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Figure 1. Kaplan-Meier Analysis of Survival in the 624 Study Patients with Induction Failure Who Had Genetxc Data

Ten-year survival estimates (£SE) are shown, along with the total numbers of patients with data and the total numbers

in the Supplementary Appendix). Patient subgroups

with the worst outcomes included patients 6 years

of age or older with M3 marrow (10-year survival

rate, 22+5%) (Fig. 1B in the Supplementary Ap-

pendix) and patients of any age with T-cell ALL and
M3 marrow (10-year survival rate, 19+4%) (Fig. 2C
and Table 5 in the Supplementary Appendix).

TREATMENT AFTER INDUCTION FAILURE
Data on Whether a complete remission was
achieved were available for 520 patients (Table 1).

The 10-year survival rate was significantly higher -

among the 389 patients in whom a late remission
was achieved than among the 131 patients who
never had a remission according to protocol crite-
ria (48+3% vs. 14+3%, P<0.001).

EFFECT OF TRANSPLANTATION ON SURVIVAL

A total of 198 patients underwent hematopoietic
stem-cell transplantation, whereas 427 received
chemotherapy only. The 10-year survival rate was
43+4% among patients who underwent transplan-
tation, as compared with 41+3% among patients
who did not undergo transplantation. Patients who
received a transplant were further categorized ac-
cording to whether the donor was an HLA-matched,

related donor or any other type of donor (because
all other donor types yielded results similar to one
another) (Table 6 in the Supplementary Appendix).
The effect of transplantation on the outcome dif
fered across major prognostic subgroups of pa-
tients: in children younger than 6 years of age with
precursor B-cell ALL (without MLL rearrange-
ment), chemotherapy alone yielded significantly
higher rates of survival than did transplantation
(P=0.007) (Fig. 2A). In patients 6 years of age or
older with precursor B-cell ALL (without MLL re-
arrangement), receipt of a transplant from a
matched, related donor appeared to improve the
outcome, whereas other types of allogeneic trans-
plantations resulted in worse outcomes (Fig. 2B),
partly owing to transplantanon—related death,

which accounted for 6 of the 17 deaths in that
group. Among patients with T-cell ALL, any type

‘of transplantation, as compared with chemother-

apy, yielded better, albeit not significantly better

rates of surv1val (Flg 2C).

PROGNOSTIC FACTORS FOR SURVIVAL
In patients with precursor B-cell ALL without MLL
rearrangement, the factors that were independent-
ly associated with a poor prognosis included a leu-
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kocyte count of 100x10° per liter or more, an age of
6 years or older or 10 years or older, and stem-cell
transplantation from other than matched, related
donors (Table 2). In T-cell ALL, male sex and M3
marrow at the end of induction therapy were ad-
verse prognostic factors, and the use of any allo-
geneic stem-cell transplantation was associated
with a favorable trend (hazard ratio for death, 0.7;
95% confidence interval, 0.5 to 1.0; P=0.07).

In a separate Cox-regression analysis that in-
cluded the 448 patients with data on transplanta-
tion and leukemic-cell genetic abnormalities, in-
dependent adverse prognostic factors were an age
of at least 10 years, M3 marrow at the end of the
induction phase, T-cell disease, and the presence
of MLL rearrangement.

The outcome in infants (<1 year of age) with
precursor B-cell ALL and induction failure who did
not have an MLL rearrangement or BCR-ABLI fusion
was similar to the outcome in children 1 to 5 years
of age (10-year survival rates, 65+13% and 63+4%,
respectively) (Table 5 in the Supplementary Appen-
dix). In contrast, the 10-year survival rate among
infant patients with an MLL rearrangement, as
compared with older patients, was very poor (4+4%
vs. 2628%, P=0.06; data not shown).

TIME TRENDS IN SURVIVAL

The 10-year survival rate among patients with in-
duction failure increased over time by approximate-
ly 10% (Table 1) but varied among patient sub-
groups. Among patients with precursor B-cell ALL,
the 10-year survival rate improved from 34+5%
before 1993 to 47+4% between 1993 and 2000
(P=0.02). This improvement was due mainly to
better results with chemotherapy. Among patients
with T-cell ALL, the 10-year survival rate did not
improve significantly over time with chemother-
apy, but in the most recent period, the rate did
increase, from 20% before 1993 to 31% between
1993 and 2000 (P=0.02), probably owing to the
increased use of allogeneic transplantation.

DISCUSSION

Induction failure is rare, occurring in only 2 to
3% of all patients, but it constitutes one of the
most unfavorable outcomes in pediatric ALL. In our
large retrospective series of patients with induction
failure, we observed great clinical and biologic
heterogeneity. Among these patients, as compared
with an unselected population of children and
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Figure 2. Estimates of Overall Survival in Patients with Induction Failure,

According to Treatment.

Ten-year survival estimates (+SE) are shown, along with the total numbers
of patients with data and the total numbers of deaths. Only data from pa-
tients whio survived at least 6 months are included. Overall survival is
shown for patients with precursor B-cell leukemia (without a rearranged
mixed-lineage leukemia gene [MLL]) who were younger than 6 years of age
(Panel A} and who were 6 years of age or older (Panel B). Also shown is the
overall survival among patients with T-cell leukemia (Panel C). SCT denotes

stem-cell transplantation.
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Table 2. Prognostic Factors for Survival, According to Hazard Ratio for Death.*

Prognostic Factor{

B-cell lineage, t(9;22)(BCR-ABL1}-negative patientsy
M3 bone rarrow at the end of induction

Leukocyte count 2100x10° per liter

Age 6-9yr

Age =10yr

SCT with matched, related donor

Other allogeneic SCT

T-cell lineage, £(9;22)(BCR-ABL1)}-negative patients§
M3 bone marrow at the end of induction

Male sex

Any allogeneic SCT

All patients with cytogenetic dataq]

M3 bone marrow at the end of induction

MLL

T-ALL

Age =10yr

High hyperdiploidy

SCT with matched, related donor

Other allogeneic SCT

No. of Hazard Ratio for Death :
Patients (95% CI) P Value
97 0.9 (0.6-1.3) 0.62
49 1.7 (L1-2.5) 0.01
56 2.4 (1.5-3.8) 0.001
103 2.6 (1.8-4.0) <0.001
35 1.0 (0.6-1.8) 0.97
33 2.1 (13-35) 0.003
99 1.6 (1.1-2.2) 0.01
143 14 (L0-20) 0.05
86 0.7 (0.5-1.0) 0.07
163 1.5 (1.2-2.0) ~0.002
43 1.9 (L2-2.3) 0.004
165 1.6 (1.2-2.2) 0.001
150 1.4 (10-1.3) 0.03
51 0.7 (04-12) 023
6l 0.8 (0.5-1.2) 028
43 1.3 (0.8-1.9) 027

* Only patients with information on whether they had undergone stem-cell transplantation (SCT) are included. MLL-
positive patients are excluded because the MLL status was available for less than 46% of the patients. In the Cox re-
gression, the following features were explored as possible prognostic factors in the model: age (<1 year, 6 to 9 years,
and 210 years), leukocyte count (<20x10° per liter, >50x10° per liter, and =100x10° per liter), sex, involvement of the
central nervous system or lymph nodes, enlargement of liver and spleen, presence of mediastinal mass, presence of
cytogenetic aberrations (MLL rearrangement, high hyperdiploidy with modal chromosomal number of 50 or more),
treatment period (years during which patients were treated), study groups (in three strata according to treatment results),
and time to transplantation as a time-dependent variable. Cl denotes confidence interval.

1 In each case, the comparator group is the obverse of the noted criterion. For age 6 to 9 years and age 10 years or older,
the comparison is with age 1 to 5 years. For SCT with matched, related donor, other allogeneic SCT, and any allogeneic

SCT, the comparison is with chemotherapy.

T A total of 297 patients had B-cell lineage, t(9;22) (BCR- ABLI)—negatlve status and known SCT status, with a 10-year-

survival rate of 47+3%.

§ A total of 225 patients had T-cell lineage, t(9;22) (BCR-ABLI)-negative status and known SCT status, with a 10-year-

survival rate of 28+3%.

9 A total of 448 patients had cytogenetic data and known SCT status, with a 10-year survival estimate (+SE) of 36+2%.

adolescents with ALL, the conventional adverse
prognostic factors such as high leukocyte count,
older age, positivity for t(9;22)(BCR-ABL1), and
T-cell phenotype were more prevalent and con-
ferred an even worse prognosis.®1218:3539 Indeed,
the clinical and biologic characteristics of the pa-
tients in our study and the course of the disease
were similar to those in patients with relapse dur-
ing receipt of therapy, another group of patients
with a highly unfavorable prognosis.*°-++

The patient subgroup with the best outcomes(

comprised patients with precursor B-cell ALL and
either an age of less than 6 years or high hyper-
diploidy. Together, these factors accounted for

approximately 25% of all patients with induction
failure and were associated with a 10-year survival
rate above 50%. Although the favorable prognosis
of high hyperdiploidy is well recognized in un-
selected patients with precursor B-cell ALL,*#4547
this association has not been reported in patients
with induction failure. Why did patients with high
hyperdiploidy have a relatively favorable prognosis
despite the failure of remission-induction therapy?
It is unlikely that many of these patients were
misdiagnosed as having induction failure, because
hematogones (benign immature B-cell precursors
that may be mistaken for leukemic cells) should
not preferentially occur in patients with high hy-
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perdiploidy. The relatively favorable outcome in

~ patients with high hyperdiploidy may be due to
the increased sensitivity of the blast cells to metho-
trexate and mercaptopurine,**% drugs that are
generally not used during remission induction but
are used at high doses after remission.

