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Developing an Sl-traceable Lp(a) reference measurement system: a

pilgrimage to selective and accurate apo(a) quantification

Nina M. Diederiks @, Yuri E. M. van der Burgt (®, L. Renee Ruhaak @ and Christa M. Cobbaert

Department of Clinical Chemistry and Laboratory Medicine, Leiden University Medical Center, Leiden, ZA, The Netherlands

ABSTRACT

In the past decade a remarkable rebirth of serum/plasma lipoprotein(a) (Lp(a)) as an independent
risk factor of cardiovascular disease (CVD) occurred. Updated evidence for a causal continuous
association in different ethnic groups between Lp(a) concentrations and cardiovascular outcomes
has been published in the latest European Atherosclerosis Society (EAS) Lp(a) consensus statement.
Interest in measuring Lp(a) at least once in a person’s lifetime moreover originates from the
development of promising new Lp(a) lowering drugs. Accurate and clinically effective Lp(a) tests
are of key importance for the timely detection of high-risk individuals and for future evaluation
of the therapeutic effects of Lp(a) lowering medication. To this end, it is necessary to improve
the performance and standardization of existing Lp(a) tests, as is also noted in the Lp(a) consensus
statement. Consequently, a state-of-the-art internationally endorsed reference measurement system
(RMS) must be in place that allows for performance evaluation of Lp(a) field tests in order to
certify their validity and accuracy. An ELISA-based RMS from Northwest Lipid Research Laboratory
(University of Washington, Seattle, USA) has been available since the 1990s. A next-generation
apo(a)/Lp(a) RMS is now being developed by a working group from the International Federation
of Clinical Chemistry and Laboratory Medicine (IFCC). The envisioned apo(a) RMS is based on
the direct measurement of selected proteotypic fragments generated after proteolytic digestion
using quantitative protein mass spectrometry (MS). The choice for an MS-based RMS enables
selective measurement of the proteotypic peptides and is by design apo(a) isoform insensitive.
Clearly, the equimolar conversion of apo(a) into the surrogate peptide measurands is required
to obtain accurate Lp(a) results. The completeness of proteolysis under reaction conditions from
the candidate reference measurement procedure (RMP) has been demonstrated for the quantifying
apo(a) peptides. Currently, the candidate apo(a) RMP is endorsed by the IFCC and recommendations
for suitable secondary reference materials have been made in a recent commutability study
paper. Ongoing efforts toward a complete apo(a) RMS that is listed by the Joint Committee on
Traceability in Laboratory Medicine (JCTLM) are focused on the peptide-based calibration and
the establishment of a network of calibration laboratories running the apo(a) RMS in a harmonized
way. Once completed, it will be the holy grail for evaluation and certification of Lp(a) field
methods.

Abbreviations: Apo(a): apolipoprotein(a); ApoB: apolipoprotein B; ApoB100: apolipoprotein B100;
APS: analytical performance specifications; B,pc: bias; BIVAC: Biological Variation Data Critical
Appraisal Checklist; cRMP: candidate reference measurement procedure; CV: Coefficient of variation;
CV,: analytical variation; CV;: intra-individual variation; CV: within-group variation; CPS: clinical
performance specifications; CVD: cardiovascular disease; DEIFA: dissociation-enhanced lanthanide
fluorescence immunoassays; EAS: European Atherosclerosis Society; ESC: European Society of
Cardiology; EFLM: European Federation of Clinical Chemistry and Laboratory Medicine; ELISA:
enzyme-linked immunosorbent assay; FIA: fluorescence immunoassay; GUM: Guide to the
Expression of Uncertainty in Measurement; IFCC: International Federation of Clinical Chemistry
and Laboratory Medicine; INA: immunonephelometric assay; ITA: immunoturbidimetric assay; 1SO:
International Organization for Standardization; IVD: in vitro diagnostics; JCTLM: Joint Committee
on Traceability in Laboratory Medicine; JRC: Joint Research Center; KIV, 4 kringle-IV subunits
1-10; LC-MS: liquid chromatography-mass spectrometry; LDL: low-density lipoprotein; LDL-c: LDL
cholesterol; LNE: Laboratoire National de Métrologie et d‘Essais; Lp(a): Lipoprotein(a); Lp(a)-c:
Lp(a) cholesterol; LoQ: limit of quantification; MI: myocardial infarction; MU: measurement
uncertainty; MS: mass spectrometry; NIBSC: National Institute for Biological Standards and Control;
NIST: National Institute of Standards and Technology; PETIA: particle-enhanced immunoturbidimetric
assay; PTM: post-translational modification; RCT: randomized control trial; RIA: radioimmunoassay;
RID: radial immunodiffusion; RM: reference material; RMP: reference measurement procedure;
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RMS: reference measurement system; TEa: total allowable error; VIM: International Vocabulary of

Metrology; WHO: World Health Organization

1. Introduction

The pilgrimage to selective and accurate quantifica-
tion of lipoprotein(a) (Lp(a)) finds its origin more
than half a century ago. It started with the first
description of Lp(a) in 1963 by Kare Berg and cowork-
ers, which boosted research interest in the elusive
Lp(a) particle until the 1990s [1]. Yet, a major setback
was caused by three negative Ridker studies in 1993,
1995, and 2001. In the Physician Health Study, more
than 15,000 physicians aged between 40 and 84 years
without a history of myocardial infarction (MI), stroke,
or peripheral arterial disease were monitored, and
almost 300 individuals experienced cardiovascular
events during the study. The median plasma Lp(a)
levels from patients and controls were similar
(103.0mg/L vs. 102.5mg/L), and it was concluded
that Lp(a) should no longer be considered a useful
cardiovascular disease (CVD) biomarker [2-4].
However, in 2004, Rifai and coworkers demonstrated
that the Ridker studies were flawed by the
immunoassay-based Lp(a) test used that was inaccu-
rate due to apo(a) size polymorphisms [2-5]. Test
result inaccuracy was demonstrated using the
International Federation of Clinical Chemistry and
Laboratory Medicine (IFCC)-WHO reference material
(RM) SRM2B and the internationally endorsed
enzyme-linked immunosorbent assay (ELISA)-based
reference measurement procedure (RMP) from
Marcovina [6]. Reproduction of the Physician Health
Study revealed that the association with CVD indeed
had been masked by inaccurate Lp(a) test results [7].
The renewed interest in Lp(a) further increased in
2009 when genetic evidence for its causal association
with CVD was presented in Mendelian randomized
trials [8]. High levels of Lp(a) were associated with
an increased risk of MI, stroke, and peripheral arterial
disease irrespective of other traditional risk factors
like low-density lipoprotein (LDL) [9]. From this, the
European Atherosclerosis Society (EAS)/European
Society of Cardiology (ESC) guideline on the man-
agement of dyslipidemias advocated that Lp(a)-
corrected LDL cholesterol (LDL-c) should be assessed
at least once in patients with suspected or known
high Lp(a). Recently, the 2022 expert EAS consensus
on Lp(a) recommends independent measurement of
Lp(a) on top of the serum lipid profile in all patients
at least once in a lifetime [10].

