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A B S T R A C T

Purpose
In a previous analysis of 326 children with Philadelphia chromosome (Ph) –positive acute
lymphoblastic leukemia (ALL) treated between 1986 and 1996, hematopoietic stem-cell transplan-
tation from HLA-matched related donors, but not from unrelated donors, offered a superior
outcome than chemotherapy alone. To evaluate the impact of recent improvements in chemo-
therapy and transplantation, we performed a similar analysis on patients treated in the follow-
ing decade.

Patients and Methods
We analyzed 610 patients with Ph-positive ALL treated between 1995 and 2005 without tyrosine
kinase inhibitor therapy. The median follow-up duration was 6.3 years.

Results
Complete remission was achieved in 89% of patients. The 7-year event-free survival and overall
survival rates were superior in the present cohort compared with the previous cohort (32.0% � 2.0% v
25.0% � 3.0, respectively, P � .007; and 44.9% � 2.2% v 36.0% � 3.0%, respectively, P � .017).
Compared with chemotherapy alone, transplantation with matched related donors or unrelated donors
in first remission (325 patients) showed an advantage with increasing follow-up, suggesting greater
protection against late relapses (hazard ratio at 5 years, 0.37; P � .001). In the multivariate Cox
regression analysis accounting for treatment (transplantation v no transplantation), age, leukocyte
count, and early response had independent impact on treatment outcome.

Conclusion
Clinical outcome of children and adolescents with Ph-positive ALL has improved with advances in
transplantation and chemotherapy. Transplantations with matched related donors and unrelated
donors were equivalent and offered better disease control compared with chemotherapy alone.
Age, leukocyte count, and early treatment response were independent prognostic indicators. The
results of this study will serve as a historical reference to evaluate the therapeutic impact of
tyrosine kinase inhibitors on the outcome of Ph-positive ALL.

J Clin Oncol 28:4755-4761. © 2010 by American Society of Clinical Oncology

INTRODUCTION

With current cure rates of 85% or greater in child-
hood acute lymphoblastic leukemia (ALL),1 precise
risk assessment is important to direct treatment. Pa-
tients with low-risk leukemia can be assigned to re-
ceive less intensive treatment to minimize late
sequelae. Conversely, the subset of patients with
high risk of relapse should be allocated to receive
intensive treatment or novel therapies. With con-
tinuing improvement in therapy, the impact of
many prognostic factors has been diminished or
abolished altogether. Until recently, the Philadel-

phia chromosome (Ph) resulting from chromo-
somal translocation t(9;22), which occurs in 3% to
5% of children and 25% of adults with ALL, has
consistently been associated with dismal treatment
outcome. The translocation results in a fusion pro-
tein of 210 kDa (p210) when the ABL1 proto-
oncogene moves from chromosome 9 to the major
breakpoint cluster region on chromosome 22, as
usually observed in chronic myelogenous leukemia.
The ABL1 gene can also translocate to the minor
breakpoint cluster region on chromosome 22, re-
sulting in a 190-kDa fusion protein (p190) that oc-
curs exclusively in ALL. More than 90% of children
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with Ph-positive ALL have this subtype of t(9;22). Both the p210 and
p190 proteins can be readily detected with techniques based on the
polymerase chain reaction. 2-5 In a recent genome-wide analysis of
diagnostic leukemia samples from 304 individuals with ALL, IKZF1
(encoding the transcription factor Ikaros) was deleted in 83.7% of
BCR-ABL1 ALL.6

With conventional treatment including hematopoietic stem-cell
transplantation (HSCT), only one third of children and adolescents
with Ph-positive ALL have been long-term survivors.7-19 A recent
study showed that intensive chemotherapy in combination with con-
tinuous exposure to a tyrosine kinase inhibitor (imatinib) markedly
improved early treatment outcome in a small group of children with
Ph-positive ALL,20 raising the question of whether HSCT remains the
treatment of choice for children or young adults with Ph-positive ALL.
In our previous study of 326 children and adolescents treated by 10
cooperative study groups or single institutions between 1986 and
1996, we demonstrated that HSCT with matched related donors, but
not unrelated donors, was superior to chemotherapy alone.21 With
recent improvement in both chemotherapy and HSCT, we per-
formed a similar analysis of patients treated between 1995 and 2005
without tyrosine kinase inhibitors, so that the results can serve as
baseline data to guide future development of treatment for patients
with Ph-positive ALL.

