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Childhood leukemia is the most common cause of malignancy
under the age of 15, representing an annual incidence rate of 43
cases per million in the United States. Confirmed clinical and
epidemiologic associations explain less than 10% of disease
incidence, leaving 90% of cases with an unclear etiology. To
effectively study leukemia in children, one must recognize that
this disease has a multifactorial causal mechanism and a
heterogeneous biological composition. In addition, the timing of
environmental exposures and genetic changes related to disease
risk must be considered. This review of both environmental and
genetic risk factors for childhood leukemia evaluates the current
published literature and synthesizes the available knowledge.
Furthermore, attention is directed to expected sources of new
advances and the compelling current issues that need to be
addressed before further progress can be made. We discuss
parental occupational exposures, air pollution, other chemical
exposures such as household solvents and pesticides, radiation,
dietary factors, immunological factors, socioeconomic status, and
genetic susceptibility. We hope to provide the reader with an
understanding of the challenge and promise that characterizes
the current and future directions in childhood leukemia research.
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INTRODUCTION

Leukemia is the most common cause of childhood
malignancy under the age of 15. With an annual incidence
rate of 43 cases per million, leukemia represents 31% of all
cancer cases occurring among children younger than 15 years
of age.l"*! About 2,200 cases of childhood leukemia (ages
0-14 years) are diagnosed annually in the United States;
79% of these cases are acute lymphoblastic leukemia (ALL),
followed by acute myeloblastic leukemia (AML), chronic
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myeloid leukemia (CML), and other types.'""?! Recent

molecular studies have demonstrated that leukemia is more
heterogeneous than suggested by these groupings. Incidence
has shown a modest increase, less than 1% annually, over the
past 20 years in the United States, but the rates have
plateaued and slightly decreased since 1989.!"-*

Confirmed clinical and epidemiologic associations explain
less than 10% of childhood leukemia incidence, leaving at
least 90% of cases with an unresolved etiologic mechanism."!
The difficulty arises from the fact that pediatric leukemias,
like most cancers, have multifactorial etiologies involving the
interaction between various aspects originating from the
environment as well as human genetics. Established evidence
for increased risk of ALL includes sex, age, race, prenatal
exposure to x-rays, therapeutic radiation, and specific genetic
syndromes while the evidence for increased risk of AML
includes race, exposure to specific chemotherapy agents,
prenatal exposure to x-rays, and genetic syndromes.'"!

Current evidence suggests that leukemia results from
chromosomal alterations and mutations that disrupt the normal
process by which lymphoid or myeloid progenitor cells
differentiate and senesce.”~”1 The underlying triggers for
molecular damage may be inherited during pregnancy and may
develop during infancy and childhood. These translocations are
a “‘hallmark’ genetic event in leukemia. Many leukemia pa-
tients have a chromosomal translocation that is often the only
observable cytogenetic aberration. These abnormalities help
categorize leukemia for treatment strategy and prognosis and
may also delineate specific causal pathways to malignancy.
Recently, genetic backtracking analyses, using archived
newborn blood specimens and pretreatment bone marrow or
peripheral blood specimens obtained at the time of diagnosis,
have been applied to study the timing of various translocations.
To date, a prenatal origin has been established for several
chromosomal abnormalities, including t(12;21) TEL-AMLI,
11923 MLL-AF4, t(8;21) AMLI-ETO, t(15;17) PML-RARA,
and inv(16) CPFB-MYHI1.®*~'?! Hyperdiploidy, the most
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common chromosomal abnormality, has also been shown to be
an in utero event in leukemogenesis."">'* The biology of
childhood leukemia makes it clear that this cancer is a group of
heterogeneous diseases rather than a homogeneous entity.

In addition, the investigation of childhood leukemia requires
cognizance of the timing of exposure, regardless of its
environmental and molecular origin. Biologic and epidemio-
logical evidence supports the importance of timing when
studying childhood cancers.!'™ Various animal models have
demonstrated preconceptional, in utero, and perinatal carcino-
genesis for a variety of types of radiation and chemicals. In
contrast, data from human studies have not been as definitive.
Nonetheless, the list of suggested human in utero and preconcep-
tional factors continues to grow, including exposure to infectious
agents and pesticides. Therefore, emphasis needs to be placed on
addressing not only the relevant exposure but also the timing of
the exposure during fetal and childhood development.

This review of both environmental and genetic risk factors
of childhood leukemia evaluates the current published
literature and synthesizes the knowledge gained thus far.
Furthermore, comments are made on where new advances will
emerge and what issues need to be addressed before further
progress can be made. We attempt to delineate between
environmental agents and their sources, realizing that these
two mechanisms are inextricably intertwined. As for genetic
factors, we provide a careful overview of genetic poly-
morphisms and their associated risks. This review is not meant
to be exhaustive. Instead, we have selected papers that we
believe are timely and germane to this review. At the
conclusion of the paper, we hope to have provided the reader
with an understanding of the breadth and excitement that
characterizes the current and future directions in childhood
leukemia research.

PARENTAL OCCUPATIONAL EXPOSURES

After three decades of research, the role of parental
occupational exposures in the development of childhood
leukemia remains unclear. Chemical exposures from parental
occupations, specifically paternal, were early suspects in the
search for causes of childhood leukemia. To date, most studies
addressing parental occupational exposures have focused
mainly on father’s exposure and much less on mother’s
exposure since mother’s occupation was often not available in
record-based studies. In addition, some studies that collected
data on maternal occupation did not present results for
mothers due to the small number of mothers in exposed
occupations.!®!

