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a unique hydrophilic, highly glycosylated protein referred 
to as apo(a), covalently attached to apoB-100 by a single 
disulfi de bridge, differentiates Lp(a) from LDL ( 1, 2 ). 
Apo(a) is part of the plasminogen gene superfamily, and 
its presence imparts distinctive synthetic and catabolic prop-
erties to Lp(a) along with a marked size heterogeneity ( 3 ). 

 Treatment of purifi ed Lp(a) with a reducing agent dis-
sociates apo(a) from the particle yielding a lipoprotein 
particle that is similar to LDL in physical and chemical 
properties. However, Lp(a) particles have been reported 
to associate noncovalently with triglyceride-rich lipopro-
teins in hypertriglyceridemic individuals or after a fatty 
meal ( 4 ). This association may result in overestimation of 
Lp(a) measured by ELISA methods based on the apo(a) 
capture/apoB detection approach. 

 Apo(a), shares a high amino acid sequence homology 
to several regions of the serine protease zymogen plasmin-
ogen, including the protease domain, and the so-called 
kringle 4 (K4) and 5 domains, which are tri-loop polypep-
tides stabilized by three internal disulfi de bridges. Apo(a) 
is thus formed by an inactive carboxy-terminal protease-
like domain and by a kringle 5 domain, both of which ex-
hibit  � 85% homology with plasminogen, and multiple 
copies of the plasminogen-like K4 domain (  Fig. 1  ).  Based 
on amino acid sequence differences, the K4 domain of 
apo(a) is divided into 10 similar but distinct K4 types (1 
through 10), having 75% to 85% amino acid homology 
with the K4 of plasminogen ( 5, 6 ). Each of the K4 types, 
except K4 type 2, is present as a single copy, whereas the 
identical K4 type 2 repeats vary from a minimum of 3 to as 
many as 40 ( 3, 7 ). As a consequence, apo(a) has the unique 
characteristic of being highly polymorphic in size, and the 
variable numbers of the K4 type 2 domains are primarily 
responsible for the size heterogeneity of Lp(a). Apo(a) is 
also heterogeneous in its glycosylation, which occurs both 
within the core of K4 motifs and within the linker sequences 
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 Lp(a) STRUCTURAL CHARACTERISTICS AND 
THEIR IMPACT ON Lp(a) MEASUREMENT 

 Lipoprotein (a) [Lp(a)], is the most complex and poly-
morphic of the lipoprotein particles. Despite more than 
50 years of intense research that has elucidated many as-
pects of Lp(a)’s structure and biochemistry, its physio-
logical and pathological roles are still poorly understood. 
Lp(a) is composed of a lipoprotein particle quite similar in 
protein and lipid composition to LDL, containing one mol-
ecule of apoB wrapped around a particle that has primarily a 
core of cholesteryl ester and triglyceride with phospholipids 
and unesterifi ed cholesterol at its surface. The presence of 
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samples with that generated by a standard containing a 
known concentration of the analyte. For an assay to be ac-
curate,  1 ) the antibody needs to be specifi c for the analyte 
being measured,  2 ) the analyte being measured in the 
sample should have the same structural characteristics 
as the analyte in the assay calibrator to achieve the same 
degree of immunoreactivity per particle,  3 ) an accuracy-
based target value should be assigned to the assay calibra-
tors using an appropriate reference material to guarantee 
consistency and comparability of results, and  4 ) common 
protocols should be available for transferring an accurate 
value from the reference material to the assay calibrators 
and to verify that accurate results are obtained on test 
samples. 

 Considering the intra- and interindividual high degree 
of size variation in apo(a) due to the variable number of 
K4 type 2 repeats, it is practically impossible to select assay 
calibrators with the same apo(a) size present in individual 
samples to be analyzed. Because a greater number of anti-
bodies directed to K4 type 2 will react with the larger than 
the smaller Lp(a) particles, Lp(a) molecules in the sam-
ples larger than those in the calibrator will give a higher 
signal than that of the calibrator, resulting in overestima-
tion of Lp(a) values. In contrast, in the samples with Lp(a) 
molecules smaller than those in the calibrator, Lp(a) val-
ues will be underestimated. Therefore, the mass of the 
measured particles will not refl ect the number of Lp(a) 
particles. Furthermore, the degree of inaccuracy in the 
samples will vary depending on the choice of the apo(a) 
sizes in the assay calibrators, their lot-to-lot changes, and 
the different approaches taken to assign their target value. 
Considering that calibrators of turbidimetric and immu-
nonephelometric assays are usually selected to have high 
Lp(a) levels, the isoforms present in the calibrators may be 
predominantly constituted by small apo(a) sizes with the 
consequence that the majority of samples will have apo(a) 
isoforms larger than those in the calibrator resulting in 
overestimation of Lp(a) values. 

 The different approaches taken to assign the target 
value to the assay calibrators and to express the Lp(a) val-
ues are other major factors contributing to Lp(a) method 
inaccuracy and to the lack of comparability of values ob-
tained by commercially available methods. In the early 
1970s, the fi rst immunochemical methods developed to 
measure Lp(a) concentrations were based on antibodies 
generated using purifi ed Lp(a), and the values assigned to 
the calibrators and consequently to the samples were ex-
pressed in milligrams per deciliter   of the total lipoprotein 
mass obtained by summation of the major components of 
Lp(a) preparations purifi ed from plasma ( 9, 10 ). The ma-
jority of the assays subsequently developed expressed 
Lp(a) values in milligrams per deciliter of the total lipo-
protein particle even though no common approaches 
were followed by manufacturers or research laboratories 
to assign the target values to the assay calibrators. Even 
though using modern immunoassays, Lp(a) levels are 
measured using antibodies specifi c to apo(a), the distinct 
protein component of Lp(a), many commercial methods 
and research laboratories continue to use standards with 

that join individual kringles ( 8 ), thus additionally contrib-
uting to the size heterogeneity of Lp(a). 