In this review, the key features of properly defining
the “quantity intended to be measured” (i.e. the mea-
surand) at the top of the metrological traceability chain
and the necessity of developing apo(a)
kringle-independent higher order RMPs to evaluate
fitness-for-purpose of contemporary Lp(a) in vitro diag-
nostic (IVD) kits will be discussed. Over the past
5-10years, several guidelines and consensus state-
ments, particularly in Northern America, Europe, and
Asia, have adopted recommendations to quantify Lp(a)
levels in all adults at least once in their lifetime [7-13].
In case there is a family history of cardiac events or
CVD risk, it is recommended to determine Lp(a) also
in youth. Importantly, the recent EAS Lp(a) consensus
statement supports a strong causal association between
Lp(a) levels and the risk of developing CVD, which
together with the establishment of promising Lp(a)
lowering medication such as PCSK9 inhibitors as well
as anti-sense oligonucleotides currently under evalua-
tion in phase Il and Ill clinical trials, have led to a
renaissance of Lp(a) testing [10]. A summary of the
currently available guidelines and consensus state-
ments, including their recommendations for Lp(a) test-
ing, is outlined in Table 1.

In Figure 1, relevant milestone publications that
reflect on the inter-dependent clinical and analytical
performance challenges are mentioned.

Starting in the early 2000s, evidence for a strong
causal association between Lp(a) levels and the risk of
developing CVD was reestablished, specifically with MI
and aortic valve stenosis [14-17]. In several studies,
the role of Lp(a) in cardiovascular-related morbidity
and mortality was reported [10,16-18]. Consequently,
a new focus on Lp(a) as an additional biomarker of
CVD appeared independent of the traditional risk fac-
tors such as LDL [19]. As clinical performance and
clinical effectiveness of Lp(a) tests are determined by
the analytical performance of Lp(a) tests, it is of utmost
importance that the Lp(a) tests used in clinical trials
are fit-for-clinical-purpose. An aspect of the evaluation
of fitness for purpose of Lp(a) field methods is the
significant amount of information that can be obtained
by the generation and application of data on intra- and
inter-individual biological variation. In order to deter-
mine desirable analytical goals for Lp(a) testing,
Cobbaert and coworkers reported previously on a com-
prehensive biological variability study in a healthy
cohort of Caucasians as compared to stable outpatients
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Analytical performance specifications

Healthy individuals: (average) desirable CV, of <10.0%

Stable Lipid Clinic outpatients: (average) desirable CV, of < 3.8%
derived from biological variation data

Concentration dependency! Average CV, is suboptimal!
Cobbaert et al., 1997 biologic variation
1999 - 2014

Westgard: desirable
specifications for Total Error,
Imprecision, and Bias, derived
from intra- and inter-individual

Discovery of Lp(a) by
Kare Berg et al.
1963

Reanalysis of
Physician Health
Study with apo(a)
isoform insensitive
method

Rifai et al. 2004

Negative Physician
Health Study results
Ridker et al.

1993, 1995, 2001

EFLM

Biological

Variation Study of
Database Cloust-
2019 and Forasion et
standardized

al. 2020
approach

Guideline on Guidelines for Specific

the Prlrr_)ary the Lp(a)
Prevention of management of consensus
C§rd|ovascu|ar dyslipidemias - statement —
Disease - ESC/EAS 2019 EAS 2022
ACC/AHA 2019

Milestone clinical studies and clinical guidelines

Figure 1. Schematic representation of relevant manuscripts reports on the inter-dependencies between analytical and clinical
performance during the exploration of the clinical value of Lp(a) as a CVD biomarker.

from the Lipid Clinic with elevated Lp(a)>300mg/L [19].
These researchers found an inverse relationship
between both biological and analytical coefficients of
variation (CVs) and serum Lp(a) concentrations, signi-
fying that desirable analytical performance goals are
concentration dependent. This means that average
intra-individual biological CVs and analytical perfor-
mance goals are inadequate for Lp(a) with its 1000-fold
concentration differences [20]. Nevertheless, other
researchers kept proposing average and conflicting
intra-individual biological CVs and analytical perfor-
mance goals. A relevant conceptual framework for
determining analytical performance specifications (APS)
from biological variation data was published by the
European Federation of Clinical Chemistry and
Laboratory Medicine (EFLM) as a second-best approach
when clinical outcome data are not available [21,22].
In 2014, Westgard published an updated dataset for
APS followed by Ricos and coworkers with a dataset
based on EFLM’s standardized approach [23,24].
Clouet-Foraison and Marcovina defined APS for Lp(a)
using the fully Biological Variation Data Critical
Appraisal Checklist (BIVAC)-compliant protocol. Their
data confirmed biological variation estimates of Lp(a)
listed in the EFLM database and in reference [19]. They
also reinforced concerns regarding the suitability of
older APS recommendations for Lp(a) measurements.
Given the heterogeneity of Lp(a), more BIVAC-compliant

studies on large numbers of individuals of different
ethnic groups are desirable.

The EAS recommendation from 2022 to measure
Lp(a) in all individuals has consequences for the IVD
industry, laboratory specialists, and clinicians, as they
have to manufacture, implement, order, interpret, and
act on elevated Lp(a) measurement results. The man-
agement of patients with raised Lp(a) levels so far
includes: (1) reducing overall atherosclerotic risk, (2)
controlling dyslipidemia with a desirable non-HDL-cho-
lesterol level of <100 mg/dl (2.5 mmol/l), and (3) con-
sideration of lipoprotein apheresis. Currently, a
multitude of immunoassay-based Lp(a) tests are com-
mercially available with between-test result variations
as large as 2-fold and inter-method CVs between 16%
and 32% [25]. In order to guarantee the accuracy of
Lp(a) test results within allowable limits of uncertainty,
all elements of the metrological traceability chain have
to be in place. A proper calibration hierarchy model
according to the International Organization for
Standardization (ISO) 17511:2020 forms the basis for
anchoring test results from field methods to endorsed
RMs and RMPs of higher order. Ideally, a network of
calibration laboratories is operational to implement
global standardization of internationally endorsed ref-
erence measurement systems (RMSs) via certification
programs for IVD manufacturers. The conceptual
approach for establishing a state-of-the-art RMS for
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Lp(a) (and other apolipoproteins) has been described
recently [26]. Given the large variation in measurement
results obtained for Lp(a) when using various tests
from different suppliers, implementation of standard-
ization seems of utmost importance [25]. Not only
would standardization allow for universal interpreta-
tion of measurement results by clinicians, potentially
resulting in the delivery of more consistent clinical
care, but it would also simultaneously enable
meta-analysis of epidemiological research and phar-
maceutical trials. In both applications, test trueness
and comparability are crucial [27]. In the 1990s, an
IFCC-WHO ELISA-based RMS was developed that has
been operational for certifying Lp(a) kits from IVD
manufacturers and has been the “gold standard” RMP
until recently [28,29]. Here the value assignments of
Lp(a) were reported in molar concentrations, whereas
most commercially available tests report Lp(a) mass
concentrations. When reporting molar concentrations,
it is assumed that each Lp(a) particle carries one mol-
ecule apolipoprotein(a) (apo(a)). Notwithstanding the
claimed metrological traceability of IVD manufacturers
to the endorsed Lp(a) RM and RMS, Lp(a) mass tests
vary between labs from 16.4% to 32.1% at Lp(a) levels
of ~150 to 450mg/L [25,30,31]. In this review, we elab-
orate on our hypothesis that the substantial Lp(a)
inter-method variation may have a multifactorial ori-
gin. As the former RMS no longer exists, a new RMS
based on mass spectrometry (MS) and traceability on
internationally accepted Sl-units is being developed
by the IFCC working group on Apolipoproteins by
Mass Spectrometry (WG-APO MS) under the auspices
of the IFCC Scientific Division.