In 1974, the first published study on this topic suggested
that mortality from childhood leukemia was elevated in
children born to fathers with hydrocarbon-related jobs."'”
Subsequent studies that have investigated these kinds of job
exposures have reported mixed results.!'® >} Several inves-
tigations have also suggested that parental occupational

exposure to solvents, pesticides, metals, paints, or plastics
may increase risk, but these findings are not consistent across
studies due to specific methodological issues.””*~2%! For
example, one study found that parental occupational exposures
to herbicides, insecticides, and fungicides were related to
childhood leukemia regardless of the time period of exposure
but attributed these results to the possible differential recall of
past exposures by the parents of cases and controls.*”! A more
recent study by Schuz and colleagues examined the impact of
recall bias in a German population-based case-control study
on parental occupational exposures and childhood cancer.!?®!
They found that fathers reported more occupational exposures
during the child’s prenatal period as compared to the postnatal
period, especially when the time between the exposure and
interview was short, and that the subsequent risk estimates
could be inflated. Schuz and colleagues also reported that job
titles were not a satisfactory substitute for information on
specific occupational exposures. Finally, a review of 48
studies by Colt and Blair (1998) on parental occupational
exposures and cancer risk in children highlighted several study
limitations, including quality of exposure assessment, small
numbers of exposed cases, and multiple comparisons, which
might explain some of the inconsistencies across studies.'?!
The review also emphasized the importance of addressing the
relationship between parental occupational exposures and risk
of childhood leukemia in a large study with an enhanced
protocol for exposure assessment, such as job-specific
occupational questionnaires (i.e. job modules).''®**~32

Job modules were first suggested by Gerin and Siemia-
tycki®! in order to increase the validity of community-based
occupational studies. They proposed the following: use in-
person interviews to allow more probing about occupational
tasks; precede questions about specific exposures with
questions about general occupational history; develop specific
questionnaires that use indirect questions when exposure is to
chemicals rather than common materials; and have industrial
hygienists or chemists take a leading role in developing and
interpreting the questionnaires. Subsequently, Stewart and
Stewart!*'*?! at the National Cancer Institute (NCI) suggested
modifications to the approach by Gerin and Siemiatycki in a
study of adult brain tumors. They developed an interview to
obtain a generic work history first, then for particular jobs of
interest, the interview branched to job-specific questions to
obtain detailed task and exposure information about those
jobs. These generic history and branching questions were
called modules. Currently, the Northern California Childhood
Leukemia Study (NCCLS) has adapted the approaches of
Gerin and Siemiatycki and Stewart and Stewart to create a
series of job-specific interviews to obtain detailed occupa-
tional exposure information in the study of chemical
exposures and childhood leukemia.!'®*! With these recent
improvements of occupational exposure assessment in relation
to cancer risk, more precise estimates of exposure can be
anticipated.“6]
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AIR POLLUTION

Tobacco Smoke

The passive smoking literature is inconsistent regarding an
association of maternal or paternal smoking on the risk of
childhood leukemia. Five case-control studies™*~*! reported
that parental smoking, either maternal, paternal, or both, had a
significant effect on childhood acute leukemia, while a
number of case-control studies”®*~>'! found no association
between parental smoking and childhood leukemia. Two large
cohort studies reported no significant association between
maternal smoking during pregnancy (reported as either yes/no
or number of cigarettes) and risk of childhood leukemia.>*>?!
Furthermore, a meta-analysis for maternal smoking during
pregnancy indicated no statistically significant associations for
all leukemia, acute leukemia, or ALL." Possible reasons for
these conflicting results stem from two methodological issues,
misclassification and bias. Underreporting or over-reporting of
smoking during pregnancy by both case mothers and control
mothers'®% and lack of time- and dose-specific exposure
assessment can lead to either differential or non-differential
misclassification. Furthermore, failure to adjust for possible
confounders such as diet and race and use of random digit dial
controls (RDD)P**¥ and/or hospital controls™*>*”! can gen-
erate biased risk estimates. Future studies addressing parental
smoking need to take these limitations as well as inclusion of
tumor genetic subgroups of leukemia into consideration during
both the design and analysis phase.

Benzene

Benzene is one of a short list of agents that is now
considered an established risk factor for leukemia in adults,
primarily AML. It has been postulated to play a significant
etiologic role in children as well since AML makes up 16% of
all childhood leukemias.!"! Although the genotoxic potential
of benzene on bone marrow was first proposed a century ago,
it was not until the early 1980’s that a scientific consensus
concluded benzene to be an etiologically relevant agent to the
development of AML in adults. Since then, numerous studies
have consistently reported positive associations between
occupational exposure to benzene and adult leukemia.l>’~%¢!
A recent collaborative effort between the Chinese Academy of
Preventive Medicine and the NCI investigating cancer risk
among workers exposed to benzene in China reported
statistically significant excess mortality rates and a two- to
three-fold increase risk of leukemia in exposed workers.'*"!

Exposures to benzene are not confined to occupational
settings only but also can be found in the general environment
as vehicle and industrial emissions, active and passive
cigarette smoke, and food. Knox, in a cluster investigation
conducted in the United Kingdom, reported that childhood
leukemia cases were distributed non-randomly and occurred
closer to industrial sites, pointing to an association with fossil
fuels, especially petroleum.[67] More recently, Knox and

colleagues conducted a study in a group of 22,458 children
who died from cancer in England, Wales, and Scotland
between 1953 and 1980 to examine the relationship between
the birth and death addresses of these children and sites of
potential environmental hazards.'®® Childhood cancers were
found to be geographically associated with industrial atmo-
spheric effluents, namely petroleum-derived volatiles, kiln and
furnace smoke and gases, and emissions from internal
combustion engines. Similarly, a case-control study conducted
in France reported an association between acute childhood
leukemia and dwellings neighboring auto repair garages and
petrol stations.'®” These findings support the hypothesis of a
benzene-related etiology and are consistent with studies
reporting an increased risk of childhood leukemia associated
with parental occupational exposure to solvents containing
benzene.’0~ 74

Other Air Contaminants

Outdoor air pollution in urban areas is often dominated by a
mixture of chemical compounds that originate from motor
vehicle emissions. Many of these compounds such as benzene,
butadiene, and nitrogen dioxide fall under the classification of
hazardous air pollutants (HAPs), which are compounds that
have been shown to cause cancer or other adverse health
effects in laboratory animals or in occupational health studies.
Interest in addressing the question of whether these air pol-
lutants affect risk of childhood leukemia partly comes from
the compelling evidence in support of the causal relationship
between benzene and AML in adults. Although still fairly
limited, previous studies on this topic have provided mixed
results, and the relationship remains controversial. Several
studies have reported associations between childhood cancers
and surrogate measures of exposure to motor vehicle exhausts
including traffic density, vehicle density, and estimated
concentrations of nitrogen dioxide and benzene. %873 811

For example, in 1989, a study in Denver, Colorado that
assigned traffic density measures to street addresses of cases
and controls reported a nearly five-fold increase in risk of
leukemia among children who resided on streets with the
highest traffic density scores compared to those residing in the
lowest.!”®! A recent re-analysis of this same data after refining
the exposure measurements with geographic information
system (GIS) techniques yielded an even larger risk estimate
associated with childhood leukemia for the highest traffic
density category.® A Swedish study estimated nitrogen di-
oxide concentrations in outdoor air around the homes of
cases and controls and found a positive association between
the highest exposure category and childhood cancer.!”®!
Estimated mean concentration of benzene outside the home
was also associated with leukemia according to a report from
an Italian case-control study.®!! Finally, studies conducted in
the United Kingdom used proximity to main roads, gasoline
stations, or railways to indicate air pollutant exposure and
reported results that were suggestive of an increased risk of
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childhood leukemia.”%-%?! Recently, modeled HAPs data at the
census tract level provided by the U.S. Environmental Pro-
tection Agency along with cancer potency factors were used to
estimate exposure scores for 25 potentially carcinogenic HAPs
in California.®®! An elevated rate ratio was found for child-
hood leukemia in the tracts ranked highest for exposure to the
combined group of 25 HAPs and in tracts ranked highest for
exposure to HAPs emitted primarily from point sources.

