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Abstract

Background: Allergic disease is suspected to play a role in
the development of childhood acute lymphoblastic leukemia
(ALL). Studies conducted over the last several decades have
yielded mixed results.

Methods: We examined the association between allergy, a
common immune-mediated disorder, and ALL in the Califor-
nia Childhood Leukemia Study (CCLS), a case–control study
of 977 children diagnosed with ALL and 1,037 matched
controls (1995–2015). History of allergies in the first year of
life was obtained from interviews, mainly reported by
mothers. Logistic regression analyses were conducted to esti-
mate ORs and 95% confidence intervals (CIs), controlling for
birth order, daycare attendance, and mode of delivery. In
addition, we conducted meta-analyses with data from the
CCLS and 12 published studies and employed a new method
to estimate between-study heterogeneity (R_b).

Results: Overall, no associations were observed between
childhood ALL risk and specific allergy phenotypes or any
allergy, as a group. However, having any allergy was asso-
ciated with an increased risk of ALL among the youngest
study participants. In the meta-analysis random-effects
models, reduced odds of ALL were associated with hay fever
(metaOR ¼ 0.65; 95% CI, 0.47–0.90); however, restricting
the analysis to studies that used medical records for assess-
ment of allergy or recently published studies led to null or
attenuated results.

Conclusions: Overall, our findings do not support a clear
association between allergy and childhood ALL.

Impact: The degree to which epidemiologic studies can
inform the relationship between allergies and risk of childhood
ALL is limited by R_b. Cancer Epidemiol Biomarkers Prev; 27(10);
1142–50. �2018 AACR.

Introduction
Childhood acute lymphoblastic leukemia (ALL) is a cancer of

lymphoblasts that are precursor immune cells. ALL is thought to
arise through immune dysregulation, beginning in utero and
extending throughout early life (1). Because allergies are also
believed to result from aberrant immune function (i.e. an
immune response to innocuous antigen), they have long been
suspected as potential causes of childhood ALL (2). In the early
1950s, a case report suggested allergy could cause acute bone
marrow injury, resulting in childhood leukemia (3). This report

precipitated decades of research on the subject, ultimately yield-
ing inconsistent results.

Epidemiologic evidence of shared risk factors between allergic
disease and ALL as well as coinciding upward trends in their
incidence suggest a relationship between the two conditions
(4, 5). Surrogates of early life exposure to normal antigenic
challenge, including a higher birth order (6, 7), daycare atten-
dance (8, 9), and vaginal birth (10, 11), are protective against both
ALL and allergy. In fact, these observations form the basis of the
leading etiologic hypothesis for both diseases, the so-called
"hygiene hypothesis."

The hygiene hypothesis postulates that a lack of early-life
exposure tonormal immune challenges leads to aberrant immune
system responses later in life. This hypothesis was initially
employed to suggest that improvements to sanitation in the
developed world during the 20th century led to the emergence
of allergic diseases (12). Subsequently, Greaves and colleagues
adapted this hypothesis by proposing that "delayed infection"
early in childhood, followed by a hyperresponsiveness to infec-
tious challenge later in childhood, generates the genetic muta-
tions necessary to develop childhood ALL (13). The hypothesis
implies that the two diseases, allergy and ALL, have related
biological mechanisms.

Two separate but overlapping meta-analyses by Dahl and
colleagues in 2009 (14) and Linabery and colleagues in 2010
(15) have been conducted on allergy and the risk of childhood
ALL. Though the quantitative results of the two meta-analyses
were nearly identical, disparate interpretations of the results by
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the two author teams (suggestion of causation and bias, respec-
tively) leave the existence of a relationship between allergy and
ALL inquestion.Here,we examine the associationbetween allergy
in thefirst year of life and the risk of ALL in children enrolled in the
California Childhood Leukemia Study (CCLS). In addition, we
update previous meta-analyses with four new epidemiologic
studies of allergy and childhood leukemia published since
2010 (16–19) including results from the current study, increasing
the previous sample from 30,763 to 40,123 children and includ-
ing the largest medical record-based study conducted to date on
this topic. Furthermore, we provide a statistical evaluation of
factors contributing to between-study heterogeneity (R_b) using
meta-regression. To estimate the percent variance due to R_b, we
implement a newmethod with an alternative estimator that does
not violate the assumption of constant within-study variance,
which is required for the I2% measure used in previous meta-
analyses and is almost never met (20). Our methods and the
addition of important new studies allow us to comprehensively
evaluate the association of this challenging exposure with ALL
risk.

