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The prognostic value of minimal residual disease (MRD) in
Philadelphia-chromosome-positive (Ph+) childhood acute lym-
phoblastic leukemia (ALL) treated with tyrosine kinase inhibitors is

not fully established. We detected MRD by real-time quantitative poly-
merase chain reaction (RQ-PCR) of rearranged immunoglobulin/T-cell
receptor genes  (IG/TR) and/or BCR/ABL1 fusion transcript to investigate
its predictive value in patients receiving Berlin-Frankfurt-Münster (BFM)
high-risk (HR) therapy and post-induction intermittent imatinib (the
European intergroup study of post-induction treatment of Philadelphia-
chromosome-positive acute lymphoblastic leukemia (EsPhALL) study).
MRD was monitored after induction (time point (TP)1), consolidation
Phase IB (TP2), HR Blocks, reinductions, and at the end of therapy. MRD
negativity progressively increased over time, both by IG/TR and
BCR/ABL1. Of 90 patients with IG/TR MRD at TP1, nine were negative
and none relapsed, while 11 with MRD<5x10-4 and 70 with MRD≥5x10-
4 had a comparable 5-year cumulative incidence of relapse of 36.4 (15.4)
and 35.2 (5.9), respectively. Patients who achieved MRD negativity at
TP2 had a low relapse risk (5-yr cumulative incidence of relapse
(CIR)=14.3[9.8]), whereas those who attained MRD negativity at a later
date showed higher CIR, comparable to patients with positive MRD at
any level. BCR/ABL1 MRD negative patients at TP1 had a relapse risk
similar to those who were IG/TR MRD negative (1/8 relapses). The over-
all concordance between the two methods is 69%, with significantly
higher positivity by BCR/ABL1. In conclusion, MRD monitoring by both
methods may be functional not only for measuring response but also for
guiding biological studies aimed at investigating causes for discrepancies,
although from our data IG/TR MRD monitoring appears to be more reli-
able. Early MRD negativity is highly predictive of favorable outcome.
The earlier MRD negativity is achieved, the better the prognosis. 
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ABSTRACT



Introduction

The t(9;22)(q34;q11) translocation resulting in the
Philadelphia chromosome (Ph) occurs in about 3% of chil-
dren with ALL.1,2 In the past, this translocation was consis-
tently associated with poor outcome, with a 5-year 
event-free survival (EFS) of 40%, despite intensive
chemotherapy regimens and allogeneic hematopoietic
stem cells transplantation (HSCT).3,4 The introduction of
tyrosine kinase inhibitors (TKI) has markedly improved
outcome, but relapse remains the main cause of treatment
failure.5-8
Several studies have shown that detection of MRD by

IG/TR somatic rearrangements is a strong and independ-
ent prognostic factor in all subgroups of childhood ALL,
including Ph+ ALL treated with conventional chemothera-
py.9-11 In this context, whether BCR/ABL1 could be a more
appropriate MRD marker for pediatric Ph+ ALL is still a
matter of debate. Moreover, data on the predictive value
of early MRD response in Ph+ ALL treated with TKIs is
limited or inconclusive.5-8 Therefore, it remains relevant to
compare MRD based on a clonospecific marker versus the
oncogenic marker (BCR-ABL1) in patients treated with
TKIs. 
In the intergroup EsPhALL study, imatinib was started

after the first induction phase, which lasted from five to
seven weeks, depending on national frontline protocols,
and administered intermittently thereafter until the begin-
ning of the maintenance phase. Most patients, however,
underwent HSCT before reinduction therapy.8 
Herein, we report the results of molecular MRD moni-

toring based on IG/TR and/or BCR/ABL1 transcript as
PCR markers and their predictive value in patients treated
with imatinib in the EsPhALL study.