 A variety of immunochemical methods, such as ELISA, 
nephelometry, immunoturbidimetry, and dissociation-
enhanced lanthanide fl uorescent immunoassay, are used 
to measure Lp(a) in human plasma or sera. The peculiar 
structural characteristics of Lp(a), including the high de-
gree of size heterogeneity, the covalent association of 
apo(a) with apoB in the Lp(a) macromolecular complex, 
and the high sequence homology between apo(a) and 
plasminogen, constitute a signifi cant challenge to the de-
velopment of suitable immunoassays for the accurate mea-
surement of Lp(a). The fi rst hurdle is to develop suitable 
antibodies that are specifi c for apo(a) in the Lp(a) mo-
lecular complex. One possible approach is to make anti-
bodies against purifi ed apo(a), obtained by dissociating it 
from Lp(a) with a reducing agent. However, antibodies 
against apo(a) prepared in this manner generally react 
poorly with apo(a) in Lp(a), presumably because the re-
ducing agent not only cleaves the disulfi de bond between 
apoB and apo(a), but also cleaves the three intrachain di-
sulfi de bonds in each of the kringle domains, contributing 
to altered apo(a) conformation and to changes in its im-
munoreactivity. An alternate approach is to raise antibod-
ies against purifi ed Lp(a). Polyclonal antibodies produced 
by this approach would require absorptive removal of anti-
bodies reacting with apoB and plasminogen. Similarly, 
monoclonal antibodies (MAbs) made against Lp(a) need 
to be selected for antigenic determinants specifi c for 
apo(a) and therefore not present in plasminogen or apoB. 

 To correctly frame the issues related to the measure-
ment of Lp(a), it is appropriate to provide some basic in-
formation on the use of immunoassays to measure the 
concentration of different proteins in human samples. 
Measurements by immunoassay are based on the antibody-
antigen reaction whereby the measurement of a signal is 
generated by the formation of the antigen-antibody com-
plex. A value is obtained by comparison of the signal in 

  Fig. 1.  Schematic representation of apo(a). Based on amino acid 
sequence differences, the plasminogen-like K4 domain of apo(a) is 
formed by 10 distinct K4 types. K4 type 1 and types 3 to 10, are pres-
ent as a single copy, whereas the K4 type 2 is present in a variable 
number of identical copies ranging from 3 to >40. In the fi gure 
insert is the complete amino acid sequence of K4 type 2.   
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mass and the relative concentration of each of the compo-
nents would be different from that in the assay calibrators 
or in the test samples. 

 Additionally, the weight ratio of the protein mass of 
apo(a) to apoB in Lp(a) varies widely depending on the 
size of apo(a). For example, an Lp(a) containing 15 
apo(a) K4 units has an apo(a)/apoB weight ratio of 0.44, 
whereas an Lp(a) containing 32 apo(a) K4 units has a 
weight ratio of 0.85. Thus, it is not possible for the primary 
standard, secondary reference material, assay calibrators, 
and human samples to have the same Lp(a) composition. 
Another major point to consider is that there are no other 
lipoproteins where the values are expressed in total mass, 
but instead the values are expressed either in milligrams 
per deciliter or in SI units on the basis of which lipopro-
tein component is directly measured, being it a specifi c 
protein or a specifi c lipid. 

 IMPACT OF apo(a) SIZE HETEROGENEITY ON THE 
ACCURACY OF Lp(a) MEASUREMENTS 

 To evaluate the contribution of the apo(a) size poly-
morphism on the inaccuracy of Lp(a) measurements, a 
variety of MAbs were generated in our laboratory, selected, 
and carefully characterized for their apo(a) domain speci-
fi city, high affi nity, and immunochemical properties ( 12 ). 
Using an ELISA sandwich format, an MAb (MAb a-6) was 
selected to be coated on the ELISA plate wells. The epi-
tope recognized by this antibody is located in apo(a) K4 
type 2. As depicted in  Fig. 1 , the K4 type 2 is present in a 
variable number of identical repeats, and the selection of 
this MAb was made to achieve the capture of all Lp(a) par-
ticles present in the plasma samples. To mimic the immu-
nochemical properties of polyclonal antibodies, MAb a-5, 
directed to an epitope present in both K4 type 1 and 2 
( Fig. 1 ), was selected as the detecting antibody in one 
ELISA format. MAb a-40, specifi c for a unique apo(a) epi-
tope located in K4 type 9 ( Fig. 1 ), was selected as the de-
tecting antibody in a second ELISA format ( 12 ). 

 We have demonstrated that Lp(a) contains 1 mol of 
apo(a) and 1 mol of apoB ( 13 ), and therefore, we deter-
mined by amino acid analysis the protein concentration of 
an Lp(a) preparation isolated from human plasma con-
taining an apo(a) with 21 K4 motifs. This purifi ed Lp(a) 
was then used as a primary standard. To circumvent the 
problems of the apo(a) size variability, the Lp(a) protein 
concentration was calculated and expressed in nanomoles 
per liter, thus refl ecting the number of Lp(a) particles. 
The value obtained in the primary standard was then 
transferred to the assay calibrator. This value transfer is 
performed by using the primary standard to calibrate the 
assay and by performing multiple analyses of the calibrator 
over a period of several days. The mean of the values con-
stitutes the assigned value of the assay calibrator. A fi nal 
check of the accuracy of the value transfer is performed by 
calibrating the assay with the calibrator material and by 
analyzing multiple times the primary standard. The value 
transfer is considered accurate if the mean value obtained 

values assigned in milligrams per deciliter or grams per li-
ter of the total mass of Lp(a) using different and poorly 
defi ned “master calibrators.” However, it is not possible to 
accurately determine the total mass of the heterogeneous 
Lp(a) particle because it requires the quantifi cation of all 
the independent Lp(a) constituents, not only the protein 
but also the multiple lipid and carbohydrate components. 
Even if all the Lp(a) components could be accurately mea-
sured and the summation value of the components trans-
ferred to assay calibrators, the value would not be accurate 
because most individuals express two forms of Lp(a) that 
differ in apo(a) size, Lp(a) mass, and composition. The 
major lipid components include triglycerides, phospho-
lipids, and cholesteryl esters with each containing numerous 
fatty acid species that vary in molecular mass   due to differ-
ences in chain length and the degree of saturation. Lp(a) 
also contains variable types and amounts of sphingolipids 
and other fat-soluble molecules. The carbohydrate com-
ponent of Lp(a) is also quite variable. Thus, the Lp(a) 
mass cannot be accurately computed from its constituent 
components because of inaccuracies in the determination 
of the mass of the major components and the failure to 
measure all components. 