This review targets IVD manufacturers, laboratory
specialists, and clinicians with an interest in the accu-
rate measurement of Lp(a). It puts into context the
inter-dependencies between clinical and analytical per-
formance, as well as reemphasizes accuracy and selec-
tivity as the predominant requirements for obtaining
valid medical test results. The goals for laboratory
medicine and IVD industry should be to understand
all determinants of Lp(a) test validity, especially the
molecular characterization of the quantity intended to
be measured in relation to the measurement principles,
technologies, and applied kit design. In addition, ade-
guate implementation of current metrological trace-
ability concepts based on ISO 17511:2020 calibration
models; normative ISO standards 15193, 15194, and
15195 for RMs, RMPs, and calibration labs, respectively;
and commutable value-assigned matrix-based RMs
should be realized. In this review, the currently avail-
able Lp(a) field methods are reviewed and discussed
with regard to their strengths and potential drawbacks.

Determinants of Lp(a) test accuracy are summarized
and recommendations for improving Lp(a) accuracy
and selectivity are deduced from method comparisons
and commutability studies between immunoassays
(mass and molar) and MS-based molar apo(a) tests.
Finally, we reflect on the impact of the next generation
apo(a) RMS for manufacturers and for clinical practice.

2. Metrological traceability within allowable
measurement uncertainty for accurate
measurement of Lp(a)

The implementation of the metrological traceability
chain provides an unbroken relationship between an
end result in a medical lab and higher-order RMs, of
which the concentration has been defined accurately.
Traceability of results from all commercially available
IVD tests to the same RMS allows comparisons in time
and space, provided the measurements of the same
measurand are addressed across measurement proce-
dures [32,33]. In addition, a metrological traceability
chain is accompanied by a predefined allowable mea-
surement uncertainty (MU) to avoid traceability toward
an “untrue” value. This section explains the concept of
metrological traceability and provides insight into the
importance of a molecularly defined measurand(s) and
the difficulties that are encountered with regard to
highly heterogenous apo(a). The definitions and ter-
minology regarding the concept of metrological trace-
ability are explained in detail in the International
Vocabulary of Metrology (VIM), and we follow these
definitions in the current review [34]. The technical
requirements and documentation necessary to achieve
metrological traceability of medical laboratory tests are
described in ISO 17511 [33]. Within I1SO 17511:2020,
the concept of metrological traceability is materialized
in six calibration hierarchies. The ultimate goal and
highest level of traceability of Lp(a) tests is traceability
toward a “true” value that is traceable to Sl-units
[25,35]. Metrological traceability chains of the former
and future apo(a) RMS are shown in Figure 2.

The amino acid standards are calibrators with veri-
fied high purity and well-defined amount of substance,
better known as certified primary reference standards.
The content (purity and amount) of these primary stan-
dards can be determined using a variety of
state-of-the-art analytical methods, including mass
balance, amino acid analysis, quantitative nuclear mag-
netic resonance, and elemental analysis [26]. The next
order of materials in the apo(a) peptide-based primary
RMs, which are generally synthetically produced using
regulated production processes. Peptide calibrators are
extensively purified to achieve a high level of purity,
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Figure 2. Metrological traceability chains are presented for contemporary and emerging serum apo(a) RMS consisting of an
unbroken sequence of calibrators and measurement procedures that are used to relate a measurement result to a reference of
higher order. Serum apo(a)/Lp(a) test results are currently traceable to WHO-IFCC secondary reference materials (left), whereas
envisioned traceability to SI for serum apo(a) is presented (right). Note that the top of the traceability chain on the right side
must be made complete by including the development of peptide-based certified primary reference materials for apo(a) stan-

dardization. Figure adapted from Cobbaert et al. [26].

typically >98%, to ensure reliable results for amino
acid analysis. These RMs are created by RM producers
such as the Joint Research Center (JRC), World Health
Organization (WHO), National Institute of Standards
and Technology (NIST), and National Institute for
Biological Standards and Control (NIBSC). The values
assigned to the peptide-based primary reference mate-
rials, including the corresponding uncertainties, are
selected based on their suitability for the intended use
in the calibration chain. The primary RM is followed
by a commutable secondary RM which is matrix-based.
The primary and the secondary RM are interconnected
via an RMP. The development and validation of
higher-order RMPs as well as their application in cali-
bration laboratories should be in compliance with ISO
guidelines 15193:2009 and 15195:2018, respectively
[36,37]. Once an RMS is in place, IVD manufacturers
can then create traceability of their Lp(a) test results
to the RMS through either a protocolized certification
process using native split samples that cover the Lp(a)
measuring range or by purchasing proven commutable
value-assigned secondary RMs to directly calibrate the
Lp(a) field tests. To ensure that Lp(a) tests are
fit-for-clinical-purpose, the total MU should be within
the allowable MU of 24% derived from biological vari-
ation, as demonstrated in Figure 2 (right). The MU

budget consumed by the stakeholders of the apo(a)
RMS should as a rule of thumb be a maximum 1/3 to
1/2 of the total allowable MU. Multiple stakeholders
are involved and shared responsibility is key for estab-
lishing and maintaining all components of the future
apo(a) RMS. Regular stakeholders are metrology insti-
tutes (such as JRC, NIBSC, “Laboratoire National de
Métrologie et d'Essais” (LNE), NIST), (candidate) calibra-
tion laboratories and/or academia, IVD industry, and
end users.

Besides the availability of a complete metrological
traceability chain, another prerequisite for test accuracy
is the unequivocal definition of the measurand [38-40].
This part of the traceability chain has commonly been
neglected. From a structural point-of-view, Lp(a) is an
LDL particle that includes a single copy of apo(a) in
addition to apolipoprotein B100 (apoB100) [28]. Both
apolipoproteins are covalently connected through a
disulfide bond [41]. Apo(a) is transcribed from the LPA
gene and consists of ten kringle IV subunits (KIV,_;,),
a kringle V subunit, and a peptidase S1 domain [42].
A critically important aspect of Lp(a) is the size poly-
morphism of KIV, that is present in the LPA gene,
which results in apo(a) molecules of variable length,
with KIV, repeats of 2 to >40 [43]. Notably, the apo(a)
size polymorphism is not the only cause of the variable
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composition of the Lp(a) particle. The total mass of an
Lp(a) particle also depends on the lipid/protein ratio,
compositions, genetic variations, and the presence of
post-translational modifications (PTMs) (e.g. glycosyla-
tion) on apo(a) and apoB100 [25,44-46]. Hence, by
definition, it is impossible to accurately express Lp(a)
in total mass [25].

