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Abstract
Quantitation of BCR-ABL1 with the quantitative reverse transcriptase polymerase chain reaction (RT-PCR) is very 
important in monitoring chronic myeloid leukemia (CML), which relies on an RNA reference material. A genomic RNA 
reference material (RM) containing the BCR-ABL1 P210 fusion mutation was developed, and an absolute quantitative 
method based on one-step reverse transcription digital PCR (RT-dPCR) was established for characterizing the RM. The 
proposed dPCR method demonstrates high accuracy and excellent analytical sensitivity, as shown by the linear relation-
ship (0.94 < slope < 1.04, R2≧0.99) between the measured and nominal values of b2a2, b3a2, and ABL1-ref within the 
dynamic range (104–101 copies/reaction). Homogeneity and stability assessment based on dPCR indicated that the RM 
was homogeneous and stable for 24 months at −80 °C. The RM was used to evaluate inter-laboratory reproducibility in 
eight different laboratories, demonstrating that participating laboratories could consistently produce copy concentra-
tions of b3a2 and ABL1-ref, as well as the BCR-ABL1/ABL1 ratio (CV < 2.0%). This work suggests that the RM can be 
employed in establishing metrological traceability for detecting mutations in the BCR-ABL1 fusion gene, as well as in 
quality control for testing laboratories.

Keywords  Chronic myeloid leukemia (CML) · One-step reverse transcription dPCR · BCR-ABL1 · Reference measurement 
procedure (RMP) · Reference materials (RMs)

Introduction

Chronic myeloid leukemia (CML) is characterized by the 
presence of the Philadelphia chromosome (Ph) in patients 
with myeloproliferative neoplasms (MPNs) [1–3]. The 
proto-oncogene Abelson murine leukemia viral homolog 
1 (ABL1) on chromosome 9 (9q34) fuses with the break-
point cluster region (BCR) on chromosome 22 (22q11) [4]. 
This translocation results in the formation of the BCR-ABL1 
fusion gene, leading to the expression of a protein with 
potent tyrosine kinase activity that disrupts multiple signal-
ing pathways [5, 6]. In most cases, the ABL1 gene breakpoint 
occurs consistently between exons 1 and 2, while the BCR 
gene breakpoint varies, typically in exons 13 and 14, giving 
rise to two distinct products known as b2a2 (e13a2) and 
b3a2 (e14a2), both producing a 210 kDa BCR-ABL1 pro-
tein (P210) [7, 8]. Studies indicate that around two-thirds 
of patients with BCR-ABL1 P210 express b3a2, which may 
be related to a higher likelihood of deep molecular response 
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and survival. In addition, 5–10% of all patients co-express 
both b2a2 and b3a2 [9, 10]. The BCR-ABL1 fusion gene 
serves as the molecular foundation of CML, functioning not 
only as a diagnostic and monitoring marker but also as a 
target for tyrosine kinase inhibitors (TKIs) in CML treat-
ment. Therefore, monitoring the transcription level of the 
BCR-ABL1 fusion gene in CML patients is crucial for evalu-
ation of treatment efficacy, early detection of drug resistance, 
and monitoring of disease progression to inform treatment 
decisions. Consequently, accurate quantitative detection of 
BCR-ABL1 is imperative for the management of CML and 
for conducting clinical studies of novel agents in CML.

The technical methods for the detection of leukemia-
specific fusion genes are being gradually established and 
improved in China. The BCR-ABL1 fusion gene is currently 
detected by karyotyping, fluorescence in situ hybridization 
(FISH), polymerase chain reaction (PCR) techniques, and 
flow cytometric immune bead assay (CBA) [11]. Among 
the various techniques available, FISH cannot distinguish 
between fusion variants despite its highly standardized pro-
cedures, so FISH results are subjective. Real-time quantita-
tive reverse transcription PCR (RT-qPCR) is widely used in 
laboratories to quantify BCR-ABL1 fusion gene transcripts, 
but significant differences are found among laboratories as 
a result of differences in testing kits due to a lack of Interna-
tional System of Units (SI)-traceable RNA reference mate-
rial (RM) [12]. To ensure the comparability and consist-
ency of detection results from different methods, platforms, 
and laboratories, it is necessary to establish a SI-traceable 
RNA RM for gene fusion measurement which can be used 
to implement the traceability required by ISO 17511 [13].