In contrast, recent studies conducted in California and
Denmark that used similar proxy measurements of exposure to
vehicle exhaust as those used in other studies did not find an
increased risk of childhood leukemia.’®*~%"! Both the San
Diego and Los Angeles studies assessed traffic density with
methods used in the Denver study, but neither was able to
confirm the association. Similarly, two other California
studies, one ecologic and the other case-control in design,
found no significant association between traffic exposure
patterns (vehicle density, road density, and traffic density) and
childhood cancer.!8>87] Furthermore, an elevated risk was not
found in a well-designed Danish study that utilized a large
sample population, minimized recall and participation bias by
relying on registry-based information sources, and used a
detailed exposure assessment protocol.’®! The large incon-
sistencies observed in the air pollution and childhood
leukemia literature may be due, in part, to relative differences
in modeling techniques and exposure assessment protocols
and variations in individual genetic susceptibilities of the at
risk populations sampled between studies.

OTHER CHEMICAL EXPOSURES

Household Solvents

Few studies have examined the risks of childhood leukemia
associated with exposures to solvents in the home other than
pesticides. Common household exposures may occur as a
consequence of a child’s or their parents’ hobbies such as
painting, model building, or home maintenance activities. A
review of studies addressing environmental agents and
childhood cancer by McBride found suggestive associations
with exposures to paints, petroleum products, solvents,
pesticides, and metals.'®¥! More recently, the risk of childhood
ALL was linked to frequent exposure to artwork using sol-
vents and also among children whose mothers lived in homes
painted extensively in the year before the children’s birth.*"’
The association between solvents and household chemicals
and childhood leukemia remains an important but inadequate-
ly addressed question.

Pesticides

Pesticide is a term used to refer to any one of a number of
chemical agents designed to kill insects, weeds, fungi, rodents,
and other unwanted animals and plant life. The pathways by
which children may be exposed to, or suffer the effects of,

pesticides include prenatal parental occupational exposure,
parental occupational ‘‘take home’’ exposure, direct inhala-
tion of ambient air around agricultural settings, use of
pesticides in the home, ingestion of contaminated household
dust, and pesticide-treated foods. There is growing evidence in
support of the association between pesticide exposure and
childhood leukemia. Most of the studies evaluating exposure
to household pesticides and risk of childhood leukemia
suggest that an increased risk is associated with in utero and
postnatal pesticide exposures, although the subtype of
leukemia, definition of exposure, and exposure period of
interest differed in these studies.?”-7290-9¢

Elevated risks have been consistently associated with no-
pest strips and home use of pesticides,7>9%93:93:961 byt
associations with professional extermination and garden
pesticide use have been mixed.?”-2*?1-93=%] Few studies have
examined specific subtypes of leukemia risk associated with
pesticide exposure. The Children’s Cancer Group (CCG)
reported an increased risk of acute non-lymphocytic leukemia
associated with a child’s direct exposure to household
pesticides.”?! A few years later, the CCG reported a signif-
icant association between both child and parental exposures
to insecticides and common ALL, but not for other major
subtypes of ALL," suggesting possible etiologic dif-
ferences among these subclassifications. Two other studies
examining childhood ALL also reported elevated risks as-
sociated with insecticide exposure, but were inconsistent
regarding the risk related to herbicides and outdoor pesticide
use.”>? The NCCLS demonstrated the importance of
timing and location of exposure by showing differential risk
estimates between various prenatal and postnatal time
periods and between indoor and outdoor pesticide uses.””®
The highest risk was observed for insecticide exposures dur-
ing pregnancy and gradually decreased for exposures oc-
curring in the subsequent years, becoming non-significant by
the third year of life. Furthermore, this same trend was ob-
served for exposures to indoor pesticides but not for out-
door pesticides.

Studies examining the degree to which agricultural
pesticide use contributes to a child’s overall exposure to
pesticides are limited. A recent ecologic study in California
found little evidence of an association between agricultural
pesticide use density and childhood cancer incidence rates.””’
Likewise, a statewide case-control study of early childhood
leukemia found little evidence of risk differences among
children living near areas of intensive agricultural pesticide
use.”® Although the findings from these studies are in
contrast with the associations observed with household
exposures to pesticides, the authors note that it does not
discredit the possibility of a real association with pesticides in
general since little is known about the role of timing of
exposure, and the specific pesticides examined in these studies
are different from those used around the home. Studies to date
provide evidence of some involvement of pesticides in the
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etiology of childhood leukemia. However, issues of timing,
type of agent, and pathway of exposure require further
investigation using studies with larger sample sizes and
refined exposure assessment.

RADIATION

lonizing Radiation

In 1956, Stewart and colleagues in the United Kingdom
released the first report of an association between in utero
exposure to low-dose ionizing radiation from diagnostic radio-
graphy and childhood cancer.”®! Although initially received
with skepticism, subsequent studies, most of which were case-
control in design, have reported consistently a 40% increased
risk of childhood leukemia and other cancers after in utero
exposure to ionizing radiation!'?0~1%3!