Materials and Methods
CCLS analysis
Study population. The CCLS is a case–control study conducted in
California between 1995 and 2015 (21). Case ascertainment was
rapid, usuallywithin 72 hours fromdiagnosis, and approximately
84% of incident childhood leukemia cases were consented from
participating hospitals. Eligibility criteria for cases and controls
were as follows: (i) living in the study area at the time of
recruitment; (ii) having an English- or Spanish-speaking parent;
(iii) being less than 15 years old at diagnosis or reference date for
controls; and (iv) having no previous diagnosis of cancer. From
1995 to 2008, one or two controls were selected using birth
certificate information from the Office of Vital Records, and
individually matched to cases on date of birth, sex, child's His-
panic ethnicity, and maternal race. No controls were enrolled
from 2009 to 2015, and the overall participation rate was approx-
imately 68%. A summary of participation rates in the CCLS by
study phase is summarized in Supplementary Table S1. The
University of California, Berkeley's Institutional Review Board,
California Department of Health Services, and all participating
clinical institutions approved the study. Informed consent was
obtained from all study participants.

Sample size. A total of 1,477 leukemia cases and 1,226 controls
were eligible to participate and interviewed. Participants with
non-ALL leukemia (n ¼ 40), missing exposure or covariate data
(n¼ 252) or Down syndrome (n¼ 57) were excluded. To ensure
that all allergies occurred prior to the leukemia prodrome, parti-
cipants whose date of diagnosis or reference date was less than 18
months after birth were excluded (n ¼ 153), leaving a minimum
time interval of at least 6 months between potential exposure
(allergy in the first year of life) and disease diagnosis. The final
sample size was 977 ALL cases and 1,073 controls (of which 653
were matched ALL/control pairs).

Exposure classification.We examined allergic diseases occurring in
the first year of life as reported through interview with the
biological parents (�98% mothers), wherein the parent was
asked if the child had allergies, what the child was allergic to,

and whether or not a physician was consulted. See the Supple-
mentary Methods and Materials for structure of allergy-related
questions by recruitment phase from the CCLS questionnaire.
Allergens were categorized as hay fever (defined here as allergy to
plants/grass/dust/mold), food, drugs and medications, soaps/
cosmetics, animals/insects, andothers. Variableswere constructed
for any allergy (binary, defined as at least one of the above
allergies) and total count of reported allergens. A total of 41
allergic participants were excluded from specific allergy pheno-
type analyses because the specific allergen(s) was unknown. A
variable combining allergy to food and drugs was constructed for
use in the subsequent meta-analysis. Of the resulting allergy
phenotype categories, those with less than 10 exposed controls
were not tested for association with disease (including animal/
insect allergy and soap/cosmetic allergy).

Statistical analysis. Matched and unmatched data analyzed with
logistic regression were conducted to estimate the ORs and 95%
confidence intervals (CIs). Individually matched and unmatched
results were similar; therefore, only those from the unmatched
analyses using the entire set of available cases and controls are
presented for increased statistical power. Allmodelswere adjusted
for child's age (centered on median age ¼ 4.61), sex, Hispanic
ethnicity,maternal race, and for possible confounders determined
a priori as being associated with both ALL and allergic disease
through a literature search [i.e., mode of delivery (11, 22), birth
order (6, 23), daycare attendance in the first year of life (8, 9), and
household income]. Independentmodels included an interaction
term to test for potential effect modification by age at diagnosis,
sex, child's Hispanic ethnicity, mode of delivery, and daycare
attendance. Models including interaction terms where the P value
for interaction was <0.2 were then compared with the basemodel
(no interaction term) for goodness-of-fit using the likelihood
ratio test. For models in which the likelihood ratio test produced
a P value <0.05, the marginal effects of allergy phenotype on
ALL risk, derived from the model including the interaction term,
are presented. To address potential control-selection bias intro-
duced by not recruiting controls to the study from 2009 to 2015,
analyses were repeated excluding cases recruited during that time
period; the results did not change (unpublished observation).

