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Abstract

Objectives: An LC-MRM-MS-based Reference Measurement 
Procedure (RMP) with manual sample preparation for 
standardization of commercial Lp(a)/apo(a) test kits in molar 
units was previously developed by three calibration labo-
ratories of the IFCC Working Group on Apolipoprotein 
Standardization. Semi-automation of the sample prepara-
tion was introduced in the Leiden Apolipoprotein Reference 
Laboratory to improve the precision of the RMP. 
Methods: The RMP was adapted for semi-automation on an 
Agilent BRAVO Automated Liquid Handling Platform using 
VWorks software. Measurement of apo(a) is based on three 
proteotypic peptides and five serum calibrators traceable to 
the former WHO-IFCC reference material SRM2B, and is in-
dependent of the apo(a) size polymorphism. Concentration-
dependent performance criteria were established according 
to the EFLM Biological Variation Database, and precision 
was assessed per CLSI EP05-A3. 
Results: Compared to manual sample preparation, semi-
automation improved analytical precision, resulting in 
within-run imprecision estimates for quantifying peptide 
LFLEPTQADIALLK of 5.0, 4.7, and 4.5 % at 146.8, 197.4 and 
238.7 nmol/L, respectively. Furthermore, compared to the 
concentration-dependent maximum allowable uncertainty, 
and following correction for repeated measurements, 
the measurement uncertainty of the RMP was deemed

acceptable over the entire measurement range of apo(a)
(3.8–456.0 nmol/L).
Conclusions: Semi-automation improved the analytical 
precision of the RMP for the quantitation of apo(a), meeting
concentration-dependent analytical performance criteria 
and facilitating longitudinal accuracy of Lp(a)/apo(a) test
results produced by CE-IVD Lp(a)/apo(a) kits. With semi-
automation of the sample preparation, a more precise RMP
has been developed, making it easier to meet the maximum
allowable measurement uncertainty in the Lp(a)/apo(a)
calibration hierarchy.

Keywords: cardiovascular risk assessment; analytical vali-
dation; apolipoprotein; reference measurement procedure; 
automation

Introduction

The renaissance of Lipoprotein(a) (Lp(a)) and its character-
istic protein apolipoprotein(a) (apo(a)) as an independent
genetic risk factor for cardiovascular disease (CVD), and the
development of novel Lp(a)/apo(a)-targeting therapeutics 
require accurate medical tests. However, standardization of
apo(a) tests faces multiple hurdles, including the charac-
teristic Kringle-IV type 2 (K-IV 2) size-polymorphism, a large
physiological range and differing units of measurement [1].
In the late 1990’s and early 2000’s, the first WHO-IFCC
endorsed Reference Measurement System (RMS) for apo(a) 
was established [2], but its Reference Measurement Pro-
cedure (RMP) is no longer operational, and reference ma-
terial SRM2B is no longer available. Consequently, there is
need for a new, next-generation apo(a) RMS.

Recently, on behalf of the IFCC Working Group Apolipo-
proteins by Mass Spectrometry (IFCC WG-APO MS), Ruhaak
et al. described the analytical validation of a successor RMP
for the molar quantification of apo(a) in serum, in multiplex 
with six other apolipoproteins [3]. Apo(a) quantification by
this RMP is based on bottom-up proteomics, in which apo(a) is
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digested into several proteotypic peptides, separated using 
liquid-chromatography and quantified via multiple-reaction-
monitoring mass-spectrometry (LC-MRM-MS) [3]. Through 
selection of peptides outside the K-IV 2 region, the quantifica-
tion of apo(a) is size-polymorphism independent. This RMP 
will play a key role in the new RMS for apo(a). The RMS allows 
manufacturers of in vitro diagnostic (IVD) medical devices to 
standardize their apo(a) test kits, facilitates the transition to 
measurement of apo(a) in molar units, and enables the value 
assignment of trueness verifiers, such as those used in 
external quality assessment (EQA) schemes. As suitable 
higher-order matrix-based reference materials for apo(a) are 
no longer available, the MS-based RMP is used in conjunction 
with a value assigned secondary reference material traceable 
to former reference material SRM2B.

International Organization for Standardization (ISO) 
15193:2009 specifies the key elements for the analytical 
validation of an RMP intended for the standardization of CE-
marked IVD medical tests [4]. The analytical merits of the 
manual RMP for apo(a), as previously described, were in line 
with required performance [3]. Linearity was assessed ac-
cording to Clinical and Laboratory Standards Institute (CLSI) 
EP06 [5], and using quantifying peptide LFLEPTQADIALLK a 
linear range of 3.8–456.0 nmol/L with an allowable deviation 
of linearity (ADL) of 12 % was defined. Analytical selectivity 
was shown through interpeptide correlations (Pearson’s r) 
of 0.987 and 0.984, and the %CVs of the ion ratios were <20 % 

for quantifying apo(a) peptide LFLEPTQADIALLK, suggest-
ing the RMP is not prone to interferences. Carryover was 
<1 % for all apo(a) peptides and the limit of quantitation 
(LoQ), determined according to CLSI EP17-A2, was 3.8 nmol/ 
L. A method comparison between the manual MS-based RMP 
and the 2nd generation Roche Tina-quant LPA2 immuno-
turbidimetric assay (ITA), performed according to EP09-A3 
[6], reported a slope of 0.977 and a bias of −2.57 % for 
LFLEPTQADIALLK, indicating concordance between both 
methods and good performance of the manual MS-based 
RMP. More recently, transferability and reproducibility of 
the RMP for apo(a) were assessed by comparing the mea-
surement results of 12 clinical samples over three labora-
tories. The concentration-dependent reproducibility, or 
between-laboratory precision (CV bl ), may be described us-
ing the formula: CV bl =206.32x −0.899 [7].

