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ABSTRACT OF THE DISSERTATION

Association Between Pharmacological and Infection Exposures

in Maternal and Child and Risk of Childhood Cancers

by

Anupong Sirirungreung
Doctor of Philosophy in Epidemiology
University of California, Los Angeles, 2023

Professor Beate R. Ritz, Chair

Childhood cancer is a complex group of diseases affecting children, causing
significant physical, emotional, and financial burdens globally. Genetic predisposition, infections
during pregnancy, and pharmaceutical exposures are potential risk factors for childhood cancer.
Understanding childhood cancer is crucial for effective prevention and treatment strategies. This
dissertation investigates the impact of maternal and child infections and pharmaceutical
exposure during pregnancy on childhood cancer risk through population-based studies in
Denmark and Taiwan.

The first study examined the effect of postnatal infection on childhood cancer risk
using Danish nationwide registries from 1978 to 2016. The findings from this matched case-
control study revealed a positive association between postnatal infections and various childhood
cancers, including acute lymphoblastic leukemia (ALL), acute myeloid leukemia, non-Hodgkin's

lymphoma, and central nervous system tumors (CNS).



The second study explored infection and antibiotic exposure during pregnancy using
Taiwan's Maternal and Child Health Database and national health and cancer registries from
2004 to 2015. This cohort study unveiled moderate associations between infections during
pregnancy and the risk of hepatoblastoma, accompanied by a discernible elevation in the risk of
ALL. Antibiotic prescriptions during pregnancy, especially tetracyclines, increased the risk of
childhood ALL, and certain antibiotics raised hepatoblastoma risk.

The third investigation focused on nitrosatable drug exposure during pregnancy
employing a meticulous matched case-control study and analyzing data sourced from Danish
nationwide registries spanning the years 1995 to 2016. The study found that nitrosatable drug
prescription during pregnancy was potentially associated with the risk of offspring’s CNS and
neuroblastoma.

The final study assessed acetaminophen exposure during pregnancy using the
Taiwan population-based cohort from 2004 to 2017. Prolonged acetaminophen use throughout
all trimesters was potentially associated with elevating the risk of medulloblastoma,
hepatoblastoma, and bone tumors.

In summary, this dissertation sheds light on the impact of maternal and child
infections and pharmaceutical exposure during pregnancy on childhood cancer risk. Utilizing
rigorous population-based case-control and cohort studies in Denmark and Taiwan, this
research enhances our understanding of etiological factors of childhood cancer. The findings
highlight the need to investigate potential risk factors such as infections, antibiotics, nitrosatable
drugs, and acetaminophen use during pregnancy to advance prevention strategies for childhood

cancers.
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1. Background and Introduction
1.1. Childhood cancer

Childhood cancer is cancer that affects children between birth and 14 or 19 years of
age,'? and it has significant physical, emotional, and financial consequences for both the
affected children and their families globally.? This group of diseases is diverse and complex, as it
can emerge in any part of the body, such as the brain, lymphoid tissues, and hematologic
system.

The classification of tumors in childhood cancer is primarily based on the morphology
or cancer cell type. The International Classification of Childhood Cancer - Third Edition (ICCC-
3)* categorizes childhood cancer into twelve main groups that can be further subdivided into
forty-seven subgroups. This classification system emphasizes the intricacy of childhood cancer
development, which varies depending on the type of cancer.

Childhood cancer is particularly distinct from adult cancers due to differences in the
location of occurrence, histological appearance, and clinical behavior.>¢ Several tumors display
histological features similar to fetal tissues at different stages of development. Children with
cancer often face a particularly challenging journey, characterized by short latent periods, rapid
tumor growth, and high invasiveness. However, they are also generally more susceptible to
chemotherapy than tumors that commonly appear in adults,®’ offering hope for effective
treatment and recovery.