All tests that aim to measure Lp(a) in fact target
apo(a), thus defining this protein as the measurand.
Notably, apo(a) may also be present in the circulation
as lipid-free apo(a), [47] and higher levels of lipid-free
apo(a) have been reported for individuals with renal
disease [48]. In addition, other variants of apo(a) occur
such as truncated apo(a). LPA has evolved from PLG
through duplications, deletions, and conversions
[49,50]. A frequent nonsense mutation in this LPA gene
causes truncation of apo(a) [51]. Apo(a) has been
observed in fragmented form excreted in the urine, in
atherosclerotic plaques and in the circulation [52,53].
In atherogenic plaques, cleavage of apo(a) by MMP9
has been reported [54]. Clearly, the variation in Lp(a)
composition, as well as the non-constant composition
of apo(a) and the presence of free and fragmented
apo(a), hampers the unequivocal definition of the mea-
surand [39]. We speculate that Lp(a) particle composi-
tion may even vary during lipid-lowering treatment
regimes in a person’s lifetime. The effects thereof will
be highlighted in Section 5.

Every step in the traceability chain adds a certain
MU that must be limited in order to render the Lp(a)
test clinically useful (as outlined in 1SO 15193:2009).
MU of field methods is determined by medical labo-
ratories in accordance with ISO 20194 TS [55], whereas
calibration labs determine MU of the RMS according
to the Guide to the Expression of Uncertainty in
Measurement (GUM) [37]. RMPs, as part of an RMS,

should as a rule of thumb require no more than 33%
to 50% of the total allowable uncertainty of the mea-
surand [26]. The APS for end users’ tests should be
predefined and aligned with recommended clinical
performance requirements in guidelines. A collection
of criteria that quantify the clinical performance of a
test to enable better patient management than current
practice is commonly referred to as clinical perfor-
mance specifications (CPS) [56]. Lord and coworkers
defined multiple steps for defining the CPS: (1) define
the intended benefits, (2) map current practice, (3)
propose test role, (4) link clinical performance require-
ments to intended benefits, and (5) set minimum
acceptable clinical performance levels [56]. A major
question that is asked to set the CPS is “which
harm-benefit compromise are you willing to make?”;
it is, however, not trivial to quantitatively define CPS.
APS are key feature of every medical test because
they determine whether the laboratory’s reported
variation from the target value is acceptable [57,58].
To ensure that medical tests are
fit-for-intended-purpose, a hierarchical consensus sys-
tem for predefining APS was established at the first
strategic EFLM conference in Milan in 2015. In this
hierarchy, the first and best APS model is based on
results from clinical outcome studies (randomized
control trials (RCTs) for biomarkers are rarely avail-
able). The second model estimates APS from biolog-
ical variation studies and the third and least best
model is based on the state of the art [21].
Predefining APS for apo(a) is challenging (Figure 1).
There are currently no large studies directly assessing
the effects of Lp(a) testing on clinical outcomes.
Multiple attempts have therefore been made to derive
APS from biological variation data [21]. Initial APS were
set based on research conducted more than 25years

CVa = 8.39%; CVp = 29.42%

140 CVa=3.75% CVp = 14.41%

ot TSP

CVa =2.13%; CVp = 8.75%
CVa = 1.67%; CVp = 7.06%

CVa = 1.31%; CVp = 5.69%

Percentage of the true value

>---:§\§;--4» ----------

NS=5

1000

T T
1500 2000 2500
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Figure 3. Confidence intervals (95%) for the subject’s true value of Lp(a) as a percentage of the observed serum Lp(a) value
for one, three, and five serial specimens. Figure re-used with permission from Cobbaert et al. [20].



ago, using Lp(a) tests that no longer exist.
Intra-individual variation (CV,) of 20.8% and within-group
variation of 18.1% (CV;) were found. Based on these
results, desirable imprecision was set at 10.4%, while
the total allowable error (TEa) was set at 24.1% [24].
More recently, Clouet-Foraison and Marcovina used the
newly developed BIVAC to define renewed APS, see
Figure 1 [59]. The specification for imprecision was
reported to be 3.3% in males and 5.3% in females. The
bias (B,ps) was not calculated as the CV, for Lp(a) was
not defined. We question the validity of average APS
[60], as the models used for the calculation of impre-
cision assume a constant intra-individual variation and
do not consider the 1000-fold variation in Lp(a) levels
and the concentration dependency with the apo(a)
isoforms. Previously, Cobbaert and coworkers demon-
strated in the late 1990s that the intra-individual bio-
logical CV (CV;s) and analytical CV (CV,s) for Lp(a) in
healthy Caucasians and in stable Caucasian outpatients
with hyper-Lp(a)-lipoproteinemia were variable, with
CVa’s as high as 8.4% at a low Lp(a) concentration and
as low as 1.3% at high Lp(a) concentrations, as shown
in Figure 3 [20]. Looking at the approach of Harris and
coworkers [61], which states that the maximum allow-
able analytical imprecision should be < 2 CV, overall
their data corroborate the findings of Clouet-Foraison
and coworkers. The KIV, repeats that are associated
with apo(a) make that there is inter-individual variation
over the total measurement range. We conclude that
APS for Lp(a) tests should be based on biological vari-
ation data in a concentration-dependent way [20,62].
Eventually, new BIVAC-compatible studies in specific
populations that consider all determinants of accuracy
for Lp(a) tests, including the 1000-fold differences in
levels, are needed to carefully determine these biolog-
ical variations.

3. Overview of field Lp(a) tests and their
traceability

The various immunoassay-based Lp(a) tests that are
commercially available are summarized in Table 2.
Detection technologies include particle-enhanced
immunoturbidimetric assays (PETIAs) [63],
dissociation-enhanced lanthanide fluorescence immu-
noassays (DEIFIAs) [64], immunoradiometric assays
(IRMAs), immunonephelometric assays (INAs), and
ELISAs [64] (Figure 4). It is important to note that
most high-volume tests apply light scattering meth-
ods (immunoturbidimetry or immunonephelometry),
which could be affected by variation in Lp(a) particle
size or even more by the presence of lipid-free or
fragmented apo(a). The end-user measurement
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procedures summarized in Table 2 are widely used
and commonly referred to as “field methods” These
tests have been used since the pioneering researchers
reported on Lp(a) analysis [65]. As was emphasized
previously, for a sound interpretation of Lp(a) levels,
the nature of the actual measurand is apo(a) which
permits selective and molar detection and quantita-
tion [39]. However, immunoassays that are commonly
based on polyclonal antibodies inherently lack selec-
tivity. In addition, the type and number of indepen-
dent product calibrators, their concentration level and
range, and their apo(s) isoform composition affect
the apo(a) recovery in specimens, and moreover limit
the traceability of the product calibrators to SRM2B
and the WHO-IFCC ELISA-based RMP. All immunoas-
says start with an antibody that binds apo(a) on Lp(a)
in a mixture of biomolecules (native matrix). The first
quantitative method for measuring Lp(a)was based
on radial immunodiffusion (RID) of precipitated com-
plex [66]. Around the same time, Albers and cowork-
ers reported the development of a radioimmunoassay
(RIA) to determine Lp(a) levels in 1000 individuals
[67]. Note that in both of these assays, the measure-
ment of Lp(a) is apo(a) isoform dependent, potentially
resulting in biases. The currently available commercial
tests demonstrate excellent reproducibility, although
these still apply polyclonal antibodies that are kringle
IV,-dependent (Table 2).

