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Abstract

Although recent studies have demonstrated associations between non-chromosomal birth defects 

and several pediatric cancers, less is known about their role on childhood leukemia susceptibility. 

Using data from the Childhood Cancer and Leukemia International Consortium, we evaluated 

associations between non-chromosomal birth defects and childhood leukemia. Pooling consortium 

data from 18 questionnaire-based and three registry-based case-control studies across 13 countries, 

we used multivariable logistic regression models to estimate odds ratios (ORs) and 95% 

confidence intervals (CIs) for the association between a spectrum of birth defects and leukemia. 

Our analyses included acute lymphoblastic leukemia (ALL, n=13,115) and acute myeloid 

leukemia (AML, n=2,120) cases, along with 46,172 controls. We used the false discovery rate 

to account for multiple comparisons. In the questionnaire-based studies, the prevalence of birth 

defects was 5% among cases versus 4% in controls, whereas, in the registry-based studies, the 

prevalence was 11% among cases versus 7% in controls. In pooled adjusted analyses, there were 

several notable associations, including: 1) digestive system defects and ALL (OR=2.70, 95% CI: 

1.46–4.98); 2) congenital anomalies of the heart and circulatory system and AML (OR=2.86, 95% 

CI: 1.81–4.52); and 3) nervous system defects and AML (OR=4.23, 95% CI: 1.50–11.89). Effect 

sizes were generally larger in registry-based studies. Overall, our results could point to novel 

genetic and environmental factors associated with birth defects that could also increase leukemia 

susceptibility. Additionally, differences between questionnaire- and registry-based studies point to 

the importance of complementary sources of birth defect phenotype data when exploring these 

associations.

Graphical Abstract
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Introduction

Leukemia accounts for around a third of all cancers diagnosed in individuals younger than 

15 years of age, with acute lymphoblastic leukemia (ALL) as the most common (~75%) 

subtype and acute myeloid leukemia (AML) as the second most common (~15%).1, 2 While 

five-year survival for children with ALL and AML has improved over the past several 

decades approaching 90% in some settings,3, 4 survival remains poor for those with relapsed 

disease. Furthermore, survivors experience an excess risk of adverse health outcomes related 

to their cancer diagnosis and treatment.5 Despite the incidence and clinical importance 

of these malignancies, outside of the approximately 5% of cases that are due to genetic 

syndromes, a majority of cases are of unknown etiologies.6

One of the strongest genetic risk factors for developing ALL and AML is being born 

with trisomy 21 (i.e., Down syndrome).7–9 Compared to their contemporaries, children 

with Down syndrome are 20-times more likely to develop ALL and 200-times more 

likely to develop AML, respectively.10 This and certain other chromosomal anomalies are 

well-established risk factors for ALL and AML; however, much less is known about the 

potential etiologic role of non-chromosomal birth defects, which affect approximately 6% of 

pregnancies worldwide.11

There is strong evidence indicating non-chromosomal birth defects are associated with 

a range of pediatric solid tumors.10, 12–24 However, associations between specific 

non-chromosomal birth defects and leukemia are less clear. Therefore, we sought to 

comprehensively evaluate the association between non-chromosomal birth defects and 
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leukemia using data from the Childhood Cancer and Leukemia International Consortium 

(CLIC).25

Methods

CLIC

CLIC is a consortium of leukemia-focused questionnaire- and registry-based case-control 

studies (which is now open to other pediatric tumors as well). It was established in 

2007 with the goal of overcoming the limitations of single epidemiological studies and 

allowing the assessment of relatively infrequent potential risk factors, including specific 

non-chromosomal birth defects. Further comprehensive descriptions of CLIC have been 

published previously.25–31

Study Subjects

Data for our pooled analyses were provided from 18 questionnaire-based and three registry-

based case-control studies in 13 countries. Each eligible study provided both birth defect 

and leukemia data. Depending on the study design, questionnaires, hospital records, birth 

records, population-based birth defect registries, and cancer registries were used to identify 

cases and select controls. Children born with recognized chromosomal anomalies and/or 

single gene disorders (as defined below) were excluded from this assessment. Our overall 

study population consisted of 46,172 controls and 15,235 acute leukemia cases (ALL 

n=13,115 and AML n=2,120). In separate analyses, we evaluated all cases (ALL or AML) 

diagnosed at ≤12 months of age (i.e., infant leukemia, n=1,152). Additional information on 

each study site is provided in Supplemental Table 1.