The time at which the response was evaluated
in these patients also did not have a prognostic
effect, most likely because the number of patients
in each study group was too small to show a sta-
tistical difference (Tables 1 and 2 in the Supple-
mentary Appendix). The Dana—Farber Cancer In-
stitute Consortium has reported that outcomes
are not adversely affected by a hypocellular bone
marrow at the end of induction therapy or by a
delay in reaching complete remission (defined as
normal cellular M1 marrow, a neutrophil count
of >1x10° per liter, a platelet count of >100x10°
per liter, and no extramedullary disease).?* Our
current analysis showed that among patients with
induction failure, the patients with an M3 marrow,
as compared with those with an M1 or M2 mar-
row, had a poor outcome. The degree of leukemic
involvement in bone marrow at the end of the in-
duction phase was inversely correlated with the
rate of subsequent complete remission (81% in
patients with M1 or M2 marrow but only 61% in
those with M3 marrow) and with 10-year survival
rates (411+3% with M1 or M2 marrow vs. 26:3%
with M3 marrow). Patients who did not have a
complete remission after a brief course of addi-
tional therapy, as specified in the treatment pro-
tocol, (i.e., 25% of all patients with initial induc-
tion failure) had an extremely poor prognosis
(Table 1).

The extremely poor prognosis of patients with
t(9;22)(BCR-ABL1) and induction failure in the era
before imatinib therapy was available has been
described.?1:23:2549 A recent study3* showed im-
proved early outcomes with intensive chemother-
apy and imatinib treatment in patients with ALL
who were positive for t(9;22)(BCR-ABL1); the nine
patients who were positive for t(9;22)(BCR-ABL1)
and had induction failure had a rather favorable
outcome. However, the long-term efficacy of this
treatment approach as compared with allogeneic
transplantation still needs to be determined. It is
conceivable that further improvement can be made
if the most effective chemotherapy is combined
with a new generation of tyrosine kinase inhibi-
tors and if transplantation in special subgroups is
guided by minimal residual disease leve].>°-52

Modifications of chemotherapy have reduced

the rate of recurrence among patients with high-
risk ALL but have not yet been shown to improve
the outcomes in patients with induction failure.>?
Several studies have shown that matched-donor
transplantation improved the outcomes in patients
with induction failure 2323554 but the number of
patients in each of these studies was too small to
determine which patient subgroups had the great-
est benefit from transplantation.

Our retrospective analysis has the advantage of
including large numbers of patients but is limited
by the heterogeneity of the protocols guiding the
patients’ treatment. Thus, unmeasured variables
could influence the findings. However, our data
suggest that allogeneic transplantation may be as-
sociated with improved outcomes in patients with
T-cell ALL who have not had a complete remission
with induction chemotherapy. This observation is
consistent with prior reports of improved out-
comes in patients with high-risk T-cell ALL receiv-
ing transplantation after the first remission.5:56
The number of patients with MLL rearrangement in
whom induction therapy failed is too small in our
study to allow us to determine the role of alloge-
neic transplantation in this subgroup. Allogeneic
transplantation failed to improve the outcome in
patients with 11q23—MLL rearrangement in a pre-
vious large study from our intergroup collabora-
tion?® but showed some benefits in high-risk sub-
groups of infants younger than 1 year of age with
MLL rearrangement in the Interfant99 study
(ClinicalTrials.gov number, NCT00015873).57 Fi-
nally, our analysis showed no benefit of allogeneic
transplantation in patients younger than 6 years
of age who had precursor B-cell ALL and induc-
tion failure and no high-risk cytogenetic features
— an observation with considerable clinical im-
plications, since transplantation is generally con-
sidered to be the standard of care for such patients.

This work is dedicated to James B. Nachman, M.D. (1948-
2011), who contributed, with a truly global view and outstand-
ing personal dedication, to this and many other important sci-
entific papers in the field of pediatric leukemia.

Supported by St. Anna Children’s Cancer Research Institute,
Austria; Deutsche Krebshilfe, Germany; Madeleine—-Schickedanz—
Kinderkrebsstiftung, Germany; grants (CA13539, CA98543,
and CA98413) to the Children’s Cancer Group; Fordergemein-
schaft Kinderkrebszentrum Hamburg, Germany; a grant (NCI
5PQ1CA068484) from the National Cancer Institute to the
Dana—Farber Cancer Institute; Assistance Publique-Hépitaux de
Paris, INSERM, Institut Universitaire ' Hématologie and Cen-
tre de Recherche en Hématologie, Oncologie, et Pédiatrie,
France; grants (CA30969, CA29139, CA98543, and CA98413) to
the Pediatric Oncology Group; a grant (CA21765) and funding
from American Lebanese Syrian Associated Charities to St. Jude

Children’s Research Hospital; the Medical Research Council,
United Kingdom; the Swedish Childhood Cancer Foundation;

N ENGL J MED 366,15 NEJM.ORG APRIL 12, 2012

The New England Journal of Medicine

Downloaded from nejm.org by Hirokazu Nagai on May 26, 2013. For personal use only. No other uses without permission.

Copyright © 2012 Massachusetts Medical Society. All rights reserved.

—113—

1379



1380

The NEW ENGLAND JOURNAL of MEDICINE

the Danish Childhood Cancer Foundation; the Norwegian Can- We thank our many collaborators, the patients and parents,
cer Society; Fonds Cancer, Belgium; a Clinical Cancer Research  the personnel at all participating institutions and reference lab-
grant from the Ministry of Health, Labour, and Welfare, Japan; oratories, and the data managers of all participating clinical
and the Children’s Cancer Association of Japan. trial groups.

Disclosure forms provided by the authors are available with
the full text of this article at NEJM.org.

APPENDIX

The authors’ affiliations are as follows: the Department of Pediatrics, University Medical Center Schleswig-Holstein, Christian-Albrechts-
University, Kiel (M.S.), the Department of Pediatric Hematology and Oncology, University Medical Center Eppendorf, Hamburg (G.E.),
the Oncogenetic Laboratory, Department of Pediatric Hematology and Oncology, Justus-Liebig-University, Giessen (J.H.), and the De-
partment of Pediatric Hematology and Oncology, Medical School Hannover, Hannover (H.R., M.Z.) — all in Germany; the University of
Colorado School of Medicine and the University of Colorado Cancer Center and Children’s Hospital Colorado, Aurora (S.P.H.); the Depart-
ment of Oncology, St. Jude Children’s Research Hospital and the University of Tennessee Health Science Center, Memphis (C.-H.P.);
the Children’s Cancer Group, School of Cancer, Manchester Academic Health Sciences Centre, University of Manchester, Manchester
(V.S.), and the Clinical Trial Service Unit, University of Oxford, Oxford (S.R.) — both in the United Kingdom; Children’s Hospital Los
Angeles, Los Angeles (P.S.G.); the Department of Pediatric Hemato-Immunology, Hopital Robert Debré and University of Paris Diderot,
Paris (A.B.); Clinica Pediatrica dell'Universith degli Studi di Milano-Bicocca, Ospedale San Gerardo, Monza, and the Department of
Pediatrics, Ospedali Rjuniti, Bergamo — both in Italy (V.C.); the Hematofoncology unit, Department of Pediatrics, Universitair Zieken-
huis Brussel, Brussels (J.0.); the First Department of Pediatrics, Toho University, Tokyo (A.Q.); University Medical Center Utrecht,
Utrecht, and Dutch Childhood Oncology Group, The Hague — both in the Netherlands (A.B.V.); the Childhood Cancer Research Unit,
Astrid Lindgren Children’s Hospital, Karolinska Institutet, Stockholm (M.H.); the Department of Pediatric Oncology and Division of
Hematology-Oncology, Dana—Farber Cancer Institute and Children’s Hospital Boston, Boston (L.B.S.); Nagoya Medical Center, Clinical
Research Center, Nagoya, Japan (K.H.); St. Anna Children’s Hospital, Department of Pediatrics, University Medical School, Vienna
(G.M.); Midwest Center for Cancer and Blood Disorders and the Department of Pediatrics, Medical College of Wisconsin and Children’s
Hospital of Wisconsin — both in Milwaukee (B.M.C.); and the Children’s Oncology Group Statistics and Data Center and the Univer-

sity of Florida, Department of Biostatistics, Gainesville (M.D.).

REFERENCES

1. Moricke A, Zimmermann M, Reiter A,
et al. Long-term results of five consecu-
tive trials in childhood acute lymphoblas-
tic leukemia performed by the ALL-BEM
study group from 1981 to 2000. Leukemia
2010;24:265-84. )
2. Pui CH, Campana D, Pei D, et al.
Treating childhood acute lymphoblastic
leukemia without cranial irradiation.
N EnglJ Med 2009;360:2730-41.