Many efforts have been made toward the standardization of 
BCR-ABL1 detection, including the establishment of primary 
and secondary standard reagents [14–16] and plasmid DNA 
reference materials [17]. However, no SI-traceable RNA RM is 
available so far to validate the RNA reverse transcription effi-
ciency (RTE), due to the lack of a SI-traceable reference meas-
urement procedure (RMP) for the RNA measurement. Reverse 
transcriptase digital polymerase chain reaction (RT-dPCR) is a 
unique approach to measurement of the absolute copy number 
of target DNA without using external standards, with a high 
degree of sensitivity and precision [18]. With regard to RNA 
quantification, it is essential to first evaluate RNA RTE [19]. 
Previous studies have demonstrated that different dPCR assays 
may exhibit varying RT efficiency based on RNA structure. 
Therefore, an RNA RMP with a defined RNA RTE is urgently 
needed to assign the reference value of BCR-ABL1 RNA RM.

Isotope dilution mass spectrometry (IDMS) is the pri-
mary method for quantifying small molecules in chemical 
analysis. It utilizes stable isotope-labeled analogues (i.e., 
13C or 15N) to assess quantitative biases in sample prepara-
tion or detection by mass spectrometry (MS) [20, 21]. When 
combined with enzymatic digestion or chemical hydrolysis 

methods, IDMS can also be used for the quantification of 
DNA or RNA [22–24]. A previous study reported on the 
use of enzymatic digestion-IDMS as a method for meas-
uring RNA concentration without the RT step, which was 
employed to evaluate the RTE of the RT-dPCR method for 
the detection of SARS-CoV-2 RNA.

The objectives of this study are (1) to establish and validate 
an RMP for BCR-ABL1 transcript quantification at the RNA 
level by one-step reverse transcription dPCR (RT-dPCR) with 
a defined RTE determined by IDMS, (2) to develop a gRNA 
RM for BCR-ABL1 measurement, and (3) to assess inter-lab-
oratory reproducibility by utilizing the gRNA RM.

Materials and methods

Study design

The study design is illustrated in Fig. 1. The scheme includes 
the following steps: (1) establishment and validation of the 
RT-dPCR using in vitro-transcribed (IVT) RNA and IDMS, 
(2) preparation of the genomic RNA (gRNA) candidate RM 
from the cell line, (3) characterization of the gRNA RM 
by the established RT-dPCR, and (4) evaluation of inter-
laboratory reproducibility using the gRNA RM.

Cell line, plasmid, and in vitro‑transcribed RNA

Cell line K562 (containing BCR-ABL1 P210 transcript) 
was purchased from Meisen Chinese Tissue Culture Col-
lections (Meisen CTCC). The culture medium comprised 
RPMI 1640, 10% fetal bovine serum (FBS), and 1% peni-
cillin/streptomycin (PS) (both from Gibco, USA) and was 
maintained by the National Institute of Metrology (NIM), 
China. The cell line was incubated in a 5% CO2 atmosphere 
at 37 °C, reaching a saturated cell density every 3 or 4 days, 
and was subcultured at a ratio of 1:3 or 1:4.

BCR-ABL1 P210 transcript (containing b2a2 and b3a2) and 
partial ABL1 (NM_005157.6, domain at the junction of exons 
10 and 11) were synthesized and constructed into the same 
pBluescript II SK(+) vector by BGI (Beijing, China) to gener-
ate an IVT RNA molecule. The plasmid was linearized with 
Xba I (Takara, code no. 1093S) at the 3′ end and purified using 
a commercial DNA Clean-up Kit (CWBIO, Beijing, China) 
(Figure S1a). In vitro transcription reaction was performed 
using the MEGAscript™ T7 Transcription Kit (Thermo Fisher 
Scientific, USA), and Turbo DNase was added to remove the 
template DNA according to the instructions. The transcribed 
RNA was then purified with the MEGAclear™ kit (Thermo 
Fisher Science, USA). The quantity and quality of IVT RNA 
were assessed using the NanoDrop 2000 (Agilent, USA) and 
2100 Bioanalyzer with the RNA 6000 Nano Kit (Agilent, 
USA), respectively. The successful transcription of RNA was 
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confirmed using the RNA 6000 Nano Kit and analyzed on a 
2100 Bioanalyzer (Agilent, USA) (Figure S1b).

