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Abstract
Background: Lipoprotein(a) [Lp(a)] level variability, related to atherothrombotic risk 
increase, is mainly attributed to LPA gene, encoding apolipoprotein(a), with kringle IV 
type 2 (KIV2) copy number variation (CNV) acting as the primary genetic determinant. 
Genetic characterization of Lp(a) is in continuous growth; nevertheless, the peculiar 
structural characteristics of this variant constitute a significant challenge to the devel-
opment of effective detection methods. The aim of the study was to compare quanti-
tative real-time PCR (qPCR) and digital droplet PCR (ddPCR) in the evaluation of KIV2 
repeat polymorphism.
Methods: We analysed 100 subjects tested for cardiovascular risk in which Lp(a) 
plasma levels were assessed.
Results: Correlation analysis between CNV values obtained with the two methods 
was slightly significant (R = 0.413, p = 0.00002), because of the wider data dispersion in 
qPCR compared with ddPCR. Internal controls C1, C2 and C3 measurements through-
out different experimental sessions revealed the superior stability of ddPCR, which 
was supported by a reduced intra/inter-assay coefficient of variation determined in 
this method compared to qPCR. A significant inverse correlation between Lp(a) levels 
and CNV values was confirmed for both techniques, but it was higher when evalu-
ated by ddPCR than qPCR (R = −0.393, p = 0.000053 vs R = −0.220, p = 0.028, respec-
tively). When dividing subjects into two groups according to 500 mg/L Lp(a) cut-off 
value, a significantly lower number of KIV2 repeats emerged among subjects with 
greater Lp(a) levels, with stronger evidence in ddPCR than in qPCR (p = 0.000013 and 
p = 0.001, respectively).
Conclusions: Data obtained support a better performance of ddPCR in the evaluation 
of KIV2 repeat polymorphism.
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1  |  INTRODUC TION

Lipoprotein (a) [Lp(a)] is a plasma lipoprotein composed of a low-
density lipoprotein (LDL)-particle, containing apoB-100, which is 
linked by a disulphide bond to a large highly polymorphic glyco-
protein named apolipoprotein (a) [apo(a)].1–4 Apo(a) is character-
ized by the presence of loop-like structures, called kringles (K),5,6 
that are also present in other molecules such as plasminogen, pro-
thrombin, urokinase and tissue-type plasminogen activator.7–10 
These characteristics account for Lp(a) involvement in atheroscle-
rotic and pro-thrombotic process, supporting its association with 
the pathogenesis of cardiovascular disease (CVD).11–16 Lp(a) con-
centration varies from less than 1 mg/L to more than 3000 mg/L, 
with a skewed distribution in most populations.17–19 These levels 
are not significantly influenced by age, sex and lifestyle,20 and sev-
eral data21–23 have demonstrated the genetic contribution of the 
LPA gene, encoding apolipoprotein(a), in Lp(a) levels modulation. 
Although genome-wide association studies (GWAS) identified 
more than 200 single nucleotide polymorphisms (SNPs), which 
might have a possible effect on final Lp(a) concentration,24 a copy 
number variation (CNV) consisting in a variable number of a 5.6 kb 
repeat, including both exons 4 and 5 encoding kringle IV type 2 
(KIV2) protein domain, represents its main genetic determinant, 
explaining around 70% of the variance in the Caucasian popula-
tion.23,25 A variable number of copies per allele, ranging from 3 to 
more than 40, has been described, thus generating >40 apo(a) iso-
forms that have different final dimensions and, in particular, small 
isoforms with a low number of KIV2 repeats are associated with 
higher plasma concentrations of Lp(a).19

Numerous studies confirmed the link between elevated Lp(a) 
plasma levels and an increase in the risk of CVD, highlighting the 
need for Lp(a) measurement to support patient risk stratifica-
tion.14,15,26,27 Nonetheless, the vast majority of available assays for 
measuring Lp(a) plasma levels employ antibodies directed against the 
repetitive motif of apo(a) protein, which is the unique component of 
Lp(a): due to the high degree of apo(a) size heterogeneity, this causes 
measurement bias, making the development of accurate methods for 
measuring Lp(a) plasma levels extremely challenging.28,29

To deal with this issue, since >90% of the variance in Lp(a) levels 
is genetically determined, with KIV2 repeat polymorphism being the 
major determinant, several groups attempted to demonstrate that 
the characterization of this CNV can be used to indirectly assess 
Lp(a) levels and to evaluate its involvement in modulating cardiovas-
cular risk.12,13 In support of this, Kamstrup and colleagues in 200926 
even showed how genotyping could potentially be superior in risk 
prediction compared to a single plasma measurement which could 
be affected by passing endogenous or exogenous factors.