The causal relationship has been the subject of controversy
for the past forty years with the argument that case-control
studies are highly prone to the effects of recall bias, studies
evaluating the effects of the atomic bomb in Japan do not
support the association, and experimental studies have not
substantiated a clear link.'3104] Furthermore, earlier cohort
studies conducted in the United Kingdom and the United
States did not find evidence of an association between
maternal pelvimetry during pregnancy and childhood leuke-
mia.H9>106] However, Doll and Wakeford, in a recent review
on the topic of fetal irradiation and childhood cancer,
concluded that recall bias or confounding with obstetric
conditions cannot plausibly explain the associations reported,
and the evidence in support of an increased risk of childhood
cancer after exposure to ionizing radiation, particularly in the
third trimester, is strong.“o‘“ The issue of recall bias had been
addressed with the publication of studies showing positive
associations that used medical records to assess ionizing
radiation exposure instead of relying on the recall of the
mothers./"%71%1 A dose response effect has also been reported
where the risk of childhood cancer was found to increase with
the number of x-ray films."''"’

Earlier studies of radiation-induced mutations indicated
that essentially no mutations were observed in immature
resting oocytes.!''"! However, recent studies in mice revealed
that significant genetic damage can result from the irradiation
of these female reproductive cells."'? In addition, point
mutations and structural rearrangements appear to occur de
novo far more frequently in males than females and arise in
the preconception period."''" Currently, in utero low-dose
ionizing radiation exposure is recognized as an established
risk factor for childhood cancers under the assumption that
the fetus may be more susceptible to the leukemogenic
effects of radiation than the child. Recent molecular studies
support this assumption where chromosomal abnormalities
common to pediatric leukemia have been tracked to a pre-
natal origin and are considered key events in the leukemo-

genic process.*~'?! The medical community has responded
accordingly by replacing, to a great extent, pelvimetric x-rays
with ultrasound procedures.

Results from studies evaluating the effect of postnatal
diagnostic irradiation exposure on risk of childhood leukemia
have been inconsistent.”!101-113=1161 A Capadian study
recently reported statistically significant elevated risks of
leukemia in children having two or more postnatal diagnostic
x-rays.!""® Their results also suggest that the effect of
postnatal diagnostic irradiation on childhood leukemia may
be modified by variants in DNA repair genes, including
XRCCI, hMLH1, hMSH3, and APE. Previous to this report,
large-scale studies conducted in China and Germany did not
find statistically significant associations between postnatal
diagnostic irradiation and childhood leukemia, even in those
children receiving four or more x-rays.'''>''”1 Some authors
have noted a likely involvement of confounding and
information biases in their studies and recommend that future
studies address these issues. Therefore, the relationship
between postnatal diagnostic irradiation exposure and child-
hood leukemia is inconclusive given that the literature on this
topic is still fairly limited.

The long-standing interest in potential risks from exposure
to ionizing radiation has also carried over into community
concerns about proximity to nuclear installations. This was
accentuated in the late 1980’s in response to a provocative
series of investigations of excess incidence of leukemia and
lymphoma among children and young adults living near the
Sellafield nuclear fuels processing plant in England. Gardner
and colleagues reported that the community excess incidence
was associated with residential proximity to the Sellafield
plant, with having a father employed at the plant, and with
higher levels of measured radiation dosimetry among those
fathers.!''®! Follow-up studies, however, failed to find a clear
pattern of such geographic excesses near other nuclear
installations in Britain,'''*"?" nor similar relationships in
areas outside of Britain.!'"?*'**! A number of more likely
explanations have been offered for the observed excess of
cases near Sellafield ranging from that of expected statistical
variations in small area analyses''*> to support for the
hypothesis of population-mixing advanced by Kinlen.!'2¢-!28!

Non-ionizing Radiation

Since the first study of childhood cancers and wire codes by
Wertheimer and Leeper in 1979, numerous epidemiologic
studies have examined the potential association between
various measures of extremely low frequency magnetic fields
(ELF-MF) exposure and development of childhood leukemia
and other childhood cancers. All recent expert evaluations
concluded that there might be an association between
childhood leukemia development and exposure to ELF-MF.
The National Institute of Environmental Health Sciences
(NIEHS) Working Group reported that there is limited evi-
dence that residential exposure to ELF-MF is carcinogenic in
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children."?”' The National Radiological Protection Board
(NRPB) in the United Kingdom stated that relatively high
average exposure to ELF-MF (0.4 pT or more) is associated
with a doubling of the risk of childhood leukemia.''*!
The International Agency for Research on Cancer (IARC)
classified ELF-MF as a possible carcinogen in June 2001.131
The International Commission for Non-Ionizing Radiation
Protection (ICNIRP) Standing Committee on Epidemiology
concluded that among all the health outcomes evaluated in
epidemiologic studies of ELF-MF, the strongest evidence for
an association exists between childhood leukemia and
postnatal exposure to magnetic fields above 0.4 puT.['*!

Expert reviews completed after 2000 were strongly
influenced by the results of two pooled analyses of epi-
demiologic studies of magnetic fields and childhood leuke-
mia.!"**13* One of the pooled analyses, by Greenland and
colleagues,!**! included original data from 15 epidemiologic
studies of magnetic fields and childhood leukemia. Twelve of
the included studies had data on measured or calculated
magnetic fields. Based on these 12 studies, there was no
association between childhood leukemia and magnetic fields
below 0.3 uT. However, the summary odds ratio for magnetic
field exposure above 0.3 puT as compared to exposure below
0.1 uT was 1.7 with 95% confidence intervals at 1.2 and 2.3.
Results from the individual studies were consistent with the
pooled results.

In the other study, Ahlbom and colleagues conducted a
pooled analysis of 9 epidemiologic studies of magnetic fields
and childhood leukemia. Studies with calculated magnetic
fields (4 studies) and 24 or 48-hour measured fields (5 studies)
were included. There was no apparent association between
magnetic fields and childhood leukemia below magnetic field
exposure levels of 0.4 uT. However, the summary odds ratio
for exposure above 0.4 pT as compared to exposure below
0.1 puT was 2.1, with 95% confidence interval at 1.3 and 3.3. In
both pooled analyses,"'**'** the most influential study with
the largest number of cases in the highest analyzed magnetic
field exposure category was the study conducted by the NCI in
the United States.!'*!

In spite of the consistent epidemiologic findings, it remains
unclear as to whether or not this association is causal in nature.
A potential causal relationship between particular physical
characteristics of ELF-MF exposure and childhood leukemia
is one of the possible explanations for the consistently found
association between ELF-MF and childhood leukemia in
epidemiologic studies.''** However, the lack of convincing
experimental evidence in either cellular or animal studies
designed to examine the biological effects of environmental
ELF-MF exposure on cancer development has been frequently
cited as a major argument against a causal explanation.!'?*'37]

Among potential alternative explanations, the role of
confounding has been examined extensively.!'2%138139 1 gpite
of this research, no single confounder or set of confounders has
been identified so far which could fully explain the observed

[133]

epidemiologic association. Although the lack of an identified
confounder should not strengthen one’s belief in causality, it
has been repeatedly used as an argument for a causal
relationship between ELF-MF and childhood leukemia.