 Lp(a) mass can also be estimated by physical chemical 
methods such as sedimentation and fl otation equilibrium 
( 11 ). Unfortunately, estimation of purifi ed Lp(a) mass by 
physical chemical methods requires a number of assump-
tions and approximations that contribute to inaccuracy in 
the molecular mass estimations of the Lp(a) macromolec-
ular complex. Another approach that has been followed 
is to fi rst determine the mass of the protein components 
of Lp(a), apo(a), and apoB and then assume that the 
nonprotein components of Lp(a) are similar to that of 
LDL. Although the apoB component of Lp(a) presum-
ably contains carbohydrate similar to that of LDL, the 
apo(a) component contains a considerable amount of ad-
ditional carbohydrate, and the amount varies with the size 
of apo(a). Furthermore, no rigorous studies have been 
performed to evaluate to what extent LDL and Lp(a) may 
also differ in the highly heterogeneous and variable lipid 
component. Computation of the mass of Lp(a) requires an 
accurate quantifi cation of each of the different lipid, pro-
tein, and carbohydrate components of Lp(a). Highly spe-
cialized analytical approaches, each with its own margin of 
error, are required to quantify the different Lp(a) constit-
uents. As a result, computation of the mass of Lp(a) is 
fraught with errors. Also, using conventional purifi cation 
procedures, the amount of Lp(a) recovered from plasma 
is usually only  � 30% of the Lp(a) initially present. There-
fore, the composition of the Lp(a) particles isolated by 
these procedures may not be representative of the total 
Lp(a) particles in plasma, and the relative proportion of 
the two Lp(a) species present in plasma of heterozygous 
individuals may not be the same as that in the purifi ed 
Lp(a) preparation. Detailed physical/chemical analyses of 
Lp(a) mass purifi ed by more advanced approaches such as 
immunoaffi nity purifi cation are not yet available. In any 
case, for analytical purposes, even if Lp(a) mass could be 
accurately determined in a primary standard, the Lp(a) 
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high correlation and excellent agreement of absolute 
values with an ultraperformance liquid chromatography/
mass spectrometry method ( 16 ), again confi rming that us-
ing calibrator values traceable to a common reference ma-
terial, comparable Lp(a) values can be obtained by different 
methods not affected by apo(a) size variation. 

 EFFECT OF ASSAY INACCURACY ON THE 
INTERPRETATION OF CLINICAL DATA 

 To directly evaluate the impact that method inaccuracy 
may have on the classifi cation of patients at high risk for 
CVD based on their Lp(a) levels, we used results of analy-
ses performed on the Framingham offspring cohort dur-
ing the fi fth cycle ( 17 ). Lp(a) levels and apo(a) isoforms 
were determined in our laboratory on 2,940 samples. 
Lp(a) levels were also determined in another laboratory 
by a commercially available turbidimetric method on 
2,556 samples. Individuals with Lp(a) values above the 75 
percentile of the Framingham cohort were considered 
at an increased risk for CVD. The turbidimetric assay as 
compared with results obtained by the reference ELISA 
method misclassifi ed 136 individuals as being at increased 
risk for CVD (false positive) and 23 individuals as being 
not at risk (false negative). All the false-positive results ob-
tained by the turbidimetric assay were explained by overes-
timation of Lp(a) values based on the predominant apo(a) 
size in the sample ( 17 ). These fi ndings are consistent with 
the fact that the size of apo(a) in the calibrator was quite 
small and most samples in this population had apo(a) 
sizes larger than the apo(a) in the calibrator. The few 
false-negative results by this assay were explained by the 
relatively few samples with apo(a) smaller than the apo(a) 
in the calibrator. 

on the primary standard is within 2% of the expected 
value. Samples used in this study were selected from sub-
jects who demonstrated a single apo(a) isoform by a high-
resolution phenotype system ( 14 ). We have shown that the 
log of the number of apo(a) K4-encoding sequences in 
the apo(a) gene are linearly related to the relative mobility 
of the apo(a) isoforms on agarose gel, providing the basis 
for a standardized isoform nomenclature where each iso-
form is defi ned by its number of K4 domains ( 15 ). 

 The selected 723 samples were analyzed in parallel with 
the same ELISA conditions using the two different detect-
ing MAbs ( 12 ). The average bias between the a-5 MAb and 
a-40 MAb formats was highly correlated with the number 
of apo(a) K4 domains in the sample. Thus, Lp(a) values 
measured using MAb a-5, which mimics the immuno-
chemical reactivity of a polyclonal antibody, were higher 
than those using MAb a-40 in samples containing >21 K4 
units and were lower in samples containing <21 K4 units 
(  Fig. 2  ).  For example, by using MAb a-5, Lp(a) values in 
samples containing 18 K4 were underestimated by 10%, 
whereas the values were overestimated by  � 20% in sam-
ples containing 25 K4 as compared with the values ob-
tained by MAb a-40. The results of this experiment clearly 
show that the apo(a) size heterogeneity has a signifi cant 
impact on the accuracy of the measurement of Lp(a). 