The gold standard methods for the evaluation of KIV2 repeat 
polymorphism include Western blot analysis, the most informative 
one since it analyses the polymorphism at the protein level, after 
separating the different apo(a) isoforms by SDS PAGE electropho-
retic gel; Pulsed Field Gel Electrophoresis (PFGE), which provides 
the number of KIV2 repeats at the DNA level for each of the two 

apo(a) isoforms.20 These are both really accurate techniques but 
long and methodologically complex, therefore hardly applicable in 
the routinary diagnostic activities.

Accordingly, a faster, high-throughput method such as quantita-
tive real-time PCR (qPCR) has emerged, which provides the sum of 
the KIV2 repeats of the two alleles, without being informative con-
cerning genotype.20,30 Although this method is ideal for large-scale 
studies, it still has limitations in terms of stability and sensitivity.

An emerging method in a wide range of applications, including 
the analysis of CNVs, is digital droplet PCR (ddPCR). ddPCR is rap-
idly gaining in popularity over standard real-time PCR assays for 
its relative ease of use, precise and accurate results, and ability to 
quantify nucleic acid concentration without the need for standard 
samples.31,32

The number of publications in which this technology is employed 
for the investigation of CNVs, which can impact from single genes to 
regions of larger size, such as chromosomal rearrangements, contin-
ues to grow,33–38 progressively opening up new avenues for the use 
of ddPCR in diagnostics.

Based on this evidence, in this preliminary study, we compare the 
potential of two techniques, quantitative real-time and digital drop-
let PCR, for the evaluation of KIV2 repeat polymorphism, hoping 
that this will pave the way for discovering a rapid, cost-effective and 
accurate method which could be exploited for research and diagnos-
tic purposes in turn to improve the CVD risk classification including 
this genetic information.

2  |  MATERIAL S AND METHODS

2.1  |  Study population

KIV2 repeat polymorphism was analysed in a population of one hun-
dred subjects (42 males, 58 females) screened for lipid profile (total 
cholesterol, LDL and HDL cholesterol levels, triglycerides and Lp(a) 
levels), who had referred to the Metabolic Diseases Unit, Meyer 
Children's Hospital or to the Atherothrombotic Diseases Center, 
Careggi Hospital, Florence (Italy) from 2016 to 2021 for clinical eval-
uation of the cardiovascular risk.

Lipid parameters were obtained by routinely performed labo-
ratory analyses. Lp(a) was measured by an immunonephelometric 
method (LPAX IMMAGE; Beckman Coulter, Brea, California, United 
States). HDL and LDL cholesterol and triglyceride levels were deter-
mined by enzymatic colorimetric assays (Roche Diagnostics GmbH, 
Mannheim, Germany).

2.2  |  DNA extraction

Genomic DNA was extracted from peripheral venous blood using 
FlexiGene Kit (Qiagen, Germany). Quantitative and qualitative as-
sessment of genomic DNA was performed using the NanoDrop™ 
1000 instrument (Thermo Fisher Scientific, MA, USA).
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2.3  |  Kringle IV Type 2 (KIV2) repeats evaluation

The LPA KIV2 size polymorphism was genotyped using two differ-
ent techniques: quantitative real-time polymerase chain reaction, 
using the 7900HT Sequence Detection System (Life Technologies); 
digital droplet polymerase chain reaction, using the QX200 Droplet 
Generator and reader system (Bio-Rad).

For both cases, genotyping resulted in an estimate of the total 
number (sum of repeats on both alleles) of KIV2 repeats. To improve 
precision, all samples were analysed in duplicates by the same mo-
lecular biologist, using the same calibrator and control samples.

Telomerase reverse transcriptase gene (TERT) was used as a 
single-copy reference gene for both methods; primers and probes 
for TERT were commercially available and well-validated (REF. 
4,401,633, Applied Biosystems™, Waltham, MA, USA). Specific prim-
ers and probes targeting the exon 4 of the LPA gene were designed 
and generated for both techniques (Applied Biosystems™, Waltham, 
MA, USA); Table 1 lists the sequences for primers and probes.

2.4  |  qPCR: analysis and data normalization

qPCR was performed according to a modified protocol of previously 
developed assays.12,26,30 As it provides a relative quantification of 
samples, three internal controls – C1, C2 and C3, derived from pre-
vious analyses in which calibrator and control samples were kindly 
supplied by Dr. Pia R. Kamstrup12 – were necessary to calculate CNV 
values of each sample and to make them comparable within and be-
tween different plates: C2 control sample, used as reference sample, 
was predicted to have an intermediate number of copies (estimated 
repeat number: N = 50). As concerns C1 and C3 controls, they were 
predicted to have lower and higher number of repeats than C2, re-
spectively (reported range values: 41 < C1 < 47; 61 < C3 < 68).

