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Abstract: In recent years, the digital polymerase chain reaction has received increasing interest
as it has emerged as a tool to provide more sensitive and accurate detection of minimal residual
disease. In order to start the process of data alignment, we assessed the consistency of the BCR-ABL1
quantification results of the analysis of 16 RNA samples at different levels of disease. The results
were obtained by two different laboratories that relied on The Qx100/Qx200 Droplet Digital PCR
System (Bio-Rad) and Quant Studio 3D dPCR System (Thermofisher) platforms. We assessed the
compatibility between the estimated values by linear regression, Bland–Altman bias-plot, and Mann–
Whitney nonparametric test. The results confirmed the compatibility of the measures, allowing
us tocompute an ‘alignment factor’ (AF), equal to 1.41, which was further validated by a different
series of experiments. We conclude that the performed measurements by the two laboratories are
comparable, and also equalized through the introduction of an alignment factor.

Keywords: digital polymerase chain reaction; digital PCR; dPCR; chronic myeloid leukemia; CML;
minimal residual disease

1. Introduction

Recent long-term survival estimates of chronic myeloid leukemia (CML) patients
treated with tyrosine kinase inhibitors (TKIs) show that life expectancy for these patients
is increasing to almost that of the general population [1–3]. This means that molecular
monitoring in these patients must be brought to a level that will give early risk stratifi-
cation, better prognoses, and a more accurate decision as to whether to suspend the TKI
treatment. The current strategy of CML treatment with TKIs is aimed at achieving at least
a major molecular response (MMR) to prevent progression to the blastic phase (BP) and
possibly reaching a deep molecular response (DMR), raising the opportunity for treatment
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discontinuation [4–6]. In fact, recent trials have demonstrated that a consistent percentage
of CML patients who have achieved stable DMR for a sufficient period can safely stop
their therapy without relapsing [7], and treatment-free remission (TFR) has consequently
become a goal for treatment based on TKIs.

Real-time PCR (RT-qPCR) is currently used as a standard test for laboratory diagnosis
and assessing molecular response (MR) in CML patients. However, despite the interna-
tional efforts to standardize the method, RT-qPCR still has some intrinsic limitations to
itsaccuracy and sensitivity. Although the depth of MR is not the only element utilized to
predict a successful TFR, it is recognized that a more sensitive and accurate method for the
detection of minimal residual disease (MRD) would represent an advantage for patients
aiming to achieve TFR.

In recent years, digital PCR (dPCR) has emerged as a possible alternative for RT-qPCR.
It appears able to provide more sensitive and reproducible detection of very low levels of
disease and such a capability has generated an increased interest inits potential utilization
in clinical practice [8,9]. From a technical point of view, dPCR is a third-generation PCR
that provides an end-point measurement of the target, partitioned in reaction chambers
within specially designed chips or throughout an oil-water emulsion resulting in thousands
of individual PCR reactions. A Poisson correction is applied to estimate an absolute target
sequence quantity, without the need for a standard curve [10–14].

Despite itsapparent advantages, dPCR is not yet used routinely. Also, several of
dPCR’s key features, as well as related biomedical applications and perspectives, are still
under investigation. Preliminary data have provided indications that dPCR exhibits higher
sensitivity in monitoring MRD and higher accuracy in identifying patients with higher
probabilities of relapse after discontinuation of TKIs [15–18]. Although these studies have
shed light on dPCR’s potential, standardization of the method will surely provide a broader
and more general application of dPCR.

At present, there are various dPCR platforms available with different characteristics
and technical specifications, e.g., Qx100/200 (Biorad), which has adroplet-based workflow,
and QuantStudio 3D Digital PCR System (Thermofisher),which is based on a chip work-
flow. The QX200 Droplet Generator is used to partition the reaction mix and target about
20,000 nanoliter-sized droplets. After the amplification on a thermal cycler, droplets are
analyzed individually with a two-color optical detection system in a serial manner. The
QuantStudio™ 3D Digital PCR Instrument makes a physical type of partition on a chip
obtaining about 20,000 reaction wells. The instrument performs multiple image captures
of the chip and, after the run, it determines the location and intensity of the fluorescent
signals in each image.Up to 96 samples can be processed per run using the BioRad platform,
while 24 samples can be processed simultaneously using the ThermoFisher platform. The
PCR-positive and negative droplets are counted to provide absolute quantification of the
target.Both QX200 Droplet Digital PCR System and QuantStudio 3D Digital PCR System
can work with both Probe-Based and EvaGreensystems.Performances have to be defined
assay by assay for both platforms. For QX200 Droplet Generator, the cost is slightly higher
than Real-Time PCR, and the whole process from cDNA to the final resultstakesabout 5 h.

In this study, we aimed to compare the results of the quantification of a p210 BCR-
ABL1 transcript obtained from two different laboratories thatused two different dPCR
platforms in order to: (i) to assess the consistency of the results; and (ii) to verify and
validate the possible existence of an ‘alignment factor’ (AF) between the two platforms.

2. Materials and Methods
2.1. Sample Characteristics, RNA Extraction and cDNA Synthesis

With the approval of the institutional ethical committee, RNA samples of 16 Ph+ CML
patients (4 samples of peripheral blood for each level of BCR-ABL1/ABL1 percentage
measured by RT-qPCR: 10–1%, 1–0.1%, 0.1–0.01%, <0.01%) were extracted with a Maxwell®

16 instrument (Promega, Madison, WI, USA) using SimplyRNA Blood Kit LEV (Cat.#
AS1310), according to the manufacturer’s recommendations. We decided to test samples
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with a transcript level of <10% (chronic phase CML) because of the advantage in the
accuracy of dPCR in lower levels of the disease [8,9]. The samples were quantified by
using the NanoDrop™ One/OneC Microvolume UV-Vis Spectrophotometer (ThermoFisher
Scientific, Waltham, MA, USA) and then reverse-transcribed in 4 reactions (RT) performed
on different weeks. Synthesis of complementary DNA (cDNA) was performed by adding
3µg of RNA to a 50 µL mix composed by 200U of MuLV Reverse Transcriptase (AB Cat No.
N8080018) and Hexanucleotide Primers (Sigma, Merck, Munich, Germany, Cat No H0268)
at aconcentration of 25 M according to this thermal profile: 20 ◦C for 10′, 42 ◦C for 120′,
99 ◦C for 3′ and 4 ◦C∞. All the RNAs were extracted and reverse transcribed centrally in
one laboratory and then cDNAs were shared with the second laboratory. Finally, cDNA
products were tested in 4 different dPCR runs (hereafter, Exp1, Exp2, Exp3, and Exp4) from
the two involved laboratories (hereafter, Lab 1 and Lab 2).

