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Lifelong treatment of pediatric chronic myeloid leukemia (CML) patients with

tyrosine kinase inhibitors (TKIs) can a�ect their growth and development. For

these reasons, clinical trials have explored the feasibility of TKI discontinuation

in children with a su�cient TKI response. We evaluated the analytical

performance of digital droplet PCR (ddPCR) to quantify BCR-ABL1 and

compared the results with reverse transcription quantitative polymerase chain

reaction (RT-qPCR). We further investigated whether ddPCR could be used to

determine TKI discontinuation in a clinical setting. Performance of ddPCR was

evaluated using standard materials for BCR-ABL1, and a total of 197 clinical

samples from 45 pediatric CML patients was included for comparison with RT-

qPCR. ddPCR showed excellent analytical sensitivity with 0.001% international

scale (IS) and linearity with R² > 0.99 in log scale. BCR-ABL1 % IS results

correlated well with those of RT-qPCR (R² = 0.9435), however, they showed a

moderate strength for agreement with a Cohen’s kappa of 0.41 due to higher

sensitivity of ddPCR. Among 45 pediatric CML patients, 42 were treated with

first-line TKIs including imatinib (n = 27, 64%) and dasatinib (n = 12, 29%),

and three patients that were started with imatinib were switched to dasatinib.

When we evaluated whether follow-up samples fulfilled ABL1 copies ≥ 10,000

required for deep molecular response (DMR), all samples were acceptable by

ddPCR, whereas 18% by RT-qPCR did not reached acceptable ABL1 copies.

Moreover, 52 and 13% reached ABL1 copies ≥ 32,000 required for MR4.5 by

ddPCR and RT-qPCR, respectively. Seven patients discontinued TKI and the

median TKI treatment durationwas 73months prior to discontinuation. Prior to

discontinuation, the median duration of sustained undetected BCR-ABL1 was

60 months. Two patients experienced loss of major MR (MMR) during follow-

up and restarted dasatinib 5 months after discontinuation. They achieved MMR

again and maintained better than DMR afterward. Results from those patients
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demonstrated that RT-qPCR did not match the need for adequate ABL1 copies

for MR4.5 while majority of ddPCR could. Therefore, ddPCR was technically

more acceptable to decide andmonitor pediatric CML patients before and after

TKI discontinuation.

KEYWORDS

chronic myeloid leukemia, tyrosine kinase inhibitor, BCR-ABL1, digital droplet PCR,

molecular response, discontinuation, children

Introduction

Tyrosine kinase inhibitors (TKIs) are a cornerstone of

successful clinical management of chronic myeloid leukemia

(CML) patients. Since the introduction of TKIs as a treatment

strategy in CML, prognoses have improved considerably not

only in adult patients, but also in children (1, 2). Imatinib

and the second-generation TKIs dasatinib and nilotinib

were recently approved as a first-line treatment in children,

expanding treatment options and allowing allogeneic stem

cell transplantation (allo-SCT) as a third-line treatment (3).

However, lifelong treatment of children treated with TKI can

affect their growth and development (4, 5). For these reasons,

clinical trials have explored the feasibility of TKI discontinuation

in children with a sufficient TKI response (6). International

guidelines have proposed discontinuation of TKI in selected

adult patients with a deep and sustained molecular response

(7, 8). Careful monitoring of the molecular response (MR) of

each patient using highly sensitive methods with at least BCR-

ABL1 MR4.5 and ≤ 0.0032% on the international scale (IS) is

essential to select patients (9).

Reverse transcription-quantitative PCR (RT-qPCR) has been

widely used for evaluating patient response to TKIs (10,

11). However, RT-qPCR shows limited sensitivity and precise

monitoring of residual disease, specifically in patients who

maintain a stable deep molecular response (DMR) under TKI

treatment (12). Digital droplet PCR (ddPCR) is a method for

performing digital PCR based on water-oil emulsion droplet

technology. The fractionation of an analyte into 20,000 droplets

and PCR amplification in each individual droplet enables end

point measurement and absolute quantification of a target

sequence. The use of ddPCR for quantitative BCR-ABL1

monitoring was not only reliably detected in DMRs relevant to

guiding treatment, but also helped to better identify patients

prone to relapse after stopping TKI treatment (13, 14).