1.1.1. Epidemiology of childhood cancer

Globally, it is estimated that between 300,000 to 400,000 children aged 0 to 19 years
are diagnosed with cancer each year.? The incidence of childhood cancer varies between 140.6
to 185.3 per million person-years, according to the most recent report on childhood cancer
incidence worldwide.® Leukemia, central nervous system tumors (CNS), and lymphomas were
the most commonly diagnosed cancers among children aged 0-14 years, while lymphomas and
epithelial tumors/melanoma were the most commonly diagnosed among adolescents aged 15-

1



19 years.® However, the incidence of childhood cancer varies depending on several factors,
including the region, cancer type, age group, gender, and ethnicity. In Denmark, the childhood
cancer incidence rate stands at approximately 177 cases per million person-years, indicating
one of the highest rates globally.'®'" Conversely, in Taiwan, the incidence rate is around 130
cases per million person-years, which is similar to the rates observed in other Asian
countries. ™12

Compared to the 1980s, the global incidence rate of cancer in children aged 0-14
years has increased from 124.0 to 140.6 per million person-years.® However, the incidence and
mortality rates of childhood cancer are not uniformly distributed across high- and low-income
countries.™ The incidence rate is higher in more developed countries, but the mortality rate is
lower compared to less developed countries.''® This disparity may be attributed to differences
in data quality and accessibility of treatment between countries.'

It is important to note that childhood cancer not only affects children but also places
a financial and psychological burden on their families.'®2* Therefore, identifying the causes of
childhood cancer and implementing preventative measures is crucial, even with advancements
in cancer treatment.

1.1.2. Etiology of childhood cancer

Numerous theories have been proposed over the years about the potential causes of
childhood cancer, including genetic predisposition, prenatal and postnatal infections, radiation
exposure, and environmental factors.?® Although genetic factors are known to play a role in
some cases,??° the majority of childhood cancer cases are believed to develop due to non-
genetic factors such as environmental exposures.?®3° Childhood cancer differs from adult
cancer in that its development appears to occur more rapidly following environmental
exposures.? The International Agency for Research on Cancer (IARC) has suggested a

framework to understand the timing of environmental exposures that can impact different stages



of child development and lead to the development of childhood cancer, ranging from germ cell
mutations to fetal and early-life stages.®

For many years, researchers have studied the potential association between
infection and childhood cancer, with most of these studies focusing on leukemia and lymphoma.
Well-known theories related to this link were proposed by Greaves and Kinlen in 1988.3132
Greaves hypothesized that abnormal immune responses to common infections during
pregnancy and after birth could lead to spontaneous mutations and cause leukemia.®'
Meanwhile, Kinlen suggested that a lack of herd immunity in a vulnerable population due to
migration and population mixing could result in abnormal immune responses that cause
childhood leukemia.®? Several recent studies have suggested that there is a connection
between infection and acute lymphoblastic leukemia (ALL) risk, not only during pregnancy but
also in early childhood.**3* Various types of infections that happen during pregnancy, like
varicella, rubella, and urinary tract infections, have been strongly associated with a higher risk of
ALL.3*36 However, there is still inconclusive evidence linking a specific type of infection to other
less common childhood cancers, such as lymphoma, brain tumors, neuroblastoma, and
hepatoblastoma.3"#?

On the other hand, the health of the mother and the medications given to treat
preexisting or emerging health problems while pregnant can impact fetal growth and
development, and some drugs may elevate the chances of childhood cancer.**# Antibiotics and
painkillers are among the most frequently used pharmaceuticals by pregnant women, but data
on their safety during pregnancy is frequently lacking.*®->* Nitrosatable medications and
acetaminophen are two notable drug categories that women take during pregnancy that may

pose risks for childhood cancer.>-%7



1.2. Infection
1.2.1. Maternal infection

Recent studies have discovered a link between maternal infection during pregnancy
and leukemia, with strong evidence pointing to specific infections like varicella, rubella, and
urinary tract infections as significantly increasing the risk of ALL and acute myeloid leukemia
(AML).3*-3¢ |In addition, cytomegalovirus infection during pregnancy has been associated with
offspring ALL,%®%° though the evidence for other less common childhood cancers remains
inconclusive.