The first experiment (Exp1) was realized by testing a larger number of BCR-ABL1 repli-
cates for 8 out of the 16 samples for each level of disease (10 replicates for the Qx100/Qx200
Droplet Digital dPCR approach and 6 replicates for the QuantStudio 3D Digital PCR Sys-
tem). For each sample, all possible combinations of replicates were considered. ABL1 was
tested for each replicate as a control gene.

The additional three experiments, named Exp2, Exp3, and Exp4 respectively, were
conducted on the whole set of 16 samples by the two laboratories. For each sample and
experiment, Lab 1 tested BCR-ABL1 in triplicates and ABL1 in duplicates, whereas Lab 2
tested both BCR-ABL1 and ABL1 in duplicates.

2.2. Digital PCR Platforms and Analysis
2.2.1. Lab1: Qx100/Qx200 Droplet Digital PCR System

Experiments were performed in a singleplex utilizing the QX100™ Droplet Digital
PCR System platform (Bio-Rad, Hercules, CA, USA) operating with the DigiDrop p210
Master Mix Kit (BioclarmaS.r.l, Turin, Italy), according to the manufacturer’s instructions.
Two different positive controls, 1% and 0.01%, and a negative control (DNA- and RNA-free
water) were also included in each analysis. The target gene BCR-ABL1 p210 was analyzed
in triplicate using 200 ng/replicate of RNA Equivalent [RNAEq represents the amountof
the RT reaction product (cDNA) estimated from the amount of initial RNA], while the
reference gene ABL1 was tested in duplicate using 100 ng/replicate of RNAEq for both
samples and controls. The plate underwent thermocycling following specific amplification
conditions, indicated by the manufacturer: 95 ◦C for 10′, 45 cycles at 94 ◦C for 30” and
60 ◦C for 1′, followed by a final extension step at 98 ◦C for 10′. Threshold values were set at
4000 for BCR-ABL1 p210 and 8500 for ABL1, according to the manufacturer’s instructions.
The sample that revealed <8000 analyzed droplets (minimum droplets number to validate
the results) or copy numbers for reaction >60,000 (saturation of the system) were excluded
from the subsequent data analysis, according to the manufacturer’s instruction. The limit
of detection (LOD), the limit of blank (LOB), and the threshold values are indicated by
the producer. The BCR-ABL1 and ABL1 copy numbers were then used to calculate the
percentage of BCR-ABL1/ABL1, according to the European Against Cancer Program and
the latest EUTOS recommendations [4].

2.2.2. Lab2: QuantStudio 3D Digital PCR System

Experiments were performed in singleplex by the QuantStudio 3D Digital PCR System
platform (Thermofisher Scientific, MA, USA) using the QuantStudio 3D Digital PCR Master
Mix V2 (Thermofisher Scientific, MA, USA), according to the manufacturer’s instructions.
A negative control was also included in each analysis. The target gene BCR-ABL1 p210
was analyzed in duplicate using 50 ng/replicate of RNAEq, while the reference gene ABL1
was tested in duplicate using 25 ng/replicate of RNAEq for both samples and controls.
An FAM-labeled assay targeting BCR-ABL1 and a VIC-labeled assay targeting ABL1 were
custom designed. Theprimer and probe sequences were:

BCR-ABL1 assay
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Forward primer: 5′ TCCGCTGACCATCAAYAAGGA 3′

Reverse primer: 5′ CACTCAGACCCTGAGGCTCAA 3′

Probe: 5′ TTCAGCGGCCAGTAGCAT 3′

ABL1 assay
Forward primer: 5′ ACTCTAAGCATAACTAAAGG 3′

Reverse primer: 5′ GATGTAGTTGCTTGGGACCCA 3′

Probe: 5′ AAGCCCAAACCAAAAAT 3′

We prepared 16 µL of reaction mix containing 8 µL of 2X QuantStudio 3D Digital PCR
Master Mix (Life Technologies, Carlsbad, CA, USA), 0.8 µL of 20X TaqMan-MGB-FAM-
probe assay, 1.1 µL of diluted cDNA (50 ng/µL), and 6.1 µL of nuclease-free water (Qiagen).
For the quantification of positive controls, negative controls, and standard dilutions, 15 µL
of the reaction mix were loaded onto a QuantStudio 3D Digital PCR 20 K Chip using the
automatic chip loader according to the manufacturer’s instructions. The loading allows
the subdivision of the reaction into20,000 micro-reactions, corresponding to the 20,000
micro-wells onto the surface of the chip. Every reaction has a final volume of 865 pL.

Loaded chips underwent thermo-cycling following specific amplification conditions:
95 ◦C for 8′, 45 cycles at 95 ◦C for 15” and 60 ◦C for 1′, followed by a final extension step at
60 ◦C for 2′. The samples that revealed a low number of correctly loaded wells (<16,000)
or copy numbers for reaction >15,000 (saturation of the system) were excluded from the
subsequent data analysis [16]. The BCR-ABL1 and ABL1 copy numbers were then used to
calculate the percentage of BCR-ABL1/ABL1, according to the European Against Cancer
Program and the latest EUTOS recommendations [4].