Measurement error and misclassification are also consid-
ered among the potential major sources of error in the ELF-
MF——childhood leukemia epidemiologic studies. It is mostly
agreed, however, that exposure misclassification is likely to be
non-differential. Although the possibility of differential
misclassification in selected studies has also been raised, the
direction and magnitude of these types of errors remain
speculative,!'40-141]

Selection bias has been repeatedly discussed by expert
review panels (ICNIRP, IARC, NRPB) as the most likely
candidate for providing a non-causal explanation for the
apparent association between EMF and childhood leukemia.
In its recent recommendation, the European Commission’s
Scientific Committee on Toxicity, Ecotoxicity and the
Environment also suggested that assessing the role of selection
bias in the ELF-MF—childhood leukemia association should
be a high priority research area.

A limited number of studies have addressed directly the
issue of selection bias and have attempted to identify and
quantify the direction and magnitude of bias.!!38142-146]
Gurney and colleagues assessed the relationship between
family income and wire codes and found that lower family
income tended to be associated with higher wire codes.!'**
They estimated that differential participation of cases and
controls by their income status could result in an upward bias
of the high wire code and childhood leukemia association in a
case-control study; the odds ratio would be inflated by 1.03 to
1.24-fold. Jones and colleagues reported that people who
changed addresses more frequently (high residential mobility)
were more likely to live at an address with higher wire
codes."! They argue that studies with differential case-
control participation based on mobility may show a spurious
association between wire codes and disease status. Spinelli
and colleagues further analyzed data from the 1999 Canadian
study of EMF and childhood leukemia by McBride and
colleagues and found that participating controls tended to live
in census tracts with higher average income than did non-
participant controls.!'#®!

The most comprehensive evaluation of the possible role of
selection bias was published by Hatch and colleagues ana-
lyzing data from the 1997 study by Linet and colleagues.'*"!
The authors observed that, compared to partial participants,
full participants tended to have higher socioeconomic sta-
tus (higher education, higher income, and more likely to own
residence) but were less likely to live in homes with very
high wire codes (VHCC) or high measured fields (mea-
surements at front door above 0.2 pT). Most importantly,
while the analysis of full participants only showed a slight
association between living in a VHCC home and developing
childhood leukemia (odds ratio 1.2), the analysis including
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all subjects (partial and full participants) showed no as-
sociation between wire code and childhood leukemia (odds
ratio 1.0). Unfortunately, the study had no information on
non-participants.

The results of these studies support the argument that
selection bias may now be the most critical issue to explore
in order to disentangle the likelihood of causal versus
artifactual relationships between EMF and childhood leuke-
mia. This bias is likely to result in bias away from the null,
resulting in an overestimation of the potential effect of ELF-
MF on childhood leukemia incidence. The answer to the
question whether selection bias can be regarded as a full
explanation for the childhood leukemia-EMF association,
however, remains inconclusive.

DIETARY FACTORS

Maternal Diet

There has been little systematic research on maternal
dietary factors in childhood leukemia, and the results from
this body of research have been limited by incomplete
exposure assessment. Most studies of maternal diet have
focused on specific food groups such as cured meats,'*” =4
supplementation with folate!'>°! or vitamins A and D,””"! or
foods containing topoisomerase II inhibitors''>"! and their
relationship to childhood leukemia.

Cured meats, which contain N-nitroso precursors that can
be converted to carcinogenic N-nitroso compounds in an
acidic environment, have been hypothesized to increase the
risk of childhood leukemia either through maternal consump-
tion during pregnancy or child consumption early in life.!'*"!
Sarasua and colleagues and Peters and colleagues examined
the impact of maternal consumption of cured meats and risk of
childhood leukemia and found no significant associa-
tion.'*7148] Recently, Jensen and colleagues were the first
to produce a comprehensive assessment of maternal diet and
childhood leukemia risk.'>?! They examined maternal dietary
intake of 76 food items as well as questions on vitamin
supplements during the year before pregnancy. Among food
groups, it was reported that consumption of vegetables, protein
sources, and fruits were inversely associated with risk of ALL.
As for nutrients, it was found that consumption of provitamin
A carotenoids and the antioxidant glutathione were associated
with a reduced risk of ALL. No association was apparent for
consumption of cured meats and disease risk.

Another intriguing dietary topic is the role of inhibitors of
DNA topoisomerase II, an enzyme necessary for gene
transcription, DNA recombination, and replication, in mater-
nal diet. Ross investigated maternal exposure to potential
DNA topoisomerase II inhibitors and risk of infant leukemia in
foods such as beans, fresh vegetables, canned vegetables, fruit,
soy, regular coffee, black tea, green tea, cocoa, and wine.l>!
She reported a statistically significant positive association
with increasing consumption of DNA topoisomerase II

inhibitor-containing foods for risk of AML."5Y However,
this study was based on an extremely small number of exposed
cases (n = 25 for medium and high exposures combined) and
referent cases (n = 4 for low exposure).

Child’s Diet

For child’s diet, the current literature has mainly examined
the effect of cured meats such as hotdogs, ham, bacon, and
sausage on risk of childhood brain cancer and childhood
leukemia. Most studies!'*”'>*~1571 reported no association
with consumption of cured meats and risk of either of these
two childhood cancers. In contrast, one studyms] described an
increased risk of childhood leukemia if the child consumed 12
or more hotdogs per month up to the reference period. The
authors were cautious in noting that the positive association
could be due to use of RDD controls and/or existence of recall
bias by the parents of the cases.

In a more comprehensive study of child’s diet and
childhood leukemia, Kwan and colleagues found a protective
association between regular consumption of both oranges/
bananas and orange juice during the first two years of life and
risk of childhood leukemia.!"*”1 A strength of this study was
the use of a more comprehensive dietary questionnaire asking
about the frequency of consumption of nine foods/food groups
and vitamin supplements during early childhood. Another
study by Fear and colleagues investigated neonatal vitamin K
administration and risk of childhood leukemia.l'*®! They
reported no association between vitamin K given by the
intramuscular or oral route and risk of disease. Overall, future
dietary studies of maternal and especially child’s diet need to
focus on a broader spectrum of foods using a systematic diet-
ary assessment method, such as a food frequency question-
naire. In addition, because of the importance of timing of
exposures during critical developmental periods, both the
maternal and child’s diet need to be considered together in the
causal diagram and statistical model.

