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BACKGROUND: Use of lipoprotein(a) concentrations for
identification of individuals at high risk of cardiovascu-
lar diseases is hampered by the size polymorphism of
apolipoprotein(a), which strongly impacts immuno-
chemical methods, resulting in discordant values. The
availability of a reference method with accurate values
expressed in SI units is essential for implementing a
strategy for assay standardization.

METHOD: A targeted LC-MS/MS method for the
quantification of apolipoprotein(a) was developed based
on selected proteotypic peptides quantified by isotope
dilution. To achieve accurate measurements, a reference
material constituted of a human recombinant apolipo-
protein(a) was used for calibration. Its concentration
was assigned using an amino acid analysis reference
method directly traceable to SI units through an
unbroken traceability chain. Digestion time-course,
repeatability, intermediate precision, parallelism, and
comparability to the designated gold standard method
for lipoprotein(a) quantification, a monoclonal
antibody-based ELISA, were assessed.

RESULTS: A digestion protocol providing comparable
kinetics of digestion was established, robust quantifica-
tion peptides were selected, and their stability was ascer-
tained. Method intermediate imprecision was below
10% and linearity was validated in the 20–400 nmol/L
range. Parallelism of responses and equivalency between
the recombinant and endogenous apo(a) were estab-
lished. Deming regression analysis comparing the results

obtained by the LC-MS/MS method and those obtained
by the gold standard ELISA yielded y¼ 0.98*ELISAþ
3.18 (n¼ 64).

CONCLUSIONS: Our method for the absolute quantifica-
tion of lipoprotein(a) in plasma has the required attrib-
utes to be proposed as a candidate reference method
with the potential to be used for the standardization of
lipoprotein(a) assays.

Introduction

With multiple studies confirming the causal link be-
tween lipoprotein(a) [Lp(a)] concentrations and in-
creased risk of cardiovascular disease (1–4), this past
decade has seen a strongly renewed interest in Lp(a)
(5–7). Lp(a) is a peculiar lipoprotein composed of apoli-
poprotein(a) [apo(a)] covalently bound to a low density
lipoprotein (LDL)-like particle containing one molecule
of apolipoprotein B-100 (8). Apo(a) is a complex
protein sharing a high sequence homology with several
regions of plasminogen, including the protease domain,
and the so-called kringle IV (KIV) and V domains (8).
The KIV domain of apo(a) is formed by 10 distinct
KIV types numbered from 1 to 10. All KIV types,
except KIV type 2 (KIV-2), are present as a single copy,
while the KIV-2 repeats vary from 3 to >40 copies,
resulting in a large heterogeneity in apo(a) isoform size
circulating in plasma (9). Apo(a) concentration is gener-
ally inversely correlated with apo(a) size and varies
widely between individuals.
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The unique structural characteristics and size het-
erogeneity of apo(a) can have strong influence on the ac-
curacy of immunochemical methods used for Lp(a)
measurements (10). Antibodies binding to epitopes in
the KIV-2 region will generate multiple antibody–anti-
gen complexes dependent on the size of apo(a). As a
consequence, when apo(a) size in the calibrator is
smaller or larger than that in the measured sample,
Lp(a) concentration will be under or overestimated
depending on the method (10).

Improving method comparability requires a strat-
egy for assay standardization based on the development
of a reference method calibrated with a high-purity pri-
mary reference material, and commutable secondary ref-
erence materials with established traceability (11).
Efforts in standardization of Lp(a) measurement were
initiated 2 decades ago by the International Federation
of Clinical Chemistry and Laboratory Medicine
(IFCC). A secondary reference material, the WHO/
IFCC SRM-2B, was produced in 2000 and its imple-
mentation significantly improved between-assay compa-
rability (12).