PATIENTS AND METHODS

Review of Data

Each study group reviewed its records to identify patients age less than 18
years with Ph-positive ALL registered in clinical trials between 1995 and 2005.
Patients who were treated with any tyrosine kinase inhibitor during front-line

chemotherapy were excluded from the analysis. We accepted either cytoge-
netic or molecular tests to identify the Ph status; patients who were negative at
diagnosis but positive at relapse were not included. A predefined set of data,
collected for each patient, was then sent to a coordinating center, where the
findings were reviewed for consistency and completeness. Follow-up observa-
tions extended through 2008, with a median follow-up time of 6.3 years
(range, 0.1 to 11.5 years). By consensus, none of the participating groups will
be identified with their data sets in this report.

Patients and Treatment

Of the 762 patients with Ph-positive ALL identified, 610 were eligible and
evaluable. At most of the participating centers, these children were identified
early in the clinical course and were assigned to therapy for high-risk ALL.
Indications for HSCT for patients in first complete remission varied among
the different study groups. Nonetheless, HSCT from an HLA-matched
related donor was generally accorded the highest priority among alterna-
tives to chemotherapy alone. The lack of information on the availability of
donors prevented us from determining whether all patients with a suitable
donor underwent HSCT. Definition of early response to chemotherapy was
given by each group according to protocol criteria; good early response was
defined by either peripheral-blood count on day 8 (prednisone good response:
� 1,000 blasts/�L in peripheral blood after 7 days of glucocorticoid therapy
and one injection of intrathecal methotrexate)22 or bone marrow evaluation on
day 8 or day 15 (� 25% blasts) or day 21 (� 5% blasts) of remission induction.23

Statistical Analysis

The principal end points in the analysis of treatment results were event-
free survival (EFS), disease-free survival (DFS), and overall survival (OS). EFS
was defined as the time from diagnosis to first failure, which was defined as
death during induction therapy, lack of achievement of remission during
protocol-specified induction period, relapse at any site, death during remis-
sion, or development of second malignant neoplasm. DFS was defined as the
time from complete remission until relapse at any site, death during complete
remission, or development of a second malignant neoplasm. OS was defined as
the time from diagnosis (or time from complete remission, when stated) to

Table 1. Pattern of Treatment Failure in Children With Ph-Positive ALL Who Achieved Complete Remission After Induction Therapy by Treatment (N � 542)

Event

Chemotherapy
Only

(n � 217)

Hematopoietic Stem-Cell Transplantation
(n � 325)

All Patients
(N � 542)

Matched
Related Donor

(n � 115)

Mismatched
Related Donor

(n � 15)

Unrelated
Donor

(n � 166)
Autologous

(n � 10)
Not Known

(n � 19)

No. of
Patients %

No. of
Patients %

No. of
Patients %

No. of
Patients %

No. of
Patients %

No. of
Patients %

No. of
Patients %

Time from CR1 to HSCT, months
Median 4.0 5.0 6.0 5.7 3.6
First to third quartile 3.0-5.7 3.9-6.8 4.3-7.9 5.2-6.4 3.2-6.5

Relapse 146 67 49 43 2 13 45 27 7 70 3 16 252 46
Bone marrow 110 37 2 32 5 3 189
CNS 13 1 0 1 1 0 16
Testis 2 1 0 4 0 0 7
Bone marrow � other 16 3 0 4 1 0 24
Other 5 6 0 3 0 0 14
Unknown 0 1 0 1 0 0 2

Death in CCR 16 7 18 16 8 53 31 19 0 0 6 32 79 15
Therapy related 15 0 0 0 0 15
HSCT 0 17 6 26 5 54
Other 0 1 0 4 1 6
Unknown 1 0 2 1 1 4

Second neoplasm 0 1 0 3 0 0 4 1
CCR 55 25 47 41 5 33 87 52 3 30 10 53 207 38

Abbreviations: Ph, Philadelphia chromosome; ALL, acute lymphoblastic leukemia; CR1, first complete remission; CCR, continuous complete remission; HSCT,
hematopoietic stem-cell transplantation.
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death from any cause. Observations of patients were censored at the date of last
contact when no events were observed.