IMMUNOLOGICAL FACTORS

Infection and Allergy

An infectious origin of childhood leukemia has been
hypothesized for over 65 years.'>®! The first documented
study on a leukemia cluster was investigated by the
Communicable Disease Center (now the Centers for Disease
Control—CDC).1"% This cluster consisted of eight cases
of childhood leukemia, all living in the same residential
neighborhood in a Chicago suburb. This report suggested that
leukemia was the manifestation of an infectious process.
Thirty years later, Kinlen postulated that childhood leukemia
occurs as a rare response to a specific, although unidentified
infection(s), commonly seen with the influx of infected
persons into a previously sparsely populated area.!'26:161:162]
On the contrary, Greaves proposed that childhood ALL, and
particularly common pre-B cell ALL (a type of leukemia that
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usually occurs among children age 2-5 years), is the result
of a rare, abnormal response to non-specific common
infections.!®'®¥ Furthermore, two other hypotheses have
been suggested regarding the role of immune function in the
etiology of hematopoietic cancers. Under the immune-sur-
veillance hypothesis, allergic disorders are protective because
of an enhanced ability of the immune system to identify and
destroy cells undergoing malignant mutations."'®¥ In con-
trast, the antigenic-stimulation hypothesis suggests that
conditions which stimulate the immune system, such as
infectious diseases and allergies, would be associated with
increased risks of lymphoblastic malignancies due to a higher
probability for mutations in actively dividing cells.!'®!

However, most of the attention in subsequent research has
focused on the hypotheses of Kinlen and Greaves. A few
recent studies have attempted to test these hypotheses. Pop-
ulation mixing was suggested by an expert panel as a pos-
sible explanation for the widely publicized cluster of
childhood leukemia cases in Fallon, Nevada,lwz] but this con-
tinues to be debated."® A rather comprehensive analysis of
the hypothesis that rapid population movement into rural
areas is associated with increased risk of childhood leuke-
mia was conducted by Wartenberg!'®”! using the Survey,
Epidemiologic, and End Results (SEER) data from the United
States. Data from this investigation were consistent with
Kinlen’s population mixing hypothesis.

A large German study examining the association between
various markers of infection during early childhood and risk
of leukemia reported findings which were weakly supportive
of the Greaves hypothesis.*”) Among several characteristics
related to the child’s immune system and exposure to
infectious agents, a significant positive association between
fewer routine immunizations and childhood leukemia was the
major finding, but the association was noted as being partially
explained by reporting bias. In contrast, one study found that
extensive contact with other children in a daycare setting was
associated with a reduced risk of ALL.'®®" A similar pro-
tective association with early day care attendance was noted
in a large case-control study conducted in France."'®”’ Sim-
ilarly, the study by Perrillat and colleagues!'’”! reported an
inverse association between childhood leukemia and daycare
attendance, repeated early common infections, and prolonged
breastfeeding. Finally, serologic markers of infection were
used in a study conducted in Greece which reported an
increased risk of ALL in children five years or older who had
low herd immunity for several infectious agents."'”"!

Other immunologic factors such as allergies and vaccina-
tions may also play a role in the etiology of childhood
leukemia.!'’>'”*! One study!'”*! reported evidence of a pro-
tective association between allergic disorders and ALL. The
investigators found that children with a history of allergic
disorders including asthma, hay fever, food or drug allergies,
and eczema have a significantly reduced risk of ALL. In
addition, allergic disorders among siblings of the study subjects
showed a significant inverse association with ALL, thus

suggesting the possibility of an underlying familial or genetic
influence. In contrast to these studies, Spector and colleagues
collected data on allergic conditions from medical records and
found an increased risk associated with atopy or hives and
asthma.!'”*" As a major strength of the study, they had access
to dates of allergy diagnosis, which allowed them to ensure
that the allergies preceded the diagnosis of ALL and to account
for the latent period.

Importantly, the role of maternal infection with cytomeg-
alovirus, Epstein-Barr virus (EBV), and human herpes virus 6
has also been examined in a large case-control study of
leukemia among offspring nested within national maternity
cohorts in Finland and Iceland.!"”> Only EBV immunoglob-
ulin M positivity in EBV-immunoglobulin-G-positive moth-
ers was associated with a significantly increased risk of ALL,
suggesting that the reactivation of maternal EBV infection
may be associated with childhood leukemia.

Human Leukocyte Antigen

Recently, studies investigating the role of polymorphic
alleles of the human leukocyte antigen (HLA) class II genes
have reported evidence of an association with childhood
ALL.'76=1781 The HLA class II genes encode highly
polymorphic cell surface glycoproteins that play an important
role in adaptive immune response to infections. The most
recent study revealed that childhood ALL cases were
reportedly more likely to have HLA-DPBI alleles coding
specific polymorphic amino acids than normal infants or cases
with solid tumors.!'”®! This suggests that susceptibility to
childhood ALL may involve the presentation of specific
antigenic peptides derived from infectious agents. As a result,
activation of helper T cells occurs, which mediates prolifer-
ative stress on preleukemic cells.

SOCIOECONOMIC STATUS

In the vast majority of the epidemiologic literature focusing
on childhood leukemia, the role of socioeconomic status (SES)
in the causal pathway is controversial. Early ecologic and
descriptive studies from the United States suggested that
higher SES was a possible risk factor for childhood leukemia
while early United Kingdom studies reported mixed results.!'®!
In contrast, case-control studies conducted in the United
States and United Kingdom have rarely reported higher SES
in cases compared to controls."® Further complicating the
issue is the fact that SES is often correlated with and may
even be a surrogate for certain environmental exposures.
Indeed, it has been shown in childhood leukemia studies to
be associated with environmental factors such as pesticide
use"® and traffic density™®! and dietary factors such as
maternal diet!">?! and child’s diet.!">”! Yet, most investigators
choose to adjust for some marker of SES in their statistical
models since they almost automatically consider SES as a
potential confounder in their analysis. As a result, this pro-
cess may minimize any main effects of the exposure of
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interest in the exposure-outcome causal pathway. Therefore,
an important question arises: how should investigators regard
and treat SES in the analysis of environmental exposures and
childhood leukemia?