The concentration of Lp(a) in SRM-2B was
assigned by an enzyme-linked immunosorbent assay
(ELISA) method (13). This ELISA involves a monoclo-
nal antibody directed to a unique epitope located in
KIV type 9, with no cross-reactivity to the KIV-2 region
of apo(a), rendering this method insensitive to apo(a)
size variability (13). For this reason, it is considered
the gold standard for Lp(a) quantification. However,
although this ELISA exhibits excellent performance, its
accuracy, like that of all methods based on antigen–anti-
body reactions, may be affected by protein conforma-
tional diversity (14).

Recent reviews and guidelines have identified
the lack of standardization as a major hindrance to the
broader use of Lp(a) for cardiovascular disease risk as-
sessment (5, 6, 15–18). With its ability to accurately
quantify proteins in complex matrices, targeted liquid
chromatography tandem mass spectrometry (LC-MS/
MS) has become a method of choice for the standardiza-
tion of biomarkers in clinical practice (19–22). Like
the ELISA gold standard method that was made inde-
pendent of apo(a) size polymorphism by selecting a
monoclonal antibody not interacting with epitopes in
KIV-2, LC-MS/MS can be rendered independent of
apo(a) size polymorphism by selecting specific quantifi-
cation peptides not present in the KIV-2 region. In ad-
dition, LC-MS/MS can be traceable to SI units through
a calibration strategy such as isotope dilution (22–24),
which is a key requirement of a reference method for
assay standardization (25).

In this study, we developed an accuracy-based
method for the absolute quantification of Lp(a) in
plasma using a targeted LC-MS/MS approach with an

isotope dilution calibration strategy (Fig. 1A) to be pro-
posed as a candidate reference method for the standardi-
zation of Lp(a) assays.

Materials and Methods

Complete materials and methods are provided in the
Supplemental Materials.

HUMAN SAMPLES

Blood samples from individual donors were collected in
lavender top 10 mL K2EDTA tubes. After blood collec-
tion, the tubes were inverted several times and let sit on
crushed ice for 20–30 min. The blood was then centri-
fuged at 1500 g for 10 min at 4 �C. Isolated plasma was
aliquoted in 2 mL conical polypropylene cryovials and
fresh-frozen at -80 �C. A plasma with a low concentra-
tion of Lp(a) (4.9 nmol/L by ELISA), further referred to
as “blank” plasma, was used as blank matrix. The use of
human specimens was approved by the Human Subjects
Division at the University of Washington. All donors
provided a written informed consent.

PRIMARY REFERENCE MATERIAL

A high-purity human recombinant apo(a) with 14 krin-
gles IV (r14K) was selected as primary reference material
to calibrate the assay. The full sequence of r14K is pro-
vided in Supplemental Fig. 1. The r14K apo(a) was
expressed in human embryonic kidney 293 (HEK293)
cells, stably transfected with a 14 K-pRK5 expression
vector, purified by Lys-Sepharose affinity chromatogra-
phy, aliquoted and stored at -80�C (26). This expression
protocol ensured the proper folding and glycosylation of
the recombinant apo(a), which retained the same struc-
tural and functional characteristics as the endogenous
protein (27–29). The size and purity were ascertained
by agarose gel electrophoresis (9), SDS-PAGE electro-
phoresis, electrospray differential ion mobility analysis
and anion-exchange fast protein liquid chromatography.

DETERMINATION OF THE CONCENTRATION OF THE PRIMARY

REFERENCE MATERIAL

Concentration of the r14K was determined by amino-
acid analysis at the National Institute of Standards and
Technology (NIST) using a method calibrated with
pure higher-order amino-acid (AA) reference standards
from the National Metrology Institute of Japan and reg-
istered in the Joint Committee for Traceability in
Laboratory Medicine (JCTLM) database (30). Gas-
phase hydrolysis of the protein was performed using 2
different hydrolysis conditions and 6 AA were quanti-
fied by LC-MS/MS. Triplicate independent measure-
ments were performed on 2 different aliquots of the
purified r14K. Uncertainties of the 6 AA measurement
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obtained with the 2 protocols were overlapping and
therefore the reported value for r14K concentration was
calculated across all 6 AAs and both sets of results.

