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of those who relapse will die of the disease. Mo
survivors face an uncertain future of health problem
treatment side effects. Here we review selected re
ments in childhood leukaemia.

Why did my child develop leukaemia?
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ABSTRACT

• In most cases, childhood leukaemia has a fetal origin, but 
multiple molecular events are required after birth for pre-
leukaemic cells to progress to leukaemia.

• Cure rates for acute lymphoblastic leukaemia (ALL) now 
approach 80%.

• A high level of minimal residual disease detected by 
polymerase chain reaction in patients with ALL in remission 
has profound prognostic importance and is the focus of a 
major Australian study attempting to prevent relapse in these 
children.

• Greater awareness of the late effects of chemotherapy has led 
to changes in the treatment protocols for ALL, with 
improvement in neurocognitive outcomes and reduced rates 
of second malignancies.

• Pharmacogenetics is a new field of research that aims to 
enhance treatment efficacy by assessing the individual’s 
metabolism of and response to chemotherapeutic agents.

• Targeted therapies currently being developed show some 
promise of being able to further improve cure rates.

• Adolescents with ALL have a better prognosis if treated with 
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paediatric rather than adult protocols.
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 kaemia accounts for about a third of all childhood

lignancies. About 80% of children with leukaemia have
te lymphoblastic leukaemia (ALL), 17% have acute

myeloid leukaemia (AML), and the remainder have rare forms of
chronic leukaemia.1 Collaborative clinical trials research has
brought about dramatic improvements in cure rates for children
with acute leukaemia, but about 20% of children still relapse. Most

reover, some
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cent develop-

When confronted with the diagnosis of childhood leukaemia, one
of the first questions asked by parents is “Why did this happen to
our child?”. Unfortunately, the answer to this question largely
remains unknown. Although a small proportion of children with
leukaemia have an underlying predisposition, such as Down
syndrome or Fanconi anaemia (a congenital form of aplastic
anaemia), most have no known cause. However, in recent years, a
molecular basis of childhood leukaemia has become clearer.

Evidence now supports the concept that, for a substantial
number of patients, childhood leukaemia begins as an in-utero
event. Much of this evidence arises from studies of monozygotic
twins who concordantly develop leukaemia,2-4 and from recent
polymerase chain reaction studies of neonatal Guthrie card blood
spots. The latter studies have shown that 70% of children present-
ing with ALL up to 13 years of age had molecular evidence of their
disease at birth: preleukaemic cells that were present at birth bore
the same molecular markers as their leukaemic cells.5,6

This evidence has led to general consensus that most cases of
childhood leukaemia begin in utero, but major questions remain as
to what leads to these initial genetic abnormalities. Although no
specific causes have been identified which result in these in-utero
molecular changes, several antenatal factors are important in
increasing the risk of leukaemogenesis. These include maternal
and paternal marijuana use both before and during pregnancy,
which significantly increases the risk of both AML and ALL in
offspring.7,8 It has also been suggested that medications used in

pregnancy, such as antihistamines and amphetamines, may
increase the risk of ALL.8 A retrospective Western Australian study
found that, in children whose mothers took folate during preg-
nancy, the risk of ALL was reduced by 60%.9 These observations
have prompted a prospective Australian, multicentre, case–control
study aimed at elucidating the role of folate in pregnancy and other
possible environmental and genetic risk factors.

Whatever events initiate the development of preleukaemic
cells in the fetus, other genetic changes are needed for the
development of overt leukaemia — consistent with the “multi-
hit” model of leukaemogenesis.10 One study has shown that 1%
of cord blood samples from healthy babies contained molecular
evidence of the commonest leukaemia-specific chromosomal
translocation seen in ALL: t(12; 21), or the TEL-AML1 fusion
gene.11 This incidence of a molecular abnormality is almost 100
times greater than the incidence of ALL, suggesting that a second
event must occur in 1% of those children with preleukaemic cells
to allow progression to overt leukaemia. The nature of this
“second hit” is unknown. Exposure to electromagnetic fields has
been ruled out as playing any significant role.12 Other possibili-
ties still being investigated include exposure to chemicals, such
as pesticides, and childhood infections.13,14 The hypothesis that
more than one hit is required for leukaemogenesis has been
supported by recent studies into children with Down syndrome
who develop acute megakaryoblastic leukaemia. About 10% of
all Down syndrome patients develop a transient myeloprolifera-
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tive disorder (TMD) in the neonatal period.
This is indistinguishable from acute leukae-
mia, and undergoes spontaneous remis-
sion. However, a fifth of patients with TMD
subsequently develop acute megakaryo-
blastic leukaemia.15 Recently, mutations in
a gene called GATA1, necessary for normal
development of erythroid and megakary-
ocytic cells, have been found in almost all
Down syndrome patients with TMD or
acute megakaryoblastic leukaemia.16 This
suggests that constitutional trisomy 21,
together with the GATA1 mutation, causes
the excessive megakaryocyte proliferation
seen in TMD, and that another hit is neces-
sary to cause overt leukaemia in a smaller
subset of patients.17

Acute lymphoblastic leukaemia

Prognosis and minimal residual disease 
testing
One of the great successes of paediatric
oncology has been the dramatic improve-
ment in cure rate for ALL in recent decades
(Box 1).18 Expected current cure rates
approach 80% for all children diagnosed
with ALL, of all lineages.1 However, relapse
remains a problem for the remaining 20% of
patients. Although some children have
known indicators of poor prognosis, such as
a high initial white cell count or cytogenetic
abnormalities, most who relapse do not have
any clinical markers to indicate increased
risk for treatment failure.