To reduce the imprecision of the RMP, the sample 
preparation of the MS-based RMP has now been semi-
automated, justifying its position in the apo(a) calibration 
hierarchy as an RMP [8]. Importantly, analytical perfor-
mance specifications (APS), based on biological variation, 
were established to determine whether the RMP has 
acceptable analytical precision. As the biological variation of 
apo(a) is concentration-dependent [9], a concentration-

dependent expanded maximum allowable uncertainty 
(MAU) criterion was defined.

Building upon the original analytical validation of the 
manual RMP [3], we here present the analytical validation of 
the semi-automated RMP for apo(a). To complement the as-
pects of analytical validation already accomplished, a 
concentration-dependent precision profile was established, 
including an estimation of measurement uncertainty (MU), 
as well as values for the limit of blank (LoB) and limit of 
detection (LoD). Moreover, various matrices were investi-
gated, as well as SRM2B recovery. Last, a method comparison 
was conducted between the semi-automated MS-based RMP 
and the 2nd generation Roche Tina-quant LPA2 ITA.

Materials and methods

A detailed description of the materials and methods of the 
semi-automated RMP and its analytical validation is pro-
vided as Supplementary Material (Supplement 1). A sum-
mary of the materials and methods is provided below.

Semi-automated sample preparation

Sample preparation has been previously described [3], and is 
detailed in Supplement 1. With the exception of the addition 
of Lys-C, centrifugation and solid phase extraction (SPE), all 
steps were programmed and automated on a customized 
G5409/A BRAVO Automated Liquid-Handling Platform (Agi-
lent Technologies, Santa Clara, CA, USA). To provide deck 
position flexibility, the sample preparation procedure was 
divided into three protocols for semi-automation. All steps of 
the procedure were programmed in VWorks Automation 
Control Software, version 12-1-0-1295 (Agilent Technologies, 
Santa Clara, CA, USA). All pipetting steps were optimized for 
draw speed, sampling volume and ejection speed, to ensure 
accurate pipetting of various substances. Prior to and 
following sample transfer, samples were mixed by pipetting 
up and down. During incubation steps, plates were placed on 
the Teleshake 95, and closed by the heated lid. Rotation speed 
during incubations was 700 rpm.

Calibration and IQC

Calibration was performed through five single donor native 
human serum calibrators prepared according to CLSI C37-A 
and stored at −80 °C [9]. Apo(a) concentrations ranged from 

10.1 to 275.4 nmol/L. Given the absence of suitable higher-
order reference materials, traceability to former WHO-IFCC
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reference material SRM2B was preferred. As such, value 
assignment of the calibrators was performed according to 
ISO 17511:2020 [8], clause 5.5, with traceability to SRM2B to 
maintain its accuracy base. Calibrator isoform sizes, ranged 
from 17 to 36 K-IV 2 repeats. Two native human serum sam-
ples, also prepared according to CLSI C37-A and stored 
at −80 °C [9], were used for internal quality control (IQC). 
Results were compared to established target values derived 
from long-term precision data using modified Westgard 
rules [10].

Data evaluation

LC-MS/MS data was processed using Mass Hunter Worksta-
tion Quantitative/Qualitative Analysis software Version 10.0 
(Agilent Technologies, Santa Clara, CA, USA) and exported as 
comma-separated values (CSV) files. Further data analysis 
and statistical evaluation was performed using R (version 
4.4.0) in RStudio (RStudio Inc., Boston, MA, USA).

Analytical performance specifications

The APS of the RMP for the quantitation of apo(a) were based 
on the maximum allowable uncertainty at minimum perfor-
mance criteria. The MAU of apo(a) was based on the within-
subject variation (CV i ), which itself may be estimated using 
the formula: CV i =40.7x −0.31 , in which x is the concentration of 
apo(a) in nmol/L [11]. To reflect the MAU at minimum per-
formance criteria, the CV i was multiplied by 0.75. In addition, 
to reflect a 95 % CI, the MAU was expanded with coverage 
factor k=2. Last, half of the MAU was reserved for the RMP. 
This resulted in the final formula: MAU RMP =30.5x −0.31 .

Analytical validation

The analytical performance was evaluated for the following 
characteristics: recovery, intermediate precision and MU, 
LoB and LoD, as well as the influence of pre-analytical 
variation according to CLSI protocols. Last, a method com-
parison between the semi-automated MS-based RMP and the 
Roche Tina-quant LPA2 ITA (Roche, Mannheim, Germany) 
was performed.