Greaves has provided an extensive explanation of how infection and ALL are
linked.?%6" According to him, ALL develops as a result of multiple factors in two stages. During
the first stage, a pre-leukemic clone is formed during fetal development, caused by either fusion
gene formation or hyperdiploidy. The second stage involves the development of overt leukemia
due to the acquisition of secondary genetic changes after birth. The occurrence of this process
is influenced by common infections and inherited genetics.?*6' Recent epidemiological research
also supports the delayed infection theory, highlighting specific risk factors. For instance, the
study indicates that specific birth characteristics, including the interaction between cesarean
section and birth order, elevate the risk of ALL to a degree surpassing what would be
anticipated.®?

Several studies have investigated the link between maternal infection during
pregnancy and childhood brain and nervous system tumors, which are the second most
prevalent form of pediatric cancer.383%6364 However, inconclusive results have been reported
due to insufficient statistical power.3396364 Some studies have suggested a positive association
between viral infection during pregnancy and the risk of childhood nervous system tumors.3963
However, current theories regarding the causes of childhood brain tumors prioritize genetic and

chemical exposure during pregnancy, rather than infection.38°



There is limited evidence regarding the relationship between maternal infection
during pregnancy and less common types of cancer. However, one case-control study
suggested a positive correlation between maternal viral infection during pregnancy and the risk
of Wilms' tumor.®8 Another cohort study found a potential increase in the risk of offspring cancer
among mothers with hepatitis infection.®’

1.2.2. Postnatal infection

In recent years, numerous studies have found a positive association between
postnatal infection and ALL.*® However, there is limited research on the specific types of
infections and their relationship with sub-types of leukemia such as AML, as well as for other
types of cancers.*2%7-70 Further research is needed to determine the link between postnatal
infections and various types of childhood cancers.

The link between common childhood infections and lymphoma in children is not well-
established, despite the fact that Epstein Barr virus is known to be causally related to
lymphoma.”"-"® In adults, previous studies have reported conflicting associations between
childhood infections and lymphoma.’”> While a Danish cohort study found a positive correlation
between Hodgkin lymphoma in young adults and antimicrobial prescriptions,” a case-control
study in Italy reported an inverse association between childhood infectious diseases and non-
Hodgkin’s lymphoma (NHL) that presented in adulthood.”

There is limited research on the relationship between infection and less common
cancers such as germ cell tumors and central nervous system tumors. One study in Sweden
found a strong association between neonatal infections and childhood brain tumors, particularly
low and high-grade astrocytoma and medulloblastoma.® However, previous studies on indirect
evidence of early-life exposure to infections, such as antibiotic use, social contact, and childcare
attendance, have had inconsistent results.”®"° For germ cell tumors, a case-control study

discovered a slightly inverse association between any infections within six months after birth



and cancer, while mumps had a moderately positive association and appendectomy had a
highly positive association.®
1.3. Exposure to nitrosatable drugs during pregnancy

Nitrosatable drugs are a class of medications that can be metabolized in the body to
produce N-nitroso compounds (NOCs), which are suspected carcinogens.?’ The drugs contain
amine or amide groups that can be transformed into NOCs in acidic conditions of the stomach,
primarily through non-enzymatic reactions.®2-84 Examples of these drugs are certain antibiotics,
antihistamines, and diuretics, among others, although this list is not exhaustive.5%:56:8586

When a pregnant woman takes nitrosatable drugs, NOCs can be formed in her body
and transferred to the fetus through the placenta. Animal experiments have demonstrated that
this process can lead to the development of tumors in the nervous and lymphatic systems .87~
However, epidemiological studies have not yet established a clear link between NOC exposure
and cancer risk in humans.5%¢858  The inconsistent results of previous studies may be
attributed to the difficulties of measuring and identifying NOC exposures. The IARC has
evaluated that ingested nitrates or nitrites that lead to endogenous nitrosation are probably
carcinogenic to humans (Group 2A).%