METHOD CALIBRATION

Calibrators were prepared using the r14K spiked into
“blank” plasma. Double isotope dilution was used for
quantification by including the same amount of pure
synthetic stable isotope labeled (SIL) peptides in calibra-
tors and in plasma samples. Briefly, r14K was diluted
gravimetrically to 6 concentration levels for final calibra-
tor concentrations of 20 to 400 nmol/L and further

supplemented with SIL peptides at a final concentration
of 100 nmol/L (Fig.1B). All calibrator stocks and inter-
mediates were prepared fresh for each assay. The calibra-
tion curve was constructed using linear regression with
1/x weighting without including the blank or the origin.

DIGESTION PROTOCOL

Samples were prepared by combining 10 mL of plasma,
40 mL of 100 mmol/L ammonium bicarbonate and
20 mL of the SIL peptide working solution (Fig. 1B).
After denaturation in 0.5% (w/v) sodium deoxycholate,
samples were reduced with dithiothreitol, alkylated with

Fig. 1. Development and validation of a reference method for the quantification of apo(a) in plasma. (A) Outline of the method
development and validation. (B) Quantification strategy by targeted double isotope dilution LC-MS/MS outlining calibrators and
sample preparation. (C) Sequence of the human recombinant apo(a) calibrator. Candidate quantification peptides and their loca-
tions are shown. Gray highlight, final quantification peptides; no highlight, candidate peptides not meeting quantification
requirements.
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iodoacetamide, and digested with trypsin for 18 h at
37 �C. Digested samples were acidified with formic acid
to precipitate sodium deoxycholate and supernatants
were analyzed fresh in LC-MS/MS.

SELECTION OF PEPTIDES FOR QUANTIFICATION

Candidate peptides for quantification were identified us-
ing data independent analysis on trypsin digests of both
pure r14K and Lp(a) enriched samples (i.e., reconsti-
tuted pellet after apoB-100 precipitation from plasma
with 300 nmol/L Lp(a) concentration). From 18 pepti-
des reliably measured in data independent analysis, 6
candidate quantification peptides were selected based on
the following criteria: 1) not present in KIV-2 domain
of apo(a), 2) absence of AA susceptible to ex-vivo modi-
fications (methionine, cysteine, or terminal glutamic
acid or glutamine), 3) absence of homologous peptides
in the human proteome, and 4) absence of known
human genetic mutations (Fig. 1C).

LC-MS/MS METHOD

The LC-MS/MS analysis was performed on a Waters
Nano-Acquity UPLC system (Waters) coupled to a
Thermo ALTIS triple quadrupole mass spectrometer
with electrospray ionization (Thermo Fisher). For each
peptide and their SIL analogs, measured transitions
were summed and a ratio of the chromatographic peak
area of endogenous to SIL peptide was calculated in
Skyline (31). While Clinical and Laboratory Standards
Institute (CLSI) C62-A (32) recommends that clinical
LC-MS/MS methods use a single transition for quantifi-
cation with a second transition as qualifier, we averaged
at least 3 transitions for each peptide to increase the
robustness of the method. All initial data processing was
performed using Skyline, quantification was performed
in Excel.

METHOD DEVELOPMENT AND VALIDATION

Comparability of the digestion kinetics between r14K
and endogenous apo(a) was verified over an 18 h time-
course experiment with 3 individual plasma samples
with Lp(a) concentrations of 130, 150, and 590 nmol/L
and major apo(a) isoform sizes 30, 21, and 12 KIV re-
spectively, and with a 100 nmol/L r14K in “blank”
plasma (Supplemental Table 1). For each time-point,
samples were digested in triplicate and analyzed in
duplicate by LC-MS/MS (n¼ 6).