Preparation of genomic RNA reference material

The cell line of total RNA was extracted by using an Ultrapure 
RNA kit (CWBIO, Beijing, China) according to the manufac-
turer’s instructions. The concentration and integrity number 
(RIN) of total RNA were estimated using the NanoDrop 2000 
and analyzed on a 2100 Bioanalyzer Instrument with an RNA 
6000 Nano Kit (both Agilent, USA), respectively. The purity 
and integrity of total RNA were confirmed by the value of 
A260/280 (1.8–2.0), A260/230 ( > 2.0), and RIN (≥ 9.3). The 
RNA stock solution was diluted to a concentration of 50 ng/
μL using the RNA storage solution (Thermo Fisher Scientific, 
USA) with 5 ng/μL of yeast total RNA (Sigma, Code No. 
63231630, USA), packaged in 30 μL per vial, stored at −80 
°C and used as the candidate reference material (RM).

Sanger sequencing

The candidate RM was converted into complementary DNA 
(cDNA) by using a reverse transcription kit (Takara, code 
no. 6215A). Subsequently, the cDNA was sequenced by 
Sanger sequencing (ABI 3730XL, USA) to confirm the pres-
ence of BCR-ABL1 transcript by Sangon Biotech Co., Ltd. 
(Shanghai, China). The sequence data were then analyzed 
using SeqMan software.

Reverse transcription digital PCR (RT‑dPCR)

The primer and probe sequences used for detecting the tar-
gets of BCR-ABL1 (b2a2 and b3a2) and the ABL1 refer-
ence gene (ABL1-ref) are listed in Table S1 [2, 16, 18]. The 
optimization of primer and probe concentrations is shown 
in Figure S2a–c. The RT-dPCR analysis was performed on 
a QX200 Droplet Digital PCR system (Bio-Rad, USA). A 

Fig. 1   Study design. A Establishment of a one-step reverse transcrip-
tion dPCR (RT-dPCR) method, including successful amplification of 
the wild-type (WT) and mutant assay in a single format, assessing the 
dynamic range, false-positive rate, quantitative consistency among 
different digital PCR platforms, and evaluating reverse transcription 
efficiency by isotope dilution mass spectrometry (IDMS). B Prepara-

tion of gRNA RM by culturing cell line, extraction and purification 
of gRNA, confirming the sequence, and vialing. C Characterizing the 
gRNA RM by assessing homogeneity and stability, and determining 
the reference value. D Evaluating inter-laboratory repeatability and 
reproducibility using the RM
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20-μL reaction mixture was prepared, consisting of 5 µL of 
supermix (Bio-Rad, USA), 2 μL of reverse transcriptase, 1 
μL of 300 mM DL-Dithiothreitol (DTT), primer and probe, 
and 2 μL of template and RNase-free water top-up. The 
final concentrations of primers and probes were 500 nM and 
400 nM for b2a2, 400 nM and 300 nM for b3a2, and 600 nM 
and 300 nM for ABL1-ref, respectively.

Droplets of each reaction mixture were generated on a 
QX200 droplet generator (Bio-Rad, USA) and transferred 
to a conventional PCR thermal cycler (VeritiPro, Applied 
Biosystems) for heating and amplification. The optimization 
of the annealing temperature is shown in Figure S2d–f. The 
final PCR conditions included 60 min reverse transcription 
at 45 °C; initial denaturation at 95 °C for 10 min, followed 
by 40 cycles of denaturation at 95 °C for 30 s and annealing 
at 60 °C for 30 s; and final extension at 98 °C for 10 min. 
The plate was then transferred to the QX200 reader (Bio-
Rad, USA) and analyzed with QuantaSoft v.1.7.4.0917 soft-
ware (Bio-Rad, USA). The workflow and data analysis were 
described in our previous report [25].