Previous epidemiological studies have suggested that the consumption of nitrate and
nitrite may increase the risk of different types of cancer in adults such as tumors in the
gastrointestinal tract, brain, lymphatic system, and urinary tract.®>-'°° Moreover, maternal
exposure to nitrosatable compounds during pregnancy has been linked to childhood brain
tumors and leukemia, with many studies focusing on exposure to nitrates from sources such as
food and drinking water.'9'-% However, research on the association between exposure to
nitrosatable drugs during pregnancy and childhood nervous system tumors is limited, and the
findings have been inconsistent. Some studies have investigated this relationship, but due to the

difficulty in measuring and identifying NOC exposure, results have been inconsistent.%:°6.105.106



1.4. Acetaminophen exposure during pregnancy and childhood cancer

Acetaminophen is a widely used medication during pregnancy for reducing fever and
alleviating pain.’?-% |t is frequently taken by pregnant women in Western countries with a
prevalence of around 50-60%,"%""" and up to 70% in Taiwan."2"'3 Nonetheless, in recent years,
there has been increasing concern regarding the safety of acetaminophen during pregnancy, as
studies have indicated that it may have adverse effects on fetal neurodevelopment and
contribute to respiratory ilinesses.’?-'"” However, there is currently only limited research on the
relationship between acetaminophen use during pregnancy and childhood cancer.®’

Acetaminophen can pass through the placenta and affect the fetus, as it is
metabolized in the body."®'21 |ts impact on fetal development is a concern, as it can disrupt the
endocrine and nervous systems, cause hepatotoxicity, and oxidative stress.'??-2® Research
suggests that high doses of acetaminophen can lead to genetic damage and raise the risk of
cancer,'?®1%0 put recent studies have found no such carcinogenic effects.'3'-133

Previous research has shown that the use of acetaminophen may be associated with
an increased risk of hematologic cancers in adults,’*'3 but evidence on its link to other types of
cancer is limited.'®® Additionally, research on the potential association between acetaminophen
use during pregnancy and childhood cancer is scarce, with only one study investigating the
potential relationship between acetaminophen use during pregnancy and early-onset leukemia
in children, which suggested a possible protective effect against the development of cancer.%’
However, a case-control investigation conducted in Sweden hinted at a possible connection
between the use of acetaminophen during pregnancy and the occurrence of childhood brain
tumors. '3 Additionally, there have been isolated case reports indicating a potential link between
acetaminophen exposure and childhood hepatoblastoma,’-'3° but recent epidemiological data
did not provide substantial support for this claim.™° It should be noted that most of these
epidemiological studies categorized acetaminophen exposure in a simplistic manner (ever vs
never) and lacked more detailed categories for chronic exposure.57:136.140

7



2. Postnatal infection and the risk of childhood cancer in Denmark

This chapter is based in part on the previously published article entitled “Association
between medically diagnosed postnatal infection and childhood cancers: a matched case-
control study in Denmark, 1978 to 2016” published in International Journal of Cancer."' | have
permission from John Wiley and Sons to use the work in my dissertation (license number:
5557900919695).

2.1. Introduction

For many years, researchers have been studying infection as a potential risk factor
for childhood cancer, particularly leukemia and lymphoma. This is because other types of
childhood cancer are rare, making them difficult to study. Additionally, it's challenging to
accurately measure infection and related exposures that occurred during the lifetimes of the
children being studied.