Besides the use of kringle-dependent antibodies
and readout methods that could be particle size
dependent, Lp(a) has been reported in three units or
modes: Lp(a) mass (mg/dL), Lp(a) particle number
(nmol/L), and more recently, Lp(a) cholesterol (Lp(a)-c,
mg/dL) [68]. This latter assay could be important to
accurately determine the LDL-c value, as the choles-
terol portion of Lp(a) may make up a substantial
amount of detected LDL-c when the Lp(a) particle
concentration is high [69]. The Lp(a)-c test is not fur-
ther discussed in this review, as it has another intended
use. Initially, the mass composition of the Lp(a) particle,
including apo(a), apoB-100, cholesterol, phospholipid,
triglyceride, and the carbohydrate content were
included in Lp(a) assay results reported in mass units
(mg/dL). Since measurement procedures only target
apo(a) and no other components of Lp(a), the use of
mass composition is incorrect from a metrological per-
spective. Misinterpretations can occur when using
apo(a) measurements based on mass, depending on
whether the patient possesses the bigger less athero-
genic apo(a) isoforms or the smaller more atherogenic
isoforms. Some commercially available assays require
a conversion from mass units to molar units.
Unfortunately, one cannot use conversion factors
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Table 2. Immunoassay-based Lp(a) tests that are commercially available.

Serial dilution from a
single calibrator
versus independent
calibrators

Producers /

distributors Product name

Methodology unit) IFU

Claimed metrological
AMR (reporting  traceability based on

References

Serial dilutions from a
single
reconstituted high
calibrator

Multipoint calibration,
each calibrator
being independent

Multipoint calibration,
each calibrator
being independent

Serial dilutions from a
single
reconstituted high
calibrator

Multipoint calibration,
each calibrator
being independent

Multipoint calibration,
each calibrator
being independent

Serial dilutions from a
single
reconstituted high
calibrator

Multipoint calibration,
each calibrator
being independent
and containing
specific apo(a)
isoforms

Multipoint calibration,
each calibrator
being independent

Multipoint calibration,
each calibrator
being independent

Multipoint, licensed
from Denka
Seiken, each
calibrator being
independent

Multipoint calibration,
each calibrator
being independent

Multipoint calibration,
each calibrator
being independent

Siemens Siemens N Latex

ADVIA® Chemistry
Lipoprotein(a)

DiaSys DiaSys 21 FS

Kamiya K-Assay Lp(a) assay

Beckman LPAX

Diazyme Lipoprotein (a) Assay

Erba LIPOPROTEIN (a)

Denka Seiken Lp(a)-Latex SEIKEN

Roche TinaQuant Lipoprotein

a Gen.2

TinaQuant converted

Randox Lipoprotein(a) Assay

Sekisui Lp (a) Latex "DAIICHI"

Abbott Abbott Alinity ¢ Lp(a)

Calculation
(nmol/l * 0.4167)

INA 10-100 (mg/dL) Internal standardization IFU, [96]

Traceable to in-house IFU
master lot calibrators

ITA 10-85 (mg/dL)

ITA 6-260 (nmol/L) WHO/IFCC SRM°®-2B IFU, [96]

ITA 5-150 (mg/dL) Being revised through IFU, [97]
ongoing quality
assurance

INA 2-128 (mg/dL) No RM specified IFU

ITA 5.4-100 (mg/dL) Traceable to predicate IFU, [97]

ITA 0-80 (mg/dL)  No RM specified IFU

ITA (nmol/L) OR
3-90 (mg/dL)

WHO/IFCC SRM®-2B [6]

ITA 7-240 (nmol/L)

WHO/IFCC SRM®-2B IFU

(mg/dL) [96]

ITA (nmol/L) OR
3-90 (mg/dL)

WHO/IFCC SRM®-2B* IFU

In-house reference IFU
standard

N.D. 1-100 (mg/dL)

Standardized to an IFU [98]
in-house RM for

Lp(a)

ITA 3.1-90 (mg/dL)

ITA: immunoturbidimetric assays; INA: immunonephelometric assays; AMR: analytical measurement range, IFU; instructions for use.
*Derived from the IFU: Lp(a) assays that are traceable to the former WHO/IFCC reference material SRM2B should have assigned values expressed in
nmol/L and should give a measuring range in nmol/L. If the AMR is expressed in mg/dL, conversion factors have been used that confound the

accuracy and validity of the Lp(a) test.

**The selection of Lp(a) tests in Table 2 has been made based on Lp(a) field tests that are CE-approved and generally used in Western-European
medical laboratories. In no way, the list of available Lp(a) tests is complete and/or reflects which Lp(a) tests are available on other IVDmarkets.

without knowing what isoform(s) is (are) present in
patients. Accordingly, a single conversion factor
between assays is inadequate. It was previously advised
to use a conversion factor of 2.85 for small Lp(a) iso-
forms and 1.85 for large Lp(a) isoforms, with a mean
of 2.4 [6]. It is still noted that the immunoassay mea-
surements do not take into account the isoform size
and that this differentiated conversion factor is there-
fore impractical, incorrect and manufacturer-dependent.

Marcovina and coworkers confirmed that the use of a
conversion factor, regardless of how it is computed,
ought to be abandoned [70]. Lp(a) concentrations
should not be converted from nmol/L to mg/dL or vice
versa. The selectivity of current Lp(a) immunoassay-based
tests is imperfect as KlIV,-dependent polyclonal anti-
bodies are used [95]. Also, the product calibrators can-
not be a perfect mimic of the apo(a) isoform
composition in the native specimens to be analyzed.
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Figure 4. Schematic representation of the currently applied immunoaffinity-based (and LC-MS/MS-based) methods for quanti-
fication of Lp(a) levels. Test read-out principles from top to bottom: immunonephelometry (not measured in the direct path),
immunoturbidimetry (measured in the direct path), immunoradiometry, enzyme-linked immunosorbent assay, dissociation-enhanced
fluorescence immunoassays, and liquid chromatography coupled to mass spectrometry. Recognition of “free” apo(a) indicates if
tests are possibly creating bias due to not taking particle size into account. Note that sensitivity and specificity are conceptual,
relative to each other, and defined as either “+", “++", “+++" Quantitative protein mass spectrometry is a direct KIV, repeat of
the independent and non-immune-based method. *Whether or not INA or ITA recognize free apo(a) depends on the size of the
antibody-antigen complex in the assays. Since this site cannot be predicted the effect on the Raleigh light scatter detection is
uncertain.
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4. Analytical challenges for accurate Ip(a)
measurements with regard to a measurand,
antibody, calibration type, and calibration
number

Here, a structured overview of parameters that poten-
tially explain Lp(a) result variability among Lp(a) field
methods will be discussed.