Limits of detection (LODs) were calculated as the
“blank” plasma response plus 2 standard deviations
(SD). The lower limits of quantification (LLOQs) were
estimated in several experiments with a maximum
allowable bias of 15% and a maximum allowable coeffi-
cient of variation (CV) of 20% at LLOQ (CLSI C62-A)
(33). Repeatability and intermediate precision were

assessed on 5 samples with concentrations (by ELISA)
ranging from 20.3 nmol/L to 590.5 nmol/L
(Supplemental Table 2), assayed in triplicate on 3 differ-
ent days, 1 week apart. Intra-day and inter-day CVs
were calculated.

PARALLELISM

Parallelism of responses between r14K and endogenous
apo(a) was assessed using a plasma with 150 nmol/L
Lp(a) determined by ELISA and a 3-step approach: 1)
standard additions of r14K to the plasma sample, 2) serial
dilutions of the same plasma sample with “blank” plasma,
and 3) preparation of a calibration curve using r14K in
“blank” plasma. Parallelism of the 3 regression lines was
assessed in 2 independent assays with freshly prepared
samples and calibrators by comparing the slopes and their
respective 95% confidence intervals (CI).

ASSESSMENT OF COMPARABILITY TO THE GOLD

STANDARD ELISA

In the absence of a reference method, and per JCTLM
recommendations, comparability of LC-MS/MS results
against the gold standard ELISA was evaluated on a set
of 64 individual well-characterized samples. The ELISA
was performed as previously reported (13) in duplicate,
on 6 different days, and the SD (n¼ 12) was calculated.
For the LC-MS/MS, 2 independent assays were
performed as described earlier and samples were digested
and injected once per each assay. Methods were com-
pared using weighted-Deming and Pearson least squares
regression models. Relative differences to ELISA were
evaluated using Bland-Altman difference plot.

Results

THE RECOMBINANT APO(A) AS A PRIMARY CALIBRATION

MATERIAL

A recombinant apo(a) was selected as calibrator because,
unlike proteotypic tryptic peptides, it could control
variability introduced by sample handling and enzy-
matic digestion (22, 23, 32). Migration of r14K on aga-
rose gel electrophoresis (9) confirmed that the protein
contained 14 KIV repeats (Supplemental Fig. 2). Purity
of the preparation was assessed by a combination of
orthogonal methods that all indicated purity of 95% or
better (Supplemental Fig. 3).

The concentration of r14K was determined at
NIST using the amino-acid analysis higher order refer-
ence method (Table 1). The 2 hydrolysis conditions
yielded indistinguishable results and were combined to
calculate r14K concentration. For each AA quantified,
CVs across the replicate measurements were below
1.5%, and between-AA CV was 3.8% across all assays.
Based on the overall data and using a molecular weight
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211,992.4 g/mol, a value of 5.00 6 0.15 mmol/L was
assigned to the r14K as a primary reference material.

METHOD DEVELOPMENT

In preliminary experiments, 6 candidate quantification
peptides were monitored in tryptic digests of r14K and
plasma samples, with at least 4 selected reaction moni-
toring transitions for each endogenous and SIL peptide
(Supplemental Table 3). Because the major require-
ments of the method were accuracy and robustness,
stringent criteria were chosen to select the suitable pepti-
des. Three of the 6 peptides, TTEY, GSFS, and LFLE,
displayed matrix interferences in all but a single transi-
tion for either endogenous or SIL peptide (not meeting
CLSI recommendations C62-A (33)) and demonstrated
instability under assay conditions (TTEY), or inade-
quate robustness (GSFS, LFLE) in the intermediate pre-
cision study (CV> 10% at LLOQ) and were excluded
from consideration. Three peptides, TPEN, TPAY, and
GISS, fulfilled CLSI criteria (C62-A) and were selected
for further evaluation (Table 2). Data for the excluded
peptides are provided in the Supplemental Materials.
Moreover, it was suggested that for peptide-based quan-
tification of proteins in LC-MS/MS, combining the
results of multiple peptides improves robustness and ac-
curacy of the assay (34, 35). The ultimate measure of
Lp(a) concentration was therefore the mean response of
the 3 selected peptides.