2.5  |  ddPCR: analysis and data normalization

ddPCR was performed using QX200™ Droplet Digital PCR (Bio-Rad 
Laboratories) according to manufacturer's instructions.

Accordingly, we prepared 22 μL of a reaction mixture containing 
10 ng of genomic DNA, 11 μL of 2X ddPCR Supermix for probes (no 
dUTP) (Bio-Rad, Cat#1863023), 900 and 400 nM of LPA exon 4 prim-
ers and probe, respectively, and 1.1 μL of 20X TERT reference assay.

A 20 μL volume of this mixture was then loaded into the sample 
wells of a DG8 cartridge (Bio-Rad, Cat#17005222), while 70 μL of 

Droplet Generator Oil (Bio-Rad, Cat#1863005) was loaded into the 
oil wells. A total of 40 μL of oil–water emulsion containing approx-
imately 12,000–20,000 droplets were generated with the QX200 
droplet generator and gently transferred into a separate well of a 
96-well PCR plate. PCR was performed under the following ther-
mocycling conditions: enzyme activation at 95°C for 10 min (1 cycle), 
denaturation at 94°C for 30 s and annealing/extension at 60°C for 
1 min (40 cycles), enzyme deactivation at 98°C for 10 min (1 cycle) 
and a hold at 4°C. All steps had a ramp rate of 2°C/s. Annealing at 
60°C was selected after strong gradient tests and was proven op-
timal (data not shown). After PCR amplification, positive and neg-
ative droplets were counted on the QX200 Droplet Reader using 
QuantaSoft software (v1.3.2) with automated clustering analysis. 
Copy number values were calculated automatically by the software 
based on Poisson modelling.36 The same control samples used for 
qPCR were included in each run as internal controls and in order to 
make data comparable between different plates.

2.6  |  Statistical analysis

Statistical analysis was performed using SPSS package v19 (SPSS 
Inc; Chicago, IL, USA). Categorical variables were expressed as 
frequencies and percentages and continuous data as median (IQR, 
interquartile range). To assess the difference between two inde-
pendent groups, the Mann–Whitney test was used for nonpara-
metric data. Spearman's test (two-tailed) was used for correlation 
analysis. Values of p < 0.05 are considered statistically significant.

A Lp(a) concentration of 500 mg/L was used as a cut-off value to 
compare groups.

3  |  RESULTS

Demographic and laboratory/clinical characteristics of the study 
population are reported in Table 2.

Real-time PCR analysis showed a median KIV2 copy number 
value of 29.45 [IQR:(20.89–41.49)], while median value obtained 
through digital droplet PCR was lower 10.24 [IQR:(8.92–12.26)]. 
Figure 1 shows the distribution of KIV2 repeat values assessed with 
the two methods within the whole cohort of subjects.

Correlation analysis of data obtained with real-time PCR and dig-
ital droplet PCR showed a value of R = 0.413, p = 0.00002 (Figure 2).

In order to evaluate the reproducibility of ddPCR and qPCR anal-
ysis, the intra-assay coefficient of variation percentage (CV%) was 
calculated for all samples since they were run in duplicates. The CV% 
of ddPCR, analysed on CNV values obtained by duplicates, ranged 
from 0% to 13.50% (Figure 3A), while the CV% of real-time PCR, 
analysed instead on ΔCt values obtained by duplicates – since CNV 
values are obtained in single after normalization of ΔCt values – 
ranged from 0.04% to 20.86% (Figure 3B).

Control sample C2, used as a reference sample for qPCR and 
estimated to have an intermediate number of repeats of the KIV2 

TA B L E  1 Primers and fluorogenic probe targeting exon 4 of LPA 
gene used in both quantitative and digital droplet PCR assays.

LPA exon 4

Forward primer 5′-GTC AGG TGG GAG TAC TGC AA-3′

Reverse primer 5′-CGA CGG CAG TCC CTT CTG-3′

Probe FAM-CCT GAC GCA ATG CTC A-MGBNFQ
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domain (estimated repeats value: N = 50), was confirmed to have 
a mean value of 54.85 ± 1.11 with ddPCR analysis. Measurement 
of the other two internal controls C1 and C2 (estimated repeats 
value 41 < C1 < 47; 61 < C3 < 68) used in all the experimental ses-
sions showed a wider data dispersion with qPCR compared to 
ddPCR approach [37.59 ± 9.05 vs 44.28 ± 2.74 and 101.18 ± 45.12 vs 
65.02 ± 3.53, respectively] (Figure 4).