To answer this question, SES needs to be thoroughly
examined in the causal diagram as a potential confounder in
every exposure-outcome relationship under study. It is
suggested that the investigator should evaluate confounding
by SES using three non-mutually exclusive considera-
tions. 1811821 First, the causal structure of the variables under
study must be understood based on prior subject-matter
knowledge. Second, the rigorous definition of a confounder
must be satisfied (i.e. a confounder is associated with both the
exposure and the outcome and does not lie on the causal
pathway between the two). Third and finally, the adjusted and
unadjusted point estimates in a multivariable analysis must be
compared, and if the change in the estimate after adjustment
for SES is above a certain value (suggested to be 10%), then
SES should be treated as a confounder and adjusted for in the
statistical analysis. Therefore, if the second and/or the third
consideration(s) are not satisfied, then SES should not be
adjusted for in the analysis.

GENETIC SUSCEPTIBILITY

Progress in understanding the role of endogenous and
exogenous xenobiotics in the pathway leading to carcinogen-
esis, together with the rapid advances in human genomics and
molecular techniques, has enabled researchers to consider
more realistically, the influence of inherited genetic traits in
cancer etiology. Genetic factors ranging from predisposing
highly penetrant mutations to low penetrant genetic poly-
morphisms have been shown to significantly influence the
interindividual variation in cancer incidence."®*

Xenobiotic Metabolism and Transport

Genetic susceptibility studies of genes that encode enzymes
with critical roles in xenobiotic metabolism and membrane
transport have shown associations with an increased risk of
childhood leukemia.'>*?>184=194] The complete metabolism of
xenobiotic compounds is divided into two phases, each
utilizing different sets of metabolic enzymes. The metabolic
activation of the xenobiotic performed by the phase I enzymes
are usually necessary in order for the phase II enzymes to
convert this activated intermediate into a detoxified water-
soluble compound that can be easily eliminated from the
cell.!"! Genetic polymorphisms that disrupt the equilibrium
between these two phases compromise the hosts’ ability to
respond appropriately to xenobiotics and may potentially
increase the hosts’ susceptibility to developing cancer.

The cytochrome P450 (CYP) superfamily of genes
comprises most of the phase I enzyme system, of which
CYPI and CYP2 have been particularly considered in the area
of cancer susceptibility. Studies have shown that CYPIAImI,

CYPI1AIm2, and polymorphisms of CYP2E] increase a child’s
susceptibility to leukemia.>*9> 831911 Ay evaluation of the
gene-environment interaction between a child’s genotype and
pesticide exposure in the risk of childhood leukemia revealed
significant odds ratios of interaction among carriers of the
CYPIAImI and CYPIAIm2 polymorphisms.”!

Polymorphisms in the genes encoding NAD(P)H quinone
oxidoreductase 1 (NQOI) and myeloperoxidase (MPO) of
phase I have also recently been associated with childhood
leukemia.!'®¢1911921 A study conducted in the United King-
dom tested a specific hypothesis involving the low function
NQOI genotype and MLL gene rearranged infant leukemias
and found a significantly increased risk.""®®! These findings
were later confirmed in a United States population supporting
the idea of a specific causal mechanism in infant leukemias
that involves genotoxic exposures in utero.''®?! In another
study, the MPO allele alone was not found to be associated
with ALL.!Y However, when considered together with the
CYP2EI and NQO1 polymorphisms, the risks conferred by the
three polymorphisms were elevated compared to any of them
alone suggesting the presence of interaction between multi-
ple loci.

Of the genes that express phase II enzymes, recent studies
have been focusing on the glutathione S-transferase (GST) and
N-acetyltransferase 1 (NATI) and 2 (NAT2) polymorphisms as
potential risk modifiers of childhood leukemia. The null
genotypes of GSTMI and GSTTI, low function GSTPI
genotypes, and slow NAT2 acetylation genotypes were shown
to be associated with an increased risk of childhood
ALL H8183I8TA881901 1y addition, the polymorphic NAT2
genotype, together with the other risk-elevating genotypes of
the GSTM1 and CYPIAI polymorphisms had the effect of
further increasing the risk of childhood ALL.'"®”! The same
group also found that GSTP] variants, alone or combined with
other GSTs, represent significant genetic determinants of
childhood ALL.'"! There have been several reports on the
interaction of multiple genes, which include one showing an
elevated risk when a child carried both a metabolic and
DNA repair polymorphism.!'**'°! Overall, there is evidence
that genetic susceptibility to childhood leukemia may lie
partly in the genes that determine how cells respond to
xenobiotic exposures.

Polymorphisms of the multidrug resistance (MDRI) gene
have recently been implicated in the literature to play a role in
the genetic susceptibility to cancers, including childhood
leukemia.!"**'*”! MDR1 encodes a membrane efflux transport
protein that plays a critical role in regulating intracellular
concentrations of various lipophilic substrates including
metabolites of phase I and phase II processes, naturally
occurring xenobiotics, and genotoxic hydrocarbons.!'”®! The
biology of this gene is well documented and there is a wide
interest in studying the effects of its functional polymorphisms
on clinical outcome of cancer patients, especially those with
leukemia. However, studies evaluating its impact on genetic
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susceptibility to childhood leukemia are limited.!"**!*°! One
study recently reported a significantly increased risk of ALL
in children who carried the homozygous variant genotype of
the C3435T polymorphism.'"*" There is a need for more
studies to evaluate the influence of this gene on childhood
leukemia risk.

Folate Metabolism

Low dietary folate intake and alterations in folate
metabolism as a result of polymorphisms in the gene encoding
methylenetetrahydrofolate reductase (MTHFR) have been
associated with a variety of diseases, including ALL in both
adults and children.8%-200-2031 addition, the recent reported
finding of a protective effect of folate supplementation in
pregnancy against the risk of childhood ALL further highlights
the potential importance of studying genes related to folate
metabolism."">” Low function variants of MTHFR result in
enhanced thymidine pools and more efficient DNA synthesis
and repair capabilities afforded by the increased availability of
the MTHFR substrate, 5,10-methylenetetrahydrofolate. This
may effectively reduce the potential for double strand breaks,
which are the precursors to chromosomal translocations and
deletions, a molecular phenomenon common in pediatric
leukemias. In studies of childhood ALL, the C677T and
A1298C variants of MTHFR was associated with decreased
risk suggesting that features of MTHFR influence the
leukemogenesis process.'®2%* An analysis stratified by year
of birth showed that the protective effect is accentuated and
present only in children born before 1996, the year Health
Canada recommended folic acid supplementation.””** Another
study showed evidence of differential effects of MTHFR
variants on risk of childhood acute leukemias between
molecularly defined subtypes.'***! In a stratified analysis by
molecular cytogenetic subgroups, a significant protective
association for carriers of the C677T variant was demonstrated
for leukemias with MLL translocations and hyperdiploidy. The
A1298C variant of MTHFR was associated with hyperdiploid
leukemias, while TEL-AMLI leukemias showed no associa-
tions with either of the variants. Although these studies yielded
interesting findings, the lack of statistical precision remains a
challenge that needs to be addressed with larger studies.