Although pediatric and adult CML share commonmolecular

pathogenesis and hematologic characteristics, CML studies in

children and adolescents are different from those in adults

(3, 15). Data are not yet sufficient with regard to long-term

efficiency and safety specific to pediatric patients but also with

regard to TKI discontinuation. A recent study indicated that

imatinib could be discontinued without an impact on outcomes

in patients younger than 18 years at diagnosis of CML who

responded well to treatment (no failure, no suboptimal response,

and no switch to another TKI) and achieved sustained MR4 for

at least 2 years with imatinib (11). However, TKI discontinuation

in pediatric CML still relies on experience in adults.

In this study, we quantified BCR-ABL1 using RT-qPCR

and ddPCR in pediatric CML patients treated with TKI.

Subsequently, we evaluated the performance of ddPCR using

reference materials and available clinical samples. Finally, we

aimed to demonstrate the feasibility of ddPCR to determine TKI

discontinuation and to monitor steady DMRs for pediatric CML

patients by comparing the results with those of RT-qPCR.

Materials and methods

Patients and samples

We reviewed medical records of 45 pediatric CML patients

who were diagnosed with chronic myeloid leukemia and were

treated in Seoul St. Mary’s Hospital from November 2009 to

March 2021. Standard diagnoses were established according

to the WHO Classification of Tumors of Haematopoietic and

Lymphoid Tissues based on bone marrow (BM) morphology

and cytogenetic and molecular genetic analyses (16). Among

them, 42 patients were prescribed TKI. The median patient age

was 12 years (range, 2–17 years), and 23 patients (55%) were

men. The clinical and laboratory characteristics are summarized

in Table 1. Among the consecutive cohorts, 31 patients were in

the chronic phase (74%), 6 in the accelerated phase (14%), and 5

in the blast phase (12%) at diagnosis. Patients were treated with

first-line TKIs including imatinib (n = 30, 71%) and dasatinib

(n = 12, 29%). Three patients were started with imatinib and

switched to dasatinib. The median duration of follow up was 48

months (range, 6–138) for TKI treatment. Molecular responses

(MRs) were monitored using RT-qPCR analysis at 3-month

intervals and at 3- or 6-month intervals after major molecular

response (MMR) was achieved. MR1, MR2, MR3 (MMR), MR4

(DMR), MR4.5, and MR5 are defined as the transcript ratio of

BCR-ABL1/ABL1 being 10% or less, 1% or less, 0.1% or less,

0.01% or less, 0.0032% or less, and 0.001% or less, respectively,

obtained from peripheral blood leukocytes on an international

scale (IS) (17). All patients were carefully reevaluated with regard
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TABLE 1 Patients characteristics.

Variables n= 42

Median Age, years (range) 12 (2–17)

Sex, n (%)

Female 19 (45%)

Male 23 (55%)

Disease stage at diagnosis, n (%)

Chronic phase 31 (74%)

Accelerated phase 6 (14%)

Blast phase 5 (12%)

Fusion gene, n (%)

b3a2 29 (69%)

b2a2 7 (17%)

e14a2 1 (2%)

Not applicable 5 (12%)

CBC at diagnosis, count (range)

White blood cell (×109/L) 292.1 (12.9–562.7)

Hemoglobin (g/dL) 8.8 (5.4–14.2)

Platelet (×109/L) 459.5 (33.0–1,720.0)

Splenomegaly, n (%) 32 (76%)

Initial TKI, n (%)

Imatinib 30 (71%)

Dasatinib 12 (29%)

Median duration of follow up, months (range) 48 (6–138)

n, numbers; CBC, complete blood count; TKI, tyrosine kinase inhibitor.

to % BCR-ABL1 by ddPCR prior to discontinuation. Seven

patients met the criteria for and were discontinued from TKI.