Based on these data, inter-assay coefficient of variation percent-
age was calculated for both techniques to assess the reproducibility 
in different independent runs under repeatable conditions. CV% was 
calculated on CNV values for ddPCR and on ΔCt values for qPCR of 
each internal control in the different experimental sessions, and it 
was found to be much higher in qPCR than in ddPCR (Table 3).

Spearman's rho test showed an inversely proportional correla-
tion between Lp(a) levels of each subject and the copy number vari-
ation polymorphism, as expected, but higher and significant when 
evaluated with digital droplet PCR (Figure 5A) compared to real-time 
PCR (Figure 5B). In fact, the correlation coefficient was R = −0.393, 
p = 0.000053 vs R = −0.220, p = 0.028, respectively.

Moreover, when dividing the cohort in two groups based on a 
Lp(a) cut-off concentration of 500 mg/L, a significantly lower KIV2 
repeats number emerged, with both methods, among subjects with 
greater levels of Lp(a), and ddPCR is better able to discriminate be-
tween the two groups than qPCR (Table 4).

4  |  DISCUSSION AND CONCLUSIONS

This study examined ddPCR and qPCR results in the evaluation of 
LPA KIV2 repeat polymorphism: the analysis of data provides sup-
port to the evidence of a greater stability and accuracy of ddPCR 
with respect to qPCR approach. These preliminary evaluations open 
up new perspectives on finding the most suitable method for Lp(a) 
evaluation as a cardiovascular risk factor: Lp(a) measurement has 
been shown to provide clinically significant improved cardiovascu-
lar risk reclassification, and therefore should be considered in sub-
jects who have an estimated 10-year risk of CVD that is close to the 
threshold between high and moderate27,39,40; nevertheless, its com-
plex and highly variable structure makes it hard to find an accurate 
method to measure its concentration in plasma or serum samples. A 
lot of studies were able to support causality between Lp(a) and ve-
nous thromboembolism12 or coronary artery disease26 through the 
analysis of KIV2 repeat polymorphism and the main technique used 
so far was real-time PCR. However, in many works,37,41 the poor sta-
bility of this method is highlighted, given the need of high amount of 
replicates to obtain precise CNV estimates and, moreover, since it 
provides a relative quantification, the need of standard samples, on 
which data are normalized for each plate, makes it prone to errors, 
with loss in sensitivity.

An innovative technique that has been gaining ground over stan-
dard qPCR in a wide variety of applications is digital droplet PCR. 
Reaction setting up is partially similar between the two methods, 
and reagent costs are comparable, as well. Anyway, the peculiar 
workflow of ddPCR makes necessary the use of specific instrumen-
tation and consumables, which makes it currently quite expensive.

The number of studies in which this method is used for the de-
termination of copy number variation is increasing,32,34–37,41,42 since 
copy number values are calculated in an absolute way directly by the 
software, without the need of standard samples for normalization. 
A work of Sallustio et al. of 202137 compared the performance of 
qPCR vs QuantStudio 3D digital PCR approach in determining 1q21 
gain and 13q deletion frequencies: data obtained by the two meth-
ods were positively correlated, but qPCR was found to be less stable 
and accurate than QuantStudio digital PCR, given the need for more 
replicates and since going to change the calibrator sample, CNV of a 
same sample strongly differed.

TA B L E  2 Demographic and laboratory/clinical characteristics of 
the study population.

Characteristics Study population N = 100

Age, yearsa 41.50 (14.25–61)

Male/Female 42/58

Lp(a) levels, mg/La 272.50 (88.25–961.50)

Total cholesterol levels, mg/dLa 283 (230.75–325.50)

LDL cholesterol levels, mg/dLa 200.50 (153.75–247.75)

HDL cholesterol levels, mg/dLa 55.80 (46.50–68.00)

Triglyceride levels, mg/dLa 102 (73.50–162.25)

Abbreviations: HDL, high-density lipoprotein; LDL, low-density 
lipoprotein; Lp(a), lipoprotein(a).
aMedian (interquartile range).

F I G U R E  1 Distribution of KIV2 repeats of subjects genotyped 
with qPCR (on the left) and ddPCR (on the right). qPCR analysis 
showed a median KIV2 copy number value of 29.45 [IQR:(20.89–
41.49)], while ddPCR of 10.24 [IQR:(8.92–12.26)]. ddPCR, digital 
droplet PCR; IQR, interquartile range; KIV2, kringle IV type 2; n 
repeats, number of repeats; qPCR, quantitative PCR.
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Data obtained from the present study are in keeping with those 
observed by Sallustio et al.,37 as a higher stability in KIV2 repeats 
measurement is achieved with ddPCR in comparison to that observed 
with qPCR technique. Analysis of our data showed a significant pos-
itive correlation of CNVs obtained by the two methods, albeit not 
high, which probably was the result of the greater dispersion of data 
obtained by qPCR compared with ddPCR. In fact, we found a very 
huge discrepancy in results using qPCR; really, C1, C2 and C3 in-
ternal control measurement throughout different experimental ses-
sions reported lower data dispersion and greater stability in ddPCR 
than in qPCR. The greater reproducibility of ddPCR was also con-
firmed when evaluating intra and inter-assay coefficient of variation 
percentage values: intra-assay CV% values were lower than 21% for 

