (MALDI) mass
spectrometry. The stoichiometry of O-glycans to N-glycans was de-
termined to be 5:1, indicating that for each N-glycan, five O-glycans are
present on apo(a). The major N-glycans attached to apo(a) are non-
fucosylated biantennary structures with one or two sialic acids, while
the O-glycans present were of core 1 type, decorated with 0, 1 or 2 sialic
acids [45]. These results indicate an ‘average’ glycosylation profile, but
intra- and inter-individual variation of apo(a) glycosylation profiles
have not yet been studied, and therefore the potential contribution of
variable protein glycosylation cannot be estimated. Given that large
variability in a protein’s glycosylation has a large impact on its tertiary
structure and is often detrimental, as indicated by the severe pheno-
types observed in patients with congenital disorders of glycosylation, it
seems unlikely that variability larger than ~15% in average weight
occurs. This is further validated by the good concordance of test results
between pulsed-field gel electrophoresis (DNA) and Western blot
(protein) [46].

Post-translational modifications, specifically glycosylation, have
also been reported for apoB. ApoB contains 19 potential N-glycosyla-
tion sites, of which 17 have previously been reported to be occupied by
high-mannose, complex and hybrid type N-glycans [47,48]. Specifi-
cally, the glycosylation on apoB was determined to be approximately
4-10% of its total weight [49], with the most abundant glycans being
the monosialylated biantennary glycans (29.2%), bisialylated bian-
tennary glycans (23.6%), nonsialyated biantennary glycans (7.2%), and
high mannose glycans (> 15.5%) [47]. Interestingly, glycosylation
patterns of apoB were reported to be rather consistent between nor-
molipidemic, hypertriglyceridemic and hypercholesterolemic in-
dividuals [47], but true biological variation data on apoB glycosylation
are, similar to apo(a), lacking.

Besides variation in the Lp(a) associated proteins, the particles’ lipid
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content should also be assessed. It is widely acknowledged that the lipid
content of the Lp(a) particle is highly similar to that of LDL particles.
Moreover, a high correlation was observed between Lp(a) and LDL
density composition in individuals, indicating similar variation in lipid
composition [50]. Shen et al. previously studied the lipid composition
of LDL [51], and reported besides 21% protein, 22% phospholipids
(PL), 11% triglycerides (TG), 37% cholesterol esters (CE) and 8% free
cholesterol (FC). No biological variation or measurement uncertainty
were reported, but rather similar results were obtained for the lipid
composition of Lp(a) as determined by Kostner et al [36]. Further
studies investigating the inter-individual variability of the lipid content
of Lp(a) particles, as well as the variability in relation to apo(a) size are
warranted to better assess its atherogenic properties, and to provide
better estimates of the role of lipid variability in Lp(a) testing.

4.1. Effects of variation in Lp(a) mass on Lp(a) test results

To assess the extent of variation in Lp(a) composition that may be
expected, we developed a model. In this model, we assumed an
‘average’ LDL particle core and simulated the potential effects of var-
iation in apo(a) on Lp(a) mass. Based on the previously reported LDL
composition, the lipid core of Lp(a) on average consists of 653 mole-
cules PL, 475 molecules FC, 1310 molecules CE and 298 molecules TG
[51], resulting in a lipid core of each Lp(a) particle with an approximate
molecular mass of 1934 kDa. In addition, the amino acid sequence of
apoB weighs 531 kDa and is decorated with on average ~37 kDa of
glycans. Therefore, based on this average model, the ‘LDL-core’ of Lp(a)
has a particle mass of ~2502 kDa. Assuming this mass is constant, in-
dependent of the apo(a) size, the total Lp(a) particle mass and com-
position can be calculated. Taking into account the average apo(a)
glycosylation as described in Section 4, an Lp(a) particle containing
only six kringle IV, repeats per apo(a) is calculated to have a particle
mass of 2,821 kDa with a lipid portion of 69% (w/w), apoB content of
20% (w/w) and apo(a) content of 11% (w/w) (Fig. 3). However, for a
particle containing 35 KIV, kringles, the particle mass is 3,344 kDa with
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Fig. 4. Proteoform-independent, molar quantitation of serum apo(a) by mass spectrometry. Considering apo(a) with few (8) and many (26) KIV, repeats (A),
quantitation of a serum sample with equal molar concentrations will result in the same molar apo(a) test result using a KIV, independent test (B), but not in a KIV,
dependent test (C). Due to negative correlation between apo(a) KIV, repeats and apo(a) concentration, molar concentrations reported by kringle dependent tests are
too high for concentrations below the calibrator level, and too low for concentrations above the calibrator level (D, blue = kringle independent tests, or-
ange = kringle dependent test). Our in-house developed MS-based test for apo(a), currently has a single-point calibration that is traceable to SRM2B (E), and shows
good interpeptide agreement (F). Linearity of the method was evaluated through admixing experiments (G). Robust and stable 2-year performance is illustrated in
Levey-Jennings plot with internal quality control (H). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