Leukemia and Birth Defects Diagnoses

As noted, leukemia diagnoses were ascertained by study site and included both ALL and 

AML cases. Birth defect diagnoses were provided by: 1) diagnosis name; 2) codes using 

the Eighth, Ninth, or Tenth Revisions of the World Health Organization’s International 

Classification of Diseases, Clinical Modification (i.e., ICD-8, ICD-9, and ICD-10); or 3) 

codes using the Western Australian Register of Developmental Anomalies (WARDA).32 

All diagnoses were converted to the Centers for Disease Control and Prevention (CDC) 

modification of the British Paediatric Association Classification of Diseases (BPA) using 

coding-specific crosswalks obtained from the National Birth Defects Prevention Network 

(NBDPN) and WARDA.32, 33 For this assessment, we evaluated major birth defects included 

as part of the NBDPN annual report or the National Birth Defects Prevention Study.34, 35

Study Variables

In addition to data on birth defects and leukemia, the following variables were obtained 

from each study: child’s sex, age at leukemia diagnosis (cases), age at study entry (controls) 

histological subtype, ALL immunophenotype, year of birth, birthweight, gestational age, 

child’s race/ethnicity, plurality, as well as maternal age at child’s birth and maternal 

education. Data were standardized across studies. No frequency matching was conducted 

for the pooled analysis; however, all models were adjusted for study site.
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Statistical Methods

We used frequencies and percentages to describe demographic and clinical characteristics 

among the study population. We used logistic regression models to calculate odds ratios 

(OR) and 95% confidence intervals (CI) for each birth defect-leukemia combination, 

while adjusting for the following variables: study site, sex, birthweight (<2,500; 2,500–

3,999; >3,999 grams), gestational age (preterm [<37 weeks]; term [≥37 weeks]), maternal 

age (<25; 25–29; 30–34; 35–39; ≥40 years), birth year, and child’s race/ethnicity (non-

Hispanic White; non-Hispanic Black; Hispanic; and other – these categories varied by 

study and were harmonized based on previous CLIC assessments).29, 30, 36 These variables 

were selected based on previous assessments and to be consistent with other studies 

evaluating associations between non-chromosomal birth defects and pediatric cancer.10, 

26–31 Additionally, the categorical variables were designed similarly to what was used 

in previous CLIC assessments 27–30. However, unadjusted ORs and 95% CIs were also 

calculated and presented. In these models, we also included study site. Additionally, 

we evaluated the impact of missing data on results in unadjusted models and found no 

differences. Based on that, unadjusted models include all cases.

We first evaluated the associations between leukemia subtypes of interest (ALL, AML, 

and infant leukemia) and specific birth defects (e.g., ventricular septal defect), as well as 

larger birth defect groupings (e.g., congenital anomalies of the heart and circulatory system). 

Based on standard data suppression rules,10 our analyses were restricted to patterns where 

there were ≥5 co-occurring cases. We used the false discovery rate (FDR) to account for 

multiple comparisons.37 To evaluate the impact of differences in birth defect reporting, 

candidate associations were stratified by study design (i.e., questionnaire- vs. registry-based 

studies). Lastly, we evaluated the association between number of birth defects (0 defects, 

1 defect, and ≥2 defects) and leukemia risk. Logistic regression models were used for all 

analyses. All statistical analyses were performed using Stata 15.0 (StataCorp LP, College 

Station, TX).