The LOD was calculated by quantifying standard dilutions of plasmid containing
BCR-ABL1 transcript sequence (QIAGEN) at a known concentration (106 copies, 105 copies,
104 copies, 103 copies, 102 copies, 10 copies) at optimal thermocycling conditions, and the
results were correctly quantified.

Ten replicates of negative controls obtained by quantifying DNA- and RNA-free water
were used to determine the LOB of the test, calculated by multiplying by three the standard
deviation of the measures (Standard Deviation of Blanks Response) [19]. LOB analysis
was 0.066 BCR-ABL1 copies/uL, corresponding to 0.99 BCR-ABL1 copies/chip. This value
was used to evaluate the maximum background noise and confirmed the specificity of
this assay.

All the signals captured from negative controls were under 4000 Relative Fluorescence
Unit (RFU) for BCR-ABL1 and 2500 for ABL1, so these values were the thresholds between
positive and negative emissions.

2.3. Statistical Analysis

Statistical analyses were performed following a multistep approach. First, linear re-
gression was used to assess the compatibility between the values obtained in the two labo-
ratories. Second, to confirm the compatibility between the results from the two laboratories,
we applied the Branford method [19] and compared the measures via the Bland–Altman
bias-plot limit of agreement [20–23]. Third, following the Bland–Altman method approach,
we computed the AF value as the antilog of the average of the differences [20,21,23]. Finally,
the obtained AF value was verified in terms of ‘fold-analysis’ [23].

3. Results

To assess the consistency of the results between Lab1 and Lab2, we analyzed data
from a subset of the original 16 samples. In particular, 8 samples representing 2 samples
of each disease level were selected (Exp1). These samples offered the highest number of
replicates for both platforms, namely 10 replicates for the Qx100/Qx200 Droplet Digital
dPCR (Bio-Rad) approach and 6 replicates for the QuantStudio 3D Digital PCR System
(Thermo Fisher Scientific). Data were expressed as the ratio of BCR-ABL1/ABL1 in the
percentage of every single replicate. The concentration of extracted RNA, raw result of
RT-qPCR, and ddPCR are provided in Supplementary Table S1.
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All validated results were included in the analysis. This allowed us to avoid the
additional uncertainties caused by the different mathematics used by the two laboratories
to calculate the final results from the replicates’ values. For each sample, we considered all
possible combinations of replicates from the two laboratories and we obtained a global set
with 429 entries (see Figure 1). In the following, we will indicate with an ‘A’ each measure of
BCR-ABL1/ABL1 % obtained from Lab1, and with a ‘B’ each measure of BCR-ABL1/ABL1
% obtained from Lab2. Therefore, each of the 429 combinations is formed by a measure A
and a measure B.
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Figure 1. Method of combination of replicates from the twolaboratories. The set of measures
iscreatedby combiningeach measure from Lab 1 (A) with each measure from Lab 2 (B).

With the help of linear regression, we checked the compatibility between the values
obtained in the two laboratories and, as the value of the coefficient of determination (R2) we
obtained 0.9869, which we consider very satisfactory. To confirm the compatibility between
the two laboratories, we followed the Branford method and compared the measures
through a technique based on the Bland–Altman bias-plot approach [20–22]. With respect
to the original Bland–Altman approach, we used a slightly different criterion, i.e., in the
bias plot we included all combinations of the replicates for each sample instead of the
average values only. This leads to a stricter criterion. For the sake of completeness, it is
worth noting that the original Bland–Altman method also includes a contribution due to
the replicates but rather than being direct as in our case it is carried in through the “within
subject standard deviation” [22]. The calculus of the AF is not affected by the use of all
combinations of the replicates, but nevertheless our choice is significantly beneficial for the
subsequent analyses as it allows to apply and verify stricter constraints on the variability
between the measurements obtained in the two laboratories. More specifically, we request
that the so-called “95% limit of agreement” [22] is satisfied by the majority of the measures
and not only by the corresponding average values.

The bias plot we have obtained is shown in Figure 2, and it has been constructed
considering the log10 of the measures and plotting for each of the 429 combinations the
difference between the values obtained at Lab2 and Lab1, i.e., log10(B) − log10(A), versus
the average value of that particular combination, i.e., (log10(B) + log10(A))/2.
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plotted versus their average value. The blue line represents the mean value of thedifferences (d)
(where each difference is defined as log10(B) − log10(A)), and the red lines define the 95% limits
of agreement.

If the plot of the differences exhibits a non-zero mean value bias, it follows that
between the values measured in the two laboratories there is a systematic difference (multi-
plicative in our case). Indeed, such a systematic difference between the two laboratories
has been observed (see Figure 3), and it led to a confirmation of the compatibility between
the measures obtained at Lab1 and Lab2 and to the possibility of computing an AF value
thaatwas then found to be equal to 1.41 with a confidence of agreement range equal to
[1.36–1.47].
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log10(B) − log10(A)), and the red lines define the 95% limits of agreement before conversion (left panel) and after conversion
(right panel).

We report in Table 1 the mean of the differences before and after the conversion and the
standard deviation of the differences. Taking Lab1 as the reference laboratory, Lab2 results
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can be converted by multiplying by 1/AF and as expected, the mean of the differences
after the conversion is zero.

Table 1. Standard deviation (σ) and mean of the differences (d) before and after conversion for Exp1,
Exp2, Exp3, and Exp4.

Standard Deviation (σ) d before AF d after AF

Exp 1 0.17 0.150 0.000
Exp 2 0.29 0.135 –0.014
Exp 3 0.20 0.240 0.090
Exp 4 0.17 0.209 0.060

The obtained AF value was then validated on a different series of experiments, namely,
Exp2, Exp3, and Exp4. Again, we considered all the replicate combinations and we obtained
84, 86 and 88 combinations, respectively, and we used the AF to convert Lab2 dPCR% to
Lab1-like dPCR%. The obtained results proved to be very satisfactory.