 The 723 samples were also analyzed by the same ELISA 
conditions, but using a polyclonal antibody against apoB 
as detecting antibody ( 12 ). Very similar Lp(a) values, re-
gardless of apo(a) size, were obtained by using either MAb 
a-40 or the polyclonal antibody directed against apoB as 
detecting antibody ( Fig. 2 ). These results clearly indicate 
that harmonization of Lp(a) values can be achieved using 
a common calibrator and antibodies unaffected by the size 
polymorphism of apo(a). More recently, Lp(a) values ob-
tained by the MAb a-40 ELISA method on 80 samples span-
ning a large range of levels and apo(a) isoform size showed 

  Fig. 2.  Comparison of Lp(a) values obtained by ELISA using the same MAb (a-6) to capture Lp(a) in the 
samples and different detecting MAbs (a-5 and a-40) and a polyclonal antibody to B-100. Mean Lp(a) levels 
obtained by each detecting antibody were compared as a function of the predominantly expressed apo(a) 
isoform size.   
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procedures ( 23 ). The molar concentration of apo(a) and 
apoB in the two preparations was determined by amino 
acid analysis performed in duplicate for each preparation. 
The apoB amino acid composition was constant, but 
because the amino acid composition of apo(a) varied by 
size, a single apo(a) isoform of a known size was required 
to compute the amino acid composition of apo(a). The 
amino acid composition of Lp(a) derived from the amino 
acid analysis was compared with the combined expected 
amino acid composition derived from apo(a) and apoB 
sequence data obtained from the Protein Information Re-
source database. A very low average bias was observed be-
tween the expected molar percentage for each amino acid 
and that observed by amino acid analysis. We can reason-
ably state that an accurate absolute mass of the Lp(a) pro-
tein in molar units was obtained by this approach. 

 The Lp(a) primary preparation with an accuracy-based 
assigned value was used to calibrate the ELISA method, 
and PRM was analyzed in duplicate, multiple times per day 
on multiple plates over the period of a week yielding a to-
tal of 144 values. From these data, a target value of 107 nM 
was assigned to PRM ( 23 ). The transfer of target values in 
nanomoles per liter from PRM to assay calibrators is the 
only available approach to circumvent the problem associ-
ated with the intra- and interindividual size variability of 
apo(a). However, for different methods to provide compa-
rable and accurate results on patient samples, methods 
that are not affected by the variation in apo(a) size are 
required. 

 The reference material underwent an extensive evalua-
tion by the members of the IFCC working group demon-
strating excellent stability and commutability properties. 
The complete documentation was submitted to the World 
Health Organization (WHO) Committee of Biological 
Standards, and PRM was accepted as the fi rst WHO/IFCC 
International Reference Reagent for Lp(a) immunoassays 
( 24 ). 

 After the selection of the reference material, experi-
ments were conducted to evaluate to what extent its use 
would improve the comparability of Lp(a) values obtained 
by different commercially available assays ( 23 ). PRM was 
used to calibrate the 22 difference systems participating in 
the study and to assign a target value to the different assay 
calibrators. Uniformity of calibration was demonstrated 
among the 22 evaluated systems by the high concordance 
of values obtained on PRM with an among-method coeffi -
cient of variation (CV)   of 2.8%. Lp(a) was then measured 
on 30 fresh-frozen samples covering a wide range of Lp(a) 
values and apo(a) sizes with values assigned by the refer-
ence ELISA method. The among-laboratory CVs for these 
samples were considerably higher than those obtained for 
PRM and ranged from 6% to 31%. A signifi cant apo(a) 
size-dependent bias on the fresh-frozen samples was also ob-
served, and the number of samples with Lp(a) values under- 
or overestimated varied among the different methods as a 
function of apo(a) size in the assay calibrators. Other factors, 
such as differences in antibody properties, assay precision 
and robustness, and sensitivity of the different analytical 
methods to sample handling and storage conditions, may 

 To further evaluate the impact of Lp(a) method differ-
ences on the interpretation of clinical data, Lp(a) levels 
were measured by the ELISA reference method and by a 
commercially available nephelometric method on samples 
from 195 participants in the Physician Health Study who 
subsequently developed angina and on 195 gender- and 
age-matched controls ( 18 ). Previously published results 
from the Physician Health Study found no association 
between Lp(a) levels, as measured by a nephelometric 
method, and risk of future myocardial infarction (MI), 
stroke, or peripheral vascular disease ( 19–21 ). The results 
obtained with the reference ELISA indicated that the me-
dian Lp(a) concentration was signifi cantly higher in cases 
as compared with controls and baseline Lp(a) values were 
predictive of future angina. A 2-fold risk was found in 
study participants with Lp(a) concentrations in the 80th 
percentile and a 4-fold risk was found in those with Lp(a) 
above the 95th percentile. In contrast, when using the re-
sults obtained by the nephelometric method, median 
Lp(a) levels did not differ signifi cantly between cases and 
controls, and Lp(a) levels were not signifi cantly associated 
with the development of angina. Based on the results of 
this study (18), the authors   in the discussion concluded that 
“it seems likely that the Lp(a) method affected by apo(a) 
size that was previously used in the Physician Health Study 
may have underestimated or even obscured the true rela-
tionship between Lp(a) concentration and CVD.” 

 DEVELOPMENT AND USE OF REFERENCE 
MATERIAL FOR STANDARDIZATION OF Lp(a) 

ASSAYS 

 In an attempt to standardize the measurement of Lp(a), 
the major aim of the International Federation of Clinical 
Chemistry (IFCC) working group on Lp(a), was to select 
and characterize a secondary reference material to be 
used by manufacturers of commercially available methods 
to assign an accuracy-based Lp(a) target value to their as-
say calibrators ( 22 ). Among the different preparations 
evaluated, a proposed reference material (PRM) was se-
lected to be further characterized. To circumvent the 
strong limitations in the determination of the total mass 
of the highly heterogeneous Lp(a) previously discussed 
and taking into consideration the size polymorphism of 
apo(a), which is the Lp(a) constituent usually directly 
measured by the immunoassays, the members of the IFCC 
working group decided that the target value to PRM be 
assigned in nanomoles per liter of Lp(a) protein. 

 We have previously demonstrated that there is 1 mol of 
apo(a) and 1 mol of apoB in Lp(a) particles ( 13 ), and 
therefore, by determining the molar concentration of the 
two proteins, we can circumvent the variable molecular 
mass of apo(a) because the molar units indicate the num-
ber of Lp(a) particles independently of their relative mass. 
The fi rst step in this process was the preparation of a pri-
mary reference material. Lp(a) was isolated from plasma 
of an individual with high Lp(a) levels and a single apo(a) 
formed by 19 K4 domains by using two different isolation 
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each containing a suitable distribution of apo(a) isoforms 
and accurately assigned values. Technically, it is not en-
tirely correct to state that the Denka assay is insensitive to 
apo(a) size because there is not a direct consistent inverse 
relationship between Lp(a) levels and apo(a) isoform size 
and high or low Lp(a) levels may be observed in samples 
with a relatively large range of apo(a) size ( 26 ), and there-
fore, the impact of apo(a) size may not be adequately min-
imized in all the samples. Additionally, great care needs to 
be used in the selection of the pool of samples that are 
used to form each calibrator, in the lot-to-lot variability 
and in the assignment of the target values. Considering 
that standard curves with different slopes can be obtained 
in different instruments, the assignment of target values to 
each of the fi ve calibrators needs to be evaluated in each 
specifi c type of instrument to demonstrate that the Lp(a) 
assay’s sensitivity to apo(a) size variation has been ade-
quately minimized. 