Measurement precision

Precision profiles were established and evaluated for all 
apo(a) peptides, according to CLSI EP05-A3 [12]. In total, 18

samples were collected, with apo(a) concentrations ranging
from 6.5 to 377.3 nmol/L. Samples were each quantified in 20
runs (1 run per day) in duplicate, alongside two IQC samples
in triplicate, resulting in a 20 × 2 (or 20 × 3 for IQCs) design.
Precision profiles were established for each peptide based
on the CVs, and a power function-based model was fitted to 
the data.

Measurement uncertainty

MU was determined based on Joint Committee for Guides in
Metrology (JCGM) 100:2008 [13], using a bottom-up approach.
In the absence of suitable higher-order reference materials
for apo(a), ISO 17511:2020 was used as functional framework
[8]. The MU of the RMP for the quantification of apo(a) was 
calculated as follows: MU=%rU rw =k*CV r ; where %rU rw de-
notes the relative percent uncertainty of the RMP, which is
based on long-term precision under repeatability conditions,
and in which k is a coverage factor and CV r is the repeat-
ability (within-run precision) of the RMP [8]. Furthermore, to
improve the accuracy of value assignment, clinical samples
may be measured in replicate. Hence, the formula for MU
may be adjusted using the correction factor

̅̅

n
√ 

to:
MU adj = %rU rw = k* CV r̅n√ ; in which n represents the number of
repeated measurements of the clinical samples.

Method comparison

To establish whether the semi-automated MS-based RMP is
suitable for the global standardization of immunoassays, a
method comparison between the semi-automated MS-based
RMP and the 2nd generation Roche Tina-quant LPA2 ITA
(Roche, Mannheim, Germany) was performed according to 
CLSI EP09-A3 [6]. A total of 125 patient samples were included 
in duplicate, reflecting the analytical measurement range of
apo(a). Ordinary least squares (OLS) regressions were per-
formed to investigate the concordance of both methods for
each peptide.

Evaluation of the pre-analytical phase

The effects of pre-analytical variation were assessed in two
studies. First, to assess the effects of sample collection
matrices on the results of the RMP for apo(a), samples from a
previous study were analyzed retrospectively [14]. For 42
donors, six matrices were analyzed in duplicate (N=504). 
Absolute and percent bias of the alternative matrices, rela-
tive to the serum gel matrix, was calculated for all peptides.
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A repeated-measures ANOVA was performed, followed by a 
post-hoc Wilcoxon signed-rank test with Benjamini-
Hochberg correction to identify significant differences be-
tween the matrices. Second, peptide stability was assessed 
largely based on recommendations provided by Gomez-
Rioja et al. [15]. In total, 10 clinical serum samples (apo(a): 
22.2–218.0 nmol/L) were used. Storage conditions included 
48 h at RT, 7 days at 4 °C, or direct freezing at −80 °C. Stability 
conditions included 1 freeze/thaw (F/T) cycle, 3 F/T cycles, 5 F/ 
T cycles, and 7 F/T cycles. During a F/T cycle, samples were 
thawed at RT for 2 h, mixed by vortex, and subsequently 
refrozen at −80 °C for at least 22 h. Percent bias relative to 
the 1x F/T cycle was calculated and a repeated-measures 
ANOVA with Bonferroni correction was performed to 
determine the significance of the differences in concentra-
tion between F/T cycles and storage conditions.

Recovery

To assess recovery, WHO-IFCC reference material SRM2B 
was measured in duplicate, across 7 experiments (n=14). For 
each peptide measured, the mean concentration and stan-
dard error of the mean (SEM) were calculated, and a percent 
recovery was determined relative to the SRM2B target con-
centration of 107.1±8.6 nmol/L [2].

LoB and LoD

LoB was determined according to CLSI EP17-A2 using two 
types of matrices [16]. First, a delipidated serum, and second, 
two surrogate matrices comprising either a protein matrix 
containing 40 g/L albumin and 1.5 g/L IgG, prepared in PBS 
(n=30), or a commercial Albuman preparation containing 
40 g/L albumin (n=30) (Prothya Biosolutions, Amsterdam, 
Netherlands). Using non-parametric statistics, based on a 
total of N=60 measurements, the LoB was calculated at the 
95th percentile as the mean concentration at the 57th and 
58th ranked positions. The LoD was also determined ac-
cording to CLSI EP17-A2 [16], using five samples with a low 
apo(a) concentration. The LoD was determined using a 
parametric statistical approach by adding the LoB to the 
critical value multiplier for the 95th percentile of a normal 
distribution, multiplied by the pooled SD

Results

Results for quantifying apo(a) peptide LFLEPTQADIALLK are 
detailed in text, and shown in Table 1 and Figure 1. Results

for qualifying peptides GISSTVTGR and TPENYPNAGLTR are 
shown in Supplementary Figure 1 and 2, respectively.