After discontinuation, BCR-ABL1was carefully monitored using

both RT-qPCR and ddPCR.

RT-qPCR and ddPCR

RT-qPCR was performed using 1 µg of total RNA

with a Real-Q BCR-ABL Quantification Kit (BioSewoom,

Seoul, Republic of Korea) using an Applied Biosystems R©

7500 Fast Dx Real-Time PCR Instrument (Thermo Fisher

Scientific Inc., Waltham, Massachusetts, US) according to

the manufacturer’s instructions. We analyzed BCR-ABL1/ABL1

by ddPCR in addition to RT-qPCR after patients achieved

MMR. In addition, 1,000 ng of total RNA was transcribed

to cDNA by the Transcriptor First Strand cDNA Synthesis

Kit (Roche Diagnostics GmbH, Manheim, Germany) using a

GeneAmp R© PCR System 9700 (Thermo Fisher Scientific Inc.,

Waltham, Massachusetts, US). PCR was performed with a

QXDxTM BCR-ABL %IS Kit (Bio-Rad Laboratories, Hercules,

California, US) using a QX200TM Droplet Digital PCR System

according to the manufacturer’s instructions. The PCR reaction

mix generated approximately 20,000 droplets per well by a

Droplet Automated Droplet Generator (Bio-Rad Laboratories,

Hercules, California, US), and PCR was performed using

an ArktikTM Thermal Cycler (Thermo Fisher Scientific Inc.,

Waltham, Massachusetts, US). Data were analyzed by the

QX200 Droplet Reader and QuantaSoftTM Software version

1.7.4 (Bio-Rad Laboratories, Hercules, California, US). Results

were calculated based on raw data using QXDxTM_BCR-

ABL_Reporter_v.1.02 (b168, Bio-Rad Laboratories, Hercules,

California, US). The modification conversion factor value and

minimum and maximum calibration qualities are supported by

the manufacturer instrument. The absolute numbers of BCR-

ABL1 and ABL1 copies were determined by Poisson statistics.

Results were reported when the ABL1 copies were at least 10,000

per well.

The analytical performance of ddPCR was evaluated using

BCR-ABL1 negative clinical samples and certified reference

material (CRM) with four levels of BCR-ABL1 mRNA ranging

from 0.01 to 10% (10-fold), 1st WHO International Genetic

Reference Panel for the quantitation of BCR-ABL1 translocation

(Product code 09/138, National Institute for Biological

Standards and Control, Herts, United Kingdom) containing

freeze-dried K562 cells (BCR-ABL1 positive, e14a2, also known

as b3a2), and HL60 cells (BCR-ABL1 negative). Linearity

was calculated using eight replicates of each concentration.

Comparison between RT-qPCR and ddPCR was performed

using data from 197 clinical samples.

Statistics

Linearity of BCR-ABL1/ABL1 (% IS) by ddPCR was

performed using polynomial and linear regression. Wilcoxon

signed rank test was used to compare BCR-ABL1 and ABL1 copy

numbers by RT-qPCR and ddPCR. The consistency of BCR-

ABL1 detected vs. undetected and MRs between RT-qPCR and

ddPCR were analyzed by Cohen’s kappa and Chi-square test.

Pearson’s correlation analysis and linear regression were also

performed to compare quantitative results, and a scatter plot

was presented. All statistical analyses were performed using SPSS

Statistics 20 (IBM, Armonk, NY, USA) andMicrosoft Excel 2019

(Microsoft, Redmond, WA, USA) software.

Results

Analytical and clinical performance of
ddPCR

First, we evaluated the analytical performance using CRMs

and found that ddPCR showed excellent sensitivity with 0.001%

IS and linearity with R² = 0.9988 in log scale (Figure 1A). The

CV was 0% for 10% IS CRM, 0.05% for 1% IS CRM, 0.014% for

0.1% IS CRM, and 0.001% for 0.01% IS CRM. Then, we evaluated
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FIGURE 1

Analytical performance of digital droplet polymerase chain reaction (ddPCR) for BCR-ABL1. (A) Linearity analysis using certified reference

materials (CRMs). (B) Correlation between reverse transcription quantitative PCR (RT-qPCR) and ddPCR in clinical samples. IS, international scale.

the clinical performance using real world samples with a wide

range of BCR-ABL1 (median 0.0044% IS, 0%-90%). Results from

ddPCR correlated well with those from RT-qPCR (R²= 0.945, p

< 0.001) (Figure 1B). Meanwhile, copy numbers of BCR-ABL1

and ABL1were significantly low when measured by RT-qPCR (p

< 0.001 and < 0.001, respectively).