Methods

Study population
Between January 2004 and December 2009, 160 Ph+ ALL

patients were enrolled into the EsPhALL study (EudraCT 2004-
001647-30 and clinicaltrials.gov Identifier: 00287105) in the centers of
ten national study groups, which obtained approval from their
Institutional Review Boards. Written informed consent to partici-
pate in the study was provided for all patients by parents or legal
guardians. Treatment details and outcome have already been pub-
lished.7 As described, patients defined as good-risk (GR; good
response to prednisone at day eight, or ≤25% bone marrow (BM)
blast cells at day 15, or ≤5% BM blast cells at day 21, and in com-
plete remission at the end of induction) were randomized to
receive imatinib or not, whereas those defined as poor-risk (PR)
were given imatinib intermittently during intensive therapeutic
phases, for a total of 18 weeks for patients treated with
chemotherapy only. The duration of treatment with imatinib was
shorter (usually ten weeks) in the 80% of patients who underwent
HSCT, but some patients received imatinib post-HSCT as per
institutional policies. Overall, 128 patients received imatinib. An
ancillary study was conducted to assess the predictive value of
MRD detection by RQ-PCR analysis of both IG/TR genes and/or
by BCR/ABL1 transcript at each BM aspiration, i.e., at the begin-
ning of each treatment phase and before HSCT, as shown in
Figure 1A. No clinical decision was based on MRD. Here follows
our report on the MRD results in patients who received imatinib.
MRD at TP1 (day 33 of treatment) was available for 90 and 61
patients for IG/TR and BCR/ABL1, respectively. Among the 90
patients with IG/TR MRD data at TP1, 51 (56.7%) of them were

PR, representing 72.9% of PR patients treated with imatinib
(51/70). No difference in outcome by MRD availability at TP1 was
observed.7 In the report herein, subsequent time points, namely
TP2 (day 78 of treatment), TP3 (day 120) and TP4 (day 141) were
included only if patients had MRD evaluations at all previous time
points (Figure 1B,C).

MRD methodology 
In each national reference laboratory, diagnostic DNA samples

obtained from BM mononuclear cells at diagnosis were screened
by PCR amplification for somatic gene rearrangements as per lab-
oratory specific strategy, within the frame of the Euro-MRD.
Briefly, after identifying patient-specific IG/TR junctional region
sequences, complementary allele-specific oligonucleotide primers
were designed, and PCR-MRD targets were tested for specificity
and sensitivity. Quantitative PCR analysis was performed and
interpreted according to the guidelines developed within the Euro-
MRD network.11,12 In contrast to the corresponding serial dilution
standard curve,  a quantitative range (QR) for each marker was
defined as the lowest dilution which gave a specific and repro-
ducible amplification (DeltaCT of all replicates less than or equal
to 1.5; all cycle threshold (CT) values at least 1.0 Ct less than the
lowest CT value of the amplification observed in normal mononu-
clear cell (MNC) DNA). Moreover, the mean CT value had to be
within a range defined by the mean CT value of the previous dilu-
tion point: 2.6–4.0 CT between 10-fold dilutions 
(e.g., 10-3 vs. 10-4), and 0.5–1.5 CT between 2-fold dilutions (e.g,.
10-3 vs. 5 times 10-4).
The majority of national referral laboratories for BCR/ABL1

monitoring followed the protocol recommended by the Europe
Against Cancer (EAC) consortium.13 All laboratories participated
in the development of guidelines for the interpretation of
BCR/ABL1 RQ-PCR data, and participated in annual quality con-
trol rounds in the frame of EuroMRD (Pfeifer H. et al., unpublished
observations). Briefly, a standard curve was produced by plasmid
dilutions in order to define a QR, similarly to that for IG/TR (see
above). A sample was termed ‘positive’ if at least one replicate
was positive, and it was quantified if the PCR amplification was
within the QR; any MRD-positive sample outside the quantitative
range was scored as ‘positive not quantifiable’ (i.e., below the
value of the QR). A sample was defined as ‘negative’ when all
replicates were negative with at least 10000 ABL1 copies detected.
The ratio between BCR/ABL1 to 10000 ABL1 copies was calculat-
ed at diagnosis and at each follow-up time point. The MRD value
of each follow-up sample was calculated as the logarithmic reduc-
tion with respect to the diagnostic value.
The concordance between IG/TR and BCR/ABL1 results were

assessed within the cohort of patients in whom MRD was meas-
ured with both methodologies. Results were considered discor-
dant in the case of at least one log difference if both transpired to
be positive; in the case of a negative result by only one of the two
methodologies, results were considered discordant if the differ-
ence between the positive result and the sensitivity (QR) of the
negative one was more than one log (although this could overes-
timate concordance).