The Kaplan-Meier method was used to estimate the probabilities of EFS,
DFS, and OS, with SEs calculated according to Greenwood. Curves were
compared using the log-rank test. Statistical methods were used to minimize
potential sources of bias in comparing DFS and OS (from date of first complete
remission) after HSCT or intensive chemotherapy alone. Kaplan-Meier plots
that compared HSCT with chemotherapy alone were adjusted to account for
the waiting time to transplantation. The curves originate at a landmark (me-
dian time to transplantation) and thus do not include patients who had events
or whose data were censored before that time; the curves account for patients
who underwent transplantation after the landmark by delayed entry. To deal
with lack of proportional hazards between the two treatment groups, univar-
iate comparison between these curves was performed at a predefined time
point of 5 years from remission based on log-log transformation.24

Differences in time to transplantation and in the prognostic factors used
to assign patients to HSCT were accounted for in Cox regression analyses.
Treatment was considered to be a time-dependent factor. Thus, each patient
was included in the chemotherapy-only group until transplantation, at which
point he or she was shifted to the transplantation group. The model also
included the covariates of age (0 to 3, 3 to 6, 6 to 10, 10 to 15, v � 15 years),
leukocyte count (0 to 10, 10 to 25, 25 to 50, 50 to 100, v � 100 � 103/�L), sex,
and early response (poor responders according to bone marrow result or
peripheral-blood result, response not known, v good responders). The time
dependence of the treatment effect (ie, nonproportional hazards) was accom-
modated by including a term for the interaction of time (log-transformed) and
treatment in the regression analysis.25 According to graphical checks, the
proportional hazards assumption was reasonable for the prognostic factors.
Two-tailed P values for differences in the risk of treatment failure (in terms of
either DFS or OS) were derived from the likelihood ratio test. Estimated hazard
ratios (HRs) were reported with 95% CIs.

Cumulative incidence of relapse or death was estimated in patients who
underwent transplantation accounting for competing risks (censoring second
malignant neoplasms). The logistic regression model was used to analyze the
influence of age, leukocyte count, and early response on the odds of nonre-
sponse to induction therapy.

RESULTS

The estimates of EFS and OS of the 610 patients with Ph-positive ALL
were 32.0% � 2.0% and 44.9% � 2.2% at 7 years after diagno-
sis, respectively.

Clinical and Laboratory Characteristics

Appendix Table A1 (online only) summarizes the presenting
features of the 610 evaluable patients. The median age at diagnosis was
7.8 years (range, 0.7 to 17.65 years); 72 patients (12%) were less than 2
years of age and only 1 was younger than 1 year of age. The leukocyte
count at diagnosis was at least 50,000/�L in approximately 43% of the
patients and less than 10,000/�L in 23%. Despite the relatively high
proportion of patients with hyperleukocytosis, leukemic involvement
of the CNS at diagnosis was observed in only 6% of the patients. Nine
patients had a T-cell lineage immunophenotype.

Early Responses to Chemotherapy

Early response to treatment as measured by prednisone response
was available in 177 patients, 33 (19%) of whom had a poor response,
a proportion approximately twice that of unselected patients with
ALL. Among the 338 patients for whom early response was evaluated
by bone marrow aspirates, 134 (40%) had poor response (Appendix
Table A1), a proportion also higher than that of unselected patients
with childhood ALL.9

Induction of Complete Remission

A total of 542 patients (89%) achieved a complete remission after
induction therapy; the remaining patients either died during induc-
tion (n � 5) or failed to achieve remission (n � 63). The induction
failure rate of 11% is much higher than the 2% to 3% induction failure
rate seen among children with Ph-negative ALL. In a multivariate
analysis, poor early response was the strongest predictor of induction
failure (odds ratio, 13.3; 95% CI, 5.73 to 31.02; P � .001), although
WBC count retained predictive value (odds ratio, 1.86; 95% CI, 1.04 to
3.32; P � .04 for � v � 100,000/�L). Of the 63 patients with induction
failure, 45 patients subsequently underwent HSCT, and 11 patients
were alive at last follow-up (nine patients after HSCT).

