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Cancer Diagnostic Profile in Children With Structural Birth
Defects: An Assessment in 15,000 Childhood Cancer Cases
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BACKGROUND: Birth defects are established risk factors for childhood cancer. Nonetheless, cancer epidemiology in children with birth
defects is not well characterized. METHODS: Using data from population-based registries in 4 US states, this study compared children
with cancer but no birth defects (n =13,111) with children with cancer and 1 or more nonsyndromic birth defects (n = 1616). The objective
was to evaluate cancer diagnostic characteristics, including tumor type, age at diagnosis, and stage at diagnosis. RESULTS: Compared
with the general population of children with cancer, children with birth defects were diagnosed with more embryonal tumors (26.6% vs
18.7%; g < 0.001), including neuroblastoma (12.5% vs 8.2%; g < 0.001) and hepatoblastoma (5.0% vs 1.3%; g < 0.001), but fewer hemato-
logic malignancies, including acute lymphoblastic leukemia (12.4% vs 24.4%; g < 0.001). In age-stratified analyses, differences in tumor
type were evident among children younger than 1 year and children 1to 4 years old, but they were attenuated among children 5 years
of age or older. The age at diagnosis was younger in children with birth defects for most cancers, including leukemia, lymphoma, astro-
cytoma, medulloblastoma, ependymoma, embryonal tumors, and germ cell tumors (all g < 0.05). CONCLUSIONS: The results indicate
possible etiologic heterogeneity in children with birth defects, have implications for future surveillance efforts, and raise the possibility
of differential cancer ascertainment in children with birth defects. Cancer 2020;0:1-10. © 2020 American Cancer Society.

LAY SUMMARY:

¢ Scientific studies suggest that children with birth defects are at increased risk for cancer. However, these studies have not been able
to determine whether important tumor characteristics, such as the type of tumor diagnosed, the age at which the tumor is diagnosed,
and the degree to which the tumor has spread at the time of diagnosis, are different for children with birth defects and children without
birth defects.

¢ This study attempts to answer these important questions. By doing so, it may help scientists and physicians to understand the causes
of cancer in children with birth defects and diagnose cancer at earlier stages when it is more treatable.
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INTRODUCTION

Congenital anomalies occur in as many as 3% of all livebirths in developed countries and are a leading cause of infant
mortality."” The majority of children with congenital anomalies do not have a known chromosomal or genetic etiology,>*
and they may be referred to as having nonchromosomal structural birth defects. Studies by our group and others support
associations between birth defects and childhood cancer.”"? In particular, birth defects appear to be strongly associated
with germ cell tumors (GCTs), soft-tissue sarcomas, embryonal tumors, including neuroblastoma, hepatoblastoma, reti-
noblastoma, medulloblastoma, nephroblastoma (Wilms tumor), and atypical teratoid/rhabdoid tumors. Studies have also
reported that associations are strongest among younger children (eg, those younger than 6 ye,ars).G’g’lO’lz'14

These studies provide compelling evidence that birth defects are associated with increased childhood cancer risk,

but it remains largely unknown whether or how important diagnostic characteristics (ie, tumor type, Surveillance,
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Epidemiology, and End Results [SEER] summary stage
at diagnosis, and age at diagnosis) differ in children with
birth defects in comparison with the general population
of children with cancer. Such differences could reflect
etiologic heterogeneity or differential surveillance in chil-
dren with birth defects in comparison with the general
population of children with cancer, and they may have
implications for diagnosis, treatment, and prognosis.
Thus, comprehensively characterizing cancer diagnostic
characteristics in children with birth defects may gener-
ate hypotheses for etiologic research'® and could inform
surveillance efforts, such as those recently discussed by
Malkin et al.'® Our objective was to describe the distri-
butions of tumor types, SEER stages at diagnosis, and
ages at diagnosis in children and adolescents with non-
chromosomal structural birth defects in comparison with
children and adolescents without birth defects.