 For this purpose, a multistep protocol for the transfer 
of target values from the WHO/IFCC reference material 
to the assay calibrators was established and used by the 
participants in the standardization project ( 24 ). As the 
distributor of the WHO/IFCC reference material, we de-
veloped a multistep standardization protocol to be used by 
manufacturers and clinical or research laboratories for the 
evaluation of their kits. The fi rst step is the transfer of tar-
get values from the WHO/IFCC reference material to the 
assay calibrator ( 24 ), followed by the verifi cation of the 
accuracy of results on 80 samples from individual donors 
selected to have a large range of Lp(a) values and apo(a) 
isoforms. Specifi c criteria were established to evaluate the 
acceptability of the absolute bias between the observed 
and the target values and the contribution of the apo(a) 
isoform variability on the obtained results. 

 As an example,   Fig. 3   illustrates the evaluation of the 
results obtained using the Denka kit on a Roche Cobas 
c311 instrument after transfer of the target value from the 
WHO/IFCC reference material to the fi ve-point assay cali-
brator.  The values obtained on the set of 80 samples were 
highly correlated with those assigned by the reference 
ELISA method ( Fig. 3A ), and a low bias was generally ob-
served between the two methods as a function of Lp(a) 
assigned values ( Fig. 3B ). The evaluation of the bias as a 
function of the predominant apo(a) isoform in the sample 
did not show a signifi cant impact of apo(a) size variability 
on the measured values ( Fig. 3C ). 

 Since April 2012, when the set of 80 samples was pre-
pared, 42 analytical systems were evaluated and certifi ed 
for traceability of Lp(a) values to the WHO/IFCC refer-
ence material and for lack of signifi cant apo(a) isoform-
dependent bias. All the systems with the exception of one 
were based on the use of different lots of the Denka re-
agent and different lots of the fi ve-point calibrators. In the 
same period, six manufacturers, one using a fi ve-point cali-
brator set and the remaining using single-level calibrators, 
asked to participate in the method standardization proto-
col using in-house developed reagents. All six methods 
demonstrated a high apo(a) size-dependent bias and, 
therefore, did not meet the certifi cation criteria. 

have also contributed to the lack of comparability of the 
obtained Lp(a) values. In conclusion, despite the use of 
a common reference material, harmonization of results 
obtained by different methods was not achieved, indicat-
ing the serious impact that variation in apo(a) size has on 
the immunochemical measurement of Lp(a). 

 Among the evaluated systems, only one latex-enhanced 
turbidimetric method produced by Denka Seiken, Japan, 
demonstrated an excellent concordance of values with 
those obtained by the ELISA method with most of the in-
accuracy being due to the overestimation of Lp(a) levels 
in samples with large apo(a) isoforms ( 23 ). This demon-
strates that the use of the reference material can result in 
harmonized Lp(a) values if Lp(a) is measured by suitable 
methods. 

 AN APPROACH TO Lp(a) IMMUNOASSAY 
OPTIMIZATION 

 Because of the low bias between the Lp(a) values ob-
tained by the Denka method and those obtained by ELISA, 
further evaluation of this kit was performed in our labo-
ratory. The polyclonal antibodies demonstrated a lack of 
reactivity with apoB and plasminogen and a high immuno-
reactivity with the K4 type 2 domain of apo(a) (unpub-
lished observation). Therefore, the antibodies used in this 
assay are sensitive to apo(a) size variability even though 
their binding to latex particles and the consequent forma-
tion of very large immunocomplexes may somewhat re-
duce the impact of apo(a) size variability. The distinctive 
feature of this kit is that instead of using serial dilutions 
of a single standard with a high level of Lp(a) as the as-
say calibrator, fi ve independent standards with values 
ranging from low to high are used to calibrate the differ-
ent instruments. 

 Considering the inverse relationship between apo(a) 
size and Lp(a) values, there is a high probability that the 
apo(a) isoforms in the fi ve calibrators range from large to 
small thus minimizing the impact of apo(a) size on the 
accuracy of Lp(a) levels. To confi rm this hypothesis, an 
experiment was conducted in our laboratory using a 
commercially available turbidimetric assay ( 25 ). Analyses 
were performed in parallel on a large number of samples 
by a Roche 917 chemistry analyzer using the assay calibra-
tor diluted according to the manufacturer’s instructions or 
by calibrating the instrument using fi ve samples selected 
to have different apo(a) sizes ranging from large to small 
and Lp(a) levels ranging from low to high. A target value 
in nanomoles per liter was assigned to the manufacturer-
provided calibrator and to the fi ve calibrators selected 
in our laboratory. A consistent size-dependent bias was 
observed in the samples analyzed with the original assay 
calibrator while the effect of apo(a) size variability was sub-
stantially minimized when the assay was calibrated by the 
fi ve independent calibrators ( 25 ). 

 We can therefore conclude that the low level of impact 
of apo(a) size variation observed by the Denka method is 
primarily due to the use of fi ve independent calibrators, 
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 Analyses were performed on 80 samples by a manufac-
turer in Europe using Denka reagent and fi ve-point cali-
brator set with values assigned using the manufacturer’s 
internal master calibrator. The laboratory in the United 
States performed analyses using Denka reagent and cali-
brator obtained by a U.S. distributor. Values to the calibra-
tor set were in milligrams per deciliter with no information 
provided on how the value assignment was performed by 
the assay distributor. For each sample, we calculated the 
ratio between the value obtained by each of the Denka kits 
calibrated in milligrams per deciliter and the target value 
assigned by ELISA in nanomoles per liter. As expected, 
the ratio between the milligrams per deciliter and the 
nanomoles per liter value was not constant in the samples 
for either kit but largely varied as a function of the pre-
dominant apo(a) size in the sample. For the data provided 
by the European manufacturer, the mean ratio was 2.12 
for samples with apo(a) isoforms  � 21 K4 motifs and 1.72 
for samples with isoforms >21 K4 motifs with an overall 
mean ratio of 2.01. 