Measurement precision

Concentration-dependent precision profiles were estab-
lished for each apo(a) peptide according to CLSI EP05-A3 [12]. 
For quantifying peptide LFLEPTQADIALLK, repeatability 
(within-run precision) may be estimated as CV r =14.522x −0.214 , 
between-run precision as CV br =16.987x −0.267 , and within-
laboratory precision as CV wl =23.722x −0.252 , in which x is the 
apo(a) concentration in nmol/L (Figure 1A–C). The dynamic 
MAU RMP is based on the formula: MAU RMP =30.5x −0.31 , and is 
visualized as a red dot-dashed line in Figure 1A–C. The dy-
namic MAU RMP lies within the 95 % CI of the within-
laboratory precision estimate for LFLEPTQADIALLK 
(Figure 1C). As such, the RMP has acceptable analytical per-
formance for the quantitation of apo(a) by quantifying 
peptide LFLEPTQADIALLK. Table 2 shows the precision es-
timates of the RMP at various apo(a) population 
percentiles [17].

Measurement uncertainty

Based on the precision study, the repeatability (within-run 
precision) of the RMP for quantifying peptide LFLEPTQA-
DIALLK is defined as: CV r =14.522x −0.214 (Figure 1A).
Combining the formulas for CV r and MU yields the formulas:
MU=%rU rw =29.044x −0.214 and MU adj = %rU rw = 29.044x −0.214̅ 

n
√ . To

conclude whether the RMP meets its predefined APS (the 
MAU RMP ) across the analytical measurement range of apo(a), 
the MU, MU adj and MAU RMP are plotted in Figure 2. Without 
correction for multiple testing, the MU of the RMP lies above
the MAU RMP at minimum performance criteria. However,
following correction by

̅

2 
√ 

for duplicate testing, theMU adj of
the RMP lies below the MAU RMP at concentrations below the
clinical cut-off, and following correction by

̅

3 
√ 

for triplicate
testing, the MU  adj of the RMP would theoretically lie below 

the MAU RMP at concentrations below 500 nmol/L.

Method comparison

A method comparison was performed between the semi-
automated MS-based RMP and the 2nd generation Roche Tina-
quant LPA2 ITA (Roche, Mannheim, Germany). Both methods 
express apo(a) in nmol/L. Interpeptide comparisons between 
quantifying peptide LFLEPTQADIALLK and qualifying pep-
tides GISSTVTGR and TPENYPNAGLTR yielded slopes of 1.066
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and 1.028 and Pearson’s r’s of 0.991 and 0.979, respectively, 
indicating good analytical selectivity (Figure 1G–J). Further-
more, when comparing the RMP and the ITA methods for 
quantifying apo(a) peptide LFLEPTQADIALLK, a slope of 1.185 
and a Pearson’s r of 0.985 were found (mean bias=6.0 %) 
(Figure 1D and E). As visualized in Figure 1D, immunoturbi-
dimetric tests using polyclonal antibodies show a slight de-
viation when compared to MS. With this lot, negative bias is 
observed at lower concentrations, while positive bias is 
observed at higher concentrations (Figure 1E). Furthermore, 
considerable scatter is observed over the entire measurement 
range of apo(a).

Evaluation of the pre-analytical phase 
(sample collection matrix)

A repeated-measures ANOVA, followed by a post-hoc Wil-
coxon signed-rank test confirmed significant matrix effects 
for all peptides. For quantifying peptide LFLEPTQADIALLK, 
a significant (p<0.001) negative bias of 13.2 % was observed in 
the sodium citrate matrix (3B), relative to the gold standard 
serum gel matrix (5B) (Figure 3A, D). This originates from the 
dilution effect of the liquid-phase citrate additive. Addi-
tionally, a significant (p<0.05) negative bias of 2.9 % was 
observed in the EDTA + PIC matrix (P100), while the other 
matrices showed performances similar to the gold standard 
serum gel matrix (5B) with non-significant biases of ± 1.2 %

(Figure 3A and D). Consequently, the RMP for the quantita-
tion of apo(a) is analytically validated for serum matrices,
either with or without gel. Comparable results may be ob-
tained for the LiHe (6B) and EDTA (7B) plasma matrices, but
these results cannot be guaranteed.

Evaluation of the pre-analytical phase 
(sample stability)

Protein stability was assessed based on 10 clinical serum
samples, each subjected to either 1, 3, 5, or 7 F/T cycles, and
storage at RT, 4 °C, or −80 °C. Mean concentrations of pep-
tides LFLEPTQADIALLK and GISSTVTGR decreased signifi-
cantly (p<0.05) following additional F/T cycles of fresh frozen 
samples (Figure 3B). Peptide TPENYPNAGLTR showed a
similar, but non-significant decrease between F/T cycles.
With regard to the various storage conditions, only quanti-
fying peptide LFLEPTQADIALLK showed a significant
(p<0.05) difference in mean concentrations between frozen 
samples and samples stored at RT or 4 °C (Figure 3C).

Recovery

The values assigned to the five native human serum cali-
brators are traceable to WHO-IFCC secondary reference
material SRM2B. Analyzing SRM2B using quantifying

Table : Summary of the results of the analytical validation of the MS-based RMP for the quantitation of apo(a).

Analytical performance 
characteristic

Methods, materials 
& conditions

Desired perfor-
mance criterion

Results

Measurement precision CLSI EP-A CV wl below the 
MAU RMP

For LFLEPTQADIALLK: within-laboratory precision may be estimated using: 
CV wl =.x −. . The dynamic MAU RMP falls inside of the  % CI of the CV wl of 
LFLEPTQADIALLK.