both methods, but higher percentage values were achieved in qPCR 
than in ddPCR. Inter-assay CV% first showed that both methods are 
more stable in the determination of intermediate CNV values and 
that reproducibility decreases at the extremes; however, CV% val-
ues are extremely higher when using qPCR than ddPCR.

Lp(a) levels, evaluated with an immunonephelometric assay 
and expressed in mass units, and KIV2 repeats number, assessed 
with both methods, showed a significant inverse correlation that 
is stronger for ddPCR than qPCR approach. Evaluating Lp(a) lev-
els as molar concentrations (nmol/L), as previously reported,42–44 
would have been advisable as it provides a measurement indepen-
dent of the molecular weight of Lp(a) particles. Further evaluation 
considering Lp(a) levels in molar units might improve correlation 

F I G U R E  2 Spearman's correlation 
analysis between KIV2 repeats genotyped 
by ddPCR and qPCR (R = 0.413, 
p = 0.00002). ddPCR, digital droplet PCR; 
n repeats, number of repeats; qPCR, 
quantitative PCR.

F I G U R E  3 Comparison of the CV% between duplicates measured by ddPCR (A) and qPCR (B). (A) Each plot represents the CV% between 
CNV values obtained by duplicate samples (ranges from 0% to 13.50%). (B) Each plot represents the CV% between ΔCt values of duplicate 
samples (ranges from 0.04% to 20.86%). CNV, copy number variation; CV%, coefficient of variation percentage; ddPCR, digital droplet PCR; 
qPCR, quantitative PCR.
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parameters between Lp(a) concentration and CNV value of KIV2 
repeat polymorphism.

Moreover, we divided subjects into two groups according to 
Lp(a) levels lower or higher than 500 mg/L, which represents a de-
fined cut-off value for increased cardiovascular risk: although lower 
median CNV values were observed for both methods in subjects 
with higher Lp(a) levels, a higher significance level was observed 
for ddPCR. Actually, ddPCR was more capable of discriminating be-
tween subjects with higher and lower Lp(a) levels, thus suggesting 
a greater accuracy of this approach and its potential in stratifying 
subjects' risk on the basis of KIV2 repeats number.

It has been mentioned before how ddPCR approach turns out 
to have a higher cost per sample compared to qPCR. In view of 
the present data, it could be interesting to notice, however, that 
ddPCR is actually a cost-effective technique, given the added 

value of a greater accuracy and stability, combined with a faster 
execution (thus no longer requiring duplicated analyses) leading to 
a reduction of the cost per man-hour. Moreover, no data normal-
ization is required, so results are immediately available for clinical 
evaluation.

This is the first time in which ddPCR is used for the detection 
of KIV2 repeat polymorphism, known to be characterized by con-
siderable difficulties in its determination due to its complexity re-
lated to repetitive unit length as well as extremely high variability 
in repeat number in the general population. Data obtained suggest 
the possible improvement in the measurement of this kind of large 
repeat length CNV by ddPCR, especially for its improved stability, 
which represents a great potential for a possible integration of this 
method in the evaluation of Lp(a) levels for clinical practice. A lim-
itation of our study in the absolute quantification of the LPA KIV2 

F I G U R E  4 Distributions of values obtained from different experimental sessions of the C1, C2 and C3 control samples used in all plates, 
in both qPCR and ddPCR (C2 = 54.85 ± 1.11 with ddPCR; C1 = 37.59 ± 9.05 with qPCR vs 44.28 ± 2.74 with ddPCR and C3 = 101.18 ± 45.12 
with qPCR vs 65.02 ± 3.53 with ddPCR). ddPCR, digital droplet PCR; KIV2, kringle IV type 2; qPCR, quantitative PCR.

Sample MEAN ddPCR SD ddPCR CV% ddPCR MEAN qPCR SD qPCR CV% qPCR

C1 44.28 2.74 6.19 4.59 1.43 31.22

C2 54.85 1.11 2.02 5.05 1.41 27.93

C3 65.02 3.53 5.42 5.95 1.92 32.28

Abbreviations: CV%, Coefficient of Variation Percentage; ddPCR, digital droplet PCR; qPCR, 
quantitative PCR; SD, Standard Deviation.