MATERIALS AND METHODS

Study Design

We performed a case-only analysis of children with can-
cer enrolled in the Genetic Overlap Between Anomalies
and Cancer in Kids (GOBACK) registry linkage study.
Detailed methodology for the GOBACK study has been
published previously.” Briefly, investigators developed
retrospective birth cohorts by linking individual-level in-
formation from birth certificates, birth defect registries,
and cancer registries in Arkansas (1995-2011), Michigan
(1992-2011), North Carolina (2003-2011), and Texas
(1999-2013). De-identified data from each participat-
ing state were then pooled for analysis. This study was
approved by the institutional review board of each par-
ticipating institution and was performed in accordance
with the Declaration of Helsinki. The requirement for
written informed consent was waived by the institutional
review boards because this study used de-identified data
collected by public health agencies.

Data Collection

All study participants included in this analysis were di-
agnosed with cancer before the age of 18 years. Children
without cancer and children with cancer and a chro-
mosomal or single-gene syndrome ascertained by the
participating birth defect registries (trisomies 13, 18,
and 21; 22q11.2 deletion syndrome; Turner syndrome;
tuberous sclerosis complex; or neurofibromatosis) were
excluded (n = 383). Information on each child’s sex, ges-
tational age at delivery, and plurality as well as maternal
age, race/ethnicity, and education was obtained from
birth certificates. Children were categorized as having
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no birth defect, 1 isolated major structural birth defect,
or multiple major structural birth defects according to
the number of diagnoses recorded by registries. Major
structural birth defects were defined as those included
in the case definitions used by the National Birth
Defects Prevention Network (Supporting Table 1)."”
Population-based birth defect registries in Arkansas,
North Carolina, and Texas recorded diagnoses with the
Centers for Disease Control and Prevention—modified
British Paediatric Association coding system; Michigan
recorded diagnoses with the coding system of the
International Classification of Diseases, Ninth Revision,
Clinical Modification. All participating cancer regis-
tries recorded site, histology, and behavior codes per
the International Classification of Diseases for Oncology,
Third Edition. These were used to classify childhood
cancer diagnoses per the International Classification of
Childhood Cancer, Third Edition (ICCC-3) system ex-
cept for intracranial and intraspinal GCTs, which were
categorized as central nervous system (CNS) tumors.
All other GCTs were classified as extracranial. Ewing
sarcoma of bone included children in /CCC-3 site group
8c; results were unchanged when all Ewing sarcoma
family tumors (/CCC-3 site groups 8¢, 9d.1, and 9d.2)
were evaluated collectively. Only cancers diagnosed at
an age < 18 years were included, and in children diag-
nosed with more than 1 cancer (n = 230), only the first
primary tumor was included in the study.

Statistical Analysis

Data analysis and visualization were performed in R
version 3.5.3 (R Foundation for Statistical Computing,
Vienna, Austria) with the gmodels and ggplot2 packages.
Differences in the frequencies of tumor types and SEER
stages at diagnosis by birth defect status were assessed with
the chi-square test or Fisher exact test, as appropriate.l&19
An analysis of tumor type was first performed in the en-
tire cohort and subsequently after stratification by age at
cancer diagnosis. To be consistent with our previous as-
sessment, we divided children into those diagnosed at <1,
1t 4,5 t09,and >10 years.'” Medians and interquar-
tile ranges were calculated for the age at diagnosis, and
2-sided Mann-Whitney U tests were used to assess dif-
ferences by birth defect status. Because we previously had
shown that cancer risk was greater in children with multi-
ple major birth defects,” we also assessed potential differ-
ences in diagnostic characteristics between children with
an isolated birth defect and children with multiple birth
defects. To correct for multiple testing, we maintained a
5% false discovery rate in each analysis (tumor type, age
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FIGURE 1. Distributions of cancer diagnoses by BD status. ®There was a significant difference in the proportion of total cancer
diagnoses between children with BDs and children without BDs (g < 0.001). No significant differences were observed when we
compared children with an isolated BD and those with multiple major BDs. BD indicates birth defect; CNS, central nervous system;

GCT, germ cell tumor.

at diagnosis, and stage at diagnosis) via the Benjamini-
Hochberg method.”” Statistical significance was defined
as a false discovery rate-adjusted 4 value <0.05. To com-
ply with data suppression rules, exact counts were sup-
pressed for cells with fewer than 5 observations.