 For the data provided by the U.S. clinical laboratory, the 
mean ratio was 1.88 for samples with isoforms  � 21 K4 and 
1.53 for samples >21 K4, and the overall mean ratio was 

 To evaluate the comparability of Lp(a) results obtained 
by the 42 systems after uniform calibration with the WHO/
IFCC reference material, we evaluated the among-method 
CV on each of the 80 samples with Lp(a) levels ranging 
from 8.7 nM to 276 nM. The among-method CVs, sorted 
by increasing sample Lp(a) concentrations, are presented 
in   Fig. 4  .  The overall CV was 5.5% and ranged from 10.5% 
to 2.1% demonstrating an excellent harmonization of re-
sults obtained by a variety of different instruments and dif-
ferent calibrator lots. 

 Denka reagent kits are available through different dis-
tributors with calibrator values assigned in nanomoles per 
liter to be traceable to the WHO/IFCC reference material 
and verifi ed for accuracy by our laboratory. However, 
Denka kits are also distributed by manufacturers with cali-
brator values traceable to different internal master calibra-
tors and expressed in milligrams per deciliter of total 
Lp(a) mass. None of the kits with values assigned in milli-
grams per deciliter were evaluated by our laboratory. 
Therefore, we recently conducted an experiment with the 
aim to evaluate the comparability of Lp(a) values obtained 
by two different Denka kit distributors using different cali-
brator lots with values assigned in milligrams per deciliter. 

  Fig. 3.  Evaluation of Lp(a) values obtained by the use of Denka reagent on a Roche Cobas c311 instrument after transfer of the target 
value from the WHO/IFCC reference material to the fi ve-point assay calibrator. A: Correlation between the Lp(a) values obtained by the 
Cobas c311 (y-axis) with Lp(a) value determined by ELISA (x-axis). B: Bias (nM) as a function of Lp(a) concentration. C: Bias (nM) as a 
function of apo(a) isoform size.   
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 Based on Lp(a) mass composition analyses performed 
in our laboratory, we found that by taking the average of 
the Lp(a) nonprotein component, the conversion factor 
for transforming Lp(a) values from nanomoles per liter to 
milligrams per deciliter varied from 2.85 for a small apo(a) 
size to 1.85 for a large one ( 27 ). To familiarize the physi-
cians with the use of nanomoles per liter, we suggested the 
use of a mean conversion factor of 2.4 even though we 
cautioned the users about the limitation and the inaccu-
racy of such a factor. Based on different computations of 
the Lp(a) mass, several higher conversion factors were 
suggested ( 28, 29 ). Based on the data we obtained using 
the same method but different calibrators, we found that 
to harmonize the Lp(a) values in milligrams per deciliter 
to those obtained by the ELISA reference method in nano-
moles per liter, the mean conversion factor was 2.02 for 
one assay and 1.67 for the other, substantially lower than 
the 2.4 factor we suggested. However, if we would apply 
the proposed higher conversion factors of 3.17 or 3.3 to the 
values obtained in milligrams per deciliter, the resulting 
values in nanomoles per liter would be almost double the 
values traceable to the WHO/IFCC reference material. In 
conclusion, we have demonstrated that the practice of us-
ing a conversion factor, irrespectively of how it is calcu-
lated, should be discontinued. 

 Lp(a) AND RISK OF CVD 

 A large number of retrospective case-control and pro-
spective studies have evaluated the association of elevated 
Lp(a) levels with the risk of CVD, and this topic will be 
covered in depth in another thematic review in this series. 
Here, we will discuss this issue mainly from a methodologi-
cal standpoint. The vast majority of studies found that el-
evated Lp(a) is an independent risk factor for CVD in 

1.64. Almost identical results were obtained by the use of 
the two Denka kits for samples with values <10 mg/dl, 
whereas the U.S. laboratory obtained results that were sig-
nifi cantly and consistently higher for all the other samples. 
In both assays, the impact of apo(a) size variation was not 
adequately minimized. These fi ndings clearly confi rm that 
the Denka assay’s ability to minimize the impact of apo(a) 
size variability on the accuracy of Lp(a) values is strictly 
dependent not only on the use of the fi ve-point calibra-
tors, but also on a properly assigned target value to each of 
the calibrators. The lack of comparability of data obtained 
by the two kits also demonstrates the lack of a uniform ap-
proach to assign the target values to the calibrators of the 
two kits. In fact, even though the Lp(a) values obtained by 
the two methods were highly correlated ( r  = 0.997), the 
results obtained by the U.S. laboratory were overall 17% 
higher than those obtained in Europe. 

 Another important conclusion from this experiment is 
that the factor to convert Lp(a) values from nanomoles 
per liter of apo(a) to milligrams per deciliter of Lp(a) 
mass is highly imprecise, not only because it is dependent 
on the size of apo(a) in the samples, but also because it is 
greatly dependent on how the target values in milligrams 
per deciliter to the assay calibrators are assigned. In fact, 
using the same reagent, with one calibrator, the mean 
overall factor to convert the values from nanomoles per 
liter to milligrams per deciliter was 2.02, whereas it was 
1.64 for the other calibrator. These different conver-
sion factors for samples with identical isoform distribu-
tion clearly emphasize that Lp(a) values traceable to the 
WHO/IFCC reference material and expressed in nano-
moles per liter cannot be converted to milligrams per 
deciliter when values are obtained by kits using calibrators 
with values not traceable to a common reference material 
and not verifi ed to provide comparable results on patient 
samples. 