The effectiveness of PCR testing for mini-
mal residual disease (MRD) has been investi-
gated as a predictor for relapse. MRD testing
is an extremely sensitive method of detecting
leukaemic cells not found with standard
techniques in patients who are in remission.
Several studies have confirmed that MRD
levels are a sensitive prognostic indicator
(Box 2).19-21 The Australian and New Zealand Children’s Haema-
tology and Oncology Group is currently enrolling new ALL
patients in a pilot treatment protocol, in which patients with high
MRD levels will be treated with more intensive chemotherapy and,
if there is a suitable donor, with stem cell transplantation. The trial
addresses the hypothesis that early, very intensive treatment during
first remission will prevent relapse in these high-risk patients.

Bone marrow transplantation
Most children with ALL will be cured with chemotherapy alone.
Although there is no established role for autologous stem cell
transplantation in ALL, some patients can be identified who are
clear candidates for allogeneic bone marrow transplantation. The
1%–2% of patients with Philadelphia chromosome-positive ALL
are, for example, a universally accepted subgroup for whom
transplantation in first remission is indicated. A recent interna-
tional review concluded that transplantation with stem cells from a

matched related donor in these patients is
clearly superior to treatment with chemo-
therapy alone.22 Some groups also use stem
cell transplantation for other groups of very
high risk patients, based on clinical criteria
such as older age, initial high white cell
count and male sex. The marked increase in
the size of marrow donor registries and cord
blood banks now means that 70%–80% of
children needing a bone marrow transplant
in Australia will have a suitable allogeneic
stem cell unit available. However, acute
transplant-related mortality rates remain
high, and militate against the widespread
use of transplant in childhood ALL, except
in children at high risk of relapse.

Late effects
With the dramatic improvements in survival
of children with ALL over the past few
decades, attention has increasingly turned
to reducing the late effects of treatment,
such as the high incidence of impaired
neurocognitive outcomes in children receiv-
ing prophylactic cranial irradiation.23 As a
consequence of randomised trials compar-
ing intrathecal chemotherapy with radiation
for central nervous system prophylaxis, irra-
diation is now omitted in almost 80% of
patients. Intrathecal chemotherapy com-
bined with high dose methotrexate has been
shown to be equally effective at preventing
meningeal relapse in most patients.24 A
large extended follow-up study of survivors
of childhood ALL showed that non-irradi-
ated patients had similar employment and
marital prospects to the rest of the popula-
tion.25 That study also found that non-
irradiated patients who had survived at least
10 years did not have an increased risk of
second malignancy. An earlier, very large
cohort study of 8831 patients confirmed
that with current treatment protocols the

risk of second malignancy in the first 10 years after treatment is
now as low as 1.18%.26 This low rate is, in part, because of the
avoidance of epipodophyllotoxins such as etoposide, and because
of the reduction in radiation dosage.

Cranial irradiation has also been implicated as a cause of growth
impairment by causing growth hormone deficiency in children
treated for ALL. However, a recent study found that children
treated for ALL had some impairment of growth irrespective of
treatment modality, with the worst outcomes in younger
patients.27 Children with poor growth following treatment for ALL
need careful follow-up and endocrinological review.

Anthracyclines, which can be responsible for clinical cardiac
toxicity, are used in most treatment protocols for ALL. Although
the doses used are low enough to avoid causing acute cardio-
myopathy during treatment, it is now apparent that children
may be at a greater risk of late-onset cardiac failure than
previously suspected.28,29 Attempts to reduce the cardiac toxic-

1 Progressive increase in long-term 
survival for children with acute 
lymphoblastic leukaemia*

* From Simone JV. Childhood leukemia — successes 
and challenges for survivors. N Engl J Med 2003; 
349: 627-628.18 © 2003 Massachusetts Medical 
Society. All rights reserved. Reprinted with 
permission.
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2 Minimum residual disease levels 
after 1 month of treatment 
correlate strongly with survival in 
children with acute lymphocytic 
leukaemia*

* From Marshall GM, Haber M, Kwan E, et al. 
Importance of minimal residual disease testing 
during the second year of therapy for children 
with acute lymphoblastic leukemia. J Clin Oncol 
2003; 21: 704-709.20 Reprinted with permission 
from the American Society of Clinical Oncology.
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ity of anthracyclines have, to date, been disappointing. The
administration of doxorubicin by continuous infusion has not
been found to offer significant cardioprotection.30 The iron
chelator dexrazoxane has been shown to have some cardio-
protectant effect in anthracycline-based therapies of selected
adult malignancies.31 A recent study has also suggested that it is
protective in children with ALL, but this needs confirmation
with long-term assessment.32 Meanwhile, careful monitoring
and follow-up of children at risk of cardiac disease is essential.