In order to demonstrate the benefit of the conversion, we used for each experiment
the ‘fold difference’ approach. As in Muller et al. [23], we defined the ‘fold difference’ (FD)
as the ratio of B/A, where A is the reference measure and B is the test measure, in our case
Lab1 and Lab2, respectively. We computed the percentage of measures thatbefore and after
conversion are included in a 2-fold range (with FD between 0.5 and 2), in a 3-fold range
(0.33–3), and 5-fold range (0.2–5) (see Table 2).

Table 2. Percentages of measurements, before and after conversion, that lie within a 2-, 3-, and 5-fold
range for Exp2, Exp3, and Exp4 presented under (A), (B), and (C) respectively.

(A)

Exp 2 2-Fold 3-Fold 5-Fold

Before conversion 79.1 87.2 96.5

After conversion 74.4 87.2 97.7

(B)

Exp 3 2-Fold 3-Fold 5-Fold

Before conversion 78.6 94.0 95.2

After conversion 91.7 95.2 96.4

(C)

Exp 4 2-Fold 3-Fold 5-Fold

Before conversion 80.7 95.4 96.6

After conversion 95.4 95.4 97.7

In general, one can state that there is an acceptable concordance between measures
obtained in two different laboratories if at least two of the following three condition-
saremet [23]:

(a) more than 50% of the values lie within a 2-fold range;
(b) more than 75% of the values lie within a 3-fold range;
(c) more than 90% of the values lie within a 5-fold range.

The values reported in Table 2 show that our data meet all three conditions before and
after the conversion with a general improvement after the application of the AF.

For each experiment, we also computed the FD mean, median values, and the 95%
limits of agreement before and after alignment (Table 3). A corresponding graphical
description, including the fold range limits, is shown in Figure 4.
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Table 3. Fold difference (FD) before (A) and after conversion (B). We report the 95% limits ofagree-
ment, the mean of the ‘fold differences’ (FD = B/A), and the median value for each experiment.

(A)

Mean 95% Limits of
Agreement Median

Exp 2 1.81 0.37–5.01 1.16

Exp 3 2.01 0.71–4.25 1.69

Exp 4 1.80 0.74–3.51 1.40

(B)

Mean 95% Limits of
Agreement Median

Exp 2 1.28 0.26–3.54 0.82

Exp 3 1.43 0.50–3.01 1.20

Exp 4 1.27 0.53–2.49 0.99

Diseases 2021, 9, x FOR PEER REVIEW 8 of 12 
 

 

Exp 4 2-Fold 3-Fold 5-Fold 

Before conversion 80.7 95.4 96.6 

After conversion 95.4 95.4 97.7 

For each experiment, we also computed the FD mean, median values, and the 95% 

limits of agreement before and after alignment (Table 3). A corresponding graphical de-

scription, including the fold range limits, is shown in Figure 4.  

Table 3. Fold difference (FD) before (A) and after conversion (B). We report the 95% limits ofa-

greement, the mean of the ‘fold differences’ (FD = B/A), and the median value for each experiment. 

(A) 

 Mean 95% Limits of Agreement Median 

Exp 2 1.81 0.37–5.01 1.16 

Exp 3 2.01 0.71–4.25 1.69 

Exp 4 1.80 0.74–3.51 1.40 

(B) 

 Mean 95% Limits of Agreement Median 

Exp 2 1.28 0.26–3.54 0.82 

Exp 3 1.43 0.50–3.01 1.20 

Exp 4 1.27 0.53–2.49 0.99 

 

Figure 4. Means and corresponding 95% limits of agreement of the fold differences for Exp2, Exp3,and Exp4 before con-

version (left panel) and after conversion (right panel). 

It is worth pointing out that an average difference of 1.0-fold indicates that there is 

no difference in the average values of BCR-ABL1/ABL1% obtained in the two laborato-

ries. Comparing data, one can see that the conversion leads to a narrowing of the limits of 

agreement, i.e., the application of AF narrows the width of the data distribution. In par-

ticular, after conversion, the values of the 95% limits of agreement lie for all experiments 

in a 3.6-fold range rather than in a 5.0-fold range as before the conversion. 

4. Discussion 

In this study, we compared two dPCR platforms in order to evaluate the consistency 

of their data. In addition, we accounted for the possibility of calculating anAF to mini-

mize the variability between the results obtained from the two platforms. So far, 

RT-qPCR is considered a gold standard for monitoring molecular response and diagnosis 

Figure 4. Means and corresponding 95% limits of agreement of the fold differences for Exp2, Exp3, and Exp4 before
conversion (left panel) and after conversion (right panel).

It is worth pointing out that an average difference of 1.0-fold indicates that there is no
difference in the average values of BCR-ABL1/ABL1% obtained in the two laboratories.
Comparing data, one can see that the conversion leads to a narrowing of the limits of
agreement, i.e., the application of AF narrows the width of the data distribution. In
particular, after conversion, the values of the 95% limits of agreement lie for all experiments
in a 3.6-fold range rather than in a 5.0-fold range as before the conversion.

4. Discussion

In this study, we compared two dPCR platforms in order to evaluate the consistency
of their data. In addition, we accounted for the possibility of calculating anAF to minimize
the variability between the results obtained from the two platforms. So far, RT-qPCR is
considered a gold standard for monitoring molecular response and diagnosis of CML
patients. Its process of international standardization has been active for more than 20 years,
going through all the stages of results validation, conversion factor implementation, and
expressing the results on an international scale, as well as creating reference material
for the proper quantification of BCR-ABL1 transcripts [4,20,23–27]. Despitemany efforts
to standardize the method, RT-qPCR still carries considerable uncertainty, especially in
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detecting very low levels of the disease [28]. In particular, RT-qPCR presents some intrinsic
defects, i.e., requirement of a standard curve for the quantification and loss of accuracy in
case of a small number of leukemia cells.