To ensure comparable digestion kinetics and to as-
sess the effect of apo(a) isoform size on digestion, time-
course experiments were performed. For the 3 peptides,
the ratio of endogenous to SIL peptide reached maxi-
mum at the first time-point (30 min) and the data did
not suggest any trend for overall changes (Supplemental
Figs. 4 and 5). Peptide response across the digestion

time-course after normalization to t¼ 18 h overlapped
at all time-points independent of apo(a) isoform for all
peptides (Supplemental Fig. 6) and no differences were
observed in the digestion time-course between samples,
thus confirming that the digestion of Lp(a) was robust
and that apo(a) isoform size did not affect digestion
kinetics.

PARALLELISM

To verify the suitability of r14K as calibrator, parallelism
of responses between r14K and endogenous apo(a) was
assessed. For TPEN, TPAY, and GISS individually, as
well as for their mean, linear regressions of the calibra-
tion curve (r14K only), the standard additions curve
(r14K added to endogenous apo(a)), and the serial dilu-
tions curve (endogenous apo(a) only) provided similar
slopes and intercepts (Fig. 2A–D, Supplemental Fig. 7).
The slopes and 95% CI for each individual peptide and
their mean were not notably different with overlapping
95%CI (Fig. 2E), confirming the suitability of r14K as
calibrator.

METHOD VALIDATION

Linearity, LOD, and LLOQ for the 3 final peptides
were determined from a serial dilution of r14K in
“blank” plasma in 3 separate assays. Linearity
(r2> 0.994) was determined from 10 nmol/L up to
400 nmol/L; LOD ranged from 4.9 to 10.4 nmol/L,
and LLOQ varied between 10 and 20 nmol/L
(Supplemental Table 4).

In the repeatability and intermediate precision as-
sessment (Table 3), the Grubbs test for outliers detected
2 outliers for TPEN at the lowest concentration. These
outliers were removed from the analysis. Technical repli-
cate imprecision at LLOQ (n¼ 3 injections) ranged

Table 1. Measurement of the concentration of the r14K recombinant apo(a) by amino-acid analysis. Hydrolysis 1, 130 �C
for 48 h; hydrolysis 2, 140 �C for 71 h.

Hydrolysis 1 Hydrolysis 2 Overall

Amino Acid Mean (g/L) % CV Mean (g/L) % CV Mean (g/L) % CV

Phe 1.10 0.72 1.11 1.20 1.11 1.00

Leu 1.11 1.80 1.06 1.70 1.09 3.20

Ile 1.14 1.90 1.06 1.50 1.10 3.90

Val 1.07 0.54 1.02 0.58 1.04 2.80

Ala 0.97 0.64 0.92 0.55 0.95 2.60

Pro 1.00 0.88 0.98 0.48 0.99 1.30

All combined 1.08 5.20 1.04 5.40 1.06 5.70

Conc. (mmol/L) 5.10 4.91 5.00

Phe, Phenylalanine; Leu, Leucine; Ile, Isoleucine; Val, Valine; Ala, Alanine; Pro, Proline.
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from 0.2% to 12.7% with a mean of 4.1%
(SD 6 3.2%) (Table 3). For each measured peptide,
intra-day imprecision (n¼ 9) was below 8% with a

mean of 3.9 6 1.6%, 4.0 6 1.5% and 3.9 6 1.5% re-
spectively (Table 3). Inter-day imprecision across con-
centrations did not exceed 8% for TPEN and TPAY,

Table 2. Characteristics and MS/MS parameters of the 3 quantification peptides selected for the Lp(a) LC-MS/MS method.