a lipid portion of 58% (w/w), apoB portion of 17% (w/w) and apo(a)
portion of 25% (w/w) (Fig. 3). These compositions largely agree with
previous literature [31,36,52], but the apo(a) content varies, due to
different size assumptions. Importantly, this model is based on average
apo(a) glycosylation profiles in combination with an average LDL
particle mass. Because substantial inter-individual variation in total
plasma proteome glycosylation has been reported [53-55], inter-in-
dividual variation in apo(a) could further add to the effect of apo(a) size
on Lp(a) mass. Based on our model, the Lp(a) particle containing 35
KIV, repeats would be 19% heavier in mass than the particle containing
just 6 KIV, repeats. Given that this variation is prompted just from the
apo(a) variation, and the other components of the Lp(a) particle will
likely also contribute, it should be obvious that the measurement un-
certainty in Lp(a) mass tests can be substantial.

5. Towards accurate Lp(a) tests in the era of precision Medicine

To guarantee accuracy of test results, knowledge on metrology and
the science of measurement is key. In case of Lp(a) mass tests, one
should realize that the protein : lipid composition of Lp(a) particles
varies widely, even within individuals. Therefore, the measurand in-
tended to be measured in Lp(a) mass tests cannot be defined unequi-
vocally, causing both measurement and diagnostic uncertainty with
respect to risk classification and treatment of ASCVD patients. Facing
residual CVD needs beyond LDL-cholesterol in high risk ASCVD patients
on one hand and the slow adoption and implementation of the me-
trological traceability concept under the current IVDD on the other
hand, a wakeup call to laboratory specialists and IVD-manufacturers to
take the metrological traceability concept seriously is warranted! The
time has come to perform molar apo(a) testing, with apo(a) test results
reflecting the number of Lp(a) particles present in an individuals’
serum/plasma, independent of the number of KIV, repeats, the degree
of N- and O-glycosylation of apo(a) and the lipid composition of Lp(a)!
It is therefore imperative that tests are developed that truly measure Lp
(a)/apo(a) in a kringle IV, independent manner, and not simply make
use of an imperfect correction factor [33].

It should be noted here that previous standardization of commercial
Lp(a) tests was based on the ELISA “gold standard” method of Dr

Marcovina. IVD-manufacturers who received certification through the
Lp(a) certification program of Dr Marcovina produced accurate Lp(a)
results within allowable uncertainty. While the commercial Lp(a) tests
were likely not kringle independent, the results were mostly good en-
ough to provide useful diagnostic information on the relation between
Lp(a) and patient outcome. Given the overestimation of lower apo(a)
concentrations and underestimation of higher apo(a) concentrations by
KIV,-dependent test [31], it is even likely that the association of Lp(a)
with CVD is underestimated by such tests. Previous evidence therefore
remains valid. However, negative results should likely be questioned.
As the science of measurement evolves with enabling technology such
as LC-MS/MS, we can now unequivocally define the apo(a) measurand
and make Lp(a) or apo(a) test results truly traceable to SI.