Meta-analysis
Search criteria. Using PubMed, we identified all epidemiologic
studies published betweenNovember 1, 2008, the date of the first
published meta-analysis (14), and June 1, 2016, using the fol-
lowing search terms: MeSH terms ¼ "leukemia" OR "leukemia,
lymphoid" AND "allergy and immunology" OR "hypersensitiv-
ity"; All Fields ¼ "atopy" OR "atopic" OR "hypersensitivity" OR
"allergy" OR "allergy and immunology" OR "allergic" AND
"leukemia". Results were filtered by age to include only children
(birth to 18 years). In addition, all eligible and ineligible studies
reported in the 2009 and 2010 meta-analyses (including unpub-
lished data) were retrieved for the current study (14, 15).

Study eligibility. Studies eligible for the current meta-analysis
included original reports, written in English, investigating
the relationship of childhood ALL (age 18 and under) and allergy,
asthma, or atopic diseases. Only studies presenting ORs and CLs/
SE were included. If multiple studies utilized overlapping study
populations, the study with the largest sample size was chosen for
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increased power. Reasons for exclusion included incompatible
methods of exposure measurement, such as serum level IgE (24),
restriction of studies to specific subgroups [e.g., Down syndrome
(25), inclusion of individuals age�18 (26–28)], andoverlapwith
included studies (Fig. 1).

Data extraction. Information on authors; publication year; study
design; assessment method for exposure, outcome, and covari-
ates; and measures of association and SE were extracted from
eligible publications using a standardized form. We extracted six
binary exposure variables including any allergy, eczema, asthma,
hay fever, food/drug allergy, and hives in addition to the binary
outcome of ALL. For studies presenting results using multiple
latency periods between exposure and disease (29) or multiple
methods of exposure assessment (30), reported results with the
highest precision were included to improve statistical power.

Statistical analyses. Using the Metafor and hetmeta packages
(20, 31) in R (32), summary associations between ALL risk and
allergyphenotypeswere estimatedusing data from4 to13 studies.

An inverse–variance-weighted (DerSimonian–Laird) random-
effects model was used to estimate summary ORs for each allergy
phenotype. A new estimator published in Crippa and colleagues
(2016) was used to estimate the percent of variation attributable
to R_b (R_b%), rather than the typical I2%, to reduce bias in the
estimate of between study heterogeneity. The P value for hetero-
geneity was also estimated using Cochran Q test. Study-level
characteristics, referred to as moderators, thought to potentially
contribute to heterogeneity were selected and abstracted prior to

analyses. These include medical record versus self-reported expo-
sure assessment, nested case–control versus other study design,
�80% versus <80% control response rate, hospitalized versus
healthy controls, specified versus not specified latency period, and
publication year. Potential moderators were tested for correlation
using an a priori determined Pearson correlation coefficient r2

threshold of 0.3 (33). Among correlatedmoderators, the one that
could be used to characterize the most studies was selected for
inclusion in the mixed-effects models. Mixed-effects models were
constructed when significant heterogeneity was detected formod-
els of ALL risk with any of the allergy phenotypes (R_b > 0).
Separate models were built for each potential moderator in turn
and a full model including all uncorrelated moderators was
constructed. Stratified measures of effect and associated P values,
PQm, were estimated from the omnibus test of model coefficients.
Because the CCLS study only measured allergy exposure during
the first year of life, analyses were also conducted excluding the
CCLS study to assess potential sources of bias.

Publication bias was formally assessed for analysis of any
allergy via a regression test of funnel plot asymmetry.

Results
CCLS analysis

In general, controls were comparable with cases except for the
fact that controls tended to be of higher income than cases
(Supplementary Table S2). The ORs for any allergy and most
allergy phenotypes ranged from 0.75 (hay fever) to 1.29 (any
allergy), but there was no strong statistical evidence of association
overall (Table 1). However, multiplicative interaction was

Figure 1.

Flow chart: Meta-analysis study search and selection process. Application of selection criteria resulted in 13 studies to be included in the meta-analysis.
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detected between any allergy and age at diagnosis/reference date.
Stratified analyses show that risk of ALL was associated with
occurrence of any allergy during the first year of life only amongst
the youngest study subjects (Fig. 2). Foodallergy andallergy count
were also suggestive of interactionwith age, though the goodness-
of-fit test for including the interaction term did not meet the
significance threshold P < 0.05.