Limit of blank (LoB), detection (LoD), 
and quantification (LoQ)

To determine the dynamic range of the dPCR assays for 
the two transcripts of BCR-ABL1 P210 and ABL1-ref target, 
serial dilutions of the above IVT RNA were prepared by 
gravimetry. Each dilution was measured in three to six rep-
licates using the established three singleplex dPCR assays. 
60 measurements were performed on blank samples to deter-
mine the LoB according to EP17-A [26]. To establish the 
LoD, 60 measurements from five samples with low con-
centration were used to determine the LoD according to the 
guideline of EP17-A [26]. The coefficient of variation (CV) 
was calculated by the several corresponding replicates at 
each concentration to determine LoQ based on CV < 25%.

Reverse transcription efficiency assessment

To evaluate the reverse transcription efficiency (RTE) of RT-
dPCR, isotope dilution mass spectrometry (IDMS), an RNA 
quantification method without reverse transcription, was 
employed [19]. An IVT RNA including BCR-ABL1 P210 
transcript (containing b2a2 and b3a2) and a partial ABL1 
gene (NM_005157.6, domain at the junction of exons 10 and 
11) was used for the evaluation. Following verification of the 
purity of the IVT RNA using the Agilent 2100 Bioanalyzer 
with the RNA 6000 Nano Kit, it was digested into nucleotide 
monophosphates (NMPs) with snake venom phosphodiester-
ase (SVP) and then analyzed using IDMS.

Four certified reference materials (CRMs) of pure NMPs 
(adenosine 5′-monophosphate [AMP, GBW(E)100,154], guano-
sine 5′-monophosphate disodium salt [GMP, GBW(E)100,068], 

cytidine 5′-monophosphate [CMP, GBW(E)100,067], and uri-
dine 5′-monophosphate disodium salt [UMP, GBW(E)100,069]) 
(NIM, China) were diluted with TE0.1 buffer (10 mol/L pH 
8.0Tris-HCl, 0.1 mmol/L pH 8.0 ethylenediaminetetraacetic 
acid [EDTA]) to prepare the NMP mix solution. An internal 
standard mix of four isotope-labeled (13C, 15N) NMPs (LNMPs) 
(Silantes, Germany) was prepared with SVP buffer (100 mM 
pH 8.8 Tris–HCl, 10 mM ammonium acetate, and 100 mM 
magnesium acetate). The concentrations of the four NMPs and 
LNMPs in the mix solution were determined based on the esti-
mated concentrations of native NMP in the IVT RNA sample, 
ensuring a molar ratio of NMP to LNMP of approximately 1:1 
in the sample. Five concentrations of standard solutions were 
prepared, with mass ratios of NMP/LNMP of 0.4, 0.8, 1.2, 1.6, 
and 2.0. The procedure for optimization of IDMS was described 
in detail in our previous report [19]. Two tubes of RNA samples 
were used, with each undergoing digestion twice in each experi-
ment, and each digestion analyzed with three replicates. Con-
sequently, a total of 12 sets of data were collected. The overall 
average of the four NMP measurements was calculated as the 
concentration of IVT RNA.

Inter‑laboratory assessment

The repeatability and reproducibility of the established RT-
dPCR were evaluated by analyzing the RM in eight different 
laboratories using the QX200 (Bio-Rad, CA, USA), DQ24 
(Sniper, Suzhou, China), or Microdrop-100 ddPCR (FOR-
EVERGEN, Guangdong, China) platform according to ISO 
5725-1 [27]. Details of information on laboratories are listed 
in Table S2. The Grubbs test was used to check for outliers and 
Mandel’s h and k statistics were used to assess the consistency 
between and within laboratories according to ISO 5725-2 [28].

Results

Validation of RT‑dPCR

Three singleplex dPCR assays for b2a2, b3a2, and ABL1-ref 
were optimized and established. Good separation between pos-
itive and negative fluorescence amplitude was observed for all 
targets. The two-dimensional scatterplot is shown in Figure S3.