Statistical analysis
EFS was calculated as the time from start of EsPhALL treatment

(i.e., Phase IB) to first failure, defined as resistance, relapse, death
from any cause, or second malignant neoplasm (SMN).
Observation periods were censored at date of last contact when
no event was observed. The final follow-up was on June 30, 2014
and the median follow-up time was 6.4 years (range: 0.2 – 10.4).
EFS curves were estimated according to Kaplan-Meier (with
Greenwood standard error) and compared with the log-rank test.
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The Cox model, including MRD at TP2 (positive vs. negative) and
EsPhALL risk stratification (GR vs. PR) was used for multivariate
analysis. CIR was estimated adjusting for competing risks of other
events and compared with the Gray test.14 The two methodolo-
gies used for MRD measurement were compared using the Bland-
Altman approach for analyses of agreement between two differ-
ent assays.15 The differences between the two log-transformed
measures on each subject were plotted against their average value.
After excluding any dependence, the 95% range for the difference,
calculated from twice the standard deviation and the hypothesis
of zero mean difference (bias), was examined with a paired t-test.
All tests were two-sided. All analyses were performed with SAS
software (version 9.2).

Results

Overall, the 5-year EFS (standard error [SE]) of 128
EsPhALL patients who received imatinib was 62.0 (4.3).
Of note, all patients eventually achieved first complete
remission (CR1) by the end of HR Block3. The outcome of
108 (84%) transplanted and 20 (16%) non-transplanted
patients is described in Online Supplementary Table S1. The
size of each cohort of patients with available MRD data
by methodology and BM time point is shown in Figure 1.
In a cascade order, patients who had TP1, the first two
time points, the first three time points, or all four time
points (TP1, TP2, TP3 and TP4) decreased progressively
from 90 to 44 for IG/TR MRD (Figure 1B) and from 61 to
23 for BCR/ABL1 MRD (Figure 1C). The distribution of

patients as MRD negative (with QR of at least 1x10-4),
MRD low positive (<5x10-4) and MRD highly positive (i.e.,
≥5x10-4) is shown in Figure 1D,E. As expected, MRD neg-
ativity increased progressively, from 10% at TP1 to 57%
at TP4 by IG/TR (Figure 1D) and from 13% at TP1 to 30%
at TP4, by BCR/ABL1 (Figure 1E).The proportion of
patients with highly positive MRD decreased from 78%
to 14% and from 80% to 57% at TP1 to TP4 with IG/TR
and BCR/ABL1 techniques, respectively. The probability
of IG/TR negativity at any time point was higher in
patients classified as GR vs. those at PR, 18% vs. 4%,
respectively, at TP1 (before any exposure to imatinib,
P=0.0368), 39% vs. 16% at TP2 (after exposure to imatinib
during Protocol IB, P=0.0533), 60% vs. 36% (P=0.1429) at
TP3, and 70% vs. 46% at TP4 (P=0.1350; Online
Supplementary Figure S1A,C). Corresponding figures for
BCR/ABL1 were 25% vs. 3%, 37% vs. 4%, 60% vs. 10%
and 50% vs. 20%, respectively (Online Supplementary
Figure S1B,D). Among the 90 patients with TP1 available
for IG/TR, 51 carried the p190 BCR/ABL1 variant, 6 car-
ried that of p210, while for the remaining 33 patients the
variant was unknown; concerning the 61 patients with
BCR/ABL1 monitored at TP1, the same distribution was
41, 7, and 13, respectively. 
Figure 2 shows the impact of MRD levels measured by