Meta-analysis
Characteristics of the 13 studies included in the meta-analysis

are listed in Supplementary Table S3 (16, 18, 19, 23, 30, 34–40).
Thirteen studies reported results specific to ALL and sample sizes
ranged from less than 200 to several thousands (Fig. 3).

Results from the random-effects models are shown in Fig. 3
and Table 3 for any allergy and specific allergy phenotypes,
respectively. Child's history of hay fever was the sole allergy to
be associated with a reduced risk of ALL (OR, 0.65; 95%CI, 0.47–
0.90). No statistical evidence of association was seen for other
types of allergies.

About 22%of the variability in effect estimates for any allergy is
due to heterogeneity (R_b CI: 0.79%), whereas no heterogeneity

was reported within allergy types (Table 2). To formally assess
potential study-level characteristics contributing to heterogeneity
of any allergy and ALL, a meta-regression was performed using a
priori selected, uncorrelated potentialmoderators, includingmed-
ical record versus self-reported exposure assessment. Medical
record–based studies (Fig. 3) were associated with an attenuated
relationship between any allergy and ALL risk in themixed-effects
model (PQm <0.05, Model 1, Table 3). Model 1 was then applied
to four allergy phenotypes and the same trend was observed; that
is, the OR for ALL risk associated with each of the allergy phe-
notypes was larger (and consistently null) in medical record-
based studies compared with nonrecord-based studies (Supple-
mentary Fig. S1). However, with fewer studies analyzed by sub-
category, none of the formal tests of moderators (PQm) were
statistically significant (unpublished observation).

We further explored whether control selection method added
heterogeneity to themeta-analysis.Within studieswhere exposure
assessment was self-reported, the OR for ALL risk associated with
any allergy was larger (null) in studies with population-based
controls compared with studies with hospital-based controls;
however, the mixed-effects model comparing studies with

Table 1. ORs and 95% CIs for ALL cases versus controls who reported having allergy to specific allergens in the first year of life in the CCLS

Allergen Cases (n ¼ 977) Controls (n ¼ 1073) ORa (95% CI) P

Any allergy No 827 942
Yes 128 119 1.29b (0.97–1.72) 0.08

Hay fever No 927 1,020
Yes 22 30 0.75 (0.42–1.32) 0.32

Food No 906 995
Yes 40 45 1.09 (0.69–1.71) 0.71

Drugs and medications No 909 1,011
Yes 38 26 1.63 (0.96–2.75) 0.07

Food/drug No 873 970
Yes 74 70 1.24 (0.87–1.76) 0.24

Allergy count No 851 954
1 Allergen vs. none Yes 88 91 1.08 (0.79–1.49)
2þ Allergens vs. none Yes 16 16 1.24 (0.60–2.56) 0.56c

aAdjusted for age, sex, maternal race, child's Hispanic status, income, mode of delivery, daycare attendance, and birth order.
bMarginal effect where model additionally includes interaction term median-centered age�any allergy. See Fig. 2 for results from age strata.
cTest for linear trend.

Figure 2.

Sensitivity analysis testing the
association of any allergy and ALL risk
among the youngest individuals in the
CCLS by decile. Models were adjusted
for sex, maternal race, child's Hispanic
status, income, mode of delivery,
daycare attendance, and birth order.
Text annotation box provides example
interpretation for stratification at the
50th percentile.
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hospital-based controls (3 studies) to those with population-
based controls (6 studies) produced a test of moderators statistic
that was not statistically significant (PQm ¼ 0.12; ref. Fig. 3).

Finally, we hypothesized that publication year could con-
tribute to R_b because the incidence rates of allergy and ALL are
both changing over time, study quality is improving, and public
perception of allergy is changing in the general population (41,
42). In a univariate mixed-effects model, publication year was
associated with an increase in the OR relating any allergy to ALL
(PQm <0.05, Model 2, Table 3), indicating that early studies
tended to report an inverse relationship but more recent studies
have reported null or positive associations (Supplementary Fig.
S2). In the full model containing both the medical record
indicator and publication year (Model 3, Table 3) the inde-
pendent effects of medical-record exposure assessment and

publication year remain compelling, though no longer reach
statistical significance. All three models applied reduced the
residual R_b estimate (R_b%) to 0.