The introduction of therapy with TKIs has drastically increased survival rates, deter-
mining the need to perform a more advanced molecular analysis to have a better definition
of the deeper response levels of the disease [4]. On the other hand, by defining DMR and
introducing additional MR4 and MR4.5 levels of the disease, the shortcomings of RT-qPCR
are highlighted when it comes to long-term follow-up of CML patients. The current policy
of CML treatment with TKIs is aimed atachieving an MMR to prevent progression to
advanced phases [29–32] and a stable DMR to provide a chance for TFR [33,34]. Therefore,
all scientific approaches are focused on finding the most appropriate method and meeting
the fully or partially set criteria, which is essential for clinical management.

The dPCR is certainly not a completely new method, but the interest in its application
in the hematology field has beenespeciallypopularin recent years. A newly released review
by Cilloni et al. has summarized the characteristics and advantages of dPCR over RT-qPCR
in the possible future application for monitoring not only the CML patients but also patients
with other hematological disorders [35]. From a methodological point of view, dPCR does
not require the utilization of reference material or standard curves, resulting in higher
reproducibility. The Qx100/Qx200 Droplet Digital PCR System (Bio-Rad) and QuantStudio
3D Digital PCR System (Thermo Fisher Scientific) are the most widespread platforms
commonly used in Italy. These instruments present similar features, such as a maximum
partition number of 20,000 and the possibility of expressing results by the same units of
measurement. However, they are based on two different receptacles: Qx100/Qx200 (Bio-
Rad) is based on sample subdivision in micro-droplets, while QuantStudio 3D (Thermo
Fisher Scientific) is a chip-based platform, which presents a physical division of the sample
in micro-wells [8,28,36]. Although guidelines for the use of the dPCR have been published,
no standardization process has yet been implemented.

Our study results revealed a satisfactory level of accuracy and reproducibility, con-
firming the value of the dPCR technique. Although we observed higher variability in the
quantification of the lower disease levels, we concluded that the two used dPCR platforms
have shown consistent results. Despite the two platforms using different RNA amount
for the analysis, the workflow is optimized in order to have the best results for both plat-
forms.In fact, the differences in the variability are independent of the amount of equivalent
RNA used for the analysis.

The high reproducibility of dPCR, however, does not make it exempt from the need for
a standardization process. Indeed, our data highlighted that two different dPCR platforms
also need the introduction of an AF to make the results completely comparable. The main
strengthof our study lies in demonstrating the possibility of using two different highly
effective dPCR platforms with comparable results, thanks to the introduction of an AF. The
demonstration of how useful an AF can be, even for very reproducible systems, such as
dPCR, underlines the importance of undertaking a standardization path similar to that
carried out in RT-qPCR.

Our study had some limitations. First, even though these are promising and satisfac-
tory results, they are preliminary and cannot give a definitive picture of what our original
aim was at the beginning ofthe study. To answer that question in full requires long-term
comparative studies and the collaboration of several laboratories using the described dPCR
platforms. More comprehensive studies for confirmation of the dPCR’s superiority over
RT-qPCR are also needed, and that could be achieved by directly comparing the results
from these two methods [10,37–39]. Second, we used only a total number of 429 replicates
for the main study analysis, but still following the Bland–Altman method approach from
a mathematical point of view is possible to apply it satisfactorily. Especially, considering
that the total variance is mostly given by the within-subject variance and, in this way, the
leading terms of the variance are properly represented.
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The results presented here are part of an ongoing study for the evaluation of the vari-
ability of the measurements of different levels of CML disease within the same laboratory
and among 5 different laboratories. We strongly believe that such an investigation in the
future will increase the interest in applying dPCR for molecular monitoring of hematology
diseases, and that this will provide better risk stratification and a more accurate prognosis.
According to the results of our study so far, the dPCR method can be examined as a reason-
able alternative to theRT-qPCR method, and its standardization process could be taken as
feasible and achievable.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/diseases9020035/s1. The concentration of extracted RNA, raw result of RT-qPCR, and ddPCR.

Author Contributions: Conceptualization, C.F., S.B., D.R., M.M. and G.S.; methodology, F.D., E.G.
and R.L.; software, F.C. (Francesco Ceccherini), F.C. (Francesco Cordoni), and L.G.; validation, D.B.
and M.V.; formal analysis, F.C. (Francesco Ceccherini), F.C.(Francesco Cordoni) and L.G.; investiga-
tion, F.D., E.G. and R.L.; resources, D.B. and M.V.; data curation, F.C. (Francesco Ceccherini), F.C.
(Francesco Cordoni), L.G. and P.B.; writing—original draft preparation, C.F.; writing—review and
editing, G.R.-C., P.B., A.J., J.P. and V.S.; visualization, C.F., A.J., V.S. and G.R.-C.; supervision, C.F.,
S.B., D.R., M.M., G.S. and E.M.G.; project administration, C.F., E.M.G., D.B. and M.V. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for the study,
because the samples were not taken ad hoc for the study, but derived from the laboratory diagnostic
routine. It is a retrospective study that considers data pre-existing to the study itself (real time data)

Informed Consent Statement: Not applicable.

Data Availability Statement: All relevant data are within the paper and its Supporting Information
files (such as Supplementary Material).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Kantarjian, H.; O’Brien, S.; Jabbour, E.; Garcia-Manero, G.; Quintas-Cardama, A.; Shan, J.; Rios, M.B.; Ravandi, F.; Faderl, S.;

Kadia, T.; et al. Improved survival in chronic myeloid leukemia since the introduction of imatinib therapy: A single-institution
historical experience. Blood 2012, 119, 1981–1987. [CrossRef]

2. Bower, H.; Björkholm, M.; Dickman, P.W.; Höglund, M.; Lambert, P.C.; Andersson, T.M.-L. Life Expectancy of Patients With
Chronic Myeloid Leukemia Approaches the Life Expectancy of the General Population. J. Clin. Oncol. 2016, 34, 2851–2857.
[CrossRef] [PubMed]

3. Hehlmann, R.; Hochhaus, A.; Baccarani, M. Chronic myeloid leukaemia. Lancet 2007, 370, 342–350. [CrossRef]
4. Cross, N.C.P.; White, H.; Colomer, D.; Ehrencrona, H.; Foroni, L.; Gottardi, E.; Lange, T.; Lion, T.; Polakova, K.M.; Dulucq, S.; et al.