IG/TR PCR on EFS and CIR at TP1, TP2, TP3, and TP4,
respectively. Ninety patients were tested at TP1 (Figure
2A,B). The minority of patients who were MRD negative
(N=9, 10%) had a favorable outcome with no relapses,
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Figure 1. EsPhALL treatment schema and
MRD results. EsPhALL treatment schema
with minimal residual disease (MRD) sam-
pling time points (time point, panel A).
Sample size at different follow-up time
points, by IG/TR (panel B) and BCR/ABL1
(panel C). MRD load at different follow-up
time points, by IG/TR (panel D) and
BCR/ABL1 (panel E):  MRD negative
(white), low positive (<5x10-4, gray) and
highly positive (≥5x10-4, black). BM: bone
marrow; HSCT: hematopoietic stem cells
transplantation; IG/TR: immunoglobulin/T-
cell receptor; G-CSF: granulocyte-colony
stimulating factor.
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whereas patients with high or low MRD positivity had
similar 5-year CIR (SE) of 35.2 (5.9) and 36.4 (15.4), respec-
tively. The difference in CIR between MRD negative and
positive patients was significant (0.0 vs. 35.3 (5.4),
P=0.0368). With respect to TP2, TP3 and TP4, the out-
come of patients who achieved negativity at the respec-
tive time point (new negative) was analyzed separately
from the outcome of those who achieved negativity earli-
er on. As shown, MRD negativity at TP2 (N=14, Figure

2C,D), in both GR and PR patients, is associated with low
risk of relapse (two relapses, 5-year CIR (SE) 14.3 [9.8]),
while the four patients who had achieved negativity at
TP1 did not present relapses. Achieving negativity at TP3
or TP4 is associated with a CIR of 36.4 (15.5) and 42.9
(21.6), respectively, comparable to that of patients with
low or high positivity at any time point. In a multivariate
analysis adjusting for risk group stratification, MRD nega-
tivity within TP2 was associated with a non-statistically
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Figure 2. Event-free survival and
cumulative incidence of relapse
according to IG/TR MRD levels.
Event-free survival (EFS; panels A,
C, E and G) and cumulative inci-
dence of relapse (CIR; panels B,
D, F and H) according to IG/TR
MRD levels at time points 1
through 4 (TP1-TP4). At TP1, there
were seven good-risk and two
poor-risk (panel B) negative
patients with no relapses. At TP2,
among the 14 new negative
patients, nine were good-risk (1
relapse) and five were poor-risk (1
relapse). CUM: cumulative;
EsPhALL: European intergroup
study of post-induction treatment
of Philadelphia-chromosome-posi-
tive acute lymphoblastic
leukemia; SE: standard error.
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significant reduced risk of failure as compared to positivity
at any level (hazard ratio (HR)=0.50, 95%CI (0.19 - 1.38),
P=0.1811).  
Table 1 shows the kinetics of MRD levels from TP1 to

TP2 in 68 patients with IG/TR evaluation at both time
points. Out of ten cases with low MRD at TP1, 7 (70%)
became negative at TP2, while in patients with high
MRD, only 7 out of 54 (13%) became negative.
Figure 3 shows that BCR/ABL1 MRD negativity at TP1

or TP2, although based on small numbers, is reached less
frequently when compared with IG/TR MRD, but is
associated with a similar very low risk of relapse (only
one relapse in eight MRD patients negative at TP1).
Patients with low or high positivity have, however, a
high risk of relapse, again similar to that observed for
positive IG/TR MRD. At subsequent time points, the
number of patients for which BCR/ABL1 MRD data are
available is too small to allow us to draw any conclu-
sions. 
The comparison between MRD sample values

obtained by IG/TR vs. BCR/ABL1 is shown in Table 2
and Figure 4. The overall level of concordance is 69%
(Table 2 and Figure 4A). The concordance rate between
sample values at each time point (see Figure 4B,C for TP1
and TP2, respectively) were similar, ranging from 65% at
TP3 to 71% at TP2 (Table 2). For patients with positive

MRD by both techniques, where an adequate number of
samples were available, we closely examined the differ-
ences between the two methods using the Bland-Altman
algorithm for TP1 and TP2 (Figure 4D,E). Following log-
arithmic transformation, the estimated mean differences
of BCR/ABL1 versus IG/TR results were significantly
greater than zero at both time points (P=0.03 and
P=0.001 at TP1 and TP2, respectively), signifying that the
BCR/ABL1 value tended to be higher than the IG/TR (the
estimated average difference was 0.25 (SD 0.66) at TP1,
and 0.43 (SD 0.73) at TP2). There were also four patients
who were negative by IG/TR but positive at low or high
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Table 1. Distribution of patients according to IG/TR MRD levels at TP1
and TP2. 