The observed asymmetry in the funnel plot estimated using the
random-effects model suggested evidence of publication bias for
studies examining the relationship between any allergy and ALL,
(Supplementary Fig. S3, P¼ 0.06). There were not enough studies
that included specific allergy phenotypes to formally assess pub-
lication bias by subcategory.

Discussion
On the basis of the CCLS study and the largest meta-analysis to

date, combining data for more than 8,000 ALL cases and 25,000
controls, ourfindings suggest there is no clear association between

Figure 3.

Forest plots; any allergy and ALL
random-effects model, meta-
regression medical record versus self-
report, and meta-regression
hospitalized versus population-based
controls.
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allergy and the risk of ALL. However, several observations have
emerged from our analyses, raising methodologic concerns and
biological issues discussed below.

In the CCLS, we observed an increased risk of ALL given any
allergy occurring in the first year of life. However, age-stratified
analyses showed that the youngest study participants drove this
association. It wasmore common for allergy to precede ALL when
diagnoses occurred at 1.5 to 3 years of age than if disease arose
later in life. Allergy beyond the first year of life was not assessed in
the CCLS; and so it is unclear whether allergy occurs more
frequently in cases proximal to diagnosis at any age, or if this
phenomenon is limited to the youngest cases. Results froma large,
record-based study in Taiwan support the hypothesis that any
allergy is more common proximal to diagnosis across the life
course, where compared with allergy in the first year of life and >1
year before diagnosis, allergy <1 year before diagnosis conferred
the highest risk of childhood ALL (18). The association could also
be explained by differential recall, where parents of younger
children at the time of interview could more accurately recall
allergy occurring in the first year of life than parents of older
children.

Early-onset allergy to drugs or medications conferred a larger
increase in the risk of ALL than any other specific allergy
phenotype evaluated in the CCLS population; although, the
association was not statistically significant. Although poten-
tially a chance finding, there are several factors that could be
contributing to this observation. First, true drug hypersensitiv-
ities have the potential to influence the allergy–ALL associa-
tion. However, many adverse drug reactions are not immune
mediated, and those that are can be heterogeneous in type [IgE-,
IgG- or T cell-mediated (43)] and may have differential effects on
ALL etiology. If a causal relationship exists between allergies to
drugs and ALL, further functional studies are needed for full

characterization. The relatively high OR for ALL associated with
an allergy to drugs or medications could also be due to
confounding. We could not control for the number or type of
medications taken in the first year of life, which was likely
higher in cases than controls, yielding more opportunity for
cases to develop a drug allergy that is causally independent of
ALL. This line of reasoning is supported by the observation
that cases experience more frequent infection-related medical
office visits prior to leukemia onset than controls, in both
self-report (17) and medical record-based studies (29, 44) of
ALL; and are therefore more likely to be exposed to a broader
spectrum of medications. There is little epidemiologic evidence
from previous studies to support an association between
ALL and allergy to drugs per se, as previous studies have
typically examined a combined food/drug allergy phenotype
(36, 37, 40).

The CCLS population is large and unique. However, the study
also presents some limitations. Selection bias is of concern in the
CCLS, wherein participating controls are of higher socioeconomic
status than cases and nonparticipating controls (45). Higher
socioeconomic status has been previously associated with
increased odds of allergic disease in children (46), potentially
biasing our results in the direction of an inverse association.
Parental interview assessed only allergy occurring in the first year
of life. Allergic disease is relatively rare in infants (5) and although
it may be a useful measure of early-life immune dysregulation,
low exposure prevalence in our study limited the power to detect
statistically significant associationswithALL. Furthermore, certain
allergies, like hay fever, can be difficult to diagnose in very young
children. This restriction on exposure assessment may also limit
the generalizability of our results to the childhood allergy–ALL
relationship overall. However, Chang and colleagues (2012) also
reported null associations between allergy phenotypes occurring

Table 2. Results of random effects meta-analyses for various allergic exposures and ALL risk from current and prior meta-analyses

Any allergy Eczema
Author Year n Summary OR (95% CI) I2% or R_b% n Summary OR (95% CI) I2% or R_b%