Measurement
uncertainty

JCGM : Below the MAU RMP For LFLEPTQADIALLK: an adjusted MU may be estimated using:
MU adj ¼ %rU rw ¼ :x 

�  : 
ffiffi 
n

p .
Method comparison CLSI EP-A r>. For LFLEPTQADIALLK: MS against nd generation Roche LPA ITA resulted in 

slope=. and Pearson’s r=., with a mean bias of . %.
Sample collection matrix 
evaluation

ANOVA with post-
hoc testing

No significant matrix-
related bias

LFLEPTQADIALLK concentration is significantly underestimated in sodium cit-
rate matrix (B) and EDTA + PIC matrix (P).

Sample stability Controlled storage   

conditions 
No significant stability 
loss

LFLEPTQADIALLK is significantly affected by F/T cycles, and is not stable during 
storage at RT or  °C.

Recovery SRMB-based 
recovery

Mean recovery of 
 %

For quantifying peptide LFLEPTQADIALLK: Recovery of . % compared to the 
certified SRMB value of .±. nmol/L

LoB CLSI EP-A th percentile of 
blank samples

The LoB of LFLEPTQADIALLK is . nmol/L in the Albuman group.

LoD CLSI EP-A LoB + . * pooled 
SD

The LoD of LFLEPTQADIALLK is . nmol/L.

CLSI, Clinical and Laboratory Standards Institute; CV wl , within-laboratory precision; MAU, maximum allowable uncertainty; CI, confidence interval; JCGM,
Joint Committee for Guides in Metrology; MU, measurement uncertainty; MU adj , adjusted measurement uncertainty; F/T, freeze/thaw; RT, room
temperature; LoB, limit of blank; LoD, limit of detection.
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Figure 1: Analytical validation of the MS-based RMP for the quantitation of apo(a). (A–C) Precision profiles for quantifying peptide LFLEPTQADIALLK, 
showing its repeatability (A), between-run (B), and within-laboratory precision (C). All precision types may be estimated over the entire analytical range 
using their respective dynamic power functions. The dynamic power functions are illustrated as a black line with dotted lines representing their 95 % CI. 
Last, the dynamic MAU RMP is illustrated with a red dot-dashed line. (D–E) Method comparison, illustrated by correlation and percent bias, between the 
MS-based RMP and the gold standard Roche Tina-quant LPA2 ITA (Roche, Mannheim, Germany). OLS regression with Pearson correlation (D), and 
corresponding Bland-Altman plots (E) in which the mean percent bias is indicated by a red dotted line. (F) Percent recovery of all peptides used for the 
quantitation of apo(a) in serum. The dashed line indicates 100 % recovery. (G–J) Interpeptide agreement of quantifying peptide LFLEPTQADIALLK vs. 
qualifying peptides GISSTTVTGR (G–H) and TPENYPNAGLTR (I–J), illustrated by linear regression (G and I) and percent bias (H and J). OLS, ordinary least 
squares; CI, confidence interval; ITA, immunoturbidimetric assay.
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peptide LFLEPTQADIALLK showed a (mean±SEM) result of 
107.1±2.0 nmol/L. Compared to the certified SRM2B target 
concentration of 107.1±8.6 nmol/L, this translates into a re-
covery of 100.0 % (Figure 1F). As such, there is no significant 
deviation from the target concentration, indicating adequate 
value transfer to the native human serum calibrators.

LoB and LoD

The LoB of apo(a) was calculated for various matrices. 
Quantifying peptide LFLEPTQADIALLK was determined to 
have an LoB of 0.73 nmol/L in the Albuman group, and an 
LoB of 1.07 nmol/L in the delipidated serum matrix. The 
delipidated serum matrix may have a higher LoB due to 
incomplete depletion of endogenous apo(a). Therefore, the 
Albuman matrix was considered to be the most suitable 
matrix for LoB evaluation. Last, the LoD of apo(a) was 
determined based on 51 replicate analyses of five samples 
with a low apo(a) concentration. For quantifying peptide 
LFLEPTQADIALLK, this resulted in an LoD of 1.7 nmol/L.

Discussion

With the inoperability of the 1st generation ELISA-based
apo(a) RMP and the unavailability of its associated reference
materials, there is a need for a new, next-generation apo(a)
RMS. In this context, we previously described the analytical 
validation of a manual IFCC-endorsed MS-based RMP for
the molar quantification of apo(a) in serum, in multiplex 
with six other apolipoproteins [3]. This successor RMP is 
well-suited for the standardization of IVD manufacturer’s
tests because of its K-IV 2 size-polymorphism and antibody-
independence, and does not require dilution of samples with
high apo(a) concentrations. The multiplex apo RMP employs
a bottom-up proteomics strategy combined with isotope-
dilution LC-MS. Specifically, samples are diluted, after which 
the internal standard is added immediately. Upon reduction
and alkylation, proteotypic peptides are formed through
proteolysis, and, following clean-up, quantified by LC-MS.
The main sources of imprecision we identified arise from
pipetting steps, the proteolytic digestion, and the actual

Table : Within-run precision (CV r ), between-run precision (CV br ) and within-laboratory precision (CV wl ) of the RMP for quantifying apo(a) peptide 
LFLEPTQADIALLK at various population percentiles.