3. Schmiegelow K, Forestier E, Hellebo-
stad M, et al. Long-term results of NOPHO
ALL-92 and ALL-2000 studies of childhood
acute lymphoblastic leukemia. Leukemia
2010;24:345-54. [Erratum, Leukemia 2010;
24:670.]

4. Silverman LB, Stevenson KE, O’Brien
JE, et al. Long-term results of Dana-Farber
Cancer Institute ALL Consortium proto-
cols for children with newly diagnosed
acute lymphoblastic leukemia (1985-2000).
Leukemia 2010;24:320-34,

5. Mitchell C, Richards S, Harrison CJ,
Eden T. Long-term follow-up of the United
Kingdom Medical Research Council pro-
tocols for childhood acute lymphoblastic
leukaemia, 1980-2001. Leukemia 2010;24:
406-18.

6. Conter V, Arico M, Basso G, et al.
Long-term results of the Italian Associa-
tion of Pediatric Hematology and Oncol-
ogy (AIEOP) Studies 82, 87, 88, 91 and 95
for childhood acute lymphoblastic leuke-
mia. Leukemia 2010;24:255-64.

7. Gaynon PS, Angiolillo AL, Carroll
WL, et al. Long-term results of the Chil-
dren’s Cancer Group studies for childhood
acute lymphoblastic leukemia 1983-2002:

a Children’s Oncology Group report. Leu-
kemia 2010;24:285-97.

8. Salzer WL, Devidas M, Carroll WL, etal.
Long-term results of the Pediatric Oncol-
ogy Group studies for childhood acute
lymphoblastic leukemia 1984-2001: a report
from the Children’s Oncology Group.
Leukemia 2010;24:355-70.

9. Tsuchida M, Ohara A, Manabe A, etal.
Long-term results of Tokyo Children’s
Cancer Study Group trials for childhood
acute lymphoblastic leukemia, 1984-1999.
Leukemia 2010;24:383-96.

10. Richm H, Gadner H, Henze G,
Langermann H-J, Odenwald E. The Berlin
Childhood Acute Lymphoblastic Leukemia
Therapy Study, 1970-1976.- Am J Pediatr
Hematol Oncol 1980;2:299-306.

11. Smith M, Bleyer A, Crist W, Murphy S,
Sallan SE. Uniform criteria for childhood
acute lymphoblastic leukemia risk classi-
fication. J Clin Oncol 1996;14:680-1.

12. Reiter A, Schrappe M, Ludwig WD, etal.
Chemotherapy in 998 unselected childhood
acute lymphoblastic leukemia patients:
results and conclusions of the multicenter
trial ALL-BEM 86. Blood 1994;84:3122-33.
13. Pieters R, Huismans DR, Loonen AH,
et al. Relation of cellular drug resistance
to long-term clinical outcome in childhood
acute lymphoblastic leukaemia. Lancet
1991;338:399-403.

14, Cavé H, van der Werff ten Bosch J,
Suciu S, et al. Clinical significance of
minimal residual disease in childhood
acute lymphoblastic leukemia. N Engl J
Med 1998;339:591-8.

15. van Dongen JJM, Seriu T, Panzer-Grii-

mayer ER, et al. Prognostic value of mini-
mal residual disease in childhood acute
lymphoblastic leukemia: a prospective
study of the International BFM Study
Group. Lancet 1998;352:1731-8.

16. Biondi A, Cimino G, Pieters R, Pui
CH. Biological and therapeutic aspects of
infant leukemia. Blood 2000;96:24-33.

17. Duval M, Suciu S, Ferster A, et al.
Comparison of Escherichia coli-asparagi-
nase with Erwinia-asparaginase in the
treatment of childhood lymphoid malig-
nancies: results of a randomized European
Organisation for Research and Treatment
of Cancer~Children’s Leukemia Group
phase 3 trial. Blood 2002;99:2734-9.

18. Schultz KR, Pullen DJ, Sather HN, et
al. Risk- and response-based classification
of childhood B-precursor acute lympho-
blastic leukemia: a combined analysis of
prognostic markers from the Pediatric On-
cology Group (POG) and Children’s Can-
cer Group (CCG). Blood 2007;109:926-35.

19. Mullighan CG, Su X, Zhang J, et al.
Deletion of IKZF1 and prognosis in acute
lymphoblastic leukemia. N Engl J Med
2009;360:470-80. ;

20. Janka-Schaub GE, Stiihrk H, Kortiim B,
et al. Bone marrow blast count at day 28
as the single most important prognostic
factor in childhood acute lymphoblastic
leukemia. Haematol Blood Transfus 1992;
34:233-7. - :

21, Silverman LB, Gelber RD, Young ML,
Dalton VK, Barr RD, Sallan SE. Induction
failure in acute lymphoblastic leukemia of
childhood. Cancer 1999;85:1395-404.

22. Schrappe M, Reiter A, Ludwig W-D, et

N ENGL J MED 366;15 NEJM.ORG APRIL 12, 2012

The New England Journal of Medicine

Downloaded from nejm.org by Hirokazu Nagai on May 26, 2013. For personal use only. No other uses without permission.

Copyright © 2012 Massachusetts Medical Society. All rights reserved.

—114—



INDUCTION FAILURE IN ACUTE LYMPHOBLASTIC LEUKEMIA

al. Improved outcome in childhood acute
lymphoblastic leukemia despite reduced
use of anthracyclines and cranial radio-
therapy: results of trial ALL-BFM 90.
Blood 2000;95:3310-22.

23. Oudot C, Auclerc MF, Levy V, et al.
Prognostic factors for leukemic induction
failure in children with acute lymphoblas-
tic leukemia and outcome after salvage
therapy: the FRALLE 93 study. J Clin On-
col 2008;26:1496-503.

24, Balduzzi A, Valsecchi MG, Uderzo C,
et al. Chemotherapy versus allogeneic
transplantation for very-high-risk child-
hood acute lymphoblastic leukaemia in
first complete remission: comparison by
genetic randomisation in an international
prospective study. Lancet 2005;366:635-42.
25. Aricd M, Valsecchi MG, Camitta B, et
al. Outcome of treatment in children with
Philadelphia chromosome—positive acute
lymphoblastic leukemia. N Engl J Med
2000;342:998-1006.

26. Pui CH, Gaynon PS, Boyett JM, et al.
Outcome of treatment in childhood acute
lymphoblastic leukaemia with rearrange-
ments of the 11q23 chromosomal region.
Lancet 2002;359:1909-15.

27. Nachman JB, Heerema NA, Sather H,
et al. Outcome of treatment in children
with hypodiploid acute lymphoblastic leu-
kemia. Blood 2007;110:1112-5.

28. Kaplan EL, Meier P. Nonparametric
estimation from incomplete observations.
J Am Stat Assoc 1958;53:457-81.

29. Mantel N. Evaluation of survival data
and two new rank order statistics arising
in its consideration. Cancer Chemother
Rep 1966;50:163-70.

30. Cox DR. Regression models and life-
tables. J R Stat Soc [B] 1972;34:187-220.
31. Ottmann OG, Wassmann B, Pfeifer
H, et al. Imatinib compared with chemo-
therapy as front-line treatment of elderly
patients with Philadelphia chromosome-
positive acute lymphoblastic leukemia
(Ph+ALL). Cancer 2007;109:2068-76.

32. Yanada M, Takeuchi}, Sugiura], et al.
High complete remission rate and prom-
ising outcome by combination of imatinib
and chemotherapy for newly diagnosed
BCR-ABL-positive acute lymphoblastic
leukemia: a phase 1I study by the Japan
Adult Leukemia Study Group. J Clin Oncol
2006;24:460-6.

33, Vignetti M, Fazi P, Cimino G, et al.
Imatinib plus steroids induces complete re-
missions and prolonged survival in elderly
Philadelphia chromosome-positive patients
with acute lymphoblastic leukemia without
additional chemotherapy: results of the
Gruppo Italiano Malattie Ematologiche
dell’Adulto (GIMEMA) LAL0201-B proto-
col. Blood 2007;109:3676-8.

34. Schultz KR, Bowman WP, Aledo A, et
al. Improved early event-free survival with
imatinib in Philadelphia chromosome-
positive acute lymphoblastic leukemia: a
Children’s Oncology Group study. J Clin
Oncol 2009;27:5175-81.

35. Mbricke A, Reiter A, Zimmermann M,
et al. Risk-adjusted therapy of acute lym-
phoblastic leukemia can decrease treat-
ment burden and improve survival: treat-
ment results of 2169 unselected pediatric
and adolescent patients enrolled in the
trial ALL-BFM 95. Blood 2008;111:4477-
89. [Erratum, Blood 2009;113:4478.]

36. Chessells JM, Bailey C, Richards SM.
Intensification of treatment and survival in
all children with lymphoblastic leukaemia:
results of UK Medical Research Council
trial UKALL X. Lancet 1995;345:143-8.