Short-
name

Full peptide
sequence Location

Retention
time window

(min)
Precursor
ion (m/z)

Normalized
Collision

energy (V)
Ion

type
Transition

(m/z)

TPAY TPAYYPNAGLIK KIV-4 16.5–19.5 654.35 22.5 y10 1109.6

y9 1038.6

y8 875.5

y7 712.4

TPEN TPENYPNAGLTR KIV-5 12.0–15.0 666.83 28.6 y10 1134.6

y8 891.5

y7 728.4

GISS GISSTTVTGR KIV-9 10.0–13.0 489.76 17.6 y8 808.4

y7 721.4

y5 533.3

y3 333.2

Fig. 2. Parallelism assessment of the recombinant r14K calibrator. (A–D) Plots of the linear regression curves of the ratio of the
endogenous to SIL peptide peak areas and the concentration for the 3 final quantification peptides and the 3-peptide mean.
Diamonds, the r14K calibration; circles, the standard addition of r14K to a sample; squares, the serial sample dilution.
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and 9% for GISS. The results were not found signifi-
cantly different for the 590.5 nmol/L sample when
measured directly or diluted (two-way ANOVA, a ¼
0.05), with similar CVs for all peptides. For the 3-pep-
tide mean, the intra-day imprecisions matched those of
individual peptides (<8%). However, the inter-day im-
precision was markedly improved over individual pepti-
des with no sample exceeding 5% (mean 3.2 6 1.2%).
In preliminary experiments, the method was evaluated
in another laboratory using a high-throughput normal-
flow LC-MS/MS. While intra-day and inter-day CVs
were higher, the results were very consistent across
platforms with inter-laboratory imprecision <10%
and mean bias between the 2 laboratories < 2%
(Supplemental Fig. 8, and Supplemental Tables 5 and 6).

METHOD COMPARISON TO THE ELISA GOLD STANDARD

Comparison of results obtained with the LC-MS/MS
method and the current gold standard ELISA (13) was
performed on a set of 64 well-characterized samples
with defined apo(a) isoforms. The secondary reference
material WHO/IFCC SRM-2B was additionally
evaluated. The value of 104.7 6 8.4 nmol/L (k¼ 2

uncertainty) determined by LC-MS/MS was in excellent
agreement with the assigned value of 107 nmol/L
(Supplemental Methods and Supplemental Table 7).
The calibration curves in the 2 assays comparing LC-
MS/MS and ELISA, repeated on different days, were in-
distinguishable (Supplemental Fig. 9). Results of the
64 samples showed a Pearson correlation r2¼ 0.958.
The weighted-Deming regression analysis demonstrated
agreement between the 2 methods with
y¼ 3.18[95%CI: 1.08-5.28] þ ELISA*0.98[95%CI:
0.94-1.02] (Fig. 3A). The Bland-Altman difference plot
(Fig. 3B) indicated minimal differences of LC-MS/MS
values compared to ELISA with a 1.7 nmol/L mean dif-
ference (2.5%) [1.96xSD limits of agreement �29.8
to 33.2 nmol/L].

Interestingly, the intercept of the Deming regres-
sion was in excellent agreement with the low, but
not negligible, concentration of Lp(a) in the “blank”
plasma (4.9 nmol/L). However, correction for the
“blank” plasma contribution to peak area of endogenous
peptides did not influence results of this comparison
(Supplemental Table 8). Correlation between the rela-
tive bias and the primary apo(a) isoform size expressed

Table 3. Repeatability and intermediate precision of the 3 final quantification peptides and the 3-peptide mean. The
mean CV per peptide was additionally calculated as an indicator or each peptide performances.