Patterns of Treatment Failure

Of the 542 patients who achieved a complete remission after
induction chemotherapy, 252 (46%) experienced a relapse, including

Table 2. Estimated HRs Associated With Different Types of HSCT and
Chemotherapy Alone in Patients With Ph-Positive Childhood Acute

Lymphoblastic Leukemia Who Achieved Complete Remission After Initial
Induction Therapy (n � 540�)

Variable

DFS Survival

HR 95% CI P HR 95% CI P

Treatment � .001 .003
Chemotherapy

alone 1.00 1.00
HSCT

At 0.5 years 1.34 0.94 to 1.90 1.37 0.81 to 2.31
At 1 year 0.87 0.69 to 1.10 0.96 0.71 to 1.31
At 5 years 0.32 0.20 to 0.52 0.42 0.25 to 0.70

Age at diagnosis,
years .03 � .001

0-3 0.45 0.27 to 0.77 0.26 0.14 to 0.48
3-6 0.65 0.41 to 1.01 0.45 0.28 to 0.73
6-10 0.72 0.47 to 1.12 0.56 0.35 to 0.89
10-15 0.77 0.50 to 1.19 0.62 0.39 to 0.98
� 15 1.00 1.00

Leukocyte count at
diagnosis, per
�L � .001 .003

0-10 0.47 0.34 to 0.64 0.48 0.33 to 0.70
10-25 0.55 0.40 to 0.76 0.67 0.46 to 0.96
25-50 0.63 0.44 to 0.89 0.77 0.52 to 1.15
50-100 0.62 0.44 to 0.88 0.81 0.55 to 1.17
� 100 1.00 1.00

Sex
Male 1.10 0.88 to 1.38 .40 1.01 0.79 to 1.30 .93
Female 1.00 1.00

Early response
Good responders

in PB or BM 1.00 .03 1.00 .007
Poor responders

in PB 2.00 1.26 to 3.18 2.41 1.47 to 3.95
Poor responders

in BM 1.19 0.88 to 1.61 1.30 0.94 to 1.81
Early response

unknown 1.27 0.93 to 1.73 1.34 0.95 to 1.89

Abbreviations: HR, hazard ratio; HSCT, hematopoietic stem-cell transplanta-
tion; Ph, Philadelphia chromosome; DFS, disease-free survival; PB, peripheral
blood; BM, bone marrow.

�The model was fitted on 540 patients as a result of missing values in
leukocyte count at diagnosis in two patients.
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189 in the bone marrow (75%), 16 in the CNS (6%), 24 in bone
marrow and another site(s) (10%), and seven in the testis (2% of 337
boys; Table 1). Of 146 relapses in the chemotherapy group, 33 (23%)
were diagnosed within 6 months from complete response. In addition,
79 (15%) of these 542 patients died during first remission at a
median of 0.83 years (range, 0.1 to 6.2 years) after remission was
induced. The cause of death was related to HSCT in 54 patients,
chemotherapy in 15 patients, and other factors in six patients and
was unknown in four patients. Second malignant neoplasms devel-
oped in four patients (0.7%) as the first adverse event. Altogether,
207 (38%) of 542 patients were in continuous complete remission
on the date of the last evaluation.

Impact of Postremission Therapy on

Treatment Outcome

Of the 542 patients who achieved remission by the end of induc-
tion therapy, 217 were treated with chemotherapy only, whereas 325
underwent HSCT with different types of donors (Table 1). The Cox

regression model was applied to assess the effect of different postrem-
ission treatments on DFS and OS, adjusting for relevant characteristics
(ie, initial leukocyte count, age, sex, and early response), as shown in
Table 2. The advantage of transplantation on DFS appeared during the
second year of follow-up and became significantly more evident with
each successive year, suggesting greater protection against late relapses
with HSCT (P � .001). According to the Cox model, the hazard of
failure (relapse or death in remission) at 5 years was reduced by two
thirds by HSCT compared with chemotherapy alone (HR, 0.32; 95%
CI, 0.20 to 0.52). According to univariate comparison of the DFS
curves at the 5-year time point, the advantage of transplantation was
borderline significant (P � .049; Fig 1A). Also for survival, HSCT
improved the results compared with chemotherapy alone in the long
term (according to the Cox model, P � .003; 5-year HR, 0.42; 95% CI,
0.25 to 0.70), but the advantage at 5 years was not significant in the
univariate comparison (P � .20, Fig 1B).