37. Pui CH, Relling MV, Downing JR.
Acute lymphoblastic leukemia. N Engl J
Med 2004;350:1535-48.

38. Moghrabi A, Levy DE, Asselin B, et al.
Results of the Dana-Farber Cancer Insti-
tute ALL Consortium Protocol 95-01 for
children with acute lymphoblastic leuke-
mia. Blood 2007;109:896-904.

39. AricO M, Valsecchi MG, Rizzari C, et
al. Long-term results of the ATEOP-ALL-95
Trial for Childhood Acute Lymphoblastic
Leukemia: insight on the prognostic value
of DNA index in the framework of Berlin-
Frankfurt-Muenster based chemotherapy.
J Clin Oncol 2008;26:283-9.

40, Gaynon PS. Childhood acute lympho-
blastic leukaemia and relapse. Br J Hae-
matol 2005;131:579-87.

41. Einsiede! HG, von Stackelberg A,
Hartmann R, et al. Long-term outcome in
children with relapsed ALL by risk-strati-
fied salvage therapy: results of trial Acute
Lymphoblastic Leukemia-Relapse Study of
the Berlin-Frankfurt-Munster Group 87.
J Clin Oncol 2005;23:7942-50. [Erratum,
J Clin Oncol 2008;26:2238.]

42. Nguyen K, Devidas M, Cheng SC, et
al. Factors influencing survival after re-
lapse from acute lymphoblastic leukemia:
a Children’s Oncology Group study. Leu-
kemia 2008;22:2142-50.

43, Ko RH, JiL, Barnette P, et al. Outcome
of patients treated for relapsed or refrac-
tory acute lymphoblastic leukemia: a
Therapeutic Advances in Childhood Leu-
kemia Consortium study. J Clin Oncol
2010;28:648-54.

44. Tallen G, Ratei R, Mann G, et al.
Long-term outcome in children with re-
lapsed acute lymphoblastic leukemia after
time-point and site-of-relapse stratifica-
tion and intensified short-course multi-
drug chemotherapy: results of trial ALL-
REZ BFM 90.] Clin Oncol 2010;28:2339-47.
45, Kaspers GJ, Smets LA, Pieters R, Van
Zantwijk CH, Van Wering ER, Veerman
AJ. Favorable prognosis of hyperdiploid
common -acute lymphoblastic leukemia
may be explained by sensitivity to antime-
tabolites and other drugs: results of an in
vitro study. Blood 1995;85:751-6.

46. Heerema NA, Sather HN, Sensel MG,
et al. Prognostic impact of trisomies of
chromosomes 10, 17, and 5 among chil-
dren with acute lymphoblastic leukemia
and high hyperdiploidy (>50 chromo-
somes). ] Clin Oncol 2000;18:1876-87.

47. Moorman AV, Ensor HM, Richards
SM, et al. Prognostic effect of chromo-
somal abnormalities in childhood B-cell
precursor acute lymphoblastic leukaemia:
results from the UK Medical Research
Council ALL97/99 randomised trial. Lancet
Oncol 2010;11:429-38. [Erratum, Lancet
Oncol 2010;11:516.}

48. Synold TW, Relling MV, Boyett JM, et
al. Blast cell methotrexate-polyglutamate
accumulation in vivo differs by lineage,
ploidy, and methotrexate dose in acute
lymphoblastic leukemia. J Clin Invest
1994;94:1996-2001.

49. Schrappe M, Arico M, Harbott ], et al.
Philadelphia chromosome-positive (Ph+)
childhood acute lymphoblastic leukemia:
good initial steroid response allows early
prediction of a favorable treatment out-
come. Blood 1998;92:2730-41.

50. EckertC, Biondi A, Seeger K, et al. Prog-
nostic value of minimal residual disease in
relapsed childhood acute lymphoblastic
leukaemia. Lancet 2001;358:1239-41.

51. Bader P, Kreyenberg H, Henze GH, et
al. Prognostic value of minimal residual
disease quantification before allogeneic
stem-cel transplantation in relapsed
childhood acute lymphoblastic leukemia:
the ALL-REZ BFM Study Group. J Clin On-
col 2009;27:377-84.

52. Conter V, Bartram CR, Valsecchi MG,
et al. Molecular response to treatment re-
defines all prognostic factors in children
and adolescents with B-cell precursor
acute lymphoblastic leukemia: results in
3184 patients of the AIEOP-BFM ALL
2000 study. Blood 2010;115:3206-14.

53. NachmanJB, Sather HN, Sensel MG, et
al. Augmented post-induction therapy for
children with high-risk acute lymphoblas-
tic leukemia and a slow response to initial
therapy. N Engl) Med 1998;338:1663-71.
54. Arico M, Valsecchi MG, Conter V, et
al. Improved outcome in high-risk child-
hood acute lymphoblastic leukemia de-
fined by prednisone-poor response treat-
ed with double Berlin-Frankfurt-Muenster
protocol I1. Blood 2002;100:420-6.

55. Schrauder A, Reiter A, Gadner H, et al.
Superiority of allogeneic hematopoietic
stem-cell transplantation compared with
chemotherapy alone in high-risk child-
hood T-cell acute lymphoblastic leukemia:
results from ALL-BFM 90 and 95. J Clin
Oncol 2006;24:5742-9.

56. Schrappe M, Valsecchi MG, Bartram
CR, et al. Late MRD response determines
relapse risk overall and in subsets of child-
hood T-cell ALL: results of the AIEOP-BFM-
ALL 2000 study. Blood 2011;118:2077-84.
57. Mann G, Attarbaschi A, Schrappe M,
et al. Improved outcome with hematopoi-
etic stem cell transplantation in a poor
prognostic subgroup of infants with mixed-
lineage-leukemia (MLL)-rearranged acute
lymphoblastic leukemia: results from the
Interfant-99 Study. Blood 2010;116:2644-
50.

Copyright © 2012 Massachusetts Medical Society.

N ENGL ) MED 366;15 NEJM.ORG APRIL 12, 2012

Downloaded from nejm.org by Hirokazu Nagai on May 26, 2013. For personal use only. No other uses without permission.

The New England Journal of Medicine

Copyright © 2012 Massachusetts Medical Society. All rights reserved.

—115—

1381



Published Ahead of Print on May 20, 2013 as 10.1200/JC0.2012.47.0500

The latest version is at hitp://jco.ascopubs.org/cgi/doi/10.1200/JC0.2012.47.0500

Author affiliations appear at the end of
this article.

Published online ahead of print at
www.jco.org on May 20, 2013.

Supported by Grant No. {G 5017 fram
the Associazione Italiana per la Ricerca
sul Cancro (M.G.V.); St Anna Kinder-
krebsforschung; Deutsche Krebshilfe;
Fardergemeinschaft Kinderkrebszen-
trum Hamburg; Grants No. CA098543
and U10 CA98413 from the Children’s
Oncology Group; Grant No. 5
PO1CAD68484 from the National Cancer
Institute; The European Organisation for
Research and Treatment of Cancer
Charitable Trust and the Schréder Foun-
dation; Direction Recherche Clinigue-
Assistance Publique-Hopitaux de Paris;
Centre de Recherche en Oncologie,
Hematologie et Pediatrie Association;
Israel Cancer Association; Hayim Asso-
ciation for Children with Cancer in Isra-
el: Ministry of Health, Labour and
Welfare of Japan; Children's Cancer
Association of Japan; Grant No.
R40-A2154 from the Danish Cancer
Society; Danish Childhood Cancer Foun-
dation; Swedish Childhood Cancer
Foundation; Grant No. CA-21765 from
the National institutes of Health; Ameri-
can Lebanese Syrian Associated Chari-
ties; Childhood Cancer Foundation
Taiwan; and the Medical Research
Council {UK).

Authors’ disclosures of potential con-
flicts of interest and author contribu-
tions are found at the end of this
article.

Corresponding author: Kjeld
Schmiegelow, MD, Department of
Paediatric and Adolescent Medicine,
University Hospital Rigshospitalet,
Blegdamsvej 9, 2100 Copenhagen,
Denmark; e-mail: kschmiegelow@rh.dk.

© 2013 by American Society of Clinical
Oncology

0732-183X/13/3199-1/$20.00
DOI: 10.1200/JC0.2012.47.0500

oRIciNAlL REboR T

Second Malignant Neoplasms After Treatment of
Childhood Acute Lymphoblastic Leukemia

Kjeld Schmiegelow, Mette Frandsen Levinsen, Andishe Attarbaschi, Andre Baruchel, Meenakshi Devidas,
Gabriele Escherich, Brenda Gibson, Christiane Heydrich, Keizo Horibe, Yasushi Ishida, Der-Cherng Liang,
Franco Locatelli, Gérard Michel, Rob Pieters, Caroline Piette, Ching-Hon Pui, Susana Raimondi,

Lewis Silverman, Martin Stanulla, Batia Stark, Naomi Winick, and Maria Grazia Valsecchi

Purpose
Second malignant neoplasms (SMNs) after diagnosis of childhood acute lymphoblastic leukemia

(ALL) are rare events.

Patients and Methods
We analyzed data on risk factors and outcomes of 642 children with SMNs occurring after

treatment for ALL from 18 coltaborative study groups between 1980 and 2007.