Dahl et al. 2009 8 0.67 (0.54–0.82) NR 5 0.68 (0.56–0.83) 29
Linabery et al. 2010 6 0.69 (0.54–0.89) 80 5 0.74 (0.58–0.96) 62
Present study 10 0.76 (0.58–1.01) 22 7 0.86 (0.64–1.14) 0

Hay fever Food/drug
Author Year n Summary OR (95% CI) I2% or R_b% n Summary OR (95% CI) I2% or R_b%

Dahl et al. 2009 5 0.53 (0.43–0.65) 28
Linabery et al. 2010 3 0.55 (0.46–0.66) 3
Present study 8 0.65 (0.47–0.90) 0 6 0.73 (0.52–1.03) 0

Asthma Hives
Author Year n Summary OR (95% CI) I2% or R_b% n Summary OR (95% CI) I2% or R_b%

Dahl et al. 2009 6 0.82 (0.63–1.10) 43
Linabery et al. 2010 7 0.79 (0.61–1.02) 44 2 0.93 (0.73–1.19) 0
Present study 9 0.85 (0.63–1.16) 0 4 1.23 (0.80–1.87) 0

Abbreviations: I2%, percent of total variability due to heterogeneity; n, number of included studies; R_b%, percent of total variability due to heterogeneity.

Table 3. Results from three random effects meta-regression models in the association between any allergy and ALL

Model Summary beta (95% CI) P R_b% PQm
Model 1 Intercept �0.46 (�0.76 to �0.16) 0.003 0 0.026

Medical record 0.55 (0.07–1.04) 0.026
Model 2 Intercept �0.98 (�1.63 to �0.34) 0.003 0 0.017

Publication year 0.04 (0.01–0.07) 0.017
Model 3 Intercept �0.98 (�1.63 to �0.34) 0.003 0 0.020

Medical record 0.41 (�0.10–0.92) 0.114
Publication year 0.03 (�0.003–0.07) 0.073

Abbreviations: I2%, percent of total variability due to heterogeneity; PQm, P value for Cochran test of moderators.
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before age one and ALL, with the exception of an increased risk
for atopic dermatitis, an exposure that was not included in the
CCLS questionnaire. A limitation of our study is that we do
not have medical record data for comparison and the contri-
bution of uncontrolled confounding to our result cannot be
ruled out. However, we believe that several analytic advantages
may have contributed to the discrepancy between previous
studies and ours. First, we incorporated a latency period into
our study, wherein we excluded cases and controls for which
allergy occurred within 6 months of leukemia diagnosis or
reference date, respectively. Thus, we reduced the potential that
our observed associations were due to reverse causality. Second,
our study controlled for shared risk factors for allergy and
ALL, including birth order, daycare attendance, and mode of
delivery, which potentially confounded the results from previ-
ous studies.

In this updated meta-analysis, most associations with allergy
were attenuated, compared with previousmeta-analyses (14, 15),
and only hay fever maintained a statistically significant inverse
association with ALL. With the addition of recent studies includ-
ing a large,medical-record based analysis, it is clear that R_b limits
the interpretation of any summary measure of effect. Hay fever is
the most common allergy under study, (5) but is also the most
commonlymisdiagnosed (47), as its symptoms are similar to and
easily mistaken for upper respiratory tract infections and vice
versa. Using any allergy as an exposure variable allowed for
inclusion of the greatest number of studies for meta-analysis;
and thus allowed us to statistically assess study-level sources of
heterogeneity for the first time. Medical-record exposure assess-
ment or correlated features (record-based or nested design, incor-
poration of a latency period, hospital vs. healthy controls, and
control response rate) were important sources of R_b. Our meta-
regression (Model 1) showed that, in medical record-based stud-
ies, no association was observed between allergy of any type and
ALL; andwithin self-report based studies, any allergy andhay fever
resulted in statistically significant inverse relationships. A parallel
pattern has emerged with the association of early-life infection
and ALL, wherein questionnaire-based studies have found an
inverse association between infection and ALL and medical-
record based studies have found infection to be a risk factor
(1). This difference in association is possibly the result of report-
ing bias, which may also be occurring in the allergy-ALL relation-
ship. Linabery and colleagues argued that misclassification of the
allergy phenotype is likely occurring in both the case of parental
report and medical record; however, the record-based studies are
more likely to be nondifferential with respect to case status, and
thus less subject to bias. Furthermore, a recent systematic review
showed a large and significant difference in prevalence of child-
hood atopic disorders comparing those diagnosed by a physician
to parental report (48). For example, the annual prevalence of
allergic rhinitis according to physician report ranged from0.4% to
4.1%, whereas the self-reported annual prevalence ranged from
15.1% to 37.8% (41). The authors speculate that consistent
underreporting among general medical practitioners and over-
reporting by parents create this difference. There is thus potential
for self-report studies of allergy and childhood leukemia to
produce study results that have both higher power and higher
susceptibility to bias, potentially explaining the strong inverse
associations between the two diseases in self-reported studies,
whereas medical record-based studies present more attenuated
relationships.