RESULTS

Cancer Diagnostic Profile by Birth Defect Status
Cancer was diagnosed in 13,111 children without birth
defects and in 1616 children with birth defects, of whom
477 were diagnosed with an isolated major birth defect
and 1139 were diagnosed with 2 or more major birth
defects. Differences in tumor type by birth defect sta-
tus were evident (Fig. 1 and Table 1). Birth defect status
was associated with the frequency of diagnosis for 9 of
the 28 tumor types evaluated (all g < 0.05). Specifically,
medulloblastoma, neuroblastoma, hepatoblastoma, and
extracranial GCTs were more frequent in children with
birth defects in comparison with children without them.
Collectively, embryonal tumors (defined per the method
of Tulla et al*") and intracranial or extracranial GCTs
accounted for 40.1% of all cancers diagnosed in children
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with a birth defect and 27.3% in children without a birth
defect (¢ < 0.001). In contrast, acute lymphoblastic leu-
kemia (ALL) and Hodgkin lymphoma were more fre-
quent in children without birth defects. No differences
were observed when we compared children with multiple
birth defects and children with an isolated birth defect
except for a lower frequency of retinoblastoma.

Birth defect status was associated with the age at di-
agnosis for 18 of the 28 tumor types evaluated (Table 2).
Specifically, when comparing children with birth defects
and children with no birth defects, we observed a younger
median age at cancer diagnosis for ALL, acute myeloid
leukemia, astrocytoma, medulloblastoma, ependymoma,
primitive neuroectodermal tumors, all evaluated subtypes
of non-CNS embryonal tumors, extracranial GCTs, other
or unspecified soft-tissue sarcomas, and other or unspeci-
fied malignant neoplasms (all 4 < 0.05). Compared with
children with an isolated major birth defect, children with
multiple birth defects were diagnosed at an even younger
median age for leukemia, CNS tumors, neuroblastoma,
and sarcomas.

Birth defect status was associated with the SEER
stage at diagnosis among children with CNS tumors,
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TABLE 1. Cancer Diagnoses by Birth Defect Status

No Birth Defect

Isolated Birth Defect

Multiple Birth Defects

(n=13,111), No. (%) (n=477), No. (%) (n=1139), No. (%) q? qb

Leukemia 4013 (30.61) 102 (21.38) 226 (19.84) <0.001 0.58
ALL 3194 (24.36) 70 (14.68) 131 (11.50) <0.001 0.22
AML 464 (3.54) 17 (3.56) 50 (4.39) 0.41 0.55
Lymphoma 1229 (9.37) 38 (7.97) 88 (7.73) 0.12 0.92
HL 329 (2.51) — 16 (1.40) 0.002 0.30
NHL 415 (3.17) 11 (2.31) 37 (3.25) 0.75 0.45
Burkitt lymphoma 142 (1.08) 7 (1.47) 10 (0.88) 0.94 0.45
CNS tumors 3132 (23.89) 111 (23.27) 303 (26.6) 0.29 0.31
Astrocytoma 1153 (8.79) 36 (7.55) 113 (9.92) 0.66 0.29
Medulloblastoma 353 (2.69) 15 (3.14) 48 (4.21) 0.03 0.45
Ependymoma 251 (1.91) 5(1.05) 19 (1.67) 0.42 0.46
PNET 95 (0.72) - 11 (0.97) 0.75 0.53
Intracranial GCTs 87 (0.66) — 16 (1.40) 0.08 0.62
Teratoma 35 (0.27) - 10 (0.88) 0.03 0.65
Germinoma 36 (0.27) - 5(0.44) 0.50 0.99
Non-CNS embryonal tumors 2450 (18.69) 118 (24.74) 312 (27.39) <0.001 0.44
Neuroblastoma 1070 (8.16) 51 (10.69) 151 (13.26) <0.001 0.31
Retinoblastoma 452 (3.45) 23 (4.82) 24 (2.11) 0.44 0.02
Nephroblastoma 734 (5.60) 28 (5.87) 70 (6.15) 0.55 0.89
Hepatoblastoma 169 (1.29) 15 (3.14) 66 (5.79) <0.001 0.09
Sarcomas 1318 (10.05) 44 (9.22) 105 (9.22) 0.45 0.99
Ewing sarcoma of bone 117 (0.89) — - 0.07 0.10
Osteosarcoma 167 (1.27) — 8(0.70) 0.09 0.83
Embryonal RMS 221 (1.69) - 15 (1.32) 0.33 0.73
Alveolar RMS 78 (0.59) 0.41 0.33
Other sarcoma 685 (5.22) 29 (6 08) 76 (6 67) 0.10 0.11
Extracranial GCTs 292 (2.23) 35 (7.34) 58 (5.09) <0.001 0.21
Other 694 (5.29) 29 (6.08) 47 (4.13) 0.45 0.23

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CNS, central nervous system; GCT, germ cell tumor; HL, Hodgkin lymphoma;
NHL, non-Hodgkin lymphoma; PNET, primitive neuroectodermal tumor; RMS, rhabdomyosarcoma.
Some rows are nonmutually exclusive (eg, the leukemia and ALL rows and the CNS and astrocytoma rows); therefore, column sums exceed the total numbers

given in the headers.