Studies investigating the potential relationship between infection and leukemia have
been conducted extensively since the proposal of Greaves's and Kinlen's hypotheses. In 1988,
Greaves suggested that abnormal immune responses to common infections, both in utero and
after birth, could lead to spontaneous mutations and the development of leukemia.?' Kinlen, in
the same year, proposed that population mixing and migration related to a lack of herd immunity
could cause abnormal immune responses in a susceptible population and result in childhood
leukemia.®? Numerous studies have now suggested a positive correlation between postnatal
infection and ALL.3® However, there is currently limited detailed research on specific types of
infections*2¢%7% or sub-types of leukemia such as AML 4268142

Although there is a widely acknowledged causal relationship between Epstein Barr
virus and lymphoma,”’="® the link between common childhood infections and lymphoma is
limited. Previous research has found an inconsistent association between childhood infections
and lymphoma in adults. For instance, a study in Denmark showed a positive association
between antimicrobial prescriptions (which were used as a proxy for general infectious
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diseases) and Hodgkin lymphoma among young adults.” On the other hand, a case-control
study in Italy indicated an inverse association between childhood infectious diseases and NHL
in adults.™3

Limited information is available on the association between infection and less
common cancers such as germ cell tumors and CNS.'#* A matched case-control study
conducted in Sweden discovered a strong link between neonatal infections and childhood brain
tumors.® Furthermore, they identified robust associations between early-life infections and
specific types of childhood brain tumors such as astrocytoma and medulloblastoma.'#> However,
previous studies on indirect evidence of early-life exposure to infections (e.g., antibiotic use,
social contact, childcare attendance) were inconsistent.”"® For germ cell tumors, a case-control
study discovered a slight negative association between any infections within six months after
birth and cancer,® but the same study found a moderately positive association for mumps and a
highly positive association for appendectomy.&°

The Danish National Patient Register is a long-standing, nationwide, population-
based registry that has gathered clinical information from all hospitals in Denmark.'€ It presents
an opportunity to access infectious exposures that took place before the cancer diagnosis of the
index child by employing a standard data linkage protocol.™” Consequently, the aim of this study
was to evaluate the correlation between medically diagnosed postnatal infection and childhood
cancers in the Danish population.

2.2. Methods

A nationwide data base-linkage was used to conduct this matched case-control study
on the Danish population. The study utilized the distinct personal identifier that is assigned to all
Danish residents to connect information from five sources: the Central Population Registry, the
Danish Cancer Registry, the Danish National Patient Register, and the Danish Medical Birth
Registry. The data linkage process and covariate information have been previously described in

detail ."*”



The Danish Cancer Registry was used to identify cases, which were then classified
according to the ICCC-3.41%8 To form matched sets, twenty-five controls were randomly chosen
to match the index case by their birth date and sex. Eligible controls were alive and free of
cancer at the time of their index case's diagnosis. The study population consisted of individuals
born in Denmark between 1978 and 2013, with cancer diagnoses made between 1978 and
2016. Out of the initial number of eligible cases and controls, which was 4,219 and 105,475,
respectively, we had to exclude some individuals. Those with missing information that was
important for the study, such as diagnosis information and birth weight, were excluded, totaling
977 individuals, of which 34 were cases and 943 were controls. Children who were born with a
birth weight less than 500 grams, as they were likely non-viable pregnancies, were also
excluded from the analysis, which amounted to 1042 individuals, with 46 being cases and 996
being controls. Additionally, individuals with a diagnosis of Down's syndrome were also excluded
from the study, as it is strongly associated with some types of cancer. This group included 67
individuals, of which 21 were cases and 46 were controls.'® It's worth noting that the excluded
cases and controls were not mutually exclusive.

The study obtained information on postnatal infections from the Danish National
Patient Register, which records clinical diagnoses from inpatient, outpatient, and emergency
department contacts.'® The register does not include primary care visits. The diagnoses were
classified according to the International Classification of Diseases, Revision 8 (ICD-8) from 1978
to 1994 and Revision 10 (ICD-10) from 1995 onwards. In 1995, outpatient and emergency
department contacts begun to be included into the registry.™® The exposure period for infections
was from the date of birth until one year prior to the date of cancer diagnosis of the index case.
This one-year lag-time was set in order to prevent protopathic bias.'*'" Contaminations were
categorized as viral or bacterial and according to the organ system affected by using a

categorization adapted from Atladéttir et al'>? (Supplement Table 2-S1). The number of infection
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episodes within the exposure period was counted, with the same diagnosis within a fourteen-
day period considered as one episode.