Targeted quantitative proteomics by mass spectrometry (MS) using
liquid chromatography coupled to multiple reaction monitoring MS
(LC-MRM-MS) is ideally suited for the characterization of (apolipo)
proteins at the molecular level. The technique was selected as method
of the year in 2012 [56], and relies on the so called ‘bottom-up pro-
teomics’ strategy [57], in which proteins are enzymatically converted to
their characteristic peptides, which can then be quantified. By carefully
selecting peptides (or glycopeptides) of interest, specific proteoforms
can be monitored [44,58]. This enables selective quantitation of the
measurands of interest at the molecular level. However, as genetic
variation due to for instance SNPs cannot always be predicted from
databases, it is imperative to monitor at least two (proteotypic) peptides
per protein, to ensure accurate quantitation [59]. Within our labora-
tory, we have developed an analytically validated MS-based test for
immunoassay-independent quantitation of serum apolipoproteins A-I,
B, C-I, C-II, C-III and E [60], and were able to show long-term robust
performance of the extended variant MS-based test, including apo(a)
[61] (Fig. 4H). Using a semi-automated approach in combination with a
21-minute gradient nine apolipoproteins may now be quantified in up
to 350 samples per week on a single MS instrument. Such numbers may
not be sufficient for high-volume laboratories with daily sample loads
of thousands of samples, but the LC-MRM-MS technology is currently
evaluated for its potential as a Reference Measurement Procedure
(RMP), enabling SI-traceability. Commercial KIV, independent methods
can then be standardized through the traceability chain encompassing
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the RMP, as outlined in Fig. 2.

KVI, independent quantitation of apo(a) by mass spectrometry was
achieved through the selection of peptides that are specific for apo(a)
and not present in the KIV, domain (Fig. 4). These peptides should also
not be affected by known genetic variations [39] and post-translational
modifications, such as glycosylation, and ideally do not carry labile
amino acids that can be chemically converted [62]. Thus far, the most
ideal peptide for MS-based quantitation of apo(a) has been LFLEPTQ-
ADIALLK, which is present in the plasminogen-like peptidase S1 do-
main [63]. Using this peptide, an R? correlation coefficient of 0.98 was
obtained between the LC-MS based method and a kringle-independent
ELISA method [63].

Within our laboratory, we integrated the molar quantitation of apo
(a) in our multiplexed apolipoprotein test panel (54) through the KIV,
independent peptides LFLEPTQADIALLK (quantifying peptide) and
GISSTVTGR (qualifying peptide). These peptides are quantified in the
same LC gradient, with peptide GISSTVTGR eluting much earlier in the
gradient than LFLEPTQADIALLK, relative to their stable isotope la-
belled (C'3,N'® arginine or C'*,N'® lysine) internal standard analog. A
single-donor native human serum calibrator with unknown KIV, re-
peats is used in the lab-developed MS-test, tentatively value-assigned
for apo(a)) using the Roche molar TinaQuant immunoassay with
claimed traceability to SRM2B. For the MS-based test, a single point
calibration strategy was selected to circumvent non-linearity issues
caused by tweaked calibrators in the immunoassay (information from
the manufacturer). To extend the measuring range for apo quantitation
and allow for simultaneous measurement of both high abundant apo-
lipoproteins such as ApoA-I (umol/L range) and low abundant apo(a)
(nmol/L range), a solid phase extraction using OASIS HLB material was
included during sample preparation. Robust performance was achieved
with TE, values ranging from 7% to 15% in five specimens with
widespread concentration levels measured five times each during 5
different days (n 25) according to CLSI EP-15 (unpublished data).
The apo(a) linear range was determined to be at least from 2 to
244 nmol/L (Fig. 4G). A method comparison with the molar Lp(a)
Roche TinaQuant test demonstrated acceptable relative bias of —16%
across the measuring range. Quantitative bottom-up proteomics has the
potential to produce unconfounded apo(a) results, traceable to SRM2B,
through direct measurement of unique, proteotypic apo(a) peptide
fragments. Our results and data from Lassman et al. [63] show that MS-
based quantitation enables molecular characterization of the apo(a)
measurands and accurate quantitation of apo(a) in molar units, un-
affected by apo(a) size polymorphism and glycosylation through the
selection of KIV, independent peptides. So far, the extended multiplex
MS-based apo method has run steadily for > two years (Fig. 4).