2Comparing children with birth defects and children without any birth defects with the chi-square test or the Fisher exact test if the expected cell counts were <5.

q values <0.05 indicate statistical significance at a 5% false discovery rate.

bComparing children with an isolated major birth defect and children with multiple major birth defects with the chi-square test or the Fisher exact test if the expected
cell counts were <5. g values <0.05 indicate statistical significance at a 5% false discovery rate.

non-CNS embryonal tumors, and sarcomas (Fig. 2 and
Supporting Table 2). Specifically, CNS tumors and sar-
comas were less often reported as localized or in situ but
were more often reported as unknown in the 2 categories
of children with birth defects. Children with birth de-
fects who were diagnosed with embryonal tumors more
often had their tumor stage reported as localized or in
situ. When analyses were restricted to children with an
isolated birth defect versus multiple birth defects, stage
was significantly different only for sarcomas, for which
it was more often reported as unknown in children with
multiple birth defects (58.7% vs 36.6% in children with
an isolated birth defect; g4 = 0.03). We did not analyze
individual tumor types because of the limited sample size.

Cancer Diagnostic Profile by Age and Birth
Defect Status

Age-stratified analyses were performed to compare
cancer diagnostic characteristics by birth defect status
separately among children aged <1, 1 to 4, 5 to 9, and
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>10 years at cancer diagnosis (Fig. 3 and Supporting
Table 3). Because of the sample size and because we
observed few significant differences in the distributions
of tumor types in children with an isolated birth defect
versus multiple birth defects, these groups were com-
bined for this analysis. ALL and retinoblastoma were
less common in infants with a birth defect, whereas
GCTs and hepatoblastoma were more common. Indeed,
13.4% of all cancers diagnosed in infants with a birth
defect were GCTs, whereas 6.5% were in those without
birth defects (¢ < 0.001). In children aged 1 to 4 years,
birth defects were associated with more frequent diag-
nosis of medulloblastoma, hepatoblastoma, and extrac-
ranial GCTs but less frequent diagnosis of leukemia. In
infants and children aged 1 to 4 years, birth defects were
associated with more frequent diagnosis of hepatoblas-
toma but less frequent diagnosis of retinoblastoma and
ALL. In children aged 5 to 9 years, other or unspecified
soft-tissue sarcomas constituted a larger proportion of
cancer diagnoses for children with birth defects, and in
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TABLE 2. Median Age at First Cancer Diagnosis by Birth Defect Status
No Birth Defect, Isolated Birth Defect, Multiple Birth Defects,

Median (IQR), y Median (IQR), y Median (IQR), y q? q°

Leukemia 3.6 (4.0) 5(4.1) 2.0 (4.1) <0.001 0.001
ALL 3.7 (3.6) (4 0) 3.0 (3.1) 0.03 0.44
AML 3.0 (7.0) 0 (4.5) 0.5 (0.5) <0.001 0.03
Lymphoma 7.0 (8.1) (5 6) 6.0 (8.8) 0.002 0.18
HL 11.9 (7.0) 11 8 (1.2) 11.9 (6.1) 0.75 0.94
NHL 7.0 (6.9) 3(5.9) 6.0 (6.0) 0.08 0.80
Burkitt lymphoma 5.3 (5.2 0 (4.3) 6.4 (4.8) 0.51 0.29
CNS tumors 5.0 (6.0) (5 7) 2.1 (5.5) <0.001 0.03
Astrocytoma 4.9 (5.4) 4(5.2) 3.0 (5.0) <0.001 0.25
Medulloblastoma 4.9 (5.6) (3 5) 3.0 (4.0) <0.001 0.09
Ependymoma 3.2 (4.6) 3(0.4) 1.0 (4.0) 0.02 0.87
PNET 3.0 (4.0) (0 4) 1.0 (2.3) 0.03 0.87
Intracranial GCTs 7.3(9.0) 0(3.9) 3.3(13.8) 0.31 0.45
Teratoma 1.8 (5.0 ( 2) 0.3 (3.5) 0.15 0.23
Germinoma 9.2 (4.9) 1(5.5) 15.0 (2.0) 0.27 0.33
Non-CNS embryonal tumors 1.8 (2.3 ( 8) 0.7 (2.0) <0.001 0.12
Neuroblastoma 1.4 (2.5) 5(1.2) 0.1 (1.0) <0.001 0.03
Retinoblastoma 1.0(1.5) ( 6) 0.5(0.2) <0.001 0.09
Nephroblastoma 3.0 (2.6) 4 (2.5) 1.5(3.0) <0.001 0.60
Hepatoblastoma 1.6 (2.0 ( 8) 1.0 (0.9) 0.02 0.39