Intra-day imprecision %CV (n¼9) Inter-day imprecision %CV (n¼27)

Sample Day TPAY TPEN GISS 3-peptide mean TPAY TPEN GISS 3-peptide mean

S01 1 5.2% 3.9% 5.2% 6.8% 7.3% 4.8% 8.9% 5.0%

2 6.7% 6.2% 7.3% 7.7%

3 4.8% 4.0% 7.3% 6.3%

S02 1 4.6% 5.5% 3.5% 5.2% 7.1% 6.0% 5.2% 4.1%

2 6.4% 7.0% 4.3% 7.5%

3 7.4% 5.7% 4.7% 7.3%

S03 1 2.6% 2.7% 2.8% 5.5% 3.8% 4.1% 5.0% 3.1%

2 3.2% 4.8% 4.0% 5.9%

3 3.8% 5.0% 3.4% 5.5%

S05 1 2.3% 3.6% 2.2% 6.3% 3.0% 3.6% 2.5% 1.7%

2 2.7% 3.8% 2.4% 7.6%

3 2.7% 3.6% 2.9% 7.6%

S07 1 2.8% 2.0% 2.5% 4.6% 3.7% 1.8% 3.5% 2.2%

2 3.9% 1.8% 3.0% 5.4%

3 3.4% 1.8% 2.9% 5.0%

S07-Dil 1 3.0% 3.5% 4.2% 5.3% 3.5% 3.9% 4.8% 2.9%

2 2.4% 2.3% 4.0% 5.4%

3 2.4% 4.1% 3.5% 5.3%

Mean CV 3.9% 4.0% 3.9% 6.1% 4.7% 4.0% 5.0% 3.2%
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in number of KIV (y¼ 0.13x �0.4, r2¼ 0.003, N.S.)
indicated that the variation in KIV-2 number accounted
for at most 0.3% of the bias variation, confirming that
apo(a) size polymorphism did not affect the LC-MS/MS
results (Fig. 3C).

Discussion

With the renewed interest in Lp(a) as a causal risk factor
for cardiovascular disease, poor method accuracy and
lack of method standardization are the major obstacles
for the clinical implementation of Lp(a) measurements
(5, 10, 16, 36). The complexity of Lp(a) makes it
challenging to produce a primary reference material to
anchor Lp(a) concentrations to SI units. Because apo(a)
is the unique protein component of Lp(a) and its
quantification is at the basis of most immunochemical
measurements of Lp(a) in plasma, we used this approach
to develop an LC-MS/MS-based quantitative method
that would meet the requirements of a reference method
to be proposed as “candidate reference method” for the
standardization of Lp(a) assays.

Requirements of a higher order reference method
are defined by the JCTLM (25, 30) and the most im-
portant is direct traceability to the SI through an unbro-
ken chain of traceability, established through a suitable
calibration strategy. The method should additionally
provide equivalence of results between the calibration
and the endogenous measurements (i.e., parallelism)
and display high levels of accuracy and precision.
Double isotope dilution LC-MS/MS is a method of
choice for the absolute quantification of proteins using
proteolytic peptides as surrogate measurands (22). We
selected a recombinant apo(a) as the external primary
calibrator that was expressed in human HEK293 cells
providing glycosylation and folding patterns similar to

endogenous protein, a factor critical for the accuracy of
the method (37). We further combined it with SIL pep-
tides as internal standards, an approach that has demon-
strated both precision and accuracy (38, 39). Purity and
SI-traceable concentration of the recombinant apo(a)
calibrator further ensure traceability of the method (24),
in contrast to the calibrators of previously published
LC-MS/MS methods (40, 41).

Because of its complex, repetitive sequence with a
large number of homologous peptides throughout
the KIV domains and the variable number of KIV-2
repeats, apo(a) is a major challenge for LC-MS/MS.
Previously published methods (40, 41) selected different
tryptic peptides, and in particular a peptide
LFLEPTQADIALLK found in the protease-like domain
of apo(a). However, upon extensive validation on nano-
and normal-flow UPLC-MS/MS, this peptide demon-
strated lower precision. We therefore selected 3 other
peptides with better accuracy, precision, and robustness.