Transplantation with a matched related donor was associated
with a decrease in transplantation-related mortality over the years
of this survey, with a cumulative incidence of 20% � 5.5% and
11.7% � 4.2% before and after year 2000, respectively. However,
this did not result in a significantly better outcome, with 5-year
DFS rates of 38.9% � 6.6% and 41.1% � 6.4% before and after
year 2000, respectively (P � .39).

Patients who underwent transplantation with a matched unrelated
donor in the same time intervals had 5-year DFS rates of 41.4% � 6.5%
and 55.8% � 5.4% before and after 2000, respectively (P � .07; Fig 2).
This significant improvement was explained by a better disease con-
trol, as illustrated by the cumulative incidence of relapse of 38.2% �
6.4% before year 2000 and 21.4% � 4.1% after 2000. Mortality
remained similar in the two periods (19.7% � 4.0% before 2000 v
19.0% � 5.2% after 2000).

Impact of Prognostic Factors on Treatment Outcome

In the univariate analysis of the entire cohort of 610 patients with
Ph-positive ALL, age, initial leukocyte count, and response to initial
treatment had a significant impact on treatment outcome (Appendix
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Fig 1. Estimates of (A) disease-free survival and (B) overall survival (� SE) in 542
patients treated with hematopoietic stem-cell transplantation (HSCT) or chemo-
therapy only. The curves have been adjusted for waiting time to transplantation,
so that the zero on the time axis corresponds to the median time from first
complete remission to transplantation (5.1 months); patients were assigned to
this treatment group in a time-dependent fashion. Five-year estimates (from
remission) are shown.
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Table A1). On the basis of peripheral-blood blast cell count at day 8 or
percent bone marrow blasts on day 8, 15, or 21 of remission induction
(according to individual protocol), 348 (67.6%) of 515 evaluable pa-
tients were designated as good early responders; their 5-year EFS rate
was 40.3% � 2.7%, and 5-year DFS rate (n � 340) was 41.3% � 2.8%.
By contrast, the 5-years EFS and DFS rates for the 167 poor early
responders were 24.6% � 3.4% (P � .001) and 32.9% � 4.4%
(P � .002, n � 125), respectively.

Of the 33 patients with poor corticosteroid response, 26 achieved
remission by the end of induction, but their 5-year DFS was only
15.4% � 7.1%, a result that was inferior to the DFS rate of 38.7% �
4.3% for the 141 good corticosteroid responders (Fig 3A; P� .001). Of
the 134 poor responders based on the proportion of bone marrow
blasts, 99 achieved remission and had a 5-year DFS rate of 37.8% �
5.1%, compared with a 5-year DFS rate of 43.0% � 3.6% for the 199
patients with good response who achieved remission (Fig 3B; P � .06).

Age and leukocyte count had prognostic significance on DFS and
could be used to stratify patients into three distinct groups (Fig 4).
Noticeably, within the subgroup of patients defined as better by the
modified Rome-National Cancer Institute criteria (ie, � 10 years of

age with a leukocyte count � 50,000/�L), a large subset of patients
(149 of 205 patients) had a good early response and an overall 7-years
DFS rate of 47.2% � 4.5%. Their outcome by treatment is shown in
Appendix Figure A1 (online only), where a nonsignificant advantage
of HSCT versus chemotherapy is observed on DFS (P � .12) or on
survival (P � .72). Patients with good early response but defined as
intermediate or worst by modified Rome-National Cancer Institute
criteria had overall 7-year DFS rates of 36.9% � 4.4% (n � 133) and
21.4% � 5.5% (n � 58), respectively. In the multivariate Cox regres-
sion models, treatment, age, leukocyte count, and early response re-
tained independent prognostic significance (Table 2).