Sarcomas 6.0 (8.6) 6 (7.0) 2.2 (5.5) <0.001 0.004
Ewing sarcoma of bone 9.5 (6.4) ( 9) 9.2 (0.0) 0.39 0.26
Osteosarcoma 10.1 (5.4) 13 0(2.0) 8.0 (7.6) 0.51 0.29
Embryonal RMS 3.3(3.7) 1(3.5) 2.0(3.2) 0.12 0.37
Alveolar RMS 4.0 (6.3) 0 (6.0) 3.5 (1.5) 0.74 0.45
Other sarcoma 5.0 (8.8) ( 8) 1.2 (4.8) <0.001 0.05
Extracranial GCTs 2.1 (10.4) 5(1.2) 0.5 (0.7) <0.001 0.30
Other 10.5 (10.7) ( 9) 5.0 (11.0) <0.001 0.39

Abbreviations: ALL, acute lymphoblastic leukemia; AML, acute myeloid leukemia; CNS, central nervous system; GCT, germ cell tumor; HL, Hodgkin lymphoma;
IQR, interquartile range; NHL, non-Hodgkin lymphoma; PNET, primitive neuroectodermal tumor; RMS, rhabdomyosarcoma.
2From Kruskal-Wallis tests comparing children with birth defects and children without any major birth defects. g values <0.05 indicate statistical significance at a

5% false discovery rate.

PFrom Kruskal-Wallis tests comparing children with an isolated birth defect and children with multiple major birth defects. g values <0.05 indicate statistical sig-

nificance at a 5% false discovery rate.

children aged >10 years, intracranial GCTs were more
frequent.

DISCUSSION

Epidemiological studies provide strong evidence of an
association between birth defects and childhood can-
cer.” 1% However, these assessments have not comprehen-
sively described diagnostic characteristics, such as tumor
type, age at diagnosis, and stage at diagnosis, in children
with birth defects. It remains largely unknown whether
and how these important clinical features, which may
reflect etiologic heterogeneity or differential diagnostic
practices and affect treatment and prognosis, differ from
the general population of children with cancer. To address
these questions, we analyzed data from approximately
15,000 childhood cancer cases from a large, multistate
birth cohort of more than 10 million births, and we
observed several striking differences in cancer diagnostic
characteristics by birth defect status. More embryonal
tumors and GCTs but fewer leukemias were diagnosed
in children with birth defects. With few exceptions, we
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found that the distributions of tumor types were not
markedly different between children with an isolated
birth defect and children with multiple birth defects,
although our prior work suggests that both the relative
cancer risk and the absolute cancer risk are greater in
children with multiple birth defects.’

Most epidemiological studies have examined the
relative risk of cancer in children with birth defects in
comparison with children without birth defects, and
these report consistent associations between birth de-
fects and embryonal, germ cell, and soft-tissue tumors,
with mixed results for leukemia and lymphoma.>!'®!'!**
Fewer have presented data on the distribution of cancer
diagnoses in children with birth defects. Collins et al*®
reported a lower relative frequency of leukemia in chil-
dren with congenital heart disease in comparison with
children without it (28% vs 36%) and a higher relative
frequency of neuroblastoma (9.0% vs 6.7%). Wong-
Siegel et al'® reported larger proportions of central and
peripheral nervous system tumors, soft-tissue sarcomas,
and renal tumors in pediatric cancer patients with birth
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FIGURE 2. Surveillance, Epidemiology, and End Results summary stage for first cancer diagnosis by BD status. *g < 0.05; ***q < 0.001.
BD indicates birth defect; CNS, central nervous system; GCT, germ cell tumor.

defects in comparison with those without birth defects.
Agha et al'? also reported that CNS tumors were more
frequent in children with birth defects in comparison
with those without birth defects, whereas lymphoma
was less frequent, although these differences were not
statistically significant. In contrast to our study and
others, this group reported that leukemia constituted a
larger percentage of cancer diagnoses in children with a
birth defect.