4.1. Analytical challenges in Lp(a) field methods

Because of its clinical relevance as an independent risk
factor for CVD serum/plasma Lp(a) is increasingly mea-
sured in medical laboratories using polyclonal
anti-apo(a) based immunoassays on high throughput
platforms. The specific epitopes that have been used
by IVD manufacturers for antibody generation should
ideally enable selective identification and accurate
qguantification of Lp(a) by targeting a single apo(a)
molecule per Lp(a) particle, independent of its number
of KIV, repeats. As experienced in the Physician Health
Studies and the Framingham Study (Figure 1) [28,71,72],
kringle IV,-sensitive tests, especially in combination
with serially diluted single calibrators, typically result
in underestimation of high Lp(a) levels (with low
molecular weight apo(a) isoforms) and overestimation
of low Lp(a) concentrations (with high molecular
weight apo(a) isoforms). [28,71,72] Monoclonal anti-
bodies against a unique apo(a) epitope would theo-
retically be ideally suited, but their application lacks
analytical sensitivity on routine clinical chemistry ana-
lyzers, as only a single antibody binds per Lp(a) particle
[72]. As the polyclonal antibodies used in almost all
Lp(a) field methods detect the apo(a)’s repeating KIV,
structure, these tests are all apo(a) isoform dependent
[73]. Yet, in the majority of current Lp(a) tests, KIV,
dependence has been elegantly diminished within
allowable limits of MU by using multiple (5 at least),
independent and well-selected product calibrators with
typical isoform composition across the measuring
range. [95] Accuracy-related characteristics of current
Lp(a) field tests are shown in Table 2. Calibration of
Lp(a) field tests is typically performed using a
multi-point calibration with at least five independent
calibrators or using serial dilutions from a single high
calibrator. Calibrators are nowadays selected to mimic
the relation between KIV, repeats and Lp(a) concen-
tration in patient specimens, in order not to underes-
timate the association between Lp(a) and CVD [6]. So
far it has been documented that the Denka Seiken test
is the least apo(a) isoform-sensitive test (Denka Seiken
Co. Ltd., Japan). Note that several commercial Lp(a)
tests are Denka Seiken-based [71]. If the Lp(a) field

tests generate molar test results that are traceable to
SRM2B and the gold standard RMP within allowable
MU, valid and accurate Lp(a)/apo(a) tests results are
generally assured within the measuring range in undi-
luted specimens.

Alternative calibration strategies for immunoassays
could be based on either recombinant protein or native
serum samples. When deciding upon a calibration strat-
egy using native serum samples, the samples must be
selected carefully to truthfully reflect the KIV, size
polymorphism to Lp(a) concentration. A pool of serum
samples could aid here, as the size polymorphism is
averaged out, making the isoform composition more
similar to that of the test sample, thus improving iso-
form insensitivity [31]. When using recombinant pro-
tein, multiple constructs with variable KIV, repeats are
required [74], and the effects of lipid-free apo(a) on
the assay had to be diminishable.

4.2. The search for specific measurands and
accurate apo(a) results

The large heterogeneity in apo(a) size within and
between individuals due to the inheritance of two
different apo(a) alleles has been a huge challenge for
the accurate measurement of Lp(a). Specifically, vari-
ation is introduced by two alleles and the variable
number of the KIV, repeats that may result in apo(a)
with a molecular weight spanning from 250 to 800kDa
[75]. Moreover, fragmented and lipid-free apo(a) may
further add to the variation in the measurand since
these species will likely interfere with initial antibody
capture. Furthermore, the principle of the read-out
method used has an effect on the recovery of the
measurands. For example, there is always the possi-
bility of interference in methods based on antibody
capture combined with light absorption/scatter, where
the signal and accompanying read-out would be
underestimated as a result. The possibility of interfer-
ence could be due to LDL-unbound apo(a) particles
or free apo(a) [47]. Notably, when looking into the
instructions for use (IFU) of commonly used field
methods, most fail to disclose their antibodies’ ability
to bind lipid-free apo(a) or truncated apo(a) (see Table
2). Size differences could generate different results
when providing results in mass instead of in particle
concentration. Additionally, not all immunoturbidimet-
ric assays (ITAs) are identical. We can subdivide into
direct immunoturbidimetry, PETIA, and latex-enhanced
immunoturbidimetry. In direct immunoturbidimetry,
antibodies directly connect to the targeting antigen
to produce an immunological complex. In PETIA, tar-
get antibodies coated particles form complexes with



the antigen in the sample. The formed complexes
amplify the signal and as such are very helpful when
the antigen is present in low quantity. The principle
of latex-enhanced immunoturbidimetry is similar as it
also results in amplified signals by using latex particles
instead of coated particles. Different modes of action
imply the possibility of variability among result
read-outs, and one must thus carefully specify the
measurand.

4.3. Alternative Lp(a) quantification using protein
mass spectrometry

As an alternative to immunoassay-based methods, Lp(a)
can be quantified using protein MS which will be
detailed in Section 7. In this approach, apo(a) is directly
quantified via unique proteotypic peptide fragments
which have the inherent advantage of being antibody
and kringle size independent. Protein MS requires
expertise and high-end equipment and is therefore
considered a costly procedure compared to conven-
tional field methods. Moreover, sample throughput is
lower when using quantitative proteomics compared
to the field methods. However, once the inherent mul-
tiplexing capabilities of this approach are utilized (i.e.
quantify multiple proteins), this procedure may turn
financially viable for large clinical trials and/or refer-
ence services. Specific challenges need to be addressed
when using a peptide-centric (or bottom-up) proce-
dure, such as completeness of digestion, matrix effects
and optimal chromatographic separation (further dis-
cussed in Section 7). Earlier, we compared apo(a) test
results between MS-based and immunoassay-based
tests in CVD patients. Although the results from the
MS-based and ITAs were equivalent and correlated well,
the method comparison data also demonstrated scat-
ter, which could perhaps be related to different recov-
eries of free apo(a) [76].

The earlier mentioned RMS developed by Marcovina
and coworkers includes a traceability chain up to a
secondary RM (Figure 2) [28,29]. This material was
assembled from 17 pooled blood donors and had an
assigned value of 0.1071 nanomoles per vial. The Lp(a)
test systems for value assignment included ten ITAs,
eight INAs, two fluorescence immunoassays (FIAs), one
electro-immunodiffusion assay, and one ELISA, and the
median within-assay CV was 5.1% [29]. This RM was
accompanied by a “golden standard” RMP consisting
of a KIV,-independent ELISA-based approach [51,95].
The apo(a) quantity that inherently correlates to Lp(a)
concentrations allows for quantification that is trace-
able to the WHO-IFCC secondary RM WHO/IFCC
SRM®-2B. The monoclonal antibody used in the ELISA
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was generated using purified native Lp(a) and recog-
nizes a unique KIV, epitope (i.e. LETPTVV), using 35
measurements in each of five quality control samples,
a within-assay CV ranging from 2.3% to 4.0% was
determined [28]. Currently, the WHO/IFCC SRM°®-2B
material has run out of stock and the calibration lab
has been closed. For reasons of continuity, an IFCC
working group was established to set up a
next-generation RMS for Lp(a), ultimately aiming for
the traceability of Lp(a) test results to SI units [26].