Results
Acute myeloid leukemia (AML; n = 186), myelodysplastic syndrome (MDS: n = 69), and

nonmeningioma brain tumor (n = 116) were the most common types of SMNs and had the
poorest outcome (5-year survival rate, 18.1% =+ 2.9%, 31.1% = 6.2%, and 18.3% * 3.8%,
respectively). Five-year survival estimates for AML were 11.2% = 2.9% for 125 patients
diagnosed before 2000 and 34.1% * 6.3% for 61 patients diagnosed after 2000 (P < .001); 5-year
survival estimates for MDS were 17.1% '+ 6.4% (n = 36) and 48.2% * 10.6% (n = 33; P = .005).
Allogeneic stem-cell transplantation failed to improve outcome of secondary myeloid malignancies
after adjusting for waiting time to transplantation. Five-year survival rates were above 90% for
patients with meningioma, Hodgkin lymphoma, thyroid carcinoma, basal cell carcinoma, and
parotid gland tumor, and 68.5% * 6.4% for those with non-Hodgkin lymphoma. Eighty-nine
percent of patients with brain tumors had received cranial irradiation. Solid tumors were
associated with cyclophosphamide exposure, and myeloid malignancy was associated with
topoisomerase il inhibitors and starting doses of methotrexate of at least 25 mg/m? per week and
mercaptopurine of at least 756 mg/m? per day. Myeloid malignancies with monosomy 7/5q— were
associated with high hyperdiploid ALL karyotypes, whereas 11q23/MLL-rearranged AML or MDS
was associated with ALL harboring translocations of 1(9;22), t(4;11), t(1;19), and t(12;21) (P = .03).

Conclusion
SMNs, except for

primary counterparts.

brain tumors, AML, and MDS, have outcomes similar to their

J Clin Oncol 31. © 2013 by American Society of Clinical Oncology

ment, the international Ponte di Legno consortium
of ALL study groups has studied uncommon sub-
groups of childhood ALL.'"?* This is the largest
study of SMNs after therapy for childhood ALL
reported to date, and it presents new potential risk
factors and provides survival rates for dis-
tinct subsets.

As many as one third of all deaths in childhood acute
lymphoblastic leukemia (ALL) are caused by toxici-
ties or second malignant neoplasms (SMNs).'™ Pre-
viously reported cumulative incidences of SMNs
have varied from less than 1% to 10% or more be-
cause of differences in antileukemic therapy and in
duration, accuracy, and completeness of follow-
up.>*"® Partly because of their rarity, little is known
about the etiology of SMNs or about the treatment
options that offer the best chances of cure.’

With the goal of improving overall survival in
childhood ALL and providing guidelines for treat-

Review of Patient Data

In the February 2010 issue of Leukemia, 16 coopera-
tive study groups from Europe, North America, and Asia
reported dinical outcomes, including the occurrence of

© 2013 by American Society of Clinical Oncology 1
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SMNss, of 54,068 children and adolescents up to 21 years of age with newly
diagnosed ALL enrolled onto controlled clinical trials between 1980 and
2007.5172428 From these 16 groups as well as from FRALLE (French Acute

Lymphoblastic Leukaemia Study Group) and the childhood leukemia branch

of the European Organisation for Research and Treatment of Cancer
(EORTC), we collected data on individuals with SMNs to form a common
database with predefined variables comprising dlinical and biologic data (in-
duding cytogenetic characteristics for myeloid neoplasias) as well as outcornes
(Appendix Table Al, online only). Furthermore, we recorded clinical and
biologic characteristics of their primary ALL as well as treatment given and
status at latest follow-up. The data available for this study were retrieved from
the groups’ central ALL databases. If patient data on drug doses were unavail-
able, the patients were assigned the drugs and doses listed in the ALL protocols
onto which they were enrolled. Accrual of data for patients with ALL who did
not develop SMNs was not part of the study. The study was approved accord-
ing to regional institutional review board requiremnents. All data were com-
piled at Rigshospitalet (Copenhagen, Denmark), and the database was
approved by the Danish Data Protection Authorities.

Statistical Analysis

Differences in distribution of individual parameters among subsets were
analyzed by using nonparametric tests.”” Since accrual of data for patients with
ALL who did not develop SMNs was not part of this study, odds ratios for
SMNs in relation to specific exposures are not included. Instead, we analyzed
patterns of ALL characteristics and therapy by subsets of SMNs to determine
whether certain ALL subtypes or drug exposures were more prevalent within
specific subsets of SMNs. Survival after an SMN was defined as time from
diagnosis of the SMN to death as a result of any cause or to last follow-up. The
Kaplan-Meier method was used to estimate survival rates with SEs calculated
according to Greenwood.”® Differences in survival rates were compared with
the log-rank test.”® The Cox proportional hazard model was used for selected
analysis of survival after SMNs.>* Two-sided P values below .05 were regarded

as significant.

In all, 659 patients diagnosed with ALL between 1980 and 2007 were
registered with a malignant neoplasm or a CNS tumor as the first event
after diagnosis of ALL. Seventeen SMNis reported as ALL (n = 12),
acute undifferentiated leukemia (n = 2), or myeloid malignancies
with monosomy 7 (n = 1) or t(9;22)(g34;,q11.2) {n = 2) at diagnosis
of both ALL and the subsequent SMNs were excluded because the
clonal relationship to the original leukemia could not be confidently
verified, leaving a total of 642 study patients.

Table 1 reports clinical information on the 642 SMNs by subtype.
The interval between diagnosis of ALL and occurrence of SMNs was
significantly associated with the subtype of SMN, being shortest for
hematologic malignancies and longest for carcinomas and meningio-

mas (P < .001; Fig 1 and Table 1). Thus, among the 48 SMNs diag- -

nosed more than 15 years from the diagnosis of ALL, 35% were
meningiomas (n = 15) or other CNS tumors (n = 2); 31% were
non—skin carcinomas (n = 15), including six thyroid cancers; 15%
were melanomas (n = 4) or other skin cancers (n = 3); and 17% were
hematologic malignancies (n = 5); sarcomas (n = 2); or testicular
cancer (n = 2). Eight patients with cancer-predisposing diseases are
described in Appendix Table A2 (online only).

Patterns of SMiNs by ALL-Presenting Features

Although distribution of sex, age, and WBC count at diagnosis of
ALL varied significantly among the major categories of SMN for the
entire cohort (Table 1), this was not the case for the subset of 201
patients who were not irradiated and did not undergo hematopoietic

2 © 2013 by American Society of Clinical Oncology

stem-cell transplantation during first-line ALL treatment (P > .45 for
all analyses; Appendix Table A3, online only).

Immunophenotype »

Of'the 186 patients with AML and 69 patients with myelodysplas-
tic syndrome (MDS), the ALL lineage (B-cell precursor or T-cell
lineage) was available for 217 patients. When analyzing only the 192
patients who did not receive irradiation and did not receive transplan-
tation but who did have ALL immunophenotype available, the prev-
alence of T-cell ALL did not differ significantly among the categories of
hematologic malignancies, CNS tumors, carcinomas, and other tu-
mors (7.8%, 10.0%, and 16.7%, respectively; P = .38), but 26.6% of all
patients with AML (42 of 158) and 8.5% of all patients with MDS (five
of 59) initially had T-cell ALL. Patients with AML were overall more
likely than those with other hematologic malignancies (n = 136) to
have had T-cell ALL (26.6% v 13.2%; P = .005) with the same trend
(10.0% v 5.6%; P = .33) in the subsets of patients who did not receive
irradiation and did not receive transplantation. The interval between
diagnosis of ALL and SMN was significantly shorter for the 11 patients
who did not receive irradiation and did not receive transplantation but
who had T-cell ALL than for the 130 patients with B-cell precursor
ALL who had developed hematologic malignancies (median, 1.6 v 3.0
years; P = 001). Finally, 91% (10 of 11) of the patients who developed
Langerhans cell histiocytosis had T-cell ALL compared with 20.4%
among the other SMNs (P < .001).

Karyotype and Therapy-Related Myeloid Neoplasias

The time to develop AML was shorter than the time to develop
MDS (median, 2.7 v 3.3 years; P = ,01), reflecting a higher proportion
of 11q23/MLL rearrangements with short latency (median, 2.5 years)
in patients with AML (58% v 5% of patients with MDS with an
aberrantkaryotype; P <C.001). By contrast, treatment-related myeloid
neoplasia (t-MN; ie, AML or MDS) with monosomy 7 (median inter-
val, 3.7 years) occurred in 22% of patients with AML and in 50% of
patients with MDS with an aberrant karyotype (P = .002).

Among the 44 patients with t-MN with monosomy 7, 5q—, or
11q23/MLL rearrangements {one t-MN with both monosomy 7 and
11q23/MLL rearrangements was excluded) and an available karyotype
for the ALL clone, the cytogenetic aberrations of their ALL and t-MN
were highly correlated. Thus, among the 25 patients who developed
11q23/MLL-rearranged t-MN, 13 had ALL with classical recurrent
translocations—1t(9;22)(q34;q11.2) (n = 1), t(1;19)(q23;p13.3) (n =
2), 1(12;21)(p13;q22) (n = 8), or 11q23/MLL rearrangements (n = 2
[different 11q23/MLL rearrangement in the two clones}—and six had
a high hyperdiploid ALL karyotype (modal chromosome number
above 50), and six had other structural and/or numeric aberrations. In
contrast, among the 19 patients who developed t-MN with 5g— or
monosomy 7, 10 had a high hyperdiploid ALL karyotype, three had
ALL clones with one of the above-listed classical translocations, and six
had other aberrations (P = .03 by likelihood-ratio ¥” test).