The majority of the cancers evaluated were diag-
nosed at a younger median age among children with a
birth defect versus children without a birth defect, and in
age-stratified analyses, the most pronounced differences
in tumor type were observed in children younger than
5 years. These findings are consistent with reports show-
ing that the excess cancer risk associated with birth defects
is greatest in young children.®*1%2% A study of adoles-
cents and young adults aged 15 to 25 years reported an
elevated risk only for non-Hodgkin lymphoma in those
with a nonchromosomal birth defect in comparison with
those without a birth defect.”* We did not observe a
difference in the proportion of lymphoma diagnoses in
children aged >10 years by birth defect status but did
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report a small increase in the proportion of intracranial
GCTs. Collectively, these data suggest that cancer diag-
nostic characteristics in older children and adolescents
with birth defects are similar to those of the general pop-
ulation without birth defects, although small distinctions
may persist.

To investigate whether the younger age at cancer di-
agnosis in children with a birth defect could be due to dif-
ferential medical care or increased cancer surveillance, we
evaluated potential differences in the SEER stage at diag-
nosis by birth defect status. Specifically, we hypothesized
that if differences in age at cancer diagnosis were the result
of increased surveillance among children with birth de-
fects, their cancers would more frequently be reported as
localized or in situ in comparison with children without
birth defects. We did not observe consistent evidence that
children with a birth defect were more often diagnosed
with localized or in situ tumors. Cancer surveillance is
not routinely recommended for children with nonchro-
mosomal structural birth defects, and a younger age at
diagnosis was noted for cancers that are not considered
amenable to surveillance, such as ALL and acute myeloid
leukemia. These data suggest that differential medical
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FIGURE 3. Age-stratified distributions of cancer diagnoses in children and adolescents according to birth defect status. *g < 0.05;
**g < 0.005; ***q < 0.001. CNS indicates central nervous system; GCT, germ cell tumor.

care or screening in children with birth defects does not
fully explain their younger age at cancer diagnosis.

The basis for the observed associations between
birth defect status and SEER stage at diagnosis is un-
clear. Stage may be reported as unknown in instances
when diagnostic tests are not performed because of con-
traindicating medical conditions or when the patient dies
before diagnostic workup can be completed.”” Children
with congenital heart disease, the most common cate-
gory of structural birth defects, are at increased risk for
hospital-acquired infections and complications from
anesthesia or surgery in comparison with the general
pediatric population.?*?® These concerns may discour-
age physicians from performing tests that are invasive
or require general anesthesia. Differences in the clinical
management or natural history of cancer between chil-
dren with birth defects and children without birth de-
fects may also affect these results. For example, biopsy
and surgical resection are performed less frequently for
brain tumor patients with neurofibromatosis type 1 than
for children with sporadic brain tumors,”>?° and Down
syndrome is associated with an increased risk of mortality
during the early phases of chemotherapy in children with
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ALL.>"? Further investigations are warranted to deter-
mine whether children with birth defects receive differ-
ential cancer diagnostic workup or treatment. Likewise,
with the exception of children with Down syndrome and
leukemia, the survival of children with cancer and birth
defects has not been investigated.