5. Moving toward the next generation Lp(a)
reference measurement system based on
quantitative protein mass spectrometry and
molar units

As Lp(a) recently arose as a Phoenix from its ashes,
the availability of an internationally endorsed RMS for
guaranteeing Lp(a) test result equivalence among com-
mercial Lp(a) tests in time and space is key [77]. As
the current “gold standard”, ELISA-based RMP at
Northwest Lipid Research Laboratory, University of
Washington, Seattle, USA, is no longer operational and
the secondary RM, WHO/IFCC SRM-2B, has run out of
stock, the IFCC Scientific Division had decided (after
IFCC Executive Board approval) to establish an inter-
national working group [https://www.ifcc.org/
ifcc-scientific-division/sd-working-groups/wg-apo-ms/].
This group is entrusted to develop a next-generation
Sl-traceable RMS for Lp(a)/apo(a), as displayed in Figure
2 (right). So far, the conceptual approach for establish-
ing the apo(a) RMS, the developed apo(a) candidate
RMP, and the commutability study data that gives
insight into the selection of suitable secondary
matrix-based RMs have been published [26].
Meanwhile, several non-IFCC-related initiatives are
also ongoing. As such, the former RMP has served as
a starting point for the creation of a candidate RMP
referred to as the LPA4/LPA-KIV, ELISA [78]. This second
ELISA designed by Marcovina, Tsimikas, and coworkers
exhibits a larger bias as compared to the first RMP,
which was explained by the development process that
was based on a truncated recombinant apo(a) instead
of native purified Lp(a) [78]. It should be noted that
the use of an immunoassay for reference standardiza-
tion of an Lp(a) test is not a prerequisite. On the con-
trary, in our opinion, the quantification of Lp(a) levels
can much better be based on methods that consider
the multiple sequence variations, isoforms, and PTMs
on apof(a). Applications derived from MS-based
bottom-up proteomics are ideally suited for this pur-
pose [30]. The advantages of applying MS instead of


https://www.ifcc.org/ifcc-scientific-division/sd-working-groups/wg-apo-ms/
https://www.ifcc.org/ifcc-scientific-division/sd-working-groups/wg-apo-ms/

14 N. M. DIEDERIKS ET AL.

immunoassays for protein quantification were identified
in the early days of proteomics [79]. In a bottom-up
proteomics strategy, a protein is enzymatically con-
verted (i.e. digested) into multiple peptides, followed
by MS-based quantification of specific proteotypic pep-
tides. For this purpose, trypsin is commonly used to
yield peptides with either arginine or lysine residues
at the C-terminus [80]. The simultaneously identified
and quantified proteotypic peptides correlate to the
guantities of endogenous corresponding proteins. MS
has proven to be feasible for quantifying protein bio-
markers and evaluating proteins from complex biolog-
ical matrices in a clinical chemistry setting [8,81]. To
this end, the first quantitative protein MS test for the
quantitation of apo(a) has been reported in 2014.

Marcovina and coworkers have also created a tar-
geted liquid chromatography-mass spectrometry
(LC-MS) candidate RMP based on the bottom-up pro-
teomics strategy that applies proteolytic peptides as
surrogates for protein identification and quantifica-
tion [59]. Here apo(a) levels are determined via pep-
tides that are selected and relatively quantified (i.e.
normalized) using stable isotope-labeled peptide
analogues. Next, the calibration is based on
in-house-produced recombinant human apo(a) con-
taining 14 KIV repeats, with valueassignment through
Sl-traceable amino acid analysis [59]. The proteotypic
peptides that are used in this procedure are
TPAYYPNAGLIK, TPENYPNAGLTR, and GISSTTVTGR,
located on KIV,, KIV,, and KIV,, respectively. The mean
response of these three peptides is used to deter-
mine the apo(a) level and to derive the Lp(a) con-
centration. Importantly, the method is validated for
EDTA-plasma and thereby suitable as an end users’
procedure for the quantitation of apo(a); however,
this method may not hold for serum or
lithiumheparin-plasma matrices.

This principle of using MS for global standardiza-
tion of apo(a)/Lp(a) tests at the molar level has great
potential, provided the method can be established
for serum and/or lithiumheparin-plasma as these are
the common matrices collected for lipid profiling in
medical laboratories [59,60,76,82]. Clearly, to circum-
vent apo(a) polymorphisms, proteotypic peptides
need to be selected that are not present in KIV,
repeats. Moreover, protein quantification through its
surrogate measurands is only accurate when the pep-
tides are fully released from the protein backbone
during proteolysis, in other words, when the conver-
sion is equimolar. Within the IFCC WG APO-MS, a
candidate RMP has been developed and analytically
validated. The peptide-based calibration strategy is
being developed within a collaboration of three IFCC

calibration laboratories and quantifies the peptides
LFLEPQADIALLK, GISSTTVTGR. and TPENYPNAGLTR,
from the protease, KIV,y, and KIV; domains, respec-
tively, relative to their stable isotope labelled internal
standards. As the peptide-based primary reference
materials are under development, the method was
validated using a native serum-based calibrator pro-
visionally value assigned with Roche ITA (with an
apo(a) concentration of 94.6 nmol/L) and hence indi-
rectly traceable to SRM2B [76]. The linear measuring
range is between 3.8nmol/L and 450 nmol/L, with a
limit of quantification (LoQ) of 3.8 nmol/L and pep-
tides could be measured with an average imprecision
of 8.9% which is well within the set APS of 12% [76].

A prerequisite for peptide-based calibration of a
candidate RMP aimed toward S| traceability of the
measurands is an equimolar conversion of the protein
of interest into its quantifying peptides. To that end,
digestion should be fully understood and carefully
controlled. Earlier studies on the digestion kinetics of
a protease such as trypsin have focused on the spec-
ificity of the enzyme and how this specificity is influ-
enced by other residues in close proximity to the
cleavage site [80]. Moreover, protein digestion can be
influenced by local conformation, tertiary structure,
and experimental conditions and to that end identifi-
cations of peptides with unexpected cleavages are of
interest. In a similar way, for quantification purposes,
it is informative to focus on peptides that contain
so-called missed cleavages. The presence of missed-
cleavages in the proximity of the proteotypic peptides
is an indicator that digestion has not been “completed”
at that position in the protein [80]. Earlier, we reported
three proteotypic peptides of apo(a), namely
LFLEPTQADIALLK (LFLEP in short), TPENYNAGLTR
(TPENY in short), and GISSTVTGR (GISST in short), that
all reached a plateau in a digestion curve [76]. Although
informative, a digestion plateau does not warrant the
full conversion of the protein into peptides. Therefore,
the presence or absence of missed cleavages in apo(a)
digest is currently under investigation.