The study also gathered demographic data and other relevant variables, such as
parental age, family socioeconomic status, urbanicity of residence at birth, birth order, birth
weight, number of children in the household, multiple birth (plural pregnancy), and maternal
smoking at the first prenatal visit. These variables were obtained from either the Central
Population Registry or the Danish Medical Birth Registry. The selection of variables for final
analysis was based on modified disjunctive cause criteria and causal diagrams to control for
potential confounding factors.'®3

We used a conditional logistic regression model to calculate crude and adjusted
odds ratios along with their corresponding 95% confidence intervals for each type of childhood
cancer. To control for confounding, we included potential risk factors such as maternal age
(continuous), birth order (>1 vs 1), and multiple births (yes vs no).'#:1%4-157 Additionally, we
included covariates such as residence at birth (urban, rural, small town) and the number of
children in the household (1-only index child, 2, 3, >3), which are related to both infections and
cancer according to the population mixing hypothesis.?>'%® These covariates were included in all
final models assuming they are risk factors for most or all childhood cancers. We did not present
results from models with less than five exposed cases. '

The study also took into account associations between certain infections and specific
types of cancer that have been reported in previous studies. These included the association
between enterovirus and leukemia (both ALL and AML),*? as well as the association between
germ cell tumors and appendicitis and mumps.&

Another analysis was conducted to investigate particular categories of infections and
the frequency of infection episodes (1, 2-3, and 24 episodes, as well as continuous). The
comparison group for these analyses consisted of children who had not been diagnosed with
any type of infection in the Danish National Patient Register.
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A sensitivity analysis was performed to investigate the effect of maternal smoking
status on the results by adding this variable to adjusted models for the years when it was
available (after 1995).'%° However, it should be noted that a previous analysis of Danish children
with overlapping cases did not find an association between maternal smoking and most
childhood cancers.'® Another sensitivity analysis was conducted to compare estimates based
on the ICD-8 and ICD-10 time periods by stratifying on birth year (<1995 vs. 21995).
Additionally, the effect of infections diagnosed in different settings (inpatient vs. outpatient or
emergency diagnosis) on the results was explored by stratification. All analyses were performed
using R 4.2.0 software.

2.3. Results

The study included a total of 4,125 cases of childhood cancer and 103,526 matched
controls. Table 2-1 presents the distribution of baseline characteristics of cases and controls, as
well as their mothers. The data shows that cases were more likely to be firstborn children, with
mothers who smoked and lived in urban areas at the time of birth.

Compared to controls, cases had a higher chance of having been diagnosed with
postnatal infections (24.3% vs. 18.3%) and a higher likelihood of experiencing multiple episodes
of infection (12.1% vs. 8.1%), as indicated in Table 2-2.

Table 2-3 presents the results of the analysis on the association between postnatal
infection diagnosis and childhood cancer risk. The study found that children with ALL had higher
odds of postnatal infection (adjusted OR [adj.OR] = 1.42; 95% confidence interval [CI] 1.23-
1.63), as well as children with AML (adj.OR = 1.80; 95% CI 1.28-2.52), NHL (adj.OR = 1.53;
95% CI 1.19-1.97), CNS tumors (adj.OR = 1.57; 95% CI 1.39-1.77), astrocytoma (adj.OR =
1.29; 95% CI 1.03-1.62), medulloblastoma (adj.OR = 1.68; 95% CI 1.15-2.45), germ cell tumors
(adj.OR = 1.45; 95% CI 1.12-1.88), and Wilms’ tumor (adj.OR = 1.62; 95% CI 1.07-2.46)

compared to controls.
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The prevalence of enterovirus infection was too low among ALL (0.2%) and AML
(0.4%) cases to detect any associations. However, we found that germ cell tumor cases were
more likely to have a diagnosis of appendicitis (adj.OR = 2.14; 95% CI 1.14-4.02). No cases of
germ cell tumors were exposed to mumps.