Laboratory recommendations for scoring deep molecular responses following treatment for chronic myeloid leukemia. Leuk.
2015, 29, 999–1003. [CrossRef] [PubMed]

5. Baccarani, M.; Deininger, M.W.; Rosti, G.; Hochhaus, A.; Soverini, S.; Apperley, J.F.; Cervantes, F.; Clark, R.E.; Cortes, J.E.; Guilhot,
F.; et al. European LeukemiaNet recommendations for the management of chronic myeloid leukemia: 2013. Blood 2013, 122,
872–884. [CrossRef] [PubMed]

6. Baccarani, M.; Castagnetti, F.; Gugliotta, G.; Rosti, G. A review of the European LeukemiaNet recommendations for the
management of CML. Ann. Hematol. 2015, 94, 141–147. [CrossRef] [PubMed]

7. Mahon, F.-X. Discontinuation of tyrosine kinase therapy in CML. Ann. Hematol. 2015, 94, 187–193. [CrossRef] [PubMed]
8. Huggett, J.F.; Cowen, S.; Foy, C.A. Considerations for Digital PCR as an Accurate Molecular Diagnostic Tool. Clin. Chem. 2015, 61,

79–88. [CrossRef]
9. Cao, L.; Cui, X.; Hu, J.; Li, Z.; Choi, J.R.; Yang, Q.; Lin, M.; Hui, L.Y.; Xu, F. Advances in digital polymerase chain reaction (dPCR)

and its emerging biomedical applications. Biosens. Bioelectron. 2017, 90, 459–474. [CrossRef]
10. Goh, H.-G.; Lin, M.; Fukushima, T.; Saglio, G.; Kim, D.; Choi, S.-Y.; Kim, S.-H.; Lee, J.; Lee, Y.-S.; Oh, S.-M.; et al. Sensitive

quantitation of minimal residual disease in chronic myeloid leukemia using nanofluidic digital polymerase chain reaction assay.
Leuk. Lymphoma 2011, 52, 896–904. [CrossRef]

11. Bhat, S.; Herrmann, J.; Armishaw, P.; Corbisier, P.; Emslie, K.R. Single molecule detection in nanofluidic digital array enables
accurate measurement of DNA copy number. Anal. Bioanal. Chem. 2009, 394, 457–467. [CrossRef] [PubMed]

https://www.mdpi.com/article/10.3390/diseases9020035/s1
https://www.mdpi.com/article/10.3390/diseases9020035/s1
http://doi.org/10.1182/blood-2011-08-358135
http://doi.org/10.1200/JCO.2015.66.2866
http://www.ncbi.nlm.nih.gov/pubmed/27325849
http://doi.org/10.1016/S0140-6736(07)61165-9
http://doi.org/10.1038/leu.2015.29
http://www.ncbi.nlm.nih.gov/pubmed/25652737
http://doi.org/10.1182/blood-2013-05-501569
http://www.ncbi.nlm.nih.gov/pubmed/23803709
http://doi.org/10.1007/s00277-015-2322-2
http://www.ncbi.nlm.nih.gov/pubmed/25814080
http://doi.org/10.1007/s00277-015-2320-4
http://www.ncbi.nlm.nih.gov/pubmed/25814085
http://doi.org/10.1373/clinchem.2014.221366
http://doi.org/10.1016/j.bios.2016.09.082
http://doi.org/10.3109/10428194.2011.555569
http://doi.org/10.1007/s00216-009-2729-5
http://www.ncbi.nlm.nih.gov/pubmed/19288230


Diseases 2021, 9, 35 11 of 12

12. Pinheiro, L.B.; Coleman, V.A.; Hindson, C.M.; Herrmann, J.; Hindson, B.J.; Bhat, S.; Emslie, K.R. Evaluation of a Droplet Digital
Polymerase Chain Reaction Format for DNA Copy Number Quantification. Anal. Chem. 2011, 84, 1003–1011. [CrossRef] [PubMed]

13. Jennings, L.J.; George, D.; Czech, J.; Yu, M.; Joseph, L. Detection and Quantification of BCR-ABL1 Fusion Transcripts by Droplet
Digital PCR. J. Mol. Diagn. 2014, 16, 174–179. [CrossRef] [PubMed]

14. Dongngam, C.; Chareonsirisuthigul, T.; Limsuwanachot, N. Development of highly sensitive detection for BCR-ABL transcripts
in chronic myeloid leukemia by droplet digital PCR. Thai J. Genet. 2015, 8, 150–159.

15. Mori, S.; Vagge, E.; Le Coutre, P.; Abruzzese, E.; Martino, B.; Pungolino, E.; Elena, C.; Pierri, I.; Assouline, S.; D’Emilio, A.; et al.
Age and dPCR can predict relapse in CML patients who discontinued imatinib: The ISAV study. Am. J. Hematol. 2015, 90, 910–914.
[CrossRef]

16. Bernardi, S.; Ruggieri, G.; Malagola, M.; Cancelli, V.; Cattina, F.; Polverelli, N.; Zanaglio, C.; Perucca, S.; Re, F.; Montanelli, A.;
et al. Digital PCR (Dpcr) a Step Forward to Detection and Quantification of Minimal Residual Disease (MRD) in Ph+/BCR-ABL1
Chronic Myeloid Leukemia (CML). J. Mol. Biomarkers Diagn. 2017, 8, 1–3. [CrossRef]