Gene-Environment Interaction

Evaluation of gene-environment interactions with a suffi-
ciently large sample size is the next critical step to under-
standing and assessing the degree to which genetics, together
with the environment, influence the development of childhood
leukemia. For example, Infante-Rivard and colleagues
assessed the roles of variant CYPIA] alleles in a group of
158 ALL cases and reported odds ratios of interaction that
were increased for the CYPIAI*4 allele at high levels of
maternal smoking in the last trimester of pregnancy and
decreased at low levels of paternal postnatal smoking.'>”!
However, interaction odds ratios for the CYPAI*2B allele

were generally decreased throughout all levels of parental
smoking. These results lacked precision but indicated that the
effect of parental smoking could be modified by variant alleles
in the CYPIAI gene. In another study, they found that the
CYPIAImI and m2 alleles modified the association between
pesticide exposure and childhood ALL.®!

CONCLUSIONS

It is evident from decades of basic science, clinical, and
epidemiological research that childhood leukemia is a
biologically heterogeneous group of malignancies that has
complex etiologies involving the interaction between the
environment, genetic susceptibility loci, and chance. Equipped
with this general understanding, a logical and essential next
step, as it pertains to cancer epidemiology, is to examine these
factors simultaneously in an attempt to further unravel the
existing causal relationships for childhood leukemia. In order
to proceed, investigators in the field will need to address
relevant methodological and analytical issues during both the
study design and data analysis phases of the epidemiologic
investigation. Such important issues include ensuring adequate
statistical power to detect even modest associations in a valid
manner, utilizing the most effective and comprehensive
methods when assessing exposure, minimizing selection bias
by avoiding the selection of controls by RDD, reducing recall
bias by using detailed questionnaire instruments and memory
aids during the interview, and giving appropriate attention to
confounding factors and effect modifiers while designing
studies and conducting data analyses.

First and foremost, future studies of childhood leukemia
will require more large-scale population-based studies that
have the capability of distinguishing molecular subtypes of
pediatric leukemia in the analysis while providing sufficient
power to detect even modest associations with precision. This
issue is particularly important when evaluating gene-environ-
ment interactions. For example, in case-control studies,
assessing interaction would require stratifying the population
by the effect modifier and comparing the magnitude of the
odds ratios that relates the exposure to the disease. Statistical
power depends on the numbers of cases and controls in the
each of the strata rather than the case and control population as
a whole. The lack of adequate statistical power could in-
troduce random error and an inability to interpret the results
in a valid manner. Given the rarity of most neoplasms, large
multicenter collaborative efforts may be a solution. The initial
design of such studies should be conducted in close col-
laboration with the appropriate clinical working groups (i.e. as
active participants in the study)./>°®!

Second, as a malignancy with an onset during childhood,
issues of timing (i.e. during the preconceptional, gestational,
or postnatal periods) of exposure are important considerations
in understanding the temporal nature of childhood leukemia,
as well as making informed decisions regarding preventive
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guidelines and policy. Therefore, exposure assessment should
focus on specific periods during childhood. Furthermore, as a
complement to the data obtained from environmental mo-
nitoring devices, study questionnaires, and interviews, the
measurement of biological markers of exposure and outcome
can be used in effective ways to refine exposure measures.
Using these markers may also resolve some issues related to
the impact of recall bias on the interpretability of the findings.

Third, control selection should be carefully thought out
before initiating a case-control study. Ideally, population-
based controls should be utilized since these controls represent
the case base from which the cases arose. Ma and colleagues
evaluated the representativeness of controls in a case-control
study by comparing data on parental age, parental education,
mother’s reproductive history, and birth weight among birth
certificate and friend controls to that of ‘‘ideal’’ population-
based controls randomly chosen from birth records for the
study area.”® For all variables except birth weight, the
differences between participating birth certificate controls
and ‘‘ideal’’ controls were smaller and non-significant as
compared to those between participating friend controls and
‘“ideal’’ controls. These results indicate that birth certificate
controls appear to provide a representative sample of children.
In contrast, use of controls selected by RDD should be avoided
due to the inability to adequately define the study population,
in addition to the field operation difficulties stemming from
current telephone technology (i.e. answering machines, call
waiting, and multiple phone lines per household). Most
importantly, RDD controls can be systematically different
from the cases, thus leading to selection bias, an issue that is
particularly relevant to studies of non-ionizing radiation.

Fourth, recall bias and general recall issues remain an issue
of all case-control studies. One can minimize recall bias by
designing detailed questionnaires that ask for specific time
periods of exposure and doses of exposure. For general recall
issues, memory aids can be used both before and during the
interview. Before the interview, study staff can send out a
reminder list of specific exposures that will be asked about in
the interview while during the interview, show cards dis-
playing certain exposures can be utilized that accompany
relevant questions. Most importantly, both case and control
interviews should be conducted concurrently and as soon as
possible after the date of diagnosis.

Finally, before any investigator can embark on studying an
environmental or genetic exposure and its relation to
childhood leukemia, a diagram of known and proposed causal
relationships should be constructed so that all potential
confounders and effect modifiers are fully accounted for and
understood mechanistically for study design and data analysis
purposes. Particularly relevant to this causal diagram of
childhood leukemia is the role of SES and whether or not it is
a true confounder in the exposure-disease pathway.

Overall, the current literature on the causes of childhood
leukemia indicates tremendous progress over the years.
Researchers in epidemiology and genetics are now at a critical

point where they are collaborating productively. As a result,
the role of environmental exposures in conjunction with
genetics in the etiology of childhood leukemia can be
elucidated in a more refined fashion.
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