TA B L E  3 Comparisons between the 
inter-assay CV% calculated on C1, C2 and 
C3 standard controls measured by ddPCR 
and qPCR.
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repeat numbers is the lack of the analysis of the 100 samples by a 
gold standard method – i.e. Western blotting or PFGE – to define 
accuracy of both qPCR and ddPCR.

Based on aforementioned observations, further confirmations in 
a larger cohort might be useful in the effort of identifying a more 
suitable and less time-consuming method for the evaluation of a 

F I G U R E  5 Correlation analysis 
between Lp(a) plasma levels of each 
subject and number of repeat values 
obtained by ddPCR (A) and by qPCR 
(B) – R = −0.393, p = 0.000053 vs 
R = −0.220, p = 0.028, respectively. 
Lp(a), lipoprotein(a); n repeats, number 
of repeats; ddPCR, digital droplet PCR; 
qPCR, quantitative PCR.

TA B L E  4 Distributions of repeats obtained with the two approaches according to the lower or higher Lp(a) concentration.

Subjects with Lp(a) levels lower than 
500 mg/L (N = 52)

Subjects with Lp(a) levels higher than 
500 mg/L (N = 48)

Significance (U test 
Mann–Whitney)

N repeats ddPCRa 11.28 (10.06–12.81) 9.03 (7.82–10.79) 0.000013

N repeats qPCRa 35.05 (24.58–47.37) 25.19 (16.17–33.42) 0.001

Abbreviations: ddPCR, digital droplet PCR; Lp(a), lipoprotein(a); n repeats, number of repeats; qPCR, quantitative PCR.
aValues are expressed as median (interquartile range).
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complex polymorphic variant, representing the main genetic deter-
minant of Lp(a) levels. The achievement of this goal might pave the 
way to improve the genetic characterization of Lp(a) trait to better 
frame the cardiovascular risk profile of subjects.

FUNDING INFORMATION
This work was supported by Department of Experimental and 
Clinical Medicine, University of Florence institutional funding.

CONFLIC T OF INTERE S T S TATEMENT
The authors declare that there is no conflict of interest regarding the 
publication of this article.

DATA AVAIL ABILIT Y S TATEMENT
All data supporting our findings are included in the article.

ORCID
Betti Giusti   https://orcid.org/0000-0002-8708-9444 

R E FE R E N C E S
	 1.	 Ehnholm C, Garoff H, Renkonen O, Simons K. Protein and car-

bohydrate composition of Lp(a) lipoprotein from human plasma. 
Biochemistry. 1972;11(17):3229-3232.

	 2.	 Gaubatz JW, Heideman C, Gotto AM, Morrisett JD, Dahlen GH. 
Human plasma lipoprotein [a]. Structural properties. J Biol Chem. 
1983;258(7):4582-4589.

	 3.	 Utermann G, Weber W. Protein composition of Lp(a) lipoprotein 
from human plasma. FEBS Lett. 1983;154(2):357-361.

	 4.	 Utermann G. The mysteries of lipoprotein(a). Science. 
1989;246(4932):904-910.

	 5.	 Eaton DL, Fless GM, Kohr WJ, et al. Partial amino acid sequence of 
apolipoprotein(a) shows that it is homologous to plasminogen. Proc 
Natl Acad Sci. 1987;84(10):3224-3228.

	 6.	 Kratzin H, Armstrong VW, Niehaus M, Hilschmann N, Seidel D. 
Structural relationship of an Apolipoprotein (a) phenotype (570 kDa) to 
plasminogen: homologous Kringle domains are linked by carbohydrate-
rich regions. Biol Chem Hoppe Seyler. 1987;368(2):1533-1544.

	 7.	 Patthy L. Evolution of the proteases of blood coagulation and fibri-
nolysis by assembly from modules. Cell. 1985;41(3):657-663.

	 8.	 Walz DA, Hewett-Emmett D, Seegers WH. Amino acid sequence 
of human prothrombin fragments 1 and 2. Proc Natl Acad Sci. 
1977;74(5):1969-1972.

	 9.	 Günzler WA, Steffens GJ, Otting F, Kim SM, Frankus E, Flohé L. The 
primary structure of high molecular mass urokinase from human 
urine. The complete amino acid sequence of the a chain. Hoppe 
Seylers Z Physiol Chem. 1982 Oct;363(10):1155-1165.

	10.	 Pennica D, Holmes WE, Kohr WJ, et al. Cloning and expression of 
human tissue-type plasminogen activator cDNA in E. Coli. Nature. 
1983;301(5897):214-221.

	11.	 Kamstrup PR. Lipoprotein(a) and ischemic heart disease—a causal 
association? A review. Atherosclerosis. 2010;211(1):15-23.