DISCUSSION

The outcome of Ph-positive ALL has steadily improved over the last
three decades.7-19,21 In this study, 45% of patients survived at 7 years, a
result that compares favorably with the rate of 36% achieved in our
previous cohort of 326 patients with Ph-positive ALL (P � .017).21 As
expected, given the large numbers, the characteristics of the patients in
the two cohorts are extremely similar, with no significant difference in
any of the presenting features (Appendix Table A2, online only),
suggesting that there was no selection bias. As demonstrated also in
our previous studies,21,26 Ph-positive ALL represents a heterogeneous
disease and can be stratified into distinct prognostic subgroups based
on age, WBC count, and early treatment response. Early treatment
response can be assessed by either peripheral-blood blast cell count
after treatment with single-agent corticosteroid or by the percentage of
bone marrow blasts after combination chemotherapy.7-19,22,27-31 In
this study, treatment response was shown to be a robust predictor of
induction failure. Moreover, insufficient blast cell clearance from the
peripheral blood on day 8 of single-agent prednisone treatment (poor
prednisone response) was the most powerful adverse prognostic fea-
ture and was associated with a two-fold increase in the risk of failure
after remission.
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In our previous study, HSCT with matched related donor
yielded a superior outcome compared with chemotherapy alone, but
the advantage of HSCT did not extend to the use of matched unrelated
donors.21 In the present study, transplantation from matched unre-
lated donors produced similar outcomes to those attained with
matched related donors. This finding could be attributed to improved
supportive care and HLA typing, as well as to more potent graft-
versus-leukemia effect on residual leukemia driven by the residual
HLA disparity in unrelated donors.32 The extended follow-up of the
present cohort demonstrates that the advantage of transplantation
over chemotherapy alone increased over time by preventing late re-
lapses. The risk of failure (relapse or death) at 5 years was reduced to
approximately one third for patients treated with transplantation
compared with patients treated with chemotherapy alone. The signif-
icant result in the Cox model is strongly influenced by how the initial
advantage of chemotherapy changes into a disadvantage in favor of
transplantation as time increases. The univariate analysis, based on the
single point comparison of the 5-year survival estimates, indicates that
this model may overstate the late-term benefit of transplantation on
survival. Our conservative interpretation is that results on survival are
not so clear cut as results on DFS. Although both Cox model and
survival curves agree on advantage of transplantation, this is not re-
flected in a fully similar measure by these two methods. We have to
acknowledge that in a complex setting, such as the comparison be-
tween HSCT and chemotherapy, the Cox model and the univariate
approach adjust in different ways for waiting time to transplantation
and only the Cox model adjusts for patients characteristics, and this
can in part explain this disagreement.

The results of the present study confirm and extend those of our
former survey on patients treated a decade earlier.21 However, al-
though the improvements in outcome achieved in the 1996 to 2005
era were statistically significant, we observed only a small (10%) effect
on OS. Treatment with either chemotherapy or HSCT in this era
without tyrosine kinase inhibitor (at least during front-line treatment
program) resulted in long-term survival rates of less than 50% for all
groups analyzed. Overall, only 45% of children with Ph-positive ALL
were alive 7 years after diagnosis, a result that remains unacceptable.
Further optimization of chemotherapy or HSCT regimens is unlikely
to lead to major improvements in outcome. Recent encouraging data
from Children’s Oncology Group study AALL003120 (albeit early and
based on small numbers) show that outcomes for children with Ph-
positive ALL were improved dramatically by incorporating a tyrosine
kinase inhibitor (imatinib mesylate) into therapy. On the basis of these
data and other data from adults, tyrosine kinase inhibitors are the
cornerstone of therapy for children with Ph-positive ALL and should
be incorporated in any future treatment schedule of childhood Ph-
positive ALL. The high rates of induction failure observed with chem-

otherapy alone in this study emphasize the need to introduce tyrosine
kinase inhibitors into treatment early during induction therapy. More
study is needed to clearly define the relative roles of chemotherapy and
HSCT in combination with tyrosine kinase inhibitor, and the present
study will serve as a large, international historical reference for docu-
menting any real future improvement.
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Atsushi Manabe, Vaskar Saha, André Baruchel, Kim Vettenranta, Keizo
Horibe, Yves Benoit, Rob Pieters, Gabriele Escherich, Lewis B. Silverman,
Ching-Hon Pui, Maria Grazia Valsecchi
Final approval of manuscript: Maurizio Aricò, Martin Schrappe,
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