6. Conclusions and anticipated impact of the
next-generation apo(a) RMS on clinical
practice

Lp(a) has made a major comeback as a clinically useful
risk factor for CVD. The availability of the first gold
standard RMS was of pivotal importance in re-assessing
Lp(a) data from the Physicians Health Study and the
Framingham Study. A consistent relation with CVD was
revealed and it was clarified that apo(a) isoform depen-
dency, polyclonal antibodies, and inadequate selection



of calibrators and/or calibration procedures had been
responsible for weakening or even masking the Lp(a)-
CVD relationship. Multiple studies have demonstrated
that elevated levels of Lp(a) are associated with a sig-
nificantly increased risk of CVD, independent of other
traditional risk factors like LDL. It has become apparent
that serum lipids do not tell the full story and under-
estimate CVD risk, leading to underdiagnosis and
undertreatment of patients. The latest EAS consensus
statement recommends quantification of Lp(a) at least
once in all individuals to identify those at enhanced
cardiovascular risk. The here-described pilgrimage
toward the development of an Sl-traceable
next-generation apo(a) RMS based on quantitative pro-
tein MS and molar units includes various analytical
challenges that IVD manufacturers must overcome to
develop safe and clinically effective Lp(a) tests. The
envisioned comprehensive RMS is developed timely as
it should guide manufacturers to design Lp(a) tests
that are fit-for-purpose now that its clinical relevance
has been unequivocally demonstrated and with new
promising Lp(a) lowering drugs under development.
The conceptual approach and sequential steps taken
by the different stakeholders involved in the setup of
the apo(a) RMS have recently been described [26,76,83].
It is anticipated that the Lp(a)/apo(a) RMS will soon
be operational because the candidate reference mea-
surement procedure (cRMP) for apo(a) is endorsed by
the IFCC. Moreover, selections for suitable matrix-based
secondary RMs have been completed based on the
previous commutability study.

Lp(a) particles are widely measured using
immunoassay-based tests with the apo(a) protein as
the antigen. Apo(a) is present in highly variable forms
due to a size polymorphism in KIV, and PTMs such as
glycosylation, as well as lipid-free truncated and frag-
mented species. The insufficiently defined and hetero-
geneous character of the apo(a) measurands were and
are major determinants of inaccurate and flawed Lp(a)
test results, notwithstanding the availability of a
well-functioning (i.e. the gold standard) ELISA-based
RMS [28,84]. Other confounders that may invalidate
Lp(a) tests results are apo(a) isoform-sensitive reagents,
cross-reacting polyclonal anti-apo(a) antibodies, insuf-
ficiently wide measuring ranges of immunoassay-based
tests that necessitate automatic dilution to the wrong
calibrator isoforms, serial dilutions of a single high
calibrator, prozone effects, and matrix effects caused
by anticoagulants and other preanalytical conditions
such as freeze/thaw cycles. All these insights were clar-
ified thanks to the availability of the former RMS and
the recent head-to-head comparisons between repre-
sentative indirect immunoassays and direct protein
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measurements via quantitative protein MS. The latter
enables an unequivocal molecular definition of the
measurand(s), namely apo(a). A recent IFCC initiative,
which aims to reestablish standardization of Lp(a) tests,
is focused on the development of a cRMP applying a
quantitative protein MS strategy [76]. To specifically
measure apo(a), peptides can be selected that are not
present in KIV, and that are not modified
post-translationally. Lipid-free apo(a) is included in the
measurements as well as truncated apo(a) and apo(a)
fragments. For global standardization of IVDs and in
order not to confuse manufacturers, it is strongly rec-
ommended that RMs, RMPs, and reference measure-
ment services are endorsed by official international
organizations such as the IFCC and listed in the Joint
Committee on Traceability in Laboratory Medicine
(JCTLM) database [85], after passing peer review by an
expert panel.

The availability of listed reference measurement ser-
vices in itself does not yet accomplish test standard-
ization. Commitment from IVD manufacturers to adopt
and implement JCTLM-listed RMS is the key to success.
Therefore, the anticipated transition from the former
ELISA-based RMS to the next-generation Sl-traceable
apo(a) RMS requires guidance and education of IVD
manufacturers, the pharma industry, clinicians, and
laboratory specialists through this metrological laby-
rinth and scientific change process. It is foreseen that
the change to molar units and the transition from
former to new RMS will have an impact on the results
generated by the IFCC-based cRMP compared to
SRM2B-traceable test results.

The apo(a) isoform-sensitivity of previous Lp(a) tests
has been overcome to a large extent by most IVD
manufacturers of Lp(a) tests by means of multipoint
calibration with multiple independent native human
calibrators. In order to evaluate new Lp(a) lowering
drugs in the near future, it is essential to have a sus-
tainable Lp(a) RMS in place, implemented in a network
of calibration labs using harmonized procedures. To
that end, the IFCC WG APO-MS is preparing apo(a)
cRMP, primary peptide-based calibrators, and secondary
matrix-based RMs as previously reported in a multistep
approach.

The IVD manufacturers will be invited to reestablish
the metrological traceability of their Lp(a) test results
and to verify whether their Lp(a) tests are still
fit-for-clinical-purpose and compliant with desirable
APS deduced from biological variation data. In the first
step, the transition to molar units according to the old
RMS is anticipated. In a second step, traceability to the
new Sl-traceable apo(a) RMS based on quantitative
protein MS will be prepared. Meanwhile, IVD
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manufacturers are invited to improve persisting inad-
equacies in their Lp(a) immunoassay-based tests (e.g.
implementation of multiple independent native cali-
brators, an extension of the Lp(a) measuring range,
replacing erroneous Lp(a) mass reporting by molar
units, etc.) to guarantee accurate Lp(a) test results
within allowable MU for adequate CVD risk assessment
or evaluation of therapeutic effects of Lp(a) lowering
drugs. Importantly, IVD manufacturers should be com-
mitted to implementing the future apo(a) RMS when
available, for the purpose of universal clinical decision
limits and exchangeable treatment goals in clinical
trials and guidelines.

Lp(a) tests have the reputation of being the most
misunderstood metric in clinical chemistry labs.
Unfamiliarity with the heterogeneity of the apo(a) mea-
surand(s), the selection of the I1SO 17511 calibration
model and/or the implementation of a higher order
metrological traceability chain, as well as cross-reactivity
of the polyclonal antibodies, combined with flawed
designs of immunoassay-based tests (such as reporting
Lp(a) mass instead of Lp(a) particle number or apo(a)
concentration) have all hampered the validity of the
produced Lp(a) data in the past. Thanks to the evolution
in science and metrology, and the establishment of
valuable RMS by Marcovina in the 1990s and by the
IFCC WG APO-MS nowadays, key determinants of Lp(a)
test inaccuracy were identified. In the past, IVD manu-
facturers solved several analytical challenges, especially
apo(a) isoform sensitivity and serial dilutions of single
high calibrators. The problem-solving measures such as
the introduction of multipoint calibration procedures
with independent native calibrators and representative
apo(a) isoforms enabled the reporting of accurate results
traceable to SRM2B (in nmol/L) and the ELISA-based
RMP. Desirable analytical performance and adequate
product calibration strategies assured that most Lp(a)
field tests are fit-for-clinical-purpose in undiluted spec-
imens within the measuring range. Both the former
ELISA-based RMS and the foreseen Sl-traceable RMS
based on quantitative protein MS from the IFCC WG
APO-MS are instrumental for ongoing Lp(a) test stan-
dardization and are considered the holy grail for stan-
dardizing Lp(a) field methods.

Finally, to enable the proper implementation of EAS
consensus statements and clinical guidelines, labora-
tory specialists, clinicians, and IVD industry should be
aware of the strict inter-dependence between the ana-
lytical and clinical performance of medical tests in
general, but especially for the polymorphic apo(a) in
Lp(a). It is a joint responsibility toward our patients to
manufacture and implement safe and clinically effective
Lp(a) tests, and by doing so, to enable a more

personalized approach for predicting, diagnosing, treat-
ing, and monitoring patients at risk for CVD.
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