	12.	 Sticchi E, Magi A, Kamstrup PR, et al. Apolipoprotein(a) Kringle-IV 
type 2 copy number variation is associated with venous thrombo-
embolism. Gándara E, editor. PLoS One. 2016;11(2):e0149427.

	13.	 Sticchi E, Giusti B, Cordisco A, et  al. Role of lipoprotein (a) and 
LPA KIV2 repeat polymorphism in bicuspid aortic valve steno-
sis and calcification: a proof of concept study. Intern Emerg Med. 
2019;14(1):45-50.

	14.	 Kamstrup PR, Tybjærg-Hansen A, Nordestgaard BG. Elevated lipo-
protein(a) and risk of aortic valve stenosis in the general population. 
J Am Coll Cardiol. 2014;63(5):470-477.

	15.	 Kamstrup PR, Nordestgaard BG. Elevated lipoprotein(a) levels, LPA 
risk genotypes, and increased risk of heart failure in the general 
population. JACC Heart Fail. 2016;4(1):78-87.

	16.	 Dentali F, Gessi V, Marcucci R, Gianni M, Grandi A, Franchini M. 
Lipoprotein(a) as a risk factor for venous thromboembolism: a sys-
tematic review and meta-analysis of the literature. Semin Thromb 
Hemost. 2017;43(6):614-620.

	17.	 Nordestgaard BG, Langsted A. Lipoprotein (a) as a cause of cardio-
vascular disease: insights from epidemiology, genetics, and biology. 
J Lipid Res. 2016;57(11):1953-1975.

	18.	 Kronenberg F, Utermann G. Lipoprotein(a): resurrected by genetics. 
J Intern Med. 2013;273(1):6-30.

	19.	 Kronenberg F. Human genetics and the causal role of lipoprotein(a) 
for various diseases. Cardiovasc Drugs Ther. 2016;30(1):87-100.

	20.	 Tsimikas S, Fazio S, Ferdinand KC, et  al. NHLBI working group 
recommendations to reduce lipoprotein(a)-mediated risk of 
cardiovascular disease and aortic stenosis. J Am Coll Cardiol. 
2018;71(2):177-192.

	21.	 Austin MA, Sandholzer C, Utermannt G. Lipoprotein(a) in women 
twins: heritability and relationship to apolipoprotein(a) pheno-
types. Am J Hum Genet. 1992;51(4):829-840.

	22.	 Lamon-Fava S, Jimenez D, Christian JC, et  al. The NHLBI twin 
study: heritability of apolipoprotein A-I, B, and low density lipopro-
tein subclasses and concordance for lipoprotein(a). Atherosclerosis. 
1991;91(1–2):97-106.

	23.	 Boerwinkle E, Leffert CC, Lin J, Lackner C, Chiesa G, Hobbs HH. 
Apolipoprotein(a) gene accounts for greater than 90% of the 
variation in plasma lipoprotein(a) concentrations. J Clin Invest. 
1992;90(1):52-60.

	24.	 Hopewell JC, Clarke R, Parish S, et al. Lipoprotein(a) genetic vari-
ants associated with coronary and peripheral vascular disease but 
not with stroke risk in the heart protection study. Circ Cardiovasc 
Genet. 2011;4(1):68-73.

	25.	 Enkhmaa B, Anuurad E, Zhang W, Kim K, Berglund L. Heritability of 
apolipoprotein (a) traits in two-generational African-American and 
Caucasian families. J Lipid Res. 2019;60(9):1603-1609.

	26.	 Kamstrup PR. Genetically elevated lipoprotein(a) and increased risk 
of myocardial infarction. JAMA. 2009;301(22):2331.

	27.	 Kamstrup PR, Tybjærg-Hansen A, Nordestgaard BG. Extreme lipo-
protein(a) levels and improved cardiovascular risk prediction. J Am 
Coll Cardiol. 2013;61(11):1146-1156.

	28.	 Marcovina SM, Albers JJ. Lipoprotein (a) measurements for clinical 
application. J Lipid Res. 2016;57(4):526-537.

	29.	 Kronenberg F. Lipoprotein(a) measurement issues: are we making a 
mountain out of a molehill? Atherosclerosis. 2022;349:123-135.

	30.	 Lanktree MB, Rajakumar C, Brunt JH, Koschinsky ML, Connelly PW, 
Hegele RA. Determination of lipoprotein(a) kringle repeat number 
from genomic DNA: copy number variation genotyping using qPCR. 
J Lipid Res. 2009;50(4):768-772.

	31.	 Hindson BJ, Ness KD, Masquelier DA, et al. High-throughput drop-
let digital PCR system for absolute quantitation of DNA copy num-
ber. Anal Chem. 2011;83(22):8604-8610.