Within studies using self-reported exposure assessment, the test
for heterogeneity between studies using population-based con-
trols and hospital-based controls was not significant, supporting
our decision to include both types of study. However, utilizing
hospitalized controls does exaggerate the inverse relationship
between allergy and ALL among self-reported studies, possibly
due to control selection bias, as potential controls receiving
treatment for allergy-related symptoms were included in some
of these studies and not in others.

Another significant source of heterogeneity is publication year.
Over time, the strong inverse association between allergy and ALL
is shifting toward no association, with some of the most recent
studies finding a positive association between the two diseases.
Several factors could contribute to this observation, including
improvements in study quality over time, changing prevalence of
both allergy and ALL, and potentially changing opinions or
knowledge regarding allergy and hygiene among the general
public (49, 50).

Numerous sources of bias complicate interpretation of these
results. Results from the CCLS and another recent study (18)
suggest that the timing of allergy relative to ALL diagnosis may
modify observed associations. Across the 13 studies included in
the meta-analysis, timing of exposure assessment relative to
diagnosis was largely consistent. Thus, tests of R_b related to
timing of allergy could not be assessed, though it may be
contributing to the underlying variation in effect estimates.
Publication bias may be limiting the interpretability of our
meta-analysis. Within questionnaire-based studies, question-
naire structure can result in differential parental response
between studies. For example, a questionnaire may ask whether
allergy was ever diagnosed by a physician, or have only asked
about a specific subset of allergens, or as in the case of the CCLS,
restricted to a particular time window. These factors may make
the interpretation of the effect of combined allergy categories
difficult. Medical records are likely more easily standardized
across studies, but combining those studies with self-reported
studies poses similar problems. Recall bias is also of concern in
questionnaire-based studies, but not in record-based studies;
wherein parents of children with cancer may not remember a
comparably insignificant allergic event. On the other hand,
medical-record based studies likely capture only a subset of
more severe allergy, an exposure that may not be representative
of allergy overall. Similarly, selection bias is of concern partic-
ularly in studies where participant contact is required (i.e., to
conduct a questionnaire). Our results show a clear exaggeration
of associations when controls are selected in clinics, and in the
CCLS study, like many modern case–control studies, controls
are not exchangeable with cases in terms of socioeconomic
status, opening the door to residual confounding.

Concluding remarks
Because of the complexities outlined above, understanding the

causal relationship between allergy and childhood leukemia
cannot be achieved with additional status quo epidemiologic
studies, rather it will require a combination of large, prospective,
perhaps biomarker-based cohort studies and basic biological and
mechanistic studies. Functional studies can demonstrate biolog-
icallymeaningful relationships between the twodiseases (51). For
example, the tumor surveillance hypothesis has been well dem-
onstrated in biological studies (51), wherein individuals who are
prone to allergic response are considered to have a hypervigilant
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antigen recognition and response, thusproducingmore successful
cancer cell surveillance and elimination. The vast heterogeneity of
the effect of allergy observed within and between cancer sites
suggests that the mechanisms by which these two families of
disease intersect are not mutually exclusive and speak to the
potential pleiotropic effects of allergy across individuals and
tissue sites (51).

In the absence of complex and expensive studies, germline
genetic predictors of allergy could serve as an informative proxy
for unbiased exposure assessment of allergy in the context of
cancer risk. From the current analysis, the once apparently strong
inverse relationship between allergy and ALL has waned to an
absent or ambiguous association. As the tide changes on the story
of allergy andALL, somust our tactics for studying the intersection
of these complex diseases.
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