Cross-reactions between b2a2, b3a2, and ABL1-ref were 
assessed by a combination of the targeted assays with WT 
RNA template extracted from 293 T and IVT RNAs. Both 
b2a2 and b3a2 assays demonstrated good specificity, with 
only positive amplification observed for samples contain-
ing their specific targets (Figure S4a and b). Additionally, 
the ABL1-ref assay showed positive amplification only in 
WT RNA when amplifying IVT RNAs of the mutation 
(MU, containing b2a2 and b3a2 variants) and WT RNA 
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(Figure S4c). This indicates that there was no cross-reaction 
between the BCR-ABL1 variants and the reference gene.

The variability of BCR-ABL1 RMP across different dPCR 
platforms was evaluated to identify potential biases impact-
ing the accuracy of the results. Five commercial dPCR plat-
forms were selected to detect the template panel combina-
tions for cross-comparison as shown in Fig. 2. This template 
panel consists of BCR-ABL1 P210 expressing b2a2 and b3a2 
variants at a concentration that simulates the concentration 
of clinical samples (approximately 104 copies/reaction), with 
or without high background concentrations (approximately 
104 copies/reaction) of the WT ABL1.

Quantification results of IVT RNA samples of each target 
fusion variant with or without WT were relatively consistent 
across the five dPCR platforms (Fig. 2a1 and 2a2). This indi-
cates that the quantitative result of the mutant type was not 
affected by the presence of WT. The differences among the 
other four dPCR platforms ranged from 0.93-fold to 1.15-
fold compared with QX200 (Tables S3 and S4), indicating 
no significant variation in the accuracy of the RMP among 
these dPCR platforms. Additionally, the false-positive rates 
(FPR) of MU (b2a2 or b3a2) and WT (ABL1-ref) assays 

were assessed using templates for the WT and MU, respec-
tively, as shown in Fig. 2b1 and b2. The assay specificity 
results measured by FPR were close to 0 for QX200, while 
they were relatively higher on the other three platforms. 
Notably, the QIAcuity One platform exhibited the highest 
FPR for b2a2 and b3a2, corresponding to higher concen-
trations of the target gene, suggesting potential contamina-
tion during the automatic operation of this dPCR platform. 
The precision and repeatability of the assays were evaluated 
based on the CV of this template panel on each platform. All 
platforms demonstrated higher precision and repeatability 
with CV < 5.5% for fusion variant quantification of approxi-
mately 104 copy number samples (Tables S3 and S4). The 
concentrations of these samples are consistent with clinically 
detectable levels, indicating that all five dPCR instruments 
could serve as reliable platforms for quantifying the BCR-
ABL1 fusion gene.

Dynamic range of the RMP

Due to the precision of dPCR, relying on an absolute meas-
urement of the number of partitions, referred to as lambda 

Fig. 2   Comparison of digital PCR platform. a Quantification of sam-
ples containing BCR-ABL1 b2a2 or b3a2 molecules at approximately 
104 copies/reaction with or without a background of 104 copies/reac-

tion reference gene (ABL1-ref) molecules per reaction using five 
dPCR platforms (n = 3). b False-positive rate (FPR) for b2a2, b3a2, 
and ABL1-ref assays
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(λ), the linear range was tested by varying the λ [29]. The 
dynamic range of the RMP was then evaluated using a dilu-
tion series of the IVT RNA containing b2a2, b3a2, and 
ABL1-ref from λ approximately 8.3 to 0.1, corresponding to 
the upper limit of the dynamic range, which was 1.2 × 105 
copies/partition (Fig. 3a). Three dPCR assays displayed 
good linearity between the measured value and the prepared 
value in the tested interval within the range of approximately 
104 to 101 copies/reaction (R2 ≥ 0.99) (Fig. 3b). The slope 
(0.94 < slope < 1.04) was close to 1, as the measured con-
centration was very close to its corresponding nominal con-
centration by gravimetric dilution, indicating that RT-dPCR 
is highly accurate in detecting BCR-ABL1 transcript and the 
reference gene at concentrations of higher than 10 copies/
reaction. Since the distribution of the 60 blank measure-
ments was non-normally distributed, the LoB was estimated 
using the nonparametric method as the 95th percentile of 
the measurements, which corresponds to 57.5 ordinal obser-
vations (60*[95/60 + 0.5]). As the 60 blank measurements 
were predominantly 0, only the 15 highest blank values of 
the LoB are shown in Table S8. The LoB values for BCR-
ABL1 b2a2, b3a2, and ABL1-ref were determined to be 0.95 
copies/reaction, 1 copies/reaction, and 0.20 copies/reac-
tion. The distribution of 60 measurement results for five 
low-concentration samples does not conform to a Gaussian 
distribution (Figure S5). Thus, nonparametric statistics were 
used. Consequently, the LoD values for BCR-ABL1 b2a2, 
b3a2, and ABL1-ref were determined to be 1.74 copies/reac-
tion, 2.52 copies/reaction, and 1.30 copies/reaction [26]. The 
results indicate that the LoD of b2a2, b3a2, and ABL1-ref 
was two copies/reaction based on the criterion that more 
than 19 of the 20 measurements were positive. In accord-
ance with the criteria for a CV lower than 25%, the LOQ of 