	32.	 Mazaika E, Homsy J. Digital droplet PCR: CNV analysis and other 
applications. Curr Protoc Hum Genet [Internet]. 2014;82(1):7.24.1-
7.24.13. doi:10.1002/0471142905.hg0724s82

	33.	 Wen T, Zhang X, Lippuner C, Schiff M, Stuber F. Development 
and evaluation of a droplet digital PCR assay for 8p23 β-
Defensin cluster copy number determination. Mol Diagn Ther. 
2021;25(5):607-615.

	34.	 Shebanits K, Günther T, Johansson ACV, et al. Copy number deter-
mination of the gene for the human pancreatic polypeptide recep-
tor NPY4R using read depth analysis and droplet digital PCR. BMC 
Biotechnol. 2019;19(1):31.

	35.	 Oscorbin I, Kechin A, Boyarskikh U, Filipenko M. Multiplex ddPCR 
assay for screening copy number variations in BRCA1 gene. Breast 
Cancer Res Treat. 2019;178(3):545-555.

 10982825, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcla.24998 by C

ochraneItalia, W
iley O

nline L
ibrary on [25/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://orcid.org/0000-0002-8708-9444
https://orcid.org/0000-0002-8708-9444
https://doi.org//10.1002/0471142905.hg0724s82


    |  9 of 9BARBIERI et al.

	36.	 Pinheiro LB, Coleman VA, Hindson CM, et al. Evaluation of a drop-
let digital polymerase chain reaction format for DNA copy number 
quantification. Anal Chem. 2012;84(2):1003-1011.

	37.	 Sallustio F, Curci C, Solimando AG, et al. Identification and moni-
toring of copy number variants (CNV) in monoclonal gammopathy. 
Cancer Biol Ther. 2021;22(5–6):404-412.

	38.	 Jouanin A, Tenorio-Berrio R, Schaart JG, Leigh F, Visser RGF, 
Smulders MJM. Optimisation of droplet digital PCR for determin-
ing copy number variation of α-gliadin genes in mutant and gene-
edited polyploid bread wheat. J Cereal Sci. 2020;92:102903.

	39.	 Cook NR, Mora S, Ridker PM. Lipoprotein(a) and cardio-
vascular risk prediction among women. J Am Coll Cardiol. 
2018;72(3):287-296.

	40.	 Willeit P, Kiechl S, Kronenberg F, et al. Discrimination and net re-
classification of cardiovascular risk with lipoprotein(a). J Am Coll 
Cardiol. 2014;64(9):851-860.

	41.	 Bharuthram A, Paximadis M, Picton ACP, Tiemessen CT. 
Comparison of a quantitative real-time PCR assay and droplet dig-
ital PCR for copy number analysis of the CCL4L genes. Infect Genet 
Evol. 2014;25:28-35.

	42.	 Tsimikas S, Fazio S, Viney NJ, Xia S, Witztum JL, Marcovina SM. 
Relationship of lipoprotein(a) molar concentrations and mass ac-
cording to lipoprotein(a) thresholds and apolipoprotein(a) isoform 
size. J Clin Lipidol. 2018;12(5):1313-1323.

	43.	 Brown WV, Ballantyne CM, Jones PH, Marcovina S. Management 
of Lp(a). J Clin Lipidol. 2010;4(4):240-247.

	44.	 Di Fusco SA, Arca M, Scicchitano P, et al. Lipoprotein(a): a risk fac-
tor for atherosclerosis and an emerging therapeutic target. Heart. 
2023;109(1):18-25.

How to cite this article: Barbieri G, Cassioli G, Kura A, et al. 
Digital droplet PCR versus quantitative PCR for lipoprotein (a) 
kringle IV type 2 repeat polymorphism genetic 
characterization. J Clin Lab Anal. 2024;38:e24998. 
doi:10.1002/jcla.24998

 10982825, 2024, 5, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/jcla.24998 by C

ochraneItalia, W
iley O

nline L
ibrary on [25/04/2024]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense

https://doi.org/10.1002/jcla.24998

	Digital droplet PCR versus quantitative PCR for lipoprotein (a) kringle IV type 2 repeat polymorphism genetic characterization
	Abstract
	1|INTRODUCTION
	2|MATERIALS AND METHODS
	2.1|Study population
	2.2|DNA extraction
	2.3|Kringle IV Type 2 (KIV2) repeats evaluation
	2.4|qPCR: analysis and data normalization
	2.5|ddPCR: analysis and data normalization
	2.6|Statistical analysis

	3|RESULTS
	4|DISCUSSION AND CONCLUSIONS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


