Response dynamics of pediatric patients with
chronic myeloid leukemia on imatinib therapy
Tyrosine kinase inhibitors (TKI) provide an efficient
'targeted' therapy against the constitutively expressed
BCR-ABL1 oncoprotein characterizing chronic myeloid
leukemia (CML). Due to its success in adult CML
patients, the continuing treatment with TKI, namely imatinib, has also replaced allogeneic stem cell transplantation in pediatric patients as front-line therapy.1
Tight molecular monitoring of tumor load reveals that
imatinib monotherapy induces a biphasic decline of
BCR-ABL1 transcript levels in most adult CML patients.
While the initial steep decline most likely results from the
rapid depletion of actively cycling BCR-ABL1 positive
cells, the second moderate decline may represent the
slow elimination of quiescent residual leukemic stem
cells owing to their comparatively low turnover.2
However, CML is rare in cohorts of patients under 20
years of age, and data on the kinetics of the BCR-ABL1
expression in response to TKI treatment in children and
teenagers are still scarce. While it is widely agreed that
the cellular and molecular features of CML in children are
identical to adults, it must be remembered that the host
is still a growing organism,3 and initial tumor cell burden
and treatment responses may vary according to age.4,5

Here, we provide the first comprehensive overview of
the temporal, biphasic kinetics of BCR-ABL1 transcript
reduction in a cohort of pediatric and teenage patients
enrolled on the pediatric prospective CML-PAED II trial
(clinicaltrials.gov identifier: 00445822) in response to a
standardized up-front treatment with imatinib. In particular, we apply a bi-exponential regression model to parameterize the clinical response that is used to compare the
pediatric cohort to adult CML patients.
Eighty-seven patients (age 1-18 years) with a diagnosis
of CML in chronic phase (CP) enrolled on the prospective, international CML-PAED-II trial during the recruitment period from 2006 to 2012 were available for our
study. For detailed analysis, out of these 87 patients, we
included only 40 national cases for whom nested PCR
measurements were available in case of qPCR negativity.
Written informed consent was obtained from all patients
or their legal guardians according to the Declaration of
Helsinki. The study was approved by the Ethical
Committee of the Medical Faculty of the Technische
Universität
Dresden,
Germany
(ethical
vote
#EK282122006).
All pediatric patients received standard treatment with
imatinib 260-340 mg/m2 within a week after diagnosis of
CML had been confirmed by either cytogenetic or molecular analysis. No other cytostatic treatment prior or in
addition to imatinib was administered. Therapeutic
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Figure 1. Individual and median time courses. (A) The statistical bi-exponential model describes the patient-specific treatment response by a 'two slope dynamic', in which the slope of the first decline is denoted as α and the slope of the second moderate decline as β. The breakpoint between first and second slope
is characterized by its time of occurrence (timebp) and its corresponding BCR-ABL1/ABL1 level (ratiobp). (B and C) Individual time courses for all (B) pediatric
(n=25) and (C) adult (n=55) patients. Solid lines indicate median values of all patients for whom BCR-ABL1/ABL1 ratios are available within 2-month intervals,
(D) Comparison of the response kinetics using the bi-exponential regression model (solid lines), which is fitted to the median responses of the pediatric and
adult patient cohorts. Whiskers indicate upper and lower quartiles.
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response was monitored by measuring the
BCR-ABL1/ABL1 transcript ratio in blood specimens,
typically at 1, 2, and 3 months and subsequent intervals
of 3-6 months after commencing imatinib, using a standardized approach for molecular diagnosis of CML by
qRT-PCR. Measurements were performed and results
reported according to the International Scale (IS).6 In case
of BCR-ABL1 negativity by qRT-PCR, nested PCR was
performed. Forty-one percent of the specimens that had
tested negative by qRT-PCR showed positive results
using a nested PCR approach. For the numerical analysis,
we assigned a plausible lower approximation of the
detection threshold at MR5 (undetectable BCR-ABL1 in
>100,000 ABL1 transcripts7) to all the negative results,
which were further used for the calculation of medians
and individual responses, as well as for the graphical
visualization of time courses.

For statistical analysis of treatment response, a minimal
data set of 7 or more consecutive BCR-ABL1 level measurements was required over a follow-up interval of over
one year. Early non-responders were characterized by a
BCR-ABL1/ABL1 of more than 10% after 18 months of
treatment and were also excluded from the analysis, leaving 35 out of 40 patients for further analysis. Biphasic
decline kinetics of BCR-ABL1 levels in response to imatinib were sufficiently described by a bi-exponential
regression model:8
log10(BCR-ABL1/ABL1) = log10(A · exp(-αt)
+ B · exp(-βt))

Here, parameter α characterized the slope of the first,
steeper decline kinetics, whereas parameter β characterized the slope of the second, moderate decline kinetics
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Figure 2. Comparison of the individual parameters of the segmented regression model. Histograms (pediatric: red; adult: green) with overall density kernels
(shaded) for the parameters of the statistical model: (A) intercept A [shown as log(A), Wilcoxon test P=0.007]; (B) intercept B [shown as log(B), P=0.950]; (C)
slope α [shown as log(α), P=0.909]; (D) slope β (P=0.506); (E) time of breakpoint timebp in months (P=0.803); (F) level at breakpoint ratiobp (P=0.455).
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Table 1. Statistical parameters of median response characteristics of pediatric and adult patients.