BCR-ABL1 b2a2, b3a3, and ABL1-ref was determined to be 
31, 30, and 31 copies/reaction, respectively (Table S5–S7).

RTE evaluation by IDMS

The purity of the IVT was determined to be 99.2% using 
the Bioanalyzer, as shown in Figure S1, which meets the 
requirement for using IDMS to evaluate RTE. The concen-
tration of NMPs in the fully digested mixture was deter-
mined by establishing standard curves. The standard curves 
for AMP/LAMP, CMP/LCMP, UMP/LUMP, and GMP/
LGMP exhibited strong linear correlations with R2 values 
of 0.9990, 0.9993, 0.9991, and 0.9991, respectively (Fig-
ure S6). The concentration of intact RNA was calculated 
based on the mass concentration of each NMP detected by 
IDMS. The RNA mass fractions calculated from the meas-
ured concentrations of AMP, GMP, CMP, and UMP were 
0.88 μg/g, 0.95 μg/g, 0.91 μg/g, and 1.00 μg/g, respectively 
(Fig. 4a).

The IVT mass fraction measured by IDMS was converted 
into copy number concentration based on the Avogadro con-
stant and the molecular weight of RNA, representing the 
absolute copy number concentration of the RNA molecule 
(denoted as C

RNA
 ). The cDNA copy number concentration 

measured by RT-dPCR was recorded as C
cDNA

 , and the RTE 
was calculated according to the formula RTE = C

cDNA
∕C

RNA
 . 

The uncertainty evaluation of RTE is provided in Table S9.
As the droplet volume is a critical parameter for the 

accuracy of the dPCR result, we measured the droplet vol-
ume based on the sizes of 2130 droplets from eight wells 
determined by microscopy (Olympus, BX51). The average 
droplet volume for this one-step reverse transcription PCR 
master mix was determined to be (0.769 ± 0.012) nL, which 

Fig. 3   Validated range of the candidate primary reference measurement procedure. Evaluation of linearity of RNA samples containing BCR-
ABL1 b2a2, b3a2, and ABL1-ref over the (a) extended λ range (0.1 < λ < 8.3) and (b) low λ range (λ < 0.2)
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agreed well with a previous report (0.763 ± 0.016) nL by 
the National Measurement Institute of Australia [30]. The 
average copy numbers of b2a2, b3a2, and ABL1-ref genes 
corrected by droplet volume were 1.17 × 109, 1.21 × 109, and 
1.17 × 109 copies/μL, respectively. The average copy number 
of the IVT RNA measured by IDMS was 1.09 × 109 copies/
μL (Fig. 4b). The RTE values for b2a2, b3a2, and ABL1-ref 
gene were 1.07, 1.11, and 1.07, respectively, which were 
close to 1. This further confirmed the high accuracy of the 
established RT-dPCR.

Confirmation of BCR‑ABL1 fusion variant 
in the candidate RMs

The fusion variant of BCR-ABL1 in the candidate RM was 
confirmed by Sanger sequencing and is shown in Figure S7. 
The result demonstrated that the candidate RM, derived 
from K562 cell line gRNA, carries the fusion mutation of 
BCR-ABL1 P210, formed by exon 14 of the BCR gene with 
exon 2 of the ABL1 gene, denoted as b3a2.