Global standardization requires a sustainable infrastructure that
guarantees longitudinal traceability and accuracy in time and space.
Therefore, a full metrological traceability chain should be established,
encompassing well-characterized primary reference materials that are
preferentially traceable to SI and a robust reference measurement
procedure for selective protein/peptide measurement. Lately, mass
spectrometry is considered an attractive technique for the development
of reference measurement procedures. The technique allows protein
characterization at the molecular level and combined with peptide-
based primary reference materials, mass spectrometry could enable SI-
traceability of test results. Importantly, preparation, characterization
and accurate quantitation with traceability to SI is likely more feasible
with peptide-based calibration than protein-based calibration [64]. To
ensure the establishment of a global Reference Measurement System,
the Scientific Division of the International Federation for Clinical
Chemistry appointed a working group on Apolipoprotein quantitation
by Mass Spectrometry (https://www.ifcc.org/ifcc-scientific-division/
sd-working-groups/wg-apo-ms/), that should also enable formation of
a network of Reference Laboratories [14].
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6. Conclusions and future perspectives

Just over a decade ago, it was debated whether Lp(a), a highly
atherogenic and heritable lipoprotein, was an independent ASCVD risk
factor. The discordant results were attributable to both biological var-
iation and analytical flaws. Clinical outcome studies by Ridker et al. in
the nineties [6,9] brought confusion, reporting lack of clinical utility of
Lp(a). Retrospectively it is now speculated that these studies might
have been flawed by the apo(a) size polymorphism [11]. The recent,
wider availability of improved Lp(a) tests coupled with data from ob-
servational population studies, GWAS and MRT presented evidence that
Lp(a) is an independent risk factor for ASCVD, including stroke, cor-
onary heart disease, peripheral arterial disease and CAVD [65].

The currently unharmonized Lp(a) mass results lead to variable
detection rates of high risk ASCVD patients with Lp(a) excess and un-
equal treatment of patients requiring Lp(a)-lowering therapies. We here
outline the absolute necessity for adequate implementation of the me-
trological traceability concept, especially in heterogeneous protein
analytes such as apo(a). This requires a clear definition of the mea-
surand intended to be measured and an internationally endorsed, well
established calibration hierarchy that ensures anchoring of test results,
within allowable limits of measurement uncertainty, to standards of
higher order. Thus far, Lp(a) mass testing has been oversimplified,
which resulted in poor test development since its discovery in 1963.
Faults in Lp(a) mass tests include expressing Lp(a) concentration in
mass units and ignorance of a potential 19% mass difference between
an Lp(a) particle with 6 KIV, in apo(a) as compared to Lp(a) with 35
KIV, in apo(a), beyond neglecting variation caused by differences in
apo(a) and apo B glycosylation as well as Lp(a) lipid content. This has
resulted in defective calibration strategies, improperly correcting for
the type of apo(a) isoforms present in used single or multi-calibrators
and the immunoassay technology with its inherent shortcomings and its
“blindness” for molecular forms.

The variability in protein mass outlined here should be a major
concern for laboratory specialists and clinicians at a much larger scale,
as it is now obvious that nearly all proteins exist in multiple molecular
forms, the so-called proteoforms, each varying in mass. Therefore, la-
boratory specialists and IVD-industry should rethink their calibration
strategy for accurate measurement of molecular forms of proteins,
taking into account the interrelation between analytical and clinical
performance of medical tests. Proteins should be quantified in such a
way that the measurands are well defined, as a first step to enable in-
tended metrological traceability to SI units. Mass spectrometry using
LC-MRM-MS is ideally suited for the characterization of proteins at the
molecular level, and should be considered for quantitation of specific
proteoforms, especially in reference laboratories and eventually in
medical laboratories.

We conclude that Lp(a) should be evaluated in terms of its apo(a)
component and no longer in terms of Lp(a) mass. Lp(a) tests should
unequivocally and accurately measure apo(a) in molar units. MS-based
quantitation of the highly polymorphic apo(a) has potential as a higher
order measurement procedure and a useful alternative to flawed im-
munoassay-based Lp(a) mass tests. Accurate, molar-based tests for apo
(a) will certainly lead to increased trust and recommendation by clin-
icians [66], while also improving downstream patient management and
patient outcome [65].
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