Parameter of
median response
characteristics
Pediatric patients
Adult patients

A
B
BCR- ABL1/ ABL1 BCR-ABL1/ ABL1

33.07
41.76

α
loss of
BCR-ABL1/ ABL1
(% per month)

β
loss of
BCR-ABL1/ ABL1
(% per month)

7.99
7.31

0.03
0.07

0.19
0.36

(Figure 1A). Parameters A and B could be interpreted as
the corresponding (approximate) intercepts with the yaxis at time point 0 (=treatment start). The breakpoint
between first and second slope was characterized by its
time of occurrence (timebp) and its corresponding
BCR-ABL1/ABL1 level (ratiobp). Furthermore, the Davies
test was used to test for a non-constant regression
parameter in the linear predictor, i.e. whether the slopes
α and β differ.9 Out of the 35 patients with sufficient follow up (>7 measurements), 25 fulfilled this criterion of a
biphasic decline in BCR-ABL1. Time courses of all
patients are available in the Online Supplementary Figures.
For comparison with adult data, we used a cohort of 69
patients from the German cohort of the IRIS trial.10
Applying the same selection criteria, 62 patients had a
sufficiently long follow up and 55 of them followed a
biphasic decline characteristic. We used Wilcoxon tests to
test for differences in the distribution of treatment
parameters of both cohorts using software R for statistical analysis (v.3.2.0; www.r-project.org).
For the analysis of typical biphasic response kinetics,
time courses from the 25 pediatric patients (male/female:
16/9; median age 11.9 years, range 4.5-17.6) were compared to 55 adult patients (male/female 40/15; median
age 52.5 years, range 21-69). Time courses for these subpopulations are shown in Figure 1B and C. Obviously,
follow up in the pediatric cohort was much shorter than
in the adult cohort (median follow up time 30.6 months
for pediatric patients vs. 79.1 months in adult patients).
To quantitatively compare the cohorts, we took the
median values of the available measurements for 2month intervals and derived a 'median response' (shown
as a bold line in Figure 1B and C). As the number of measurements in the pediatric cohort dropped substantially
after three years, we limited the time interval for this
analysis to 36 months. For the resulting median response,
we fitted a bi-exponential regression model, thus obtaining A, B, α and β as the characteristic parameters for the
mean response in each cohort (Table 1 and Figure 1D).
On average, the BCR-ABL1/ABL1 transcript levels initially declined with a rate of 8% per month in the pediatric cohort and 7.3% per month in the adult cohort
(α slope) (Table 1). This minor difference should be interpreted with caution, as there is a known inaccuracy of
BCR-ABL1/ABL1 measurements of over 10%. Moreover,
this effect was compensated by a smaller decline within
the second slope (0.03% vs. 0.07% per month). There
appeared no distinct differences in the median response
kinetics between pediatric and adult patients (Figure 1D).
In order to address the statistical significance of these
findings, we focused on the kinetics for each individual
patient.
Next we applied a bi-exponential regression model for
each individual patient, thereby obtaining a distribution
of individual decline parameters (namely A, B, α, β,
timebp, ratiobp) for both cohorts. Histograms in Figure 2
indicate that the breakpoint of the response kinetics typ-

Timebp
(months)

Ratiobp
BCR-ABL1/ ABL1
(log%)

5.94
6.02

0.16
0.24

ically occurred between 2 and 11 months (Figure 2E),
while the BCR-ABL1/ABL1 level of the breakpoint was
typically below 1% (Figure 2F). Distribution of the
decline parameters (A, B, α, β) between pediatric and
adult patients appeared to be very similar. A comparison
of the medians by Wilcoxon test (see P-values in Figure 2)
only detected a statistically significant difference for the
initial values of log(A), which roughly corresponded to
the BCR-ABL1/ABL1 level detected at diagnosis
(P=0.007). However, as mentioned above, caution is warranted as the use of ABL1 as a reference gene of the PCRreaction biases the results for high values of BCRABL1/ABL1.11
Furthermore, we did not find any evidence that age at
diagnosis or the presence of an e13a2/e14a2 splicing variant of the BCR-ABL1 oncogene has an influence on the
individual patient responses.
Our statistical analysis of primary kinetic responses of
pediatric CML patients treated with the TKI imatinib
revealed no distinct differences from a reference adult
cohort. Apart from some patients showing a uniphasic
decline in BCR-ABL1 ratios, the majority of the patients
showed the typical biphasic response (25 of 35 in the
pediatric and 55 of 69 in the adult cohort). Overall, there
was a slightly higher fraction of pediatric patients achieving MR4 already during the initial decline (3 of 40 children vs. 1 of 69 adults). Although several studies suggest
that initial response to imatinib treatment was inferior in
e13a2 patients,3 we found no statistically relevant differences in treatment response between patients harboring
the e13a2 and the e14a2 phenotype of CML. However,
given the small sample size (which is approx. a factor 10
smaller than the relevant studies in adult patients) this
effect may have been been masked.
Tyrosine kinase inhibitor treatment in children inhibits
not only BCR-ABL1, but also exerts many side effects,
such as dysregulation of bone remodeling,12 longitudinal
growth impairment,13,14 impaired vitamin D synthesis,15
growth hormone deficiency,16 and other metabolic dysregulations. As these side effects may become more significant with longer periods of TKI treatment, sophisticated approaches to support the safety of TKI therapy
cessation, such as model-based risk estimations, are even
more desirable in pediatric cohorts than for adult
patients.
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