Results

Overall, there were 46,172 controls and 15,235 cases: 13,115 ALL; 2,120 AML; 1,152 

infant (Table 1). The distribution of demographic characteristics across cases and controls 

was largely consistent with some exceptions. Overall, the prevalence of non-chromosomal 

birth defects was 5.7% and 5.8% in cases and controls, respectively (Table 2). Prevalence 

in each study was also calculated by case-control status and histology. In the questionnaire-

based studies, the prevalence of birth defects was 5% among cases versus 4% in controls; 

whereas, in the registry-based studies, the prevalence was 11% among cases versus 7% in 

controls (Supplemental Table 2). Across these groups, prevalence was largely the same in 

each study but prevalence did vary across studies (Supplemental Table 2). Moreover, as 

described below, there were some notable differences for ALL, AML, and infant leukemia 

by birth defect group and by specific birth defects.
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Non-Chromosomal Birth Defects and ALL

Among the 10 non-chromosomal birth defect groups evaluated (Table 2), three were 

significantly associated with ALL in adjusted models after correcting for multiple 

comparisons: 1) congenital anomalies of the heart and circulatory system (OR=1.46, 

95% CI: 1.10–1.95); 2) congenital anomalies of the digestive system (OR=2.70, 95% 

CI: 1.46–4.98); and 3) congenital anomalies of the skin (OR=1.43, 95% CI: 1.11–1.85). 

While hypospadias was associated with ALL (OR=2.12, 95% CI: 1.16–3.85), it was not 

statistically significant after correcting for multiple comparisons (pFDR=0.066). The only 

specific birth defect associated with ALL after correcting for multiple comparisons was 

congenital cataracts (OR=18.62, 95% CI: 4.36–79.49, pFDR=0.002).

To account for differences in birth defect reporting, associations were then stratified by study 

design (i.e., questionnaire- vs. registry-based). The direction and magnitude of the effect 

estimates were consistent for congenital anomalies of the digestive system and congenital 

anomalies of the skin (Table 3). This was not the case for congenital anomalies of the 

heart and circulatory system and muscoskeletal system where the OR in questionnaire-based 

studies was 0.84 (95% CI: 0.55–1.28) and 0.66 (95% CI: 0.44–0.99), respectively compared 

to 2.36 (95% CI: 1.66–3.34) and 1.23 (95% CI: 0.83–1.82) in registry-based studies.

Non-Chromosomal Birth Defects and AML

Three non-chromosomal birth defect groups were significantly associated with AML in 

adjusted models after correcting for multiple comparisons (Table 2): 1) congenital anomalies 

of the nervous system (OR=4.23, 95% CI: 1.50–11.89); 2) congenital anomalies of the heart 

and circulatory system (OR=2.86, 95% CI: 1.81–4.52); and 3) congenital anomalies of the 

skin (OR=0.36, 95% CI: 0.18–0.70). The OR for congenital anomalies of the skin was <1.0, 

suggesting children with AML were less likely to have these non-chromosomal birth defects 

compared to controls. None of the specific birth defects with ≥5 co-occurring cases was 

significantly associated with AML.

When numbers were sufficient to conduct sensitivity analyses for AML stratified by study 

design, results were consistent in terms of direction of effect (Table 4); however, effect 

estimates from the registry-based studies were larger. For example, associations with 

congenital anomalies of the heart and circulatory system were stronger in registry-based 

studies (OR=5.39, 95% CI: 3.14–9.24) compared to questionnaire-based studies (OR=1.28, 

95% CI: 0.61–2.67).

Non-Chromosomal Birth Defects and Infant Leukemia

While there were no significant associations between non-chromosomal birth defects and 

infant leukemia after correcting for multiple comparisons, there was a strong association 

with congenital anomalies of the digestive system and infant leukemia (OR=4.55, 95% CI: 

1.06–19.62) (Table 2), which was stronger when evaluating effects in questionnaire-based 

studies (OR=7.31, 95% CI: 1.20–44.63) (data not shown). However, these associations were 

based on a small number of co-occurring cases (n=6) within questionnaire-based studies. 