Patterns of SNiNs by ALL Therapy

The pattern of SMNss was significantly influenced by the preced-
ing ALL therapy (Table 2). The 12 patients with CNS tumors who had
not received CNS irradiation were diagnosed at significantly shorter
intervals after ALL than the 97 patients with CNS tumors that oc-
curred after CNS irradiation (median, 6.6 v 9.1 years; P = .01).
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Table 1. Clinical Characteristics and 5-Year Overall Survival of 642 Patients With SMNs by Major Categories and Subtype

ALL
Immunophenotype® Age at ALL WBC at ALL Interval to Age at
Total Males (n = 555) {years) (x10%/L) SMN (years) SMN (years) 5-Year Survival
Type of SMN No. %  No. % BCP % Median 50% Range Median 50% Range Median 50% Range Median 50% Range Rate After SMN (%)
Total 642 346  53.9 434 78.2 5.2 3.2-10.3 1.4 4.7-45.0 48 2.6-8.9 12.6 7.8-17.5 404 = 2.1t
Hematologic 345 53.7 198 574 234 79.6 5.2 3.2-11.2 9.0 4.2-37.0 2.9 2.045 9.4 6.5-15.2 352 +27
Acute myeloid lsukemia 186 106 57.0 116 734 5.6 3.3-11.2 11.6 4.2-450 27 1845 9.5 6.4-15.0 18.1+£29
Myelodysplastic syndrome 69 32 464 54 91.5 5.2 3.1-12.2 6.0 3.8-12.7 3.3 2.6-4.6 9.7 6.9-15.9 31.1*62
Chronic myeloid leukemia 9 4 444 7 100.0 125 4.2-15.1 g 4.0-28.5 44 3.5-7.2 18.0 17.4-19.3 622 *+178
Non-Hodgkin lymphomas - 56 39 69.6 39 83.0 4.7 3.0-8.6 1.2 4.3-31.8 2.3 1540 7.8 5.5-12.1 685+ 6.4
Hodgkin disease 25 17  68.0 18 78.3 42 3.0:9.2 7.4 5.045.0 a1 2.6-5.3 10.2 6.9-14.9 91.1 6.0
CNS tumor 138 215 67 486 94 78.3 4.2 2.68.7 15.7 6.1-69.0 8.6 6.8-11.2 14.7 11.0-19.2 259 +4.2
Nonmeningioma CNS tumor 116 B3 457 79 77.5 4.4 2.7-8.7 18.7 6.9-82.8 8.1 6.5-9.8 13.9 10.5-16.5 183 +3.8
Meningioma 22 14 63.6 15 83.3 3.5 2.38.5 9 5.1-30.0 16.2 12.3-18.3 217 17.8-25.4 90.8 + 8.7
Carcinoma 78 121 34 436 62 84.9 5.8 3.3-10.6 12.3 4.0-45.6 10.1 6.7-14.5 175 12.4-22.2 822+49
Nonthyroid carcinoma 46 19 4.3 35 81.4 8.4 3.9-13.0 12.9 3.6-38.5 10.2 6.1-18.0 18.0 12.4-25.8 673 +8.2
Thyroid carcinoma 32 15  46.9 27 90.0 5.0 3.16.5 12.1 4.3-58.5 10.1 7.8-13.5 15.5 12.1-18.3 100
Other 81 126 47 580 44 64.7 5.7 4.0-104 14.0 4.9-79.9 6.8 3.4-10.0 14.1 8.2-17.9 55.3 6.1
Soft tissue sarcoma 29 14 483 14 60.9 6.0 4.1-10.4 19.8 7.3-66.0 5.4 3.3-9.6 13.3 8.0-17.2 43.9 +9.7
Bone turmor 22 13 591 14 77.8 53 2.98.1 7.0 3.1-30.8 78 52-11.4 144 11.8-17.8 618 +1186
Melanoma 1" 6 546 9 90.0 10.0 5.7-13.8 10.0 4.7-30.9 10.0 6.3-17.8 19.2 16.7-24.3 85.7 + 13.2
Germ cell tumor 4 4 100.0 3 100.0 12.7 8.1-15.2 7.8 2.6-13.2 12.3 8.4-19.8 228 20.2-31.4 100
Histiocytosis 12 9 750 2 18.7 4.2 2.55.5 141.0  40.4-2485 2.3 1.4-3.9 6.9 6.0-8.2 48.6 + 14.8
Other 3 1 333 2 100.0 9.9 4.1-12.3 40 2.2-148.0 7.6 3.3-8.8 15.5 13.9-17.5 33.3+27.2

Abbreviations: ALL, acute lymphoblastic leukemia; BCP, B-cell precursor; SMN, second malignant neoplasm.

*In all, 87 patients were excluded because immunophenotype was not reported (n = 75) or was not specified as either BCP or T-cell ALL (n = 12).
tTen-year survival rate was 38.7% * 2.2%.
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Fig 1. Kaplan-Meier estimates of the interval between diagnosis of acute
lymphobilastic feukemia (ALL) and development of the four major categories of
second malignant neoplasms.

Thirty-eight (76.0%) of 50 patients with t-MN with an aberrant
karyotype and previous exposure to epipodophyllotoxins had 11q23/
MLL rearrangements, whereas only four (8.0%) had monosomy 7 and
none had 5g-. In contrast, among the 46 patients with t-MN (52.2%)
who had not been exposed to epipodophyllotoxins, 24 developed
monosomy 7 (n = 20) or 5¢— (n = 4) t-MN, and only 13 (28.3%) had
11q23/MLL rearrangements (P < .001).

Among patients who did not receive irradiation, 44 (79%) of 56
patients with solid tumors had previously received cyclophosphamide
compared with 82 (57%) of 143 patients with hematologic malignan-
cies or CNS tumors (P = .005).

Among the patients who did not receive transplantation for
whom data on maintenance therapy methotrexate (n = 431) and
mercaptopurine dosage (n = 422) were available, the patients who
developed t-MN received higher starting doses of methotrexate and
mercaptopurine than did patients who developed other SMNs (P <
.001 for both drugs), and this was the case for both CNS patients who
received irradiation (P < .001 and P = .001, respectively) and those
who did not (P = .007 and P = .02, respectively). Thus, compared
with patients with other SMNG, the patients who developed t-MNs
were more likely to have received methotrexate starting doses of at
least 25 mg/m? per week (45% v 28%; P < .001) and mercaptopurine
starting doses of at least 75 mg/m’ per day (52% v 29%; P << .001).

Neither the distribution of the four major categories of SMNs
(P = .37) nor the time interval to SMN (P = .84) differed significantly
between patients with low (n = 13; 10 by genotype and three by
phenotype) versus normal (n = 114) thiopurine methyltransferase
activity. Among the 413 patients who did not undergo transplan-
tation but who did have data on the total duration of therapy, 65
(31.3%) of the 208 patients with t-MN and 36 (17.6%) of the 205
patients with solid tumors had received ALL therapy for 2.5 years
or longer (P = .001).

Transplantation during first remission of ALL had been per-
formed in 29 (5.7%) of the 510 ALL patients with available informa-
tion. One (1.4%) of 74 patients with CNS tumors and seven (3.6%) of
193 patients with t-MN had received transplantation compared with
nine (28.1%) of 32 patients with carcinomas and eight (15.4%) of 52
with other SMNs (P < .001).

4  © 2013 by American Society of Clinical Oncology

Survival After SMNs

The median follow-up after diagnosis of an SMN was 4.9 years
for the 292 patients who were alive at their latest follow-up. In all,
350 patients died within 20.6 years from diagnosis of an SMN
(median, 0.75 years; 25th to 75th percentile: 0.4 to 1.4). The overall
cumulative probability of death as a result of any cause was
59.6% * 2.1% at 5 years and 61.3% = 2.2% at 10 years after an
SMN (Table 1 and Fig 2). The 10-year cumulative incidence of
death asa result of the second (n = 236) or third (n = 1) cancer was
41.1% * 2.1%; it was 5.6% * 1.0% for relapsed ALL (n = 31),
10.4% = 1.3% for treatment-related toxicities among patients who
received a transplantation (n = 39) and those who did not
(n = 20), and 4.2% * 0.9% for unknown causes (n = 23; Fig 3).
The 10-year probability of survival was 18.9% = 6.9% (n = 33) for
patients whose SMN occurred before 1990 (n = 54),34.8% =+ 2.8%
(n = 296) for patients with SMNs diagnosed between 1990 and
1999, and 40.9% * 6.3% (n = 313) for patients diagnosed from
2000 onward (P < .001).