Homogeneity and stability of the candidate RMs

The homogeneity and stability of the candidate RMs were 
evaluated according to ISO 17034 and ISO guide 35 [31, 
32], and detailed information is provided in the supplemen-
tal material (Tables S10–S11 and Figure S8). The F val-
ues for the homogeneity test of b3a2 and ABL1-ref copy 
numbers and BCR-ABL1/ABL1 ratio were 3.8, 1.9, and 0.8, 
respectively. Except for b3a2, all calculated F values were 
lower than the F critical value [33]. However, the CVs for all 
targets were within 1.4%, as shown in Table S10, indicating 
that the candidate RM was homogeneous. Regarding long-
term stability, no significant differences were observed in the 
copy number of b3a2 and ABL1-ref and the ratio of BCR-
ABL1/ABL1 at −80 °C over 12 months (P > 0.05, Figure S8 

and Table S11). Additionally, based on our previous data 
[34], we have similar RNA reference material that remained 
stable for 2 years at −80 °C. Thus, we anticipate that the 
total RNA RM for BCR-ABL1 developed in this study can 
also remain stable for at least 2 years at −80 °C. The meas-
urement uncertainty and the reference value are provided 
in Table 1.

Inter‑laboratory repeatability and reproducibility

With the participation of eight different laboratories, the 
performance of RMP and its associated measurement 
uncertainty were further evaluated using candidate RM 
under reproducible conditions. The results across all eight 
laboratories and three platforms of b3a2 and ABL1-ref 
concentrations, as well as BCR-ABL1/ABL1 ratio, were 
in good agreement with the reference values within the 
extended uncertainty range (Figure S9). All three types of 
platforms are droplet-based digital polymerase chain reac-
tions. This allows for more digital PCR-based platforms 
to further evaluate the performance criteria of candidate 
RMP [35, 36]. Thus, the overall reproducibility of the can-
didate RMP was calculated as less than 2% for the inter-
laboratory CV of b3a2, ABL1-ref, and %BCR-ABL1/ABL1 
between all laboratories, indicating good repeatability and 
reproducibility (Table S12).

The Mandel’s h and k statistics were plotted to assess 
consistency between and within laboratories (Fig. 5). All 
testing laboratories showed good agreement in the copy 
number concentration of b3a2 and ABL1-ref and the ratio 
of BCR-ABL1/ABL1 as indicated by the Mandel’s h plot 
at a significance level of 1% (Fig. 5a), demonstrating good 
reproducibility of the RMP. Mandel’s k plot revealed that 
Laboratory 3 had poor repeatability in copy number con-
centration of b3a2 at a significance level of 1%, followed 

Fig. 4   The quantification results of IVT RNA by IDMS and RT-
dPCR. a A comparison of the RNA mass concentrations calculated 
from four NMPs by IDMS. The error bar represents expanded uncer-

tainty (k = 2), and the horizontal axis represents the mean of the 
results. b A comparison of the copy number concentration result of 
in vitro-transcribed RNA by RT-dPCR and IDMS
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by poor repeatability of Laboratory 4 at a significance 
level of 5% (Fig. 5b). Overall, at least seven participating 
laboratories had good repeatability and consistency.

Discussion

Digital PCR, as a third-generation PCR technique, is a method 
based on a microfluidic or water emulsion droplet technique 
in which a sample is divided into several thousand to sev-
eral hundred thousand partitions. This is followed by PCR 
amplification of the template in each partition, resulting in 
high sensitivity, precision, reliable quantitation, and exquisite 
reproducibility without the need for calibration curves [37]. 
Both the European Leukemia Net (ELN) and the National 

Comprehensive Cancer Network (NCCN) recommend RT-
qPCR for monitoring the prediction, relapse, or molecular 
remission of CML. However, RT-qPCR is not as sensitive 
and accurate as RT-dPCR for low-copy rare targets in CML 
patients with complete molecular response (CMR, corre-
sponding to MR4.0 and MR4.5) status prior to discontinua-
tion of the drug [38–40]. Therefore, RT-dPCR can be an ideal 
alternative for the detection of very low levels of disease [37].