Unit a Percentiles

.th th th th th th th th .th th

nmol/L . . . . . . . . . .
%CV r . . . . . . . . . .
%CV br . . . . . . . . . .
%CV wl . . . . . . . . . .

a Percentiles are based on Reijnders et al. [], as measured in our laboratory using the Designated Comparison Method []. CV r, within-run precision; CV br , 
between-run precision; CV wl , within-laboratory precision.

Figure 2: Maximum allowable uncertainty of 
the RMP (MAU RMP ; red), the measurement 
uncertainty of the RMP (MU; blue), and 
corrections that may be applied to the
measurement uncertainty of the RMP in case
of multiple testing (MU adj ; green (

̅

2 
√ 

), yellow
(

̅

3 
√ 

) and purple (
̅

6 
√ 

)). MAU RMP , maximum 

allowable uncertainty of the reference 
measurement procedure; MU, measurement
uncertainty; MU adj , adjusted measurement
uncertainty.
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measurement. Consequently, to further reduce the impre-
cision of the RMP, its sample preparation has now been semi-
automated.

The semi-automated RMP follows a robotized protocol, 
in which the pipetting steps are always performed in a 
similar manner, at the same speed, and with standardized 
waiting steps, reducing both within-run pipetting errors and 
between-run inter-operator variability and digestion varia-
tion. On the other hand, the semi-automated RMP uses a 
single pipette head for all pipetting steps, while the manual 
RMP uses multiple pipettes optimized for various volume 
ranges, which may improve pipetting precision. However, 
this does not seem to outweigh the precision gain of semi-
automation. Using the manual sample preparation proced-
ure, five native human serum samples with concentrations 
of 46.7, 8.0, 14.9, 238.3, and 343.6 nmol/L were measured and 
average within-run precision (CV r ) estimates were calcu-
lated: 7.3, 5.8, 8.8, 7.7, and 6.6 %, respectively [3]. For the semi-
automated sample preparation, repeatability may be esti-
mated as CV r =14.522x −0.214 , between-run precision as 
CV br =16.987x −0.267 , and within-laboratory precision as

CV wl =23.722x −0.252 . Using the within-run precision formula 
now defined for the semi-automated RMP, at the above 
mentioned concentrations, these samples would have CV r 
estimates of 6.4, 9.3, 8.1, 4.5, and 4.2 %, respectively. Thus, 
compared to its manual predecessor, the semi-automated 
successor RMP shows generally better within-run precision. 

Furthermore, for most measurands, the APS are defined 
as a fixed value, derived from the within-subject variability 
(CV i ). However, as the CV i of apo(a) is concentration-
dependent, we established a dynamic APS based on the 
MAU at minimum criteria (MAU RMP ) to determine whether 
the analytical performance of the RMP for the quantitation 
of apo(a) is acceptable: MAU RMP =30.5x −0.31 . Similarly, the MU 
of the RMP is also concentration-dependent, and may be

estimated as: MU adj = 29.044x −0.214 ̅

n
√ . To fulfill the predefined APS,

samples should be measured in at least triplicate, but pref-
erably more. Consequently, we intend to perform value 
assignment of prospective samples in triplicate over two 
runs (n=6). This should guarantee good analytical perfor-
mance for the quantitation of apo(a) at minimum criteria.

Figure 3: Evaluation of the pre-analytical phase of the MS-based RMP for the quantitation of apo(a). (A) Percent bias observed after quantitation of 
quantifying peptide LFLEPTQADIALLK in various matrices relative to the gold standard serum gel (5B). (B–C) Stability of LFLEPTQADIALLK, illustrated as 
percent bias observed following various F/T cycles (B), and under various storage conditions (C). (D) Outcome of the pre-analytical matrix evaluation, 
illustrated as a heatmap showing the significance of each matrix comparison (*<0.05, **<0.01, ***<0.001). F/T, freeze/thaw.
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The semi-automated RMP was calibrated using native 
human serum samples traceable to former reference mate-
rial SRM2B. Recoveries indicated accurate value transfer of 
SRM2B to the native human serum calibrators. The LoB and 
LoD of the RMP were determined to be 0.73 nmol/L and 
1.7 nmol/L, respectively. To maintain apo(a) stability, it is 
recommended to freeze samples at −80 °C for long-term 

storage, and to prevent multiple F/T cycles. The semi-
automated RMP was analytically validated using various 
matrices, based on which the use of serum matrices is rec-
ommended. Last, a method comparison between the semi-
automated MS-based RMP and a ITA was performed. Despite 
a considerable slope reflecting the calibration bias, the cor-
relation between both methods is very high. As such, the 
semi-automated RMP appears to be well-suited for the 
standardization of Lp(a)/apo(a) immunoassays.