Hematologic Malignancies

Survival remained consistently lower for patients with AML
compared with those who had MDS (P < .001). The 5-year survival
estimate for AML was 11.2% % 2.9% for 125 patients diagnosed
before 2000 and 34.1% = 6.3% for 61 patients diagnosed after 2000
(P < .001). For MDS, the 5-year survival was 17.1% =* 6.4% for 36
patients diagnosed before 2000 and 48.2% * 10.6% for 33 patients
diagnosed after 2000 (P = .005). In a Cox regression model, adjusting
for sex and age at diagnosis of SMNs and the use of CNS irradiation for
ALL treatment, the improved outcome after 2000 was confirmed for
both AML (estimated hazard ratio [HR], 0.62; 95% CI, 0.42 to 0.90;
P = .01) and MDS (HR, 0.30; 95% CI, 0.15 to 0.60; P < .001). The
hazard of death after t-MN decreased by approximately 10% for every
additional year of interval between ALL and AML (HR, 0.88; 95% CI,
0.80 to 0.96; P = .004) with a similar trend for MDS (HR, 0.92; 95%
CI, 0.80 to 1.06; P = .23).

For 185 patients with available information on transplantation
after t-MN, the 5-year survival was 30.3% * 4.4% for the 119 patients
who received a transplantation and 11.4% * 4.0% for the 66 who did
not (P < .001). However, with a landmark at the median waiting time
to transplantation of 4.1 months from SMN diagnosis, the 5-year
survival estimates for patients who had received a transplantation and
those who had not did not differ (26.7% = 4.2% and 27.2% % 7.7%,
respectively),”*>! and this was also the case for 78 patients with t-MN
diagnosed in 2000 or later (42.0% * 7.6% v 46.9% * 11.5%). Among
the patients with t-MN who received a transplantation, the 10-year
survival for 30 patients with 11q23/MLL rearrangements (24.7% *
8.3%) did not differ significantly from that of 26 patients with mono-
somy 7 (28.0% * 9.0%).

Only two of the 25 patients with Hodgkin lymphoma died, both
of whom were diagnosed with Hodgkin lymphoma in the 1980s.
Excluding patients who received transplantation as part of their ALL
therapy, the 5-year survival was 70.5% == 7.9% for the 34 patients with
non-Hodgkin lymphoma diagnosed in the 1990s and 65.4% == 10.8%
for the 22 patients diagnosed later (P = .64). The 5-year survival was
76.9% * 8.3% for the 27 patients who had developed mature B-cell
non-Hodgkin lymphoma.
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Table 2. Pattern of SMNSs in Relation to Their First-Line ALL Treatment in Patients Who Did Not Receive Hematopoietic Stem-Cell Transplantation

Cyclophosphamide™* 6-Mercaptopurinet

No CNS No CNS

CNS lrradiation” Epipodophyllotoxin® CNS lrradiation Irradiation CNS lrradiation {rradiation

(n = 432) (n = 228) (n = 199) {n = 230) : (n = 192)
Type of Second Cancer Yes No Yes No Yes No Yes No Yes No Yes No
Total 230 202 185 261 186 42 126 73 53 177 94 98
Hematologic SMN 79 145 105 127 67 1" 82 61 25 50 76 61
t+-MN was AML or MDS 64 109 84 96 54 9 60 47 22 38 61 43
CNS tumors 97 12 48 63 76 20 7 5 24 68 5 7
Non-CNS solid tumors 54 45 32 79 43 11 37 7 4 49 13 30

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; MDS, myelodysplastic syndrome; SMN, second malignant neoplasm; t-MN, therapy-related myeloid neoplasia.
*Only patients who did not receive transplantation who had available information on their therapy are included.

tDose = 75 mg/m?.
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No. of patients No. 6f deaths 10-\)ear survival
Hemat —— 345 214 34.6% (2.7}
S 92 24% (4.2)
32 52% (6.5)
12 75.3% {7.9)
©
2 N, e e ————
s
=
o
—
T T T T T T T T T T
0 1 2 3 4 5 6 7 8 g 10
No. at risk Time Since SMN (years) 7
Hemat 345 182 134 112 97 83 72 60 52 37 29
CNS 138 79 48 31 26 20 16 15 14 10 9
Other 81 54 46 3% 28 27 19 15 15 11 10
CA 78 56 44 37 29 21 19 15 11 4 2

Fig 2. Survival curves according to the four major categories of second
malignant neoplasms (SMNs). Hemat, hematologic; CA, carcinoma.

CNS Tumors

Although only one of 22 patients with meningioma died, the
5-year survival was very poor for the remaining 116 patients with brain
tumors (18.3% * 3.8%), including eight patients with low-grade
tumors (45.0% = 18.8%), 76 with high-grade tumors including me-
dulloblastomas and supratentorial primitive neuroectodermal tu-
mors (6.5% * 3.6%), and 13 unspecified glial tumors (8.5% * 8.2%).
Overall survival after nonmeningioma brain tumor did not improve
over time, with 5-year estimates of 19.6% * 5.5% before 2000 and
16.6% = 5.3% afterward (P = .76).

Nonthyroid Carcinomas

All seven patients with basal cell carcinoma and nine with parotid
gland tumors survived, and the 5-year survival for the nine patients
with squamous cell carcinoma was 71.4% = 17.1%. In contrast, the
overall survival for the 18 patients with other carcinomas (five, breast;

1.0 4 No. of deaths 10-year Cl
2nd or 3rd tUMOr  seeme 237 41.1% (2.1)
Relapse LER 31 5.6% (1.0)
@ 084 Toxcity ~=s 59 10.4%(1.3)
g Not known —— 23 4.2% (0.9)
=
E 0.6 4
3}
=
_‘5_; 0.4 4
=
E
& 0.2
0
Time Since SMN (years)

Fig 3. Cause;speoific cumulative incidences (Cls) of death after development of
a second malignant neoplasm (SMN).

6 © 2013 by American Society of Clinical Oncology

four, gastrointestinal; three, liver; and one each, peritoneal, pancreas,
lung, cervix uteri, urinary tract, and nasopharyngeal) was only
40.1% £ 13.7% at 5 years and 0% at 10 years (P < .001).

In this study, the largest reported to date, patients with t-MN or
nonmeningioma brain tumor had a poor prognosis, whereas patients
with secondary meningioma, Hodgkin lymphoma, thyroid carci-
noma, basal cell carcinoma, and parotid gland carcinomahad a 5-year
survival exceeding 90%.

This study had some limitations since it did not allow calcula-
tions of HRs by ALL characteristics or therapy components, and it
could not identify exposures that had equal influence on the risk of all
major categories of SMNG. In addition, the data must be interpreted
cautiously, since the completeness of recording of SMNs was influ-
enced by the individual study groups’ frequency and duration of
follow-up,' screening strategies for thyroid carcinomas, meningio-
mas, or breast cancer in irradiated patients,’>* and linkage with
population-based nationwide cancer registries.'® The impact of such
differences will be limited for secondary hematologic malignancies
but will be more profound for SMNs that have long latency such as
carcinomas and meningiomas. Furthermore, hematologic SMNs can
be misinterpreted as relapse of ALL, and some cases of ALL and SMNs
may have a common clonal origin.*>*® Thus, an association between
T-cell ALL and histiocytosis has previously been reported,***® and
patients with early T-cell precursor ALL have been shown to have
genetic profiles similar to those of patients with myeloid malignan-
cies,” which could indicate a common ancestral clone for the primary
and second malignancies.

The observed association between high-hyperdiploid ALL and
the development of t-MN with monosomy 7/5¢—hasbeen observed in
a much smaller study,” although the association between ALL with
specific chromosomal translocations (ie, t(9;22)(q34;q11.2), t(1;
19)(q23;p13.3), t(12;21)(p13;q22)) and t-MN with 11q23/MLL rear-
rangements has hitherto not been reported. The more frequent use of
topoisomerase Il inhibitors such as epipodophyllotoxins in high-risk
ALL cases with specific chromosomal translocation might have con-
tributed to the development of t-MN with 11q23/MLL rearrange-
ments. However, the unique gene expression profiles of ALL blast
from those patients who subsequently developed SMNs, including
t-MN, could also reflect inherited genetic variants™ that could influ-
ence drug disposition (eg, glutathione S-transferases, cytochrome
P-450 enzymes, quinone oxidoreductase, or the folate pathway®**’)
or be related to cancer predisposition syndromes. International col-
laboration with extensive mapping of host genomic variants could be
instrumental in identifying subsets of patients with ALL with genetic
predispositions for whom modification of first-line ALL therapy or
individualized follow-up should be offered.

This study supports previously reported associations of t-MN
with higher mercaptopurine dosages during maintenance therapy and
longer duration of therapy. Some study groups that offer a mainte-
nance therapy mercaptopurine starting dose of 75 mg/m” have found
an association between an increased risk of SMN and low-activity
thiopurine methyltransferase genotypes or phenotypes.**' Notably,
others who used a mercaptopurine starting dose of only 50 mg/m>
failed to find such an association.*? The linkage between thiopurine
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therapy and risk of SMN may reflect that these anticancer agents,
when given at high dosage or for an extended period, may interfere
with DNA repair rather than directly induce mutations.*** Accord-
ingly, the omission or interruption of maintenance therapy for pa-
tients who received a transplantation as part of their ALL therapy may
explain why very few patients with brain tumor or t-MN in this
cohort had received transplantation. Overall, the risk of relapse if
mercaptopurine/methotrexate-based maintenance therapy is trun-
cated* is far higher than the risk of t-MN indicated by this and
previous studies. The goal for future research is thus to identify pa-
tients with a clearly excessive risk of t-MN and consider treatment
maodification only for such a limited patient subset.