IG/TR MRD TP2
IG/TR MRD TP1 Neg Low MRD High MRD Total

Neg 4 (0) 0 0 4 (0)
Low MRD 7 (1) 3 (2) 0 10 (3)
High MRD 7 (1) 14 (4) 33 (14) 54 (19)
Total 18 (2) 17 (6) 33 (14) 68 (22)
Patients by IG/TR MRD levels at TP1 and TP2 (number of relapses in parenthesis). Neg
=  MRD negative, low MRD = MRD <5x10-4 and high MRD = MRD≥5x10-4. TP1: time point
1;  TP2: time point 2; IG/TR: immunoglobulin/T-cell receptor; MRD: minimal residual
disease. 

Figure 3. Event-free survival and cumulative incidence of relapse according to BCR/ABL1 MRD levels. Event-free survival (EFS; panels A, C) and cumulative inci-
dence of relapse (CIR; panels B, D) according to BCR/ABL1 MRD levels at time points 1 (TP1) and 2 (TP2). The patient who was negative at TP1 and relapsed is not
represented at TP2 because their MRD at this time point was not available. At TP2 only three patients were ‘new negative’. CUM: cumulative; EsPhALL: European
intergroup study of post-induction treatment of Philadelphia-chromosome-positive acute lymphoblastic leukemia; SE: standard error.
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level by BCR/ABL1, as shown by the individual patterns
in Figure 5. Two of these patients were negative by
IG/TR at TP1, TP2, TP3, and TP4 (Figure 5A,B), and the
remaining two became negative either at TP2 (Figure 5C)

or TP3 (Figure 5D), and remained negative thereafter. All
received HSCT in CR1, and only the patient in panel C
relapsed. No cases with persistently negative BCR/ABL1
and positive IG/TR were observed.
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Table 2. MRD detection by methodology at each time point. 
BCR/ABL1 MRD IG/TR MRD

TP1 TP2 TP3 TP4 Overall
N=50 N=56 N=40 N=37 N=183

≥5x10-4 <5x10-4 Neg ≥5x10-4 <5x10-4 Neg ≥5x10-4 <5x10-4 Neg ≥5x10-4 <5x10-4 Neg≥5x10-4<5x10-4 Neg

≥5x10-4 30/35 0/4 0/3 24/28 4/8 0/6 4/8 3/5 0/6 4/5 3/7 2/8 62/76 10/24 2/23
<5x10-4 0/1 3/3 0/0 0/2 2/2 3/3 0/1 4/4 3/4 0/1 1/1 5/5 0/5 10/10 11/12
Neg 0/1 1/2 1/1 0/0 0/0 7/7 0/0 5/5 7/7 0/0 0/0 10/10 0/1 6/7 25/25
concordance rate 35/50=70% 40/56=71% 26/40=65% 25/37=68% 126/183=69%
In each cell, the number of concordant over total number of samples analyzed are reported. Discordance was based on the following criteria: if both MRD results were positive,
the difference between MRD results was at least 1 logarithm, and if MRD was negative by one methodology and positive by the other, the difference between the positive result
and the sensitivity (quantitative range) of the negative one was more than 1 logarithm. Neg = MRD negative. TP1: time point 1; TP2: time point 2; TP3: time point 3; TP4: time point
4. IG/TR: immunoglobulin/T-cell receptor; MRD: minimal residual disease.