17. Fava, C.; Varotto, M.; Berchialla, P.; Gottardi, E.; Daraio, F.; Lorenzatti, R.; Giugliano, E.; Barberio, D.; Iurlo, A.; Orlandi, E.;
et al. Dropled Digital PCR May Have a Prognostic Value for Predicting Relapse after Imatinib Discontinuation. Clin. Lymphoma
Myeloma Leuk. 2016, 16, S62–S63. [CrossRef]

18. Diral, E.; Mori, S.; Antolini, L.; Abruzzese, E.; Le Coutre, P.; Martino, B.; Pungolino, E.; Elena, C.; Bergamaschi, M.; Assouline, S.;
et al. Increased tumor burden in patients with chronic myeloid leukemia after 36 months of imatinib discontinuation. Blood 2020,
136, 2237–2240. [CrossRef]

19. Shrivastava, A.; Gupta, V.B. Methods for the determination of limit of detection and limit of quantitation of the analytical methods.
Chronicles Young-Sci. 2011, 2, 21. [CrossRef]

20. Branford, S.; Fletcher, L.; Cross, N.C.P.; Müller, M.C.; Hochhaus, A.; Kim, D.-W.; Radich, J.P.; Saglio, G.; Pane, F.; Kamel-Reid, S.;
et al. Desirable performance characteristics for BCR-ABL measurement on an international reporting scale to allow consistent
interpretation of individual patient response and comparison of response rates between clinical trials. Blood 2008, 112, 3330–3338.
[CrossRef] [PubMed]

21. Bland, J.M.; Altman, D.G. Statistical methods for assessing agreement between two methods of clinical measurement. Lancet 1986,
1, 307–310. [CrossRef]

22. Bland, J.M.; Altman, D.G. Measuring agreement in method comparison studies. Stat. Methods Med. Res. 1999, 8, 135–160.
[CrossRef] [PubMed]

23. Müller, M.C.; Cross, N.C.P.; Erben, P.; Schenk, T.; Hanfstein, B.; Ernst, T.; Hehlmann, R.; Branford, S.; Saglio, G.; Hochhaus, A.
Harmonization of molecular monitoring of CML therapy in Europe. Leuk. 2009, 23, 1957–1963. [CrossRef] [PubMed]

24. Hughes, T.P.; Kaeda, J.; Branford, S.; Rudzki, Z.; Hochhaus, A.; Hensley, M.L.; Gathmann, I.; Bolton, A.E.; Van Hoomissen,
I.C.; Goldman, J.M.; et al. Frequency of Major Molecular Responses to Imatinib or Interferon Alfa plus Cytarabine in Newly
Diagnosed Chronic Myeloid Leukemia. New Engl. J. Med. 2003, 349, 1423–1432. [CrossRef] [PubMed]

25. White, H.E.; Matejtschuk, P.; Rigsby, P.; Gabert, J.; Lin, F.; Wang, Y.L.; Branford, S.; Müller, M.C.; Beaufils, N.; Beillard, E.; et al.
Establishment of the first World Health Organization International Genetic Reference Panel for quantitation of BCR-ABL mRNA.
Blood 2010, 116, e111–e117. [CrossRef] [PubMed]

26. Cross, N.C.P.N.; White, H.; Ernst, T.; Welden, L.; Dietz, C.; Saglio, G.; Mahon, F.-X.; Wong, C.C.; Zheng, D.; Wong, S.; et al.
Development and evaluation of a secondary reference panel for BCR-ABL1 quantification on the International Scale. Leuk. 2016,
30, 1844–1852. [CrossRef]

27. Jovanovski, A.; Petiti, J.; Giugliano, E.; Gottardi, E.M.; Saglio, G.; Cilloni, D.; Fava, C. Standardization of BCR-ABL1 p210
Monitoring: From Nested to Digital PCR. Cancers 2020, 12, 3287. [CrossRef]

28. Alikian, M.; Whale, A.S.; Akiki, S.; Piechocki, K.; Torrado, C.; Myint, T.; Cowen, S.; Griffiths, M.; Reid, A.G.; Apperley, J. RT-qPCR
and RT-Digital PCR: A Comparison of Different Platforms for the Evaluation of Residual Disease in Chronic Myeloid Leukemia.
Clin. Chem. 2017, 63, 525–531. [CrossRef]

29. Hochhaus, A.; O’brien, S.G.; Guilhot, F.; Druker, B.J.; Branford, S.; Foroni, L.; Goldman, J.M.; Müller, M.C.; Radich, J.P.; Rudoltz,
M.; et al. IRIS Investigators, Six-year follow-up of patients receiving imatinib for the first-line treatment of chronic myeloid
leukemia. Leukemia 2009, 23, 1054–1061. [CrossRef]

30. Gambacorti-Passerini, C.; Antolini, L.; Mahon, F.-X.; Guilhot, F.; Deininger, M.; Fava, C.; Nagler, A.; Della Casa, C.M.; Morra, E.;
Abruzzese, E.; et al. Multicenter Independent Assessment of Outcomes in Chronic Myeloid Leukemia Patients Treated With
Imatinib. J. Natl. Cancer Inst. 2011, 103, 553–561. [CrossRef]

31. Hehlmann, R.; Lauseker, M.; Jung-Munkwitz, S.; Leitner, A.; Müller, M.C.; Pletsch, N.; Proetel, U.; Haferlach, C.; Schlegelberger,
B.; Balleisen, L.; et al. Tolerability-Adapted Imatinib 800 mg/d Versus 400 mg/d Versus 400 mg/d Plus Interferon-α in Newly
Diagnosed Chronic Myeloid Leukemia. J. Clin. Oncol. 2011, 29, 1634–1642. [CrossRef]