Conclusions

Semi-automation had a positive impact on the analytical 
precision of the RMP for the molar quantitation of apo(a) in 
serum. The semi-automated RMP fulfills the preselected APS 
following adjustment for including multiple replicates. 
Semi-automation also led to a marked gain in efficiency, as 
evaluated through increased throughput and improved 
track-and-trace of samples, avoiding time delays during 
digestion, reduction and alkylation steps, and generally be-
ing less labor-intensive. Furthermore, by the introduction of 
semi-automation, maintaining traceability to former refer-
ence material SRM2B and reporting apo(a) in molar units, no 
absolute changes in apo(a) concentrations are expected as 
compared to the first-generation ELISA-based apo(a) RMS 
[19]. As such, the semi-automated RMP is considered suitable 
for comparison studies, and for the standardization and 
certification of IVD manufacturer’s immunoassays [20, 21]. 

In this context, an Lp(a)/apo(a) certification program 

has been developed at the Leiden Apolipoprotein Reference 
Laboratory (LARL) [22]. Participation of IVD manufacturers 
in this certification program is encouraged and strongly 
recommended to reduce inter-method variability and to 
realize the global standardization of Lp(a)/apo(a) test results, 
clinical decision limits and on-treatment targets. With the 
looming of Lp(a)/apo(a)-lowering therapies, standardized, 
molar quantification of apo(a) is crucial to accurately di-
agnose and monitor patients at increased risk of cardio-
vascular disease due to elevated Lp(a) levels.

Research ethics: Not applicable. 
Informed consent: Not applicable.

Author contributions: All authors have accepted re-
sponsibility for the entire content of this manuscript and
approved its submission.
Use of Large Language Models, AI and Machine Learning 
Tools: None declared.
Conflict of interest: Prof. dr. C.M. Cobbaert has/had leader-
ship roles: Chair of the IFCC Scientific Division. Past chair of
the IFCC WG on APO standardization. Head of the calibration
lab running the described apo(a) Reference Measurement
Procedure. Dr. L.R. Ruhaak has/had leadership roles: Chair of
the IFCC WG APO-MS. Member of the Leiden Apolipoprotein
Reference Laboratory, which runs the described apo(a)
Reference Measurement Procedure. All other authors state
no conflict of interest.
Research funding: None declared.
Data availability: The data that support the findings of this 
study are available from the corresponding author, N.J.M. 
van Neer, upon reasonable request.

References

1. Diederiks NM, van der Burgt YE, Ruhaak LR, Cobbaert CM. Developing 
an SI-traceable Lp(a) reference measurement system: a pilgrimage to 
selective and accurate apo(a) quantification. Crit Rev Clin Lab Sci 2023; 
60:483–501.

2. Dati F, Tate JR, Marcovina SM, Steinmetz A. First WHO/IFCC 
international reference reagent for Lipoprotein(a) for
immunoassay – Lp(a) SRM 2B. Clin Chem Lab Med 2004;42:670–6.

3. Ruhaak LR, Romijn FP, Begcevic Brkovic I, Kuklenyik Z, Dittrich J, 
Ceglarek U, et al. Development of an LC-MRM-MS-based candidate 
reference measurement procedure for standardization of serum 

apolipoprotein (a) tests. Clin Chem 2023;69:251–61.
4. International Organization for Standardization. In vitro

diagnostic medical devices – measurement of quantities in 
samples of biological origin – requirements for content and 
presentation of reference measurement procedures. ISO 15193: 
2009. Geneva: ISO; 2009. Available from: https://www.iso.org/ 
standard/42021.html.

5. Clinical and Laboratory Standards Institute. Evaluation of linearity of 
quantitative measurement procedures. CLSI EP06. Wayne, PA: CLSI; 
2020. Available from: https://clsi.org/shop/standards/ep06/.

6. Clinical and Laboratory Standards Institute. Measurement procedure 
comparison and bias estimation using patient samples. CLSI EP09c. 
Wayne, PA: CLSI; 2018. Available from: https://clsi.org/shop/standards/ 
ep09/.

7. Ruhaak LR, Kuklenyik Z, Dittrich J, Dantuma E, Romijn FP,
Diederiks NM, et al. Transferability and between laboratory precision of 
an LC-MS/MS based reference measurement procedure for 
apolipoproteins. Clin Chem [Submitted].

8. International Organization for Standardization. In vitro diagnostic 
medical devices — requirements for establishing metrological 
traceability of values assigned to calibrators, trueness control materials 
and human samples. ISO 17511:2020. Geneva: ISO; 2020. Available 
from: https://www.iso.org/standard/69984.html.

van Neer et al.: Analytical validation of an RMP for apo(a) 1955

https://www.iso.org/standard/42021.html
https://www.iso.org/standard/42021.html
https://clsi.org/shop/standards/ep06/
https://clsi.org/shop/standards/ep09/
https://clsi.org/shop/standards/ep09/
https://www.iso.org/standard/69984.html


9. Clinical and Laboratory Standards Institute. Preparation and validation of 
commutable frozen human serum pools as secondary reference materials 
for cholesterol measurement procedures. CLSI C37-A. Wayne, PA: CLSI; 
1999. Available from https://clsi.org/shop/standards/c37/.

10. Reijnders E, Romijn FP, Arslan F, Georges JJ, Pieterse MM, Schipper ER, 
et al. Quality assurance for multiplex quantitative clinical chemistry 
proteomics in large clinical trials. J Appl Lab Med 2024;9:949–63.