Patients with t-MN have had significant improvements in sur-
vival over the last few decades, but the cure rates are still below those
obtained by the best treatment protocols for primary AML.*> Al-
though the survival of patients with t-MN who did not receive trans-
plantation was only 11.4% = 4.0%, the study did not support that
hematopoietic stem-cell transplantation would be beneficial for these
patients when the data were adjusted for the waiting time to transplan-
tation. Thus, future studies of this important issue, including the
impact of t-MN cytogenetics, are needed.

It is uncertain whether the extremely poor survival rate for CNS
tumors, the vast majority of which developed after CNS irradiation,
reflects a more aggressive biology, difficulties in performing complete
tumor resection in previously irradiated regions, limitations in irradi-
ating previously irradiated regions, or a pessimistic attitude toward
curative therapy for such patients. Because this subset is the second
most common SMN among survivors of childhood ALL and is overall
one of the most common SMNs after a childhood cancer,® a review of

patients’ records of these tumors is needed to explore these issues

in depth. »

Although the cure rates for some SMNs were as favorable as those

obtained for their primary cancer counterparts, future strategies

should continue to focus on prevention of SMNs. Thus, the frequency

of secondary brain tumor is expected to fall dramatically during the

coming decades with the reduced use of CNS irradiation in first-line
ALL therapy,* and given the few patients on contemporary protocols

who are exposed to epipodophyllotoxins, the risk of 11q23/MLL-

rearranged t-MN is likely to be lower in future childhood ALL cohorts.
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Appendix
Table A1. SMNs Reported by the Seventeen Participating Collaborative Groups
Trial Group Trial Group No. of Date of Diagnosis Dats of Diagnosis
Trial Group Name Acronym Location Patients of First SMN of Last SMN Trial Registration Numbers
Associazione Italiana Ematologia AIEOP Italy 22 January 4, 1985 December 11, 2007 ALL-BFM 90, ALL-BFM
Oncologia Pediatrica 95, ALL-BFM 2000
(NCT00430118)
Berlin-Frankfurt-M{inster BFM Austria 14 September 1, 1992  June 26, 2009 ALL-BFM 86, ALI-BFM
90, ALL-BFM 95, ALL-
BFM 2000
{NCT00430118)
Berlin-Frankfurt-Miinster BFM Germany 107 December 12, 1984 February 1, 2009 ALL-BFM 2000
{NCT00430118), NCl
Protocol 1D 68529
Cooperative Study Group for Childhood COALL Germany 36 May 10, 1984 July 18, 2007 COALL 07-03, EU-205104,
Acute Lymphoblastic Leukaemia NCT00343369
Children’s Oncology Group (includes COG USA 136 April 4, 1990 February 12, 2008 Separate list of POG and
both the US Children’s Cancer CCG protocols
Group and the Pediatric Oncology
Group) '
Dutch Childhood Oncology Group DCOG Holland 18  February 26, 1991  May 30, 2008
Dana-Farber Cancer Institute DFCI USA 13 August 14, 1986 March 17, 2008 DFCI ALL Consortium
Protocols 86-001, 87-
001, 91-001, 96-001
European Qrganisation for Research EORTC Belgium and 16 June 30, 1991 June 15, 2002 EORTC 58881 study
and Treatment of Cancer France
French Acute Lymphoblastic FRALLE France 52 March 12, 1991 June 15, 2010 FRALLE protocols 83, 87-
Leukaemia Study Group 89, 93, 2000
Israel National ALL Studies INS Israel 1 June 16, 1993 December 15, 2008  ALL INS 83 {mod BFM
86), ALL INS 93 {mod
BFM 90}, ALL INS 98
) (mod BFM 95)
Tokyo Children's Cancer Study Group ~ TCCSG Japan 49 June 23, 1987 May 6, 2010 TCCSG L84-11, L8912,
1L92-13, L95-14
Japan Association of Childhood JACLS Japan Tokai-POG 9104, OCLSG
Leukemia Study ’ 94, JACLS ALL-96,
JACLS ALL-97
Japanese Children’s Cancer and JCCLSG Japan CCLSG ALL841, ALL8B1,
Leukemia Study Group ALL874, ALLS1Y,
ALLS41
Kyushu-Yamaguchi Children’s Cancer KYCCSG Japan KYCCSG AL841, HR8S,
Study Group ALLS0, ALLS6
Nordic Society for Paediatric NOPHO Denmark, Finland, 83 January 15, 1986 May 15, 2010 ALL-86, ALL-92, ALL-2000
Haematology and Oncology Iceland, Norway,
Sweden
St Jude Children’s Research Hospital SJCRH USA 69 February 9, 1982 November 18, 2002 Total Therapies 4, 5, 6, 7,
8,9, 10, 11, 12, 13A,
and 13B
Taiwan Pediatric Oncology Group TPOG Taiwan 19 August 5, 1987 January 13, 2007 TCALL 84; TPOG-ALL 88,
93, 97, 2002
National Cancer Research Institute NCRI United Kingdom 27 January 15, 1994 September 15, UKALLXI ISRCTN
Children's Leukaemia Clinical 2007 16757172, ALL97
Studies Group ISRCTN 26727615
Total 642 February 9, 1982 June 15, 2010 '
www.jco.org © 2013 by American Society of Clinical Oncology
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Table A2, Clinical Characteristics of Patients With Cancer-Predisposing Syndromes
WBC at
Predisposing Type of Second Age at ALL ALL BCP or Interval to Age at SMN Survival
Syndrome Cancer Sex {years) (x10°/L) T-Cell ALL SMN {years) {years) Status {years)
Down syndrome AML Male 3.2 16.8 B 4.0 7.2 Dead 0.8
Down syndrome AML Female 2.0 7.8 B 5.9 7.9 Dead 1.1
Down syndrome Mature B-cell NHL Male 6.2 38.1 B 2.6 8.8 Alive 7.0
Down syndrome Ewing sarcoma Female 6.6 21 B 8.3 14.9 Alive 5.4
Li Fraumeni syndrome AML Male 124 6.6 B 25 15.0 Dead 0.6
Ataxia telangiectasia T-cell NHL Meale 9.5 86.0 T 12.5 22.0 Dead 0.6
Noonan syndrome MDS Female 16.0 2.0 B 2.7 18.7 N/A
AIDS Mature B-cell NHL Meale 13.7 1.8 B 4.0 17.7 Alive 10.2
Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; BCP, B~cell precursor; MDS, myelodysplastic syndrome; N/A, not available; NHL,
ron-Hodgkin lymphoma; SMN, second malignant neoplasm.
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Table A3. Clinical Characteristics and Overall Survival of the Four Major Categories of SMNs in the Subset of 201 Patients Who Were Not Irradiated and Did Not Undergo Hematopoietic Stem-Cell

Transplantation as Part of Their First-Line Treatment for ALL

Immunophenotype™ Age at ALL WBC at ALL Interval to Age at

Type of Total Males n = 192) {ysars) {x10%/L) SMN (years) SMN fyears) .

Second B-Year Survival Rate

Cancer No. % No. % BCP % Median  50% Range  Median  50% Range  Median 50% Range  Median  50% Range After SMN (%)
Total 201 107 532 173 90.1 3.6 2.3-6.6 9.0 6.5-15.1 441 £3.7
Hematologict 145 721 79 545 130 92.2 4.3 3.06.5 6.1 4.0-15.3 2.9 2143 8.2 6.0-12.7 41142
CNS tumort 12 6.0 6 500 9 90.0 5.0 3.58.9 7.4 3.7-34.4 6.8 2.7-7.4 13.1 8.7-17.2 32.1 £ 15.0
Carcinomat 19 9.5 7 368 15 83.3 4.7 3.0-8.7 6.6 3.3-38.5 11.8 6.1-16.1 16.2 10.7-23.4 77.4 £ 10.0
Othert 25 124 15 60.0 19 82.6 5.7 3.4-8.1 4.9 25-26.2 7.8 4.4-9.8 14.0 10.4-17.9 449 + 113

Abbreviations: ALL, acute lymphoblastic leukemia; BCP, B-cell precursor; SMN, second malignant neoplasm.

“Nine patients were excluded because immunophenotype was not reported {n = 8) or was not specified as either BCP or T-celt ALL (n = 1).
1Seventy-one acute myeloid leukemia, 38 myelodysplastic syndrome, three chronic myeloid leukemia, 23 non-Hodgkin lymphoma, 10 Hodgkin disease, 10 nonmeningioma CNS tumors, two meningioma, 10

nonthyroid carcinoma, nine thyroid carcinoma, seven soft tissue sarcoma, 12 bone tumors, one germ cell tumor, four Langerhans cell histiocytosis, one other tumor.
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