32. Hoffmann, V.S.; Baccarani, M.; Hasford, J.; Lindoerfer, D.; Burgstaller, S.; Sertic, D.; Costeas, P.; Mayer, J.; Indrák, K.; Everaus, H.;
et al. The EUTOS population-based registry: Incidence and clinical characteristics of 2904 CML patients in 20 European Countries.
Leuk. 2015, 29, 1336–1343. [CrossRef] [PubMed]

33. Saussele, S.; Richter, J.; Guilhot, J.; Gruber, F.X.; Hjorth-Hansen, H.; Almeida, A.; Janssen, J.J.W.M.; Mayer, J.; Koskenvesa,
P.; Panayiotidis, P.; et al. Discontinuation of tyrosine kinase inhibitor therapy in chronic myeloid leukaemia (EURO-SKI): A
prespecified interim analysis of a prospective, multicentre, non-randomised, trial. Lancet Oncol. 2018, 19, 747–757. [CrossRef]

http://doi.org/10.1021/ac202578x
http://www.ncbi.nlm.nih.gov/pubmed/22122760
http://doi.org/10.1016/j.jmoldx.2013.10.007
http://www.ncbi.nlm.nih.gov/pubmed/24389534
http://doi.org/10.1002/ajh.24120
http://doi.org/10.4172/2155-9929.1000330
http://doi.org/10.1016/j.clml.2016.07.090
http://doi.org/10.1182/blood.2019004371
http://doi.org/10.4103/2229-5186.79345
http://doi.org/10.1182/blood-2008-04-150680
http://www.ncbi.nlm.nih.gov/pubmed/18684859
http://doi.org/10.1016/S0140-6736(86)90837-8
http://doi.org/10.1177/096228029900800204
http://www.ncbi.nlm.nih.gov/pubmed/10501650
http://doi.org/10.1038/leu.2009.168
http://www.ncbi.nlm.nih.gov/pubmed/19710700
http://doi.org/10.1056/NEJMoa030513
http://www.ncbi.nlm.nih.gov/pubmed/14534335
http://doi.org/10.1182/blood-2010-06-291641
http://www.ncbi.nlm.nih.gov/pubmed/20720184
http://doi.org/10.1038/leu.2016.90
http://doi.org/10.3390/cancers12113287
http://doi.org/10.1373/clinchem.2016.262824
http://doi.org/10.1038/leu.2009.38
http://doi.org/10.1093/jnci/djr060
http://doi.org/10.1200/JCO.2010.32.0598
http://doi.org/10.1038/leu.2015.73
http://www.ncbi.nlm.nih.gov/pubmed/25783795
http://doi.org/10.1016/S1470-2045(18)30192-X


Diseases 2021, 9, 35 12 of 12

34. Chamoun, K.; Kantarjian, H.; Atallah, R.; Gonzalez, G.N.; Issa, G.C.; Rios, M.B.; Garcia-Manero, G.; Borthakur, G.; Ravandi,
F.; Jain, N.; et al. Tyrosine kinase inhibitor discontinuation in patients with chronic myeloid leukemia: A single-institution
experience. J. Hematol. Oncol. 2019, 12, 1–10. [CrossRef] [PubMed]

35. Cilloni, D.; Petiti, J.; Rosso, V.; Andreani, G.; Dragani, M.; Fava, C.; Saglio, G. Digital PCR in Myeloid Malignancies: Ready to
Replace Quantitative PCR? Int. J. Mol. Sci. 2019, 20, 2249. [CrossRef] [PubMed]

36. Alikian, M.; Gale, R.P.; Apperley, J.F.; Foroni, L. Molecular techniques for the personalised management of patients with chronic
myeloid leukaemia. Biomol. Detect. Quantif. 2017, 11, 4–20. [CrossRef] [PubMed]

37. Bernardi, S.; Malagola, M.; Zanaglio, C.; Polverelli, N.; Eke, E.D.; D’Adda, M.; Farina, M.; Bucelli, C.; Scaffidi, L.; Toffoletti, E.;
et al. Digital PCR improves the quantitation of DMR and the selection of CML candidates to TKIs discontinuation. Cancer Med.
2019, 8, 2041–2055. [CrossRef] [PubMed]

38. Zanaglio, C.; Bernardi, S.; Gandolfi, L.; Farina, M.; Re, F.; Polverelli, N.; Zollner, T.; Turra, A.; Morello, E.; Malagola, M.; et al.
RT-qPCR versus Digital PCR: How Do They Impact Differently on Clinical Management of Chronic Mye-loid Leukemia Patients?
Case Rep. Oncol. 2020, 13, 1263–1269. [CrossRef] [PubMed]

39. Bernardi, S.; Bonifacio, M.; Iurlo, A.; Zanaglio, C.; Tiribelli, M.; Binotto, G.; Abruzzese, E.; Russo, D. “Variant-specific discrepancy
when quantitating BCR-ABL1 e13a2 and e14a2 transcripts using the Europe Against Cancer qPCR assay.” Is dPCR the key? Eur. J.
Haematol. 2019, 103, 272–273. [CrossRef]

http://doi.org/10.1186/s13045-018-0686-1
http://www.ncbi.nlm.nih.gov/pubmed/30606227
http://doi.org/10.3390/ijms20092249
http://www.ncbi.nlm.nih.gov/pubmed/31067725
http://doi.org/10.1016/j.bdq.2017.01.001
http://www.ncbi.nlm.nih.gov/pubmed/28331814
http://doi.org/10.1002/cam4.2087
http://www.ncbi.nlm.nih.gov/pubmed/30950237
http://doi.org/10.1159/000510440
http://www.ncbi.nlm.nih.gov/pubmed/33250741
http://doi.org/10.1111/ejh.13282

	Introduction 
	Materials and Methods 
	Sample Characteristics, RNA Extraction and cDNA Synthesis 
	Digital PCR Platforms and Analysis 
	Lab1: Qx100/Qx200 Droplet Digital PCR System 
	Lab2: QuantStudio 3D Digital PCR System 

	Statistical Analysis 

	Results 
	Discussion 
	References