Using these peptides, we demonstrated excellent
parallelism between the recombinant apo(a) calibrator
and endogenous Lp(a)-associated apo(a), a key parame-
ter for accuracy (42). Our LC-MS/MS method
accurately measured the concentration of the WHO/
IFCC SRM-2B reference material for Lp(a) that was
value-assigned using isolated Lp(a) and amino-acid
analysis (43). Similarly, the results obtained by the LC-
MS/MS method on 64 clinical samples were in excellent
agreement with those obtained by the current gold stan-
dard ELISA (13). We additionally demonstrated that,
like this ELISA assay, results are not affected by the size
polymorphism of apo(a).

Finally, one important requirement defined by the
JCTLM for reference methods is the definition of mea-
surement uncertainties that are fit-for-purpose (25). It is
commonly accepted that the uncertainties associated to a

Fig. 3. Comparison of LC-MS/MS and ELISA methods. (A) Weighted Deming regression: [LC-MS/MS] ¼ 3.18(1.08-5.28) þ
[ELISA]*0.98(0.94–1.02). Dashed line, regression curve; solid black line, equivalence; gray shaded area, 95% CI. (B) Bland-
Altman plot of relative difference between LC-MS/MS and ELISA measurements. Short dashed lines, 95% CI; long dashed lines,
the recommended acceptable optimal bias limits. (C) Plot of relative difference between the LC-MS/MS and ELISA measurement
vs the size of dominant apo(a) isoform expressed in number of KIV (y¼ 0.13x�0.4, r2¼0.003, N.S., N¼ 64).
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reference method should be a third of the total allowable
error defined for routine assays (24). For Lp(a), defining
total allowable error is challenging because of the lack of
sound biological variability data to properly define analyti-
cal performance specifications (44). Nevertheless, current
guidelines from the European Federation of Clinical
Chemistry and Laboratory Medicine recommend a desir-
able 40.3% and an optimum 20.1% total allowable error
for Lp(a) routine assays (45). Based on these guidelines, a
suitable reference method should have uncertainties below
12%, or optimally below 7%. The 8.0% relative uncer-
tainty estimated for the WHO/IFCC SRM-2B using our
LC-MS/MS method is in-line with current recommenda-
tions. However, it is critical to note that this uncertainty
was calculated using models that do not account for all
sources of uncertainty (Supplemental Methods) and that a
thorough uncertainty budget calculation is needed.

Altogether, results demonstrate the suitability of
recombinant apo(a) as primary reference material for
the quantification of Lp(a) in plasma by LC-MS/MS.
The method we have developed additionally fulfills
quality requirements to be proposed as a candidate refer-
ence method for the standardization of Lp(a) assays.
However, a clearly defined measurand (i.e., the quantity
intended to be measured) is needed to set a new trace-
ability chain (24). The choice of a full-length protein as
primary calibrator, while it has notable advantages for
accuracy and robustness (22–24), represents a challenge
for the definition of the measurand because what consti-
tutes the calibrator and the quantity measured (i.e., pro-
teotypic peptides) differ. We opted for the mean of 3
peptides distributed across apo(a) sequence as a surro-
gate for the full-length apo(a). To ensure the high qual-
ity of the method and to confirm the validity of our
choice, we performed an extensive validation and found
that the use of the 3-peptide mean was robust across
samples and demonstrated comparability to the current
designated comparison method.

In summary, our method is directly traceable to SI
units, independent of Lp(a) isoform size and demon-
strates precision, robustness, and accuracy. These
characteristics, coupled with the excellent comparability
of results with the current gold standard ELISA, under-
score its potential for the standardization of Lp(a) assays.
This method will be transferred to a laboratory or
agency accredited by the International Organization for
Standardization to propose it as candidate reference
method to the JCTLM.

Supplemental Material

Supplemental material is available at Clinical Chemistry
online.
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