Figure 4. Overall concordance of IG/TR
vs. BCR/ABL1 MRD. Scatterplot of
IG/TR- and BCR/ABL1-based minimal
residual disease (MRD) sample values
on the logarithmic scale. Positive sam-
ples with MRD below the quantitative
range ('positive, not quantifiable' –
POS, NQ) were conventionally repre-
sented with 10-6; MRD negative sam-
ples are labeled with NEG. The black
diagonal line represents the exact
agreement; the area within the green
lines includes concordant samples with
acceptable agreement, defined as less
than 1 log difference between the two
measurements. Red boxes include dis-
crepant cases, while green boxes
include cases with either ‘POS,NQ’ or
‘NEG’ results via at least one of the two
methods, for which assessment of con-
cordance was based on sensitivity.
n=number of samples; numbers of
patients are indicated in parenthesis.
Panel A includes all samples for all
patients, while panels B-D and C-E
show only samples at TP1 and TP2,
respectively. Panel D and E show the
comparison of MRD measurements by
IG/TR and BCR/ABL1 according to
Bland-Altman, with the continuous line
representing zero difference, and the
dashed line representing the estimated
mean difference ±2 SD. Among ten
IG/TR negative and BCR/ABL1 positive
patients (who were concordant accord-
ing to the definition above), seven car-
ried the p190 fusion protein, one car-
ried the p210 fusion protein and two
did not have this information available.
The fusion protein detected in nine
IG/TR POS<QR and BCR/ABL1 positive
patients (who were concordant accord-
ing to the definition above) was p190 in
eight patients, and not known in the
remaining patient. IG/TR: immunoglob-
ulin/T-cell receptor.
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Discussion 

Ph+ ALL in pediatric age is very rare, occurring in only
3% of cases, thus intergroup studies are needed to contin-
ue investigations into this ALL subtype.1 The predictive
value of MRD response in children with Ph+ ALL treated
with TKIs is still unknown. A recent study reporting on
solely nine children with Ph+ ALL showed that TKIs added
to chemotherapy allowed for a marked increase in the rate
of patients with negative MRD and improved outcome as
compared to patients treated with chemotherapy alone.16
In adult patients treated with TKIs it has been reported
that MRD negativity before HSCT in CR1, and its persist-
ence following HSCT, are associated with a significantly
better outcome.17-22 
EsPhALL was one of the first studies to introduce ima-

tinib in childhood Ph+ ALL treated with a BFM-type ther-
apy,7 and the results reported herein on MRD monitoring
provide novel information on the relevance and prognos-
tic impact of MRD response. An earlier study conducted
by the Children's Oncology Group (COG) analyzed the
prognostic impact of MRD;8 their results suggested that a
better MRD response was associated with a more favor-
able outcome, but the difference was not statistically sig-
nificant, probably due to the small number of patients
investigated. 
In our study, data are available on a relatively large num-

ber of patients after induction (TP1) and consolidation
(TP2) phases, as well as after the two blocks of intensifica-
tion therapy (TP3 and TP4). 

The probability of achieving MRD negativity at early
time points was predominantly lower  than in other pop-
ulations of BCP-ALL, in keeping with previous reports.9
This probability was higher in EsPhALL patients who
qualified as GR vs. PR: for instance, at TP2 after exposure
to imatinib in consolidation phase IB, MRD negativity
was 39% vs. 16% when measured by IG/TR (P=0.0533)
and of 37% vs. 4% by BCR/ABL1 (P=0.0047). Of note, the
definition of MRD negativity was herewith based on strict
criteria, requiring a QR of at least 1x10-4. In a multivariate
analysis, MRD negativity at TP2 was associated with a
reduced risk of failure, yet was not considered statistically
significant. Definitive conclusions on the role of MRD as
an independent prognostic factor in this setting are diffi-
cult due to the limited sample size. These data suggest
that traditional unfavorable prognostic criteria remain
associated with less favorable MRD response and, as
reported, with poorer final outcome.7 Without accounting
for the kinetics of MRD levels across subsequent time
points, MRD negativity at an early time point is associated
with a low number of relapses, both in GR and PR
patients (Online Supplementary Figure S1). In our experi-
ence, the 5-year CIR was very low for patients achieving
MRD negativity subsequent to either induction or consol-
idation phases. When MRD negativity was obtained later
(TP3 and TP4), CIR was instead quite high, and not differ-
ent from that observed for positive MRD, suggesting that
the earlier negative MRD is achieved, the lower the risk of
relapse.
Taken together, our data suggest that BFM-type back-
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Figure 5. MRD in discordant cases. MRD pattern from TP1 through TP4 (or TP5 if available) of four patients with persistently discordant results by IG/TR (dashed
lines) and BCR/ABL1 (continuous lines). Patients identified with ID 184, ID 111 and ID 44 carried the p190 variant protein; for patient ID 25, this information was
not available.
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bone chemotherapy defines two main subsets of children
with Ph+ ALL, i.e., those who are capable of achieving
molecular remission within TP2, and those who will
achieve this result only at a later stage, or never, which
will make little to no difference in terms of finding a pos-
sible cure and thus eradicating the disease. 
MRD results based on BCR/ABL1 confirm that an early