For DNA molecules, digital PCR has advanced as an 
absolute quantification method that does not rely on an exter-
nal calibrator. It can determine copy number concentration 
and fractional abundance values for HER2, BRAF V600E 
DNA, and EGFR reference materials [35, 36, 41]. When 
dealing with RNA molecules, cDNA must first be obtained 
through reverse transcription (RT) before PCR amplifica-
tion. However, the RNA-to-cDNA conversion step is often 
seen as inefficient and variable. Previous studies have shown 
that the efficiency of this conversion process varies signifi-
cantly based on the type of reverse transcriptase used and 
the RT reaction conditions, leading to substantial differences 
in the quantification outcomes of RNA molecules [25, 42]. 
To ensure accurate quantification of RNA molecules, it is 
essential to develop an optimized workflow that identifies the 
most suitable RT type and reaction conditions for the target 
gene. Furthermore, a method was established for in vitro 
quantification of transcribed RNA by isotope dilution mass 
spectrometry (IDMS) without RT reaction, which is not 
specific to RNA sequences and is independent of the RNA 
reverse transcription process, and is thus ideal for accurate 
quantification in the development of higher-order reference 
materials and RT reagents [19]. Therefore, this study vali-
dated the accuracy of the established RT-dPCR method for 
BCR-ABL1 fusion genes by quantifying IVT using different 

Table 1   Reference value and factors contributing to the relative 
standard uncertainty and expanded uncertainty of the BCR-ABL1 ref-
erence material

uchar uncertainty of characterization by RT-dPCR; ubb uncertainty of 
homogeneity; uS uncertainty of the long-term stability; uRTE uncer-
tainty of the reverse transcription efficiency (RTE); uc,rel the com-
bined uncertainty of the above three components

Property b3a2 (copies/μL) ABL-ref  
(copies/μL)

%BCR-ABL1/
ABL1

Reference value 72308 80419 89.9
uchar,rel (%) 2.3 2.2 2.0
ubb rel (%) 0.4 0.6 0.6
uS rel (%) 6.3 1.8 5.3
uRTE,rel(%) 10 10 -
uc,rel (%) 12 10.4 5.6
U c,rel(k = 2) (%) 24 21 12

Fig. 5   Consistency assessment by Mandel’s between-laboratory sta-
tistic, h (a) and within-laboratory statistic, k (b), for the average copy 
number concentration of b3a2 and ABL1-ref and %BCR-ABL1/ABL1 

of the reference material. The solid and dashed lines indicate the 1% 
and 5% significance levels, respectively
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commercial digital PCR platforms and IDMS. The results 
were highly consistent between the two methods based on 
different principles, which bolstered confidence in the reli-
ability and supporting evidence for the applicability of the 
established RT-dPCR method as a primary RMP for quanti-
fying the BCR-ABL1 fusion gene.

The main goal of an inter-laboratory study is to assess 
the established RMP’s reproducibility performance using the 
same RM. Reproducibility refers to the degree of consistency 
when test results are obtained for the same item in different 
laboratories, with different operators using different equip-
ment, and using the same method by ISO 5725-1 [27]. To 
ensure statistical validity, a sufficient number of laboratories 
should participate in the inter-laboratory study. Our study has 
shown consistent reported values among eight different labo-
ratories, demonstrating good performance of the proposed 
RMP and ensuring its high quality and wide usability.

In conclusion, a reference measurement procedure for 
the quantitative detection of BCR-ABL1 P210 express b2a2, 
b3a2, and the reference gene (ABL1-ref) in CML based 
on one-step reverse transcription dPCR (RT-dPCR) was 
established and validated by IDMS. The results indicate 
that our proposed RT-dPCR method has high accuracy and 
good analytical sensitivity, making it suitable for character-
izing RNA reference material containing the BCR-ABL1 
P210 (b2a2, b3a2) fusion. Most importantly, a homogene-
ous BCR-ABL1 fusion gene (b3a2) reference material was 
established, which can be used to establish the metrological 
traceability of BCR-ABL1 P210 measurement to ensure the 
comparability and reliability of clinical diagnostic results.
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