Clinical performance between RT-qPCR
and ddPCR

In terms of the consistency of detected and undetected BCR-

ABL1, 136 of 197 results (69%) showed consistent results by

RT-qPCR and ddPCR. Sixty-seven samples (34%) were both-

positive and 69 samples (35%) were both-undetected. We found

inconsistency in 61 samples, revealing a moderate strength

for agreement with a Cohen’s kappa of 0.41. The majority

was ddPCR-detected but RT-qPCR-undetected (n = 53, 87%),

whereas only 8 samples (13%) were ddPCR-undetected but RT-

qPCR detected. Because most inconsistent results were from

patients after treatment, we compared the results according to

MR. The comparison included all available samples for MR

evaluation and showed a significant difference between the two

methods (p < 0.001 by χ
2 test). We found inconsistent MR in

74 samples: 62 samples showed lower %IS by RT-qPCR, whereas

only 12 samples did by ddPCR when comparing based on the

cut-off for MR (Figure 2).

Next, we investigated the number of ABL1 copies in samples

showing better than DMR (MR4.0, MR4.5, and undetected, n =

89). When we evaluated whether those samples fulfilled ABL1

FIGURE 2

Distribution of molecular response (MR) according to detection

method. (A) Stacked column chart of MR. The bars are

color-coded at the MR level with percentage of sample

numbers. (B) Distribution of number of samples in each MR. >

MR3, not achieve MR3; RT-qPCR, reverse transcription

quantitative polymerase chain reaction; ddPCR, digital droplet

PCR.

copies ≥ 10,000 required for DMR, all samples were acceptable

by ddPCR, whereas 18% (n = 16) by RT-qPCR did not reached

acceptable ABL1 copies. Among them, 46 and 12 samples (52

and 13%) reached ABL1 copies ≥ 32,000 required for MR4.5 by

ddPCR and RT-qPCR, respectively.
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FIGURE 3

A swimmer plot showing the course of discontinuation of tyrosine kinase inhibitor (TKI). The band represents an individual patient. > MMR, not

achieved major molecular response; RT-qPCR, reverse transcription quantitative polymerase chain reaction; ≤ DMR, achieved response better

than deep molecular response including undetected; ddPCR, digital droplet PCR.

FIGURE 4

A swimmer plot showing the molecular response of patients treated by tyrosine kinase inhibitors (TKIs) more than 24 months. The band

represents an individual patient. > MMR, not achieved major molecular response; ≤ DMR, achieved response better than deep molecular

response including undetected; RT-qPCR, reverse transcription quantitative polymerase chain reaction; ddPCR, digital droplet PCR.

BCR-ABL1 before and after TKI
discontinuation

The achievement rate of MMR was 7% in the first 3 months,

31% at 6 months, and 50% at 12 months. Patients achieving

DMR comprised 17% at 6 months, 29% at 12 months, and

40% at 18 months. The achievement rate of MR4.5 was 7%

at 6 months, 24% at 12 months, and 36% at 18 months.

Seven patients sustained undetected BCR-ABL1 by both RT-

qPCR and ddPCR for at least 2 years. Six were treated
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with dasatinib and the other with imatinib. The median TKI

treatment duration was 73 months (range, 69–97) prior to

discontinuation. The median age at TKI discontinuation was

20 years (range, 9–25). Prior to discontinuation, the median

duration of sustained undetected BCR-ABL1 was 60 months

(range, 51–93), and the median number of successive BCR-

ABL1 measurements better than DMR was 9 (range, 8–15).