Pharmacogenetics

Pharmacogenetics is a new field of research in ALL. It examines
how genetic differences between individuals affect their
responses to drug therapy. Because of the narrow therapeutic
range of most drugs used in treating childhood ALL, genetic
variations in drug metabolism may have an important effect on
treatment outcome.33 6-Mercaptopurine, a key medication in
ALL treatment, is inactivated by thiopurine methyltransferase in
the liver. Mutations have been identified which result in reduced
enzyme activity. ALL patients who are homozygous for the
deficiency are at risk of life-threatening toxicity from their
inability to metabolise normal doses of 6-mercaptopurine. Such
patients require substantial reduction in doses of mercapto-
purine. However, heterozygotes have improved overall survival,
because they have higher levels of systemic 6-mercaptopurine,
which are both tolerable and more effective against leukaemic
cells.34 Deficient thiopurine methyltransferase activity has also
been associated with significantly greater risk of brain tumours
in patients receiving both mercaptopurine and cranial irradia-
tion.33 Similarly, patients with polymorphisms in the gene
coding for methylenetetrahydrofolate reductase, an important
enzyme in folate metabolism, have an increased risk of toxicity
during methotrexate treatment.35

Although it is not yet standard practice to assess individual
patients for genetic polymorphisms, our knowledge of inter-
patient variability in drug metabolism is already affecting clini-
cal practice. For example, it has been demonstrated that
individualising dosages of mercaptopurine and methotrexate
during maintenance therapy, by increasing them to the maximal
tolerated level, can improve survival provided that prolonged
neutropenia is avoided.36

Adolescents

There is now substantial evidence that adolescents treated with
paediatric protocols for ALL have better outcomes than those
treated with adult protocols. In one study, the 6-year event-free
survival (EFS) rate was 64% for the paediatric protocol com-
pared with 38% for the adult protocol, and, in another, the 5-
year EFS rate was 67%, compared with 41%.37,38 Additionally,
adolescents and young adults with ALL treated in adult centres
are much less likely to be enrolled in clinical trials than
children.39 Adolescents’ needs also differ from those of both
children and adults. There are special issues relating to self-
image, independence, sexuality, education, career development
and compliance with treatment.39 There is now progress in
cancer centres in Europe and North America towards establish-
ing specialist “teenage cancer units”, which are able to provide
specialised medical, nursing and psychosocial treatments. Such

units have yet to be established in Australia. We believe that this
needs to be redressed.

Acute myeloid leukaemia

Prognosis
The outlook for childhood AML remains less encouraging, with
cure rates between 35% and 50%.1 Children treated with
Australasian protocols have demonstrated comparatively high
overall survival rates of 56%, with disease-free survival of
50%.40 Initial chemotherapy will achieve remission in more than
90% of patients, but is extremely myelosuppressive and requires
high quality supportive care. Interestingly, children with Down
syndrome and AML have a prognosis for cure of 80%–90%
when treated with chemotherapy alone.41

Bone marrow transplantation
Bone marrow transplantation from a matched sibling donor for
patients in first complete remission is now established as the
treatment of choice for high-risk AML.42 The cytogenetic profile
of the leukaemic cells at diagnosis is important in defining high-
and low-risk subgroups. For most children with standard-risk
AML in first remission without a fully matched sibling donor,
either autologous transplantation or further intensive post-
remission chemotherapy is used. Some studies have shown a
survival advantage for patients undergoing autologous trans-
plantation. However, several recent studies have shown that
intensive chemotherapy is just as effective, with the issue
remaining unresolved.43 Unrelated allogeneic transplants result
in lower relapse rates but higher treatment-related mortality,
making this option suitable for high-risk patients only.

Targeted therapy
The focus of research in AML has shifted to the development of
targeted therapy. The antigen CD33 has been the focus of
intensive investigation. This has been an attractive target
because it is expressed on most myeloid blasts but is absent from
normal hematopoietic stem cells and other tissues. The drug
gemtuzumab ozogamicin (Mylotarg, Wyeth) has been developed
as an immunoconjugate of an anti-CD33 antibody and cali-
cheamicin — an extremely potent cytotoxic agent that cleaves
double-stranded DNA.44 Phase 1 and 2 trials in adults and
children with relapsed AML have shown responses in 30% of
patients.45 A major international paediatric trial to further test
the efficacy of gemtuzumab ozogamicin is now open to Austral-
ian patients.

Conclusion

Much has changed over the past decade in front-line treatment,
identifying relapse risk and in our understanding of leukaemo-
genesis. The genome revolution, molecular drug targeting and
computer-aided drug design techniques will reshape this field
yet again over the next decade in ways which may allow for
further individualisation of therapy to enhance efficacy and
reduce toxicity.
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