11. Cobbaert CM, Arentsen JC, Mulder P, Hoogerbrugge N, Lindemans J. 
Significance of various parameters derived from biological variability of 
lipoprotein(a), homocysteine, cysteine, and total antioxidant status. 
Clin Chem 1997;43:1958–64.

12. Clinical and Laboratory Standards Institute. Evaluation of precision of 
quantitative measurement procedures. CLSI EP05-A3. Wayne, PA: CLSI; 
2014. Available from: https://clsi.org/shop/standards/ep05-plus/.

13. Joint Committee for Guides in Metrology. Evaluation of measurement 
data – guide to the expression of uncertainty in measurement. JCGM 

100:2008(E). Sèvres: JCGM; 2008. Available from: https://www.bipm. 
org/documents/20126/2071204/JCGM_100_2008_E.pdf.

14. Smit NP, Romijn FP, van Ham VJ, Reijnders E, Cobbaert CM, Ruhaak LR. 
Quantitative protein mass-spectrometry requires a standardized pre-
analytical phase. Clin Chem Lab Med 2022;61:55–66.

15. Gomez-Rioja R, Von Meyer A, Cornes M, Costelloe S, Vermeersch P, 
Simundic AM, et al. Recommendation for the design of stability studies 
on clinical specimens. Clin Chem Lab Med 2023;61:1708–18.

16. Clinical and Laboratory Standards Institute. Evaluation of detection 
capability for clinical laboratory measurement procedures. CLSI EP17-
A2. Wayne, PA: CLSI; 2012. Available from: https://clsi.org/shop/ 
standards/ep17/.

17. Reijnders E. Apo-calypse now: apolipoprotein profiling to reduce 
residual cardiovascular disease [Ph.D. thesis]. Leiden, Netherlands: 
Leiden University Medical Center; 2025. Chapter 5, Supplemental 
information, Table S5.

18. Diederiks NM, Ruhaak LR, Romijn FPHTM, Pieterse MM, Smit NPM, 
Cobbaert CM. An LC-MS-based designated comparison method with 
similar performance to the Lp(a) reference measurement procedure to 
guide molar Lp(a) standardization. Clin Prot 2024;21:5.

19. Marcovina SM, Albers JJ, Gabel B, Koschinsky ML, Gaur VP. Effect of the 
number of apolipoprotein(a) kringle 4 domains on immunochemical 
measurements of Lipoprotein(a). Clin Chem 1995;41:246–55.

20. Miida R, Hirayama S, Fukushima Y, Hori A, Ito S, Hinata M, et al. 
Harmonization of Lipoprotein(a) immunoassays using a serum panel 
value assigned with the IFCC-endorsed mass spectrometry-based 
reference measurement procedure as a first step towards 
apolipoprotein standardization. J Atheroscler Thromb 2025;32:580–95. 

21. Dikaios I, Althaus H, Angles-Cano E, Ceglarek U, Coassin S,
Cobbaert CM, et al. Commutability assessment of candidate reference 
materials for Lipoprotein(a) by comparison of a MS-based candidate 
reference measurement procedure with immunoassays. Clin Chem 

2023;69:262–72.
22. Cobbaert CM, van Neer NJ, Diederiks NM, Leijnse EJ, Ruhaak LR. On the 

cusp of global lipoprotein(a) standardization. Clin Chem Lab Med 2026; 
64:1064–73.

Supplementary Material: This article contains supplementary material 
(https://doi.org/10.1515/cclm-2026-0130).

1956 van Neer et al.: Analytical validation of an RMP for apo(a)

https://clsi.org/shop/standards/c37/
https://clsi.org/shop/standards/ep05-plus/
https://www.bipm.org/documents/20126/2071204/JCGM_100_2008_E.pdf
https://www.bipm.org/documents/20126/2071204/JCGM_100_2008_E.pdf
https://clsi.org/shop/standards/ep17/
https://clsi.org/shop/standards/ep17/
https://doi.org/10.1515/cclm-2026-0130

	Analytical validation of an IFCC-endorsed mass spectrometry-based semi-automated reference measurement procedure for global standardization of serum apolipoprotein(a)
	Introduction
	Materials and methods
	Semi-automated sample preparation
	Calibration and IQC
	Data evaluation
	Analytical performance specifications
	Analytical validation
	Measurement precision
	Measurement uncertainty
	Method comparison
	Evaluation of the pre-analytical phase
	Recovery
	LoB and LoD

	Results
	Measurement precision
	Measurement uncertainty
	Method comparison
	Evaluation of the pre-analytical phase (sample collection matrix)
	Evaluation of the pre-analytical phase (sample stability)
	Recovery
	LoB and LoD

	Discussion
	Conclusions
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Euroscale Coated v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.7
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 35
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1000
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.10000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /DEU <>
    /ENU ()
    /ENN ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName (ISO Coated v2 \(ECI\))
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName <FEFF005B0048006F006800650020004100750066006C00F600730075006E0067005D>
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 8.503940
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /UseName
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.276 841.890]
>> setpagedevice