It has been hypothesized that childhood cancers,
particularly embryonal tumors and GCTs, could result
from aberrant genetic or epigenetic control of fetal de-
velopment and thus share a common etiology with birth
defects.*** Our observation that these tumors represent
larger proportions of cancers in children with birth de-
fects supports this hypothesis, as do other lines of evi-
dence. For example, variants in BRCAI and BRCAZ2 have
recently been linked with nonsyndromic cleft lip and/
and sonic hedgehog (Shh) signaling, a crit-

ical regulator of CNS development, is used to define a

or petlate,34

molecular subtype of medulloblastoma.?>*® Some studies
report that maternal exposures that are associated with an
increased risk of birth defects, such as in vitro fertiliza-
tion, are also associated with small increases in the risk
of some childhood cancers, such as hepeltoblzlstomel.37’38

However, a recent meta-analysis of 14 cohort studies
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found no increased risk of cancer among children con-
ceived with assisted reproductive technology or in vitro
fertilization.”® It is, therefore, possible that certain birth
defect—cancer associations may be explained by exposures
that are both teratogenic and carcinogenic, although this
is unproven. Finally, it is well established that perinatal
characteristics, particularly birthweight, differ between
children with birth defects and children without birth de-
fects. The lower mean birthweight of children with birth
defects could explain the observed association with hepa-
toblastoma®” as well as the lack of association with ALL.*!
Case-case designs such as this can be useful for under-
standing discase ctiology,' ™ but the current analysis is
not intended to identify genetic and environmental expo-
sures that may underlie birth defect—cancer associations,
and further research is necessary in this area.

The use of data from a large, population-based birth
cohort is a key strength of the current study. We have per-
formed a comprehensive assessment of cancer diagnostic
characteristics in children with birth defects by linking
records from birth certificates, birth defect registries, and
cancer registries for more than 10 million livebirths in 4
racially, ethnically, and geographically diverse US states.
Because all participating registries are population-based,
ascertainment of both birth defects and cancers during
the study period should be nearly complete. In addition,
both birth defects and cancer diagnoses were systemati-
cally recorded by trained registry staff using standardized
coding systems, and this ensured complete, consistent,
and high-quality data. Our large sample size permitted
us not only to compare cancer diagnostic characteristics
by birth defect status but also to describe the relationship
of birth defect status with major childhood cancer types
separately among children with an isolated birth defect
versus children with multiple birth defects and within
several age strata, and this has not been possible in previ-
ous investigations.

Our study also has potential limitations. Residential
migration into or out of our study area is not measured.
For example, our study sample does not capture cancer
diagnoses among children who were born in our study area
but moved out of state before their diagnosis. The poten-
tial impact of this limitation on our findings is difficult
to assess and would require national registries to measure,
and these resources currently do not exist. Birth defect
registries do not systematically record minor birth defect
diagnoses (eg, café au lait spots or skin tags); therefore, we
were unable to investigate whether the cancer diagnostic
profile differs in children with these conditions. Similarly,
some cancer-associated syndromes such as WAGR
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syndrome and Beckwith-Wiedemann syndrome are not
systematically recorded by registries, and affected children
could not be identified. We were unable to evaluate the
sources of information used to determine cancer stage,
which may be informative in determining whether can-
cer diagnostic workup or survival differs among children
with birth defects versus those without birth defects. We
had a modest multiple testing burden in comparison with
many epidemiological studies (eg, genome-wide or epig-
enome-wide association studies) and corrected for this by
using the Benjamini-Hochberg procedure. However, the
possibility of chance findings cannot be excluded.

These data suggest that children with nonchromo-
somal structural birth defects have a unique cancer di-
agnostic profile, including more frequent diagnoses of
non-CNS embryonal tumors and GCTs, and a younger
age at diagnosis in comparison with children without
birth defects. Differences in tumor types were most appar-
ent in infants and young children and were largely absent
after 10 years of age. Children with a birth defect were
not more likely to have localized or in situ tumors at di-
agnosis, and this suggests that increased surveillance does
not fully explain the observed differences; however, they
were more likely to have the stage reported as unknown
in comparison with children without birth defects. It is
possible that the latter finding reflects differences in can-
cer diagnostic practices or survival in children with birth
defects. By providing a comprehensive overview of can-
cer diagnostic characteristics in children with birth de-
fects, who represent approximately 3% of all livebirths in
the United States, we hope to guide future research into
childhood cancer etiology and surveillance. Specifically,
by describing the distributions of tumor types and ages
at cancer diagnosis in this population for the first time,
this study may guide the identification of risk factors for
childhood cancer. Similarly, this knowledge may help to
suggest appropriate screening modalities and the ages at
which children with birth defects might be surveilled.
Our findings also raise the possibility of differential can-
cer diagnosis or survival in children with birth defects,
topics that are almost wholly uninvestigated.
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