  Fig. 4.  CV of Lp(a) values obtained by 42 validated systems on each of 80 samples sorted by increasing 
Lp(a) concentrations ranging from 8.7 nM to 276.0 nM.   
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approach will not correct the under- or overestimation of 
values obtained by methods affected by apo(a) size vari-
ability, and this will impact the interpretation of the results 
if the apo(a) isoform distribution varies between cases and 
controls and may, in part, explain why the association of 
Lp(a) concentration with CVD risk was found to be only 
modest, albeit independent ( 36 ). 

 Lp(a) levels for defi nition of CVD risk 
 Different statistical approaches were used to evaluate 

the association of Lp(a) levels with CVD, with different 
studies reporting risk ratios on the basis of different cutoff 
levels, comparison of mean values, or comparison of the 
top and bottom tertiles or quartiles of baseline Lp(a). 
However, in clinical practice, specifi c cut points are 
needed to identify individuals at risk for CVD who may 
require intervention. More than 30 years ago, a report on 
Lp(a) and MI ( 42 ) suggested an Lp(a) cutoff value of 30 
mg/dl to refl ect an increased risk for MI. This cutoff value 
is still widely used by clinicians to defi ne patients at risk. At 
a workshop on Lp(a) and CVD organized by the National 
Heart, Lung, and Blood Institute, the consensus recom-
mendation, valid for methods reporting Lp(a) in nano-
moles per liter, was to consider individuals to be at 
increased risk if their Lp(a) values exceed the 75 percen-
tile of the Framingham population ( 25 ). This percentile 
corresponds to an Lp(a) value  � 75 nM. However, the con-
sensus recommendation cautioned that more studies us-
ing standardized methods to measure Lp(a) are required 
to defi ne the clinical utility of this cut point for white 
individuals and to establish appropriate cut points for 
populations of different ethnicities. The 2010 European 
Atherosclerosis Society Consensus Panel recommended 
using an Lp(a) cutoff value of 50 mg/dl, which approxi-
mates the 80th percentile of the Danish general popula-
tion ( 43 ). 

 The CVD risk associated with Lp(a) may also vary by 
ethnicity as Lp(a) levels and other CVD risk factors can be 
substantially different depending on the ethnic group 
( 44 ). However, the vast majority of studies on Lp(a) have 
been performed in white populations, which limits the ap-
plicability of the conclusions to other ethnic or racial 
groups. One report from the Atherosclerosis Risk in Com-
munities Study suggested that Lp(a) was a less signifi cant 
predictor of risk in African Americans than Caucasians 
( 45 ), whereas a later study reported that Lp(a) levels were 
positively associated with the risk of incident CVD to the 
same extent in African Americans and Caucasians ( 46 ). In 
contrast, a recent report from the Multi-Ethic Study of 
Atherosclerosis suggested that Lp(a) levels are a better 
predictor of CVD events in African Americans than Cauca-
sians ( 47 ). The authors also suggested that an Lp(a) cutoff 
value of 30 mg/dl is suitable for blacks, whereas higher 
cutoff values should be used for whites and Hispanic 
individuals. 

 It is evident that common cut points and valid compari-
sons of Lp(a) levels among laboratories is not feasible at 
this point in time because of substantial differences in 
Lp(a) methods and calibrations and differences among 

both men and women ( 30–33 ). Meta-analysis of long-term 
prospective studies were performed to assess the relation-
ship of Lp(a) concentration with risk of major vascular 
and nonvascular outcomes. In the evaluated studies, Lp(a) 
concentrations were measured using a variety of analytical 
methods. Results of the meta-analysis studies indicated a 
clear though modest association between Lp(a) and CVD 
( 34–36 ) and a nearly continuous increase in the risk of 
CVD with increasing level of Lp(a) and with limited 
changes in risk at lower Lp(a) levels ( 31, 36 ). To evaluate 
the hypothesis that genetically elevated Lp(a) levels are 
not only associated with but are the cause of increased risk 
of MI, Kamstrup et al. ( 37 ) studied three large cohorts of 
white individuals of Danish descent. Using a “Mendelian 
randomization” approach, this elegant study has provided 
the fi rst evidence for a casual role of Lp(a) in MI. 

 The lack of risk or a reduced risk for CVD of Lp(a) lev-
els observed in some prospective studies may be related to 
inappropriate or nonstandardized methods ( 18 ) or in-
appropriate handling or storage of samples used to mea-
sure Lp(a) levels ( 38 ). In some studies, it was found that 
the CVD risk attributable to Lp(a) may also, in part, de-
pend on the presence of other risk factors, such as elevated 
LDL cholesterol (LDL-C) in the individuals evaluated. For 
example, Lp(a) levels were no longer predictive of CVD 
risk in men whose LDL was substantially decreased by 
lipid-lowering therapy ( 39 ). Another study also suggested 
that LDL-C reduction with statin attenuates the CVD risk 
of Lp(a) ( 40 ). Furthermore, the level of CVD risk associ-
ated with elevated Lp(a) has been reported to be higher 
in individuals with high global CVD risk ( 41 ). However, a 
Danish study failed to fi nd any evidence of interaction 
between Lp(a) levels and LDL-C levels on CVD risk ( 31 ). 

 Differences in population, study design, length of follow-
up, statistical evaluation of the data, methods used to mea-
sure Lp(a) concentration, and the methods’ sensitivity 
to temperature and length of storage of samples may ac-
count for the differences in the observed fi ndings  . Our 
ELISA method has been extensively evaluated in terms of 
sample storage conditions. Practically identical results 
were obtained between fresh samples and samples frozen 
at  � 70°C. Upon thawing, Lp(a) values were stable for 3–4 
days with a subsequent decrease up to 30%, particularly in 
samples with high Lp(a). No signifi cant difference in 
Lp(a) levels was found in samples stored at 4°C for up to 6 
days. The largest, sample-dependent Lp(a) decrease was 
found in samples stored at  � 20°C even when analyzed im-
mediately after thawing or after multiple freezing-thawing 
cycles of samples stored at  � 70°C (unpublished observa-
tions). Despite the profound impact that variation in sam-
ple storage conditions may have on Lp(a) values obtained 
by different methods, very little information on this topic 
is provided in the literature reporting results from clinical 
trials. 

