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Do children have increased susceptibility for developing
secondary acute myelogenous leukemia?

David W. Pyatta,b,∗, Sean M. Haysc, Colleen A. Cushingd

a University of Colorado Health Sciences Center, Molecular Toxicology and Environmental Health Sciences,
4200 East 9th Avenue, Denver, CO 80262, USA

b Summit Toxicology, Lafayette, CO 80026, USA
c Summit Toxicology, Lyons, CO 80540, USA

d Exponent, 4940 Pearl East Circle, Suite 300, Boulder, CO 80301, USA

Available online 3 May 2005

Abstract

This study was undertaken to evaluate the effects of age on a child’s susceptibility to developing leukemia following exposure
to known leukemogenic agents. The clinical literature describing the risk of developing acute myelogenous leukemia (AML)
following treatment with alkylating agents or topoisomerase reactive drugs (known leukemogens) was used as a basis for this
investigation. Based on this preliminary assessment, the age of the child does not appear to be an independent variable for risk
following treatment with either class of drug. Although the number of studies and cases was very small, the available scientific
and medical literature does not support the hypothesis that children will necessarily have an altered susceptibility or increased
risk of developing chemotherapy-induced AML.
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. Introduction

Increasing attention is being placed on children’s
ealth issues and potential adverse effects following
hildren’s exposure to toxic chemicals. This heightened
crutiny has come from regulators, drug companies,

Abbreviations:ALL, acute lymphoblastic leukemia; AML, acute
yelogenous leukaemia; HD, Hodgkin disease; MOPP, nitrogen
ustard, vincristine, procarbazine, prednisolone
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researchers and clinicians alike. Secondary acute m
ogenous leukemia (s-AML) is a well-recognized c
ical entity, often the unfortunate consequence of tr
ment with certain classes of cytotoxic chemother
(in this context, it is often referred to as therapy rela
AML or t-AML). Drugs known to cause AML follow
ing therapy for a primary malignancy are gener
alkylating agents and/or topoisomerase II inhibit
While t-AML occurs following treatment with hig
dose radiation or chemotherapy, there has been co
that it might also occur in children following exposu
to certain environmental toxicants such as benz
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While benzene is a known occupational leukemogen,
there are very few data on the adverse health effects of
environmental levels of benzene, which are typically
orders of magnitude lower than what is found in the
workplace. Nonetheless, speculation exists that chil-
dren may have altered susceptibility to low levels of
benzene and consequently be at potentially greater risk
than adults of developing leukemia from environmental
exposures.

The primary purpose of this analysis was to provide
information that may be useful in understanding
benzene-induced leukemogenic risk in children.
However, there have been no documented cases of
benzene-induced leukemia in children. Therefore, in
the absence of benzene specific data, another known
etiological agent for AML in children was used as
a surrogate. Data which allowed for an evaluation
of the effect of age on a child’s risk of developing
secondary leukemia were found in the cytotoxic
chemotherapy literature. Several studies were located
that reported treatment of different-aged children
with the same disease with potentially leukemogenic
drugs.

The literature on the treatment of Hodgkin lym-
phoma (Hodgkin disease (HD)) was used to evaluate
age specific risk of developing t-AML following
treatment with alkylating agents. The disease is known
to occur in both adults and children and was treated
similarly in all age groups (chemotherapy doses are
normalized to surface area and occur with or without
r ent
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Chemotherapy doses were normalized according to
patient body mass (or surface area) and descriptions
of the treatment protocols at each institution were
carefully analyzed. A key assumption inherent to this
analysis is that chemotherapy-induced AML can pro-
vide relevant information regarding benzene-induced
AML. With cautious interpretation, we believe this ap-
proach provides a reasonable foundation upon which to
understand the effect of age on chemotherapy-induced
leukemogenic risk and potentially provide insight
regarding benzene specific risks.