achievement of MRD negativity, i.e., at TP2, has a similar
predictive value of MRD detected by IG/TR. However, no
conclusions can be drawn on subsequent time points due
to the small number of patients analyzed by BCR/ABL1.
In this study, the IG/TR and BCR/ABL1 RT-PCR method-
ologies for MRD detection were compared for the first
time in a relatively large and multicentric setting. We
showed that BCR/ABL1 MRD levels tend to be higher
than those based on IG/TR at any time point; as a conse-
quence, the proportion of patients achieving MRD nega-
tivity by BCR/ABL1 is lower when compared to IG/TR
(i.e., 30% vs. 57% at TP4). Moreover, there are several dis-
crepant samples (31%) in the majority of cases which had
a higher MRD level by BCR/ABL1 than that by IG/TR.
This is in keeping with a previous single-center report on
17 childhood ALL patients,23 and a more recent report
from the same group,24 wherein 20% and 23% of samples
were BCR/ABL1-positive and IG/TR-negative, respective-
ly. Interestingly, the testing of cell-sorted hematopoietic
subpopulations at diagnosis of patients with discrepant
MRD results revealed BCR-ABL1-positivity in non–ALL B
lymphocytes, T cells, and/or myeloid cells. This indicates
the multilineage involvement of the BCR-ABL1-positive
clone in some patients diagnosed with BCR-ABL1-posi-
tive ALL, in which a multipotent hematopoietic progeni-
tor might have been the target of the BCR-ABL1 translo-
cation. These patients have a BCR-ABL1-positive clonal
hematopoiesis resembling a chronic myeloid leukemia
(CML) disease, although other features (i.e., lower white
blood count (WBC) level at diagnosis and a lower propor-
tion of non-B cells positive for BCR/ABL1 than in CML
blast crisis) are different from typical CML, thus suggest-
ing that those Ph+ ALL with discordant IG/TR 
vs. BCR/ABL1 MRD might represent a rare subgroup with
a ‘CML-like’ feature.24  
Whether this biological heterogeneity may have an

impact on patient outcomes and optimal treatment (early
stem cell transplantation SCT vs. continuous TKI therapy)
as well as on MRD testing needs further prospective
investigations in larger series. Of note, all of our four dis-
cordant patients with high BCR/ABL1 and negative IG/TR

MRD levels (two of them with two IG/TR markers) at
several consecutive time points received HSCT. 
In addition, the evidence that t(9;22) is the primary, but

not sufficient leukemogenic event, underlines the risk of
monitoring pre-leukemic cells by BCR/ABL1 only.25 Thus,
MRD monitoring by both methods may be functional for
both measuring response and guiding biological studies
aimed at investigating the causes of discrepancies; from
our data IG/TR MRD monitoring appears to be  more reli-
able.
In conclusion, the present study in a large multicenter

series of children with Ph+ ALL indicates, for the first time,
that MRD is also highly predictive of prognosis in the con-
text of treatment with imatinib and HSCT, and in particu-
lar, that early negativity is strongly associated with good
prognosis. On the contrary, clearance of MRD after TP2
did not show a prognostic impact on CIR, which is a use-
ful indication for the design of future trials as it suggests
that reliable clinical decisions, particularly regarding indi-
cations of individual treatment intensification, may be
made in a timely and safe fashion based on the TP2 results
of the patients.
It would be challenging to investigate whether these

findings will be confirmed in the current protocols, where
a lower proportion of patients is undergoing HSCT and
imatinib is administered earlier and continuously. If so,
MRD monitoring could be used to refine clinical decisions,
including how to optimize the use of TKIs and whether to
perform HSCT.
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