 To minimize the effect of methodological differences in 
the interpretation of the data in meta-analysis studies ( 35, 
36 ), cases were compared directly with controls within 
each of the evaluated studies, thus avoiding the bias due 
to use of different analytical methods. However, this 
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their suitability to accurately measure Lp(a) and to defi ne 
common units to report the results, specifi c recommenda-
tions should be made for rigorous sample collection, storage, 
and shipment conditions. Due to the large variability in 
sensitivity and linearity of different methods, Lp(a) levels 
that are below the lower calibrator value should not be 
extrapolated but reported as being below the specifi c assay 
limits. Conversely, and more importantly, Lp(a) levels that 
exceed the highest calibrator value should be reanalyzed 
after performing an appropriate dilution because extrapo-
lation of the values can result in gross miscalculation of 
the true Lp(a) levels. 

 CONCLUSIONS   

 The structural heterogeneity of apo(a) has a profound 
impact on the measurement of Lp(a) obtained by differ-
ent analytical methods resulting in inaccuracy of Lp(a) 
levels and in lack of comparability of results. 

 Major obstacles in the standardization of Lp(a) mea-
surements are differences in approaches used to assign a 
target value to the assay calibrators, differences in units of 
expression of Lp(a) levels, and lack of commonly accepted 
guidelines for method validations. 

 Robust and precise analytical methods based on the use 
of Denka reagent are available from different manufactur-
ers. Lp(a) concentrations in these assays are reported in 
nanomoles per liter, and the values are traceable to the 
WHO/IFCC reference material. 

 We wish to emphasize that the antibodies used in these 
assays are isoform dependent and that the reduced impact 
of apo(a) size variation is primarily due to the use of fi ve 
different calibrators. To minimize the sensitivity to apo(a) 
size, each calibrator should be carefully selected in terms 
of Lp(a) values and apo(a) isoforms. Additionally, each lot 
of the fi ve-point calibrator set needs to be validated on dif-
ferent analytical platforms using the described multistep 
standardization protocol to verify that Lp(a) values are ac-
curately determined in patient samples with a minimum 
contribution of apo(a) isoform size variability. Upon re-
quest, manufacturers should provide the certifi cate of the 
evaluation of the calibrator and reagent lots with the rela-
tive expiration date. 

 Analytical methods based on the Denka reagent but 
with calibrator values assigned in milligrams per deciliter 
of Lp(a) mass with no traceability to a common reference 
material and no validation of the accuracy of results can-
not be considered standardized, and no claim should be 
made by the manufacturers or by the users on their inde-
pendence from apo(a) size variability. 

reference populations. Therefore, for an Lp(a) cut point 
value to be meaningful for clinicians and patients, the 
method and calibration used to measure Lp(a) in patient 
samples should be the same as that used to establish the 
cut point. Furthermore, the patient should be from the 
same race/ethnicity as the one used to establish the cut 
point. 

 Using our ELISA method, we have determined Lp(a) 
level distribution for three different racial groups, Caucasian 
Americans from the fi fth examination of the Framingham 
Offspring Study ( 17 ), African Americans from the fourth 
examination of the Coronary Artery Risk Development 
Study ( 26 ), and Japanese Americans from the Honolulu 
Heart Study ( 48 ). The Lp(a) percentiles in the three dif-
ferent populations are presented in   Table 1  .  It is evident 
that Lp(a) distribution varies greatly among these three 
racial cohorts with a value of 75 nM approximating the 
75th percentile for whites, the 50th percentile for blacks, 
and the 90th percentile for Japanese individuals. If a 
common cut point Lp(a) value such as 75 nM is used to 
defi ne the risk for CVD,  � 25% of whites, 50% of blacks, 
and only 10% of Japanese individuals will be considered 
at increased risk. Based on clinical and epidemiological 
data, it may be reasonable that 25% of white individuals 
may be at increased CVD risk based on their elevated 
Lp(a) value. However, it is unlikely that 50% of black in-
dividuals and only 10% of Japanese individuals may be at 
increased CVD risk based on this common Lp(a) cut 
point. 

 Due to the lack of fi rmly established race-specifi c clini-
cal cut points for Lp(a), we do not provide in our reports 
to clinicians any defi ned threshold Lp(a) value as an indi-
cation of increased risk for CVD. Instead, we have imple-
mented a computerized approach to calculate for each 
patient’s Lp(a) value the corresponding percentile for 
each of the three racial groups, and this information is 
included as part of the clinical report. For white individu-
als, Lp(a) levels above the 75th or 80th percentile can be 
reasonably suggested to clinicians as an indicator of in-
creased risk for CVD. However, for patients who are black, 
Japanese, or from other ethnic/racial groups, no such cut 
points have been established; therefore, clinicians need to 
exercise their best judgment for the risk evaluation of 
these individuals. 

 The availability of new therapeutic approaches to effec-
tively and specifi cally lower Lp(a) levels ( 49 ) will result in 
a substantial increase in the request of Lp(a) measure-
ments to screen for individuals with high Lp(a). Addition-
ally, clinical trials will be performed to evaluate whether 
lowering Lp(a) will result in clinical benefi ts. Therefore, 
in addition to the necessity to validate the methods for 

 TABLE 1. Lp(a) percentiles                   

n

Lp(a) Percentiles (nM)

10 20 30 40 50 60 70 75 80 85 90 95 98 99 99.5 99.9

Caucasian Americans 2,929 1 4 8 13 20 32 40 73 100 124 154 209 270 320 360 470
African Americans 1,899 16 30 44 58 74 91 114 130 148 166 199 234 305 368 407 531
Japanese Americans 1,379 3 6 11 14 19 25 34 40 49 60 75 103 150 194 237 348
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 No factor, independently of how established, should be 
used to convert Lp(a) levels from nanomoles per liter to 
milligrams per deciliter, or vice versa. 

 At present, a common Lp(a) cut point value to defi ne 
individuals at high risk for CVD or for treatment assign-
ment cannot be proposed. 

 The numerous problems plaguing the accurate mea-
surements of Lp(a), as discussed in this review, cannot be 
ignored. The different issues need to be carefully evalu-
ated and discussed by an international group of experts 
with the objective to propose possible approaches to cir-
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commonly accepted decisions. 
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