2. Pathological characteristics of two common
forms of t-AML

2.1. Alkylating agents

It is generally recognized within the hematology
and medical communities that treatment of primary
malignancies with drugs that act as alkylating agents
are capable of leading to myelodysplastic syndrome
(MDS) and/or acute myelogenous leukemia[1]. This
list includes, but is not limited to, melphalan, chlo-
rambucil, busulfan, cyclophosphomide and nitrosourea
compounds. Since most modern therapeutic regimens
utilize a combination of drugs, it is often difficult to
discern the precise offending agent. Nonetheless, as a
class, there can be little doubt that treatment with these
drugs alone or in various chemical ‘cocktails’ increases
the risk of developing t-AML. The exact risk is not
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adiation). The most commonly reported treatm
rotocol reported in these studies was nitrogen m

ard, vincristine, procarbazine, prednisolone (MOP
he clinical literature on the therapeutic managem
f acute lymphoblastic leukemia (ALL) was used
valuate the effects of age on risk of developing t-A
ollowing treatment with topoisomerase reactive dru
hese two classes of leukemogenic drugs are kn

o act via different mechanisms and whether or
hey represent an appropriate surrogate for benz
nduced AML is subject to debate. Nonetheless,
iterature represents a source of published data re
ng the risk of children developing chemically-induc
eukemia.

Treatment protocols varied considerably ac
tudies, making some comparisons difficult
mpossible). Therefore, only studies with well-defin
reatment protocols and age related data were
nown but has been reported to be as high as 15–
n some series, with the relative risk approaching
n many studies.

It is also clear that AML arising secondary
reatment with alkylating chemotherapeutic agen

clinical entity that is distinct from AML arising d
ovo, or primary, which has no readily identifia
ause[2,3]. One hallmark of t-AML is the involveme
f recognizable cytogenetic lesions, specifically

oss of part or all of chromosomes 7 and/or 5[4]. It
as been estimated that cytogenetic lesions invo
hromosomes 7 and/or 5 occur 85–95% of the
n AML arising secondary to alkylating agents[5].
n contrast, deletions of chromosome 5 and/o
ccur much less frequently in primary AML[6,7].
nother distinguishing characteristic of t-AML

hat it is often, perhaps invariably, preceded by M
8–10].
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2.2. Topoisomerase inhibitors

Clinical studies have also revealed that a different
form of AML can arise secondary to treatment with
drugs that primarily target topoisomerase II, an enzyme
required for DNA replication[11–15]. Etoposide,
teniposide and other epipodophyllotoxins as well as
anthracycline-based antibiotics such as doxorubicin
have been implicated in the etiology of this form of
secondary leukemia[11]. The most common cytoge-
netic abnormality in AML secondary to agents that
target topoisomerase II is 11q23 (30–60%)[14,15].
Occasionally, balanced translocations are reported in
these patients similar to those seen in de novo leukemia
[14]. AML secondary to treatment to topoisomerase
inhibitors present with a distinct clinical picture com-
pared to t-AML associated with high dose alkylating
therapy. Leukemia secondary to topoisomerase II
inhibition or radiation has a shorter latency (6–36
months) and the absence of a preceding myelodys-
plasia[11,16]. The cytogenetic lesions are often the
same as in de novo leukemia and the disease is equally
responsive to treatment (t-AML following alkylating
therapy is highly refractory to treatment)[14]. These
characteristics are briefly summarized inTable 1.

AML cases in workers occupationally exposed to
benzene, where appropriate analysis has been con-
ducted, appear to possess a constellation of cytogenetic
and morphological characteristics reminiscent of AML
arising following treatment with alkylating agents and
t ci-
a

Table 1
Pathological characteristics of t-AML

Alkylating agents Topoisomerase inhibitors

Preceding myelodysplasia No myelodysplasia
Cytogenetic aberrations

involving chromosomes
5 and/or 7

Frequent involvement of chro-
mosome 11 (11q23) and MLL
gene

Refractory to treatment As treatable as de novo AML
Long latency (2–10 years

or more)
Short(er) latency (6 months–2
years)