None of the RT-qPCR results showed ABL1 copies ≥ 32,000,

while 55% of ddPCR results showed this level. TKI was

discontinued with permission of patients and their parents.

The BCR-ABL1 level was monitored every 2 months after

discontinuation. The course of each patient can be seen in

Figure 3. Two patients experienced loss of MMR during follow-

up and restarted dasatinib 5 months after discontinuation.

They achieved MMR again and maintained better than

DMR afterward.

We further analyzed four patients who maintained TKI

treatment more than 24 months and compared BCR-ABL1

results (Figure 4). The median TKI treatment duration was 66

months (range, 48–117). Among 13 results, six showed different

MR between RT-qPCR and ddPCR. ddPCR revealed worse MR

than RT-qPCR. None of the RT-qPCR results showed ABL1

copies ≥ 32,000, while all ddPCR results showed this level.

Discussion

Accurate measurement of BCR-ABL1 is essential for

optimal management of CML patients treated with TKIs. This

method has gained significance since discontinuation of TKI

was considered in patients with sustained DMR. The low

levels of BCR-ABL1 typically achieved during TKI treatment

demand a sensitive monitoring assay for reliable detection and

quantitation (18). RT-qPCR has proven to be an effective and

clinically validated laboratory method to quantify BCR-ABL1

level and was the most widely used to assess the response of

TKI. In recent years, ddPCR has appeared as a more sensitive

and accurate tool for monitoring CML patients. Studies suggest

ddPCR as an alternative approach to RT-qPCR to improve

the recognition of stable DMR. Although ddPCR is not yet

widely applied in clinical laboratories, it will be most useful

for selection of patients for treatment discontinuation and for

prediction for treatment-free remission. In line with previous

studies, ddPCR showed excellent analytical performance with

0.001% IS sensitivity and linearity (19). Results from ddPCR

showed good correlation with those from RT-qPCR. Due to

the increased sensitivity of ddPCR, a considerable number

of samples was detected by ddPCR alone. In addition, a

patient’s MR could be overestimated by RT-qPCR, mainly due

to lower ABL1 copies in post-TKI samples. Patients commonly

experienced adverse events after TKI treatment including

hematological toxicity such as anemia, leukopenia, neutropenia,

and thrombocytopenia (20). Leukopenia influenced BCR-ABL1

measurements because samples with leukopenia did not achieve

enough ABL1 copies of ≥ 10,000 for DMR and ≥ 32,000 for

MR4.5. This phenomenon occurred more commonly in RT-

qPCR rather than ddPCR because the latter used less sample and

was reported after obtaining enough ABL1 copies. Therefore,

it seemed that ddPCR was more appropriate to monitor CML

patients with leukopenia.

We also monitored 7 pediatric CML patients before and

after TKI discontinuation and found that both RT-qPCR and

ddPCR were useful. Except for two patients who restarted TKI

due to loss of MMR, the other five maintained stable MR

(better than MMR) under careful observation. One patient

that suffered growth retardation has been catching up after

TKI discontinuation. In addition, a condensed follow-up

seemed to be necessary in pediatric CML patients after TKI

discontinuation, which enabled us to evaluate patient status

and to determine who needed to restart TKI at the right time.

When compared the results in patients who maintained TKI

more than 48 months, ddPCR revealed worse MR compared

with RT-qPCR and provided more accurate information for

TKI maintenance. We also found that RT-qPCR did not match

the need for adequate ABL1 copies for MR4.5. A recent

study suggested that RT-qPCR was not able to discriminate

patients with a higher risk of MR loss after discontinuation,

whereas digital PCR suggested that the amount of BCR-

ABL1 transcript was stable (21, 22). Therefore, ddPCR was

technically more acceptable to decide and monitor pediatric

CML patients before and after TKI discontinuation. To our

knowledge, this is the first report demonstrating the utility

of ddPCR in pediatric CML patients after TKI treatment. Of

course, the recommendation cannot come from observations

in this study but should be further validated via more

studies including a prospective design and a large number

of cases.
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