There were no observations to evaluate specific associations in registry-based studies.

Lupo et al. Page 7

Int J Cancer. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Risk of Leukemia by Number of Birth Defects

While there was a significant p-for-trend when evaluating the association between increasing 

number of non-chromosomal birth defects and ALL (ptrend=0.006), the association was 

neither strong nor statistically significant for children with ≥2 defects (ORALL=1.32, 95% 

CI: 0.90–1.94; Table 5). For both AML and infant leukemia, risk was greater for children 

with ≥2 birth defects (ORAML=1.96, 95% CI: 1.10–3.46 and ORinfant leukemia=1.71, 95% 

CI: 0.93–1.35) compared to children with 1 defect (ORAML=0.92, 95% CI: (0.72–1.18 and 

ORinfant leukemia=0.97, 95% CI: 0.69–1.35) (Table 5).

Discussion

In this large assessment of leukemia risk among children with non-chromosomal birth 

defects, which included >15,000 cases and >46,000 controls, we report several birth defect-

leukemia associations including: 1) congenital anomalies of the digestive system-ALL; 2) 

congenital cataracts-ALL; 3) anomalies of the skin-ALL; 4) congenital anomalies of the 

heart-ALL; 5) congenital anomalies of the heart-AML; and 6) congenital anomalies of the 

nervous system-AML. Several of our observations are consistent with previous findings,10 

including anomalies of the skin-ALL and congenital anomalies of the heart and circulatory 

system-AML.

While these associations are notable, our study points to two important findings in relation 

to non-chromosomal birth defects and leukemia susceptibility. First, there are not as many 

associations reported for leukemia as with some solid tumors (e.g., germ cell tumors 

are associated with a larger spectrum of birth defects).10, 21 Second, associations are 

not as strong as reported for other pediatric cancers (e.g., neuroblastoma).10, 17, 19, 20 

However, some of these differences could be due to the variability in birth defect reporting 

between questionnaire-based studies and registry-based studies. In our assessment, the 

prevalence of birth defects was higher in registry-based studies compared to questionnaire-

based studies. Additionally, birth defect-leukemia associations from registry-based studies 

were generally stronger compared to questionnaire-based studies. This suggests to the 

likelihood of underreporting in questionnaire-based studies, as well as the potential for 

differential reporting. In fact, there are reported differences in birth defect reporting 

across many modalities (e.g., birth certificates, questionnaires, active surveillance).38–41 

Because of that, it is important to leverage multiple sources of data when evaluating 

these conditions and their impact on cancer risk. Future studies of leukemia risk in 

children with non-chromosomal birth defects should utilize data from expanded registry 

linkages. Nevertheless, our assessment yielded new insights regarding birth defect-leukemia 

associations.

We found generally consistent associations for congenital anomalies of the digestive system 

and ALL (while not statistically significant, similar patterns were seen for AML and infant 

leukemia); congenital cataracts and ALL; congenital anomalies of the nervous system and 

AML; and congenital anomalies of the heart and circulatory system for both ALL and AML. 

These observed associations could be due to a range of factors. First, each of these structural 

birth defects is more common in children with Down syndrome.42 Although we excluded 

children with Down syndrome from this assessment, it is possible that genetic variation on 

Lupo et al. Page 8

Int J Cancer. Author manuscript; available in PMC 2024 April 22.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



chromosome 21 could explain the co-occurrence of these conditions, or that cases of Down 

syndrome were misclassified.7, 43 Second, it is also possible that these associations could be 

due to other known syndromes that were not diagnosed in these individuals. For example, 

children with Fanconi anemia, an AML predisposition syndrome, are more likely to have 

heart and gastrointestinal defects compared to unaffected children.44 Third, it is possible that 

these associations could represent “yet-to-be-discovered” cancer predisposition syndromes 

or shared genetic effects across phenotypes (i.e., pleiotropy) that could be leveraged to 

discover novel genetic variants underlying the occurrence of both birth defects and leukemia.