3. Results

Pui et al. evaluated the risk of t-AML in children
and young adults treated for HD with MOPP therapy
[24]. The patients in this study were classified into two
age ‘bins’, 0–12 and 12–20 years of age. As can be
seen inFig. 1, there were no reported cases of t-AML
following treatment in children aged 0–12 years
(N= 153). In contrast, 2% of older patients (N= 294)
developed t-AML following MOPP treatment[24].
Long-term survival was similar between the two
groups. Similar results were reported by Tucker et al.,
where the absolute excess risk of t-AML following
MOPP treatment rose progressively with the age of
the patient (Fig. 2) [25]. These two studies suggest
that younger children might actually have decreased
risks compared to older children and young adults
[25]. Fig. 3 demonstrates the risk of t-AML in adults
with HD treated with MOPP therapy. While the actual
percentage varies considerably between individual
studies, the range of adults treated for HD that develops

at dev
ypically lack features associated with t-AML asso
ted with topoisomerase II inhibition[3,17–23].

Fig. 1. Percentage of children and young adults th
 eloped t-AML following treatment for HD (Pui et al.[24]).
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Fig. 2. Absolute excess risk of developing t-AML in children of various ages following treatment for HD (Tucker et al.[25]).

Fig. 3. Percentage of adults that developed t-AML following treatment for HD. Data from representative studies demonstrating reported ranges
[7].

Fig. 4. Percentage of children of various ages that developed t-AML following treatment for ALL (Winick et al.[26]).
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Fig. 5. Dose response for risk of t-AML in children following treatment with increasing doses of alkylating (Tucker et al.[25]).

Fig. 6. Dose response for risk of t-AML in children following treatment with increasing doses of topoisomers inhibitors (Winick et al.[26]).

t-AML was comparable to that reported for children
[7].

Winick et al. reported the absolute risks of de-
veloping t-AML in children treated with etoposide
(and other drugs) for ALL. As can be seen inFig. 4,
there was no age related effect evident, with the
exception that very young children (<3 years) had a
slightly lower incidence rate of t-AML[26]. This was
consistent with results reported for alkylating agents.
Figs. 5 and 6indicate that chemotherapy-induced
leukemia (from both classes of leukemogenic therapy)
in children follows a predictable dose–response, with
increasing risk associated with increasing cumulative
doses. This supports the hypothesis that the observed
AML was secondary to treatment of the primary
malignacies[25,27]. Since the studies used in this

analysis normalized the dose as a function of surface
area (and thus body weight), differences in dose are
not likely to be a factor in this analysis.Fig. 5 was
taken from Tucker et al., who calculated an ‘alkylator
score’ based on the dose and potency of the drugs used
[25].

4. Conclusions

This preliminary study was undertaken to eval-
uate the effects of age on a child’s susceptibility to
developing leukemia following exposure to known
leukemogenic agents. As previously discussed, the
primary intent of this analysis was to provide quali-
tative information potentially useful in understanding
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benzene-induced leukemogenic risk in children.
However, a direct comparison between children and
adults with regard to leukemogenic risk from benzene
exposure is not possible. Therefore, acute myeloge-
nous leukemia arising secondary to chemotherapy was
used as a surrogate to evaluate the effects of age on
leukemogenic risk.

Based on Hodgkin disease studies, there is no
evidence that younger children have an increased
susceptibility to developing t-AML following alkylat-
ing therapy (MOPP). This was also true for children
with ALL treated with topoisomerase II-reactive
drugs. Additionally, these and other studies clearly
indicate that the induction of iatrogenic leukemias
exhibit a dose–response, with risks increasing with
increasing dose. These studies also indicate that there
is a dose of these known leukemogenic drugs whose
risk of inducing t-AML cannot be distinguished from
background risks. There is no reason to believe a priori
that benzene would behave differently.

Only a small number of published studies and
cases could be identified to support this comparison.
Nonetheless, it was based on actual data (not hypo-
thetical risk calculations) regarding childhood risks of
developing leukemia. This analysis could be expanded
to include non-published data from various cancer
centers to increase the sample size, facilitating a more
rigorous statistical comparison. An expanded study
could have important implications, from both a reg-
ulatory as well as a pediatric oncology point of view.
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