A largely unexplored potential explanation for the overlap between non-chromosomal birth 

defects and leukemia, as well as other pediatric cancers, is the role of non-genetic in 
utero factors and exposures that could lead to both phenotypes (e.g., maternal diabetes) 

or postnatal exposures that children with birth defects are more likely to receive (e.g., 

diagnostic procedures that involve radiation).21 However, outside of a recent assessment 

evaluating the impact of in vitro fertilization (IVF) on the co-occurrence of birth defects and 

pediatric cancer, which reported that IVF-exposed children were more likely to develop both 

birth defects and cancer compared to naturally conceived children,45 there have been few 

attempts to evaluate the role of various exposures on the overlap between these conditions.

Our study must be considered in the light of certain limitations. First, and as noted, it 

is possible that birth defects may have been incompletely ascertained. Our study relied 

separately on self-reported birth defects (questionnaire-based studies) and independent 

assessment of birth defects (registry-based studies). Each of these approaches has 

limitations.21 However, for defects with sufficient numbers to evaluate associations by study 

design, the direction of effects were largely consistent, with findings from registry-based 

studies being stronger. Also, while incomplete ascertainment of birth defects may bias 

our effect estimates, most studies of birth defects and cancer risk (independent of birth 

defect ascertainment method) have comparable findings.21 Related to this, it is possible 

that selection bias could influence results derived from the case-control studies. However, 

the inclusion of data from registry-based studies aided in the evaluation of this potential 

bias across study types. Even in our large study, sample size issues or data availability 

limited our ability to evaluate subtypes based on immunophenotype, cytogenetic features, 

or other genomic characteristics. This could be particularly important as there is evidence 

that etiologic factors differ by tumor characteristics.46 Finally, an issue inherit in studies of 

birth defects and cancer is that children diagnosed with cancer may undergo additional 

diagnostic scrutiny compared to children without a malignancy, which results in the 

increased identification of birth defects in cases compared to controls.10 However, previous 

assessments have indicated this is likely not a driver of observed birth defect-pediatric 

cancer associations.10

The present study has considerable strengths, most notably its large sample size (>15,000 

cases), which enabled us to evaluate specific non-chromosomal birth defects that have not 

been included in previous assessments. Another strength of our assessment is the inclusion 

of different study designs (questionnaire- versus registry-based) as well as leukemia types 

(ALL, AML, and infant acute leukemia), which allowed us to conduct sensitivity analyses 

to evaluate differences by case ascertainment method, helping us to confirm associations. 
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Lastly, as this is an international study, we included diverse populations from multiple 

settings and geographical locations.25

In conclusion, while associations between non-chromosomal birth defects and leukemia risk 

were observed, they were not as numerous or strong as those reported for other less common 

pediatric cancers. However, these findings contribute to our understanding of leukemia 

risk. Future assessments should evaluate the mediating effects of key variables, including 

birthweight and gestational age. Additionally, we recommend leveraging associations related 

to the role of anomalies of the heart, skin, and digestive system to evaluate the role of shared 

genetic effects and non-genetic exposures, thereby yielding new insights into the overlap 

between non-chromosomal birth defects and acute leukemia, as well as acute leukemia 

susceptibility in general.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Novelty and Impact

Little is known about the potential etiologic role non-chromosomal birth defects have on 

childhood leukemia risk. Therefore, we sought to identify associations between leukemia 

and non-chromosomal birth defects in a pooled cohort from studies participating in the 

Childhood Cancer and Leukemia International Consortium. Certain birth defects were 

strongly associated with increased leukemia risk. These associations could point to novel 

genetic and environmental factors associated with birth defects that could also increase 

leukemia susceptibility.
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