Adding maternal smoking status to the models did not significantly alter the adjusted
odds ratios excepted for neuroblastoma (Supplement Table 2-S2). Stratified sensitivity analyses
based on birth year and diagnostic setting did not reveal any significant differences in the results
(Supplement Table 2-S3).

The odds ratios for different types of infections were estimated to determine their
associations with childhood cancer (Table 2-4). Stronger positive associations were found for
specific types of infections. For instance, viral infections were more strongly associated with
AML (adj.OR = 2.45, 95% CI 1.48-4.03), CNS (adj.OR = 1.85, 95% CI 1.53-2.24), and
medulloblastoma (adj.OR = 2.33, 95% CI 1.34-4.06), while enteric infections had doubled the
odds of AML (adj.OR = 2.83, 95% CI 1.47-5.44), CNS (adj.OR = 2.08, 95% CI 1.65-2.63), and
germ cell tumors (adj.OR = 2.41, 95% CI 1.53-3.80). Urinary tract infections showed the
strongest positive association with ALL (adj.OR = 1.94, 95% CI 1.18-3.20), CNS (adj.OR = 2.04,
95% Cl 1.40-2.96), and NHL (adj.OR = 2.44, 95% CI 1.04-5.76).

We found that specific types of cancer had a higher possibility of being diagnosed
after multiple infections, including ALL, AML, CNS, and NHL (Table 2-5).

24. Discussion

The study revealed that there is a link between postnatal infections and a higher risk
of several types of childhood cancer. The associations were particularly strong when examining
specific subtypes of infections, as well as the number of infection episodes in relation to certain
types of cancer.

The clinical diagnoses in our study were limited to medical facilities that provided
specialized, inpatient, or emergency care. Some childhood infections are not severe and can
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resolve on their own within a short period, while others may only require treatment by a primary
care physician. Therefore, the prevalence of infections in our study population was lower than
what is reported in community surveys and by caregivers.'®'- |t is unclear from our data
whether children with cancer experience more infections before diagnosis or if they have a
higher likelihood of developing adverse reactions to infections, requiring specialized medical
care. Some cancers, such as leukemia and lymphoma, are associated with dysregulated
immune function,®'1%6-188 which may make patients more vulnerable to severe infections that
require medical attention. However, this association has not been extensively studied for other
types of cancer. While a poor immune response to infections has been observed in children with
immunodeficiency diseases who develop malignant lymphoma,'%¢-'68 such conditions were rare
in our study population.

Previous studies have tried to differentiate the risk of cancer from any infection
versus medically diagnosed infections. In a meta-analysis, it was found that childhood infections
were strongly linked to an increased risk of ALL when considering laboratory-confirmed
infections only (odds ratio [OR] = 2.4). However, when self-reported infections were included, no
associations were observed (OR = 1.1).23 This supports the theory that an abnormal immune
response to clinically diagnosed infections may be a factor in cancer development.'6%170

In contrast to our findings, previous research indicated that day-care attendance,
which is an indicator of early-life infection exposure, could decrease the risk of ALL."""
Additionally, a study in Taiwan reported a negative association between enterovirus infections
during childhood and ALL development, contrary to our results indicating a positive association
between viral infections and ALL.*? Therefore, our study cannot confirm or refute the hygiene-
related hypothesis that delayed infections increase cancer risk, and further research is required
to investigate the timing of these infections.

Our study showed that there is a significant positive association between urinary
tract infections and ALL, which was not previously studied. However, two previous studies found
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links between maternal lower genital tract infection during pregnancy and ALL in the
offspring.®®'72 These types of infections can be passed from the mother to the child during
delivery, but our study did not find any change in results when we excluded children born
through cesarean section (Table 2-S4).

The associations between infection and CNS observed in our study were of
moderate magnitude, and we found that viral and enteric infections showed a stronger positive
association than overall infections. This finding supports the emerging model of the gut-brain
axis and its potential role in the development of brain tumors. 73174

In our study, we found that individuals with germ cell tumors were more likely to have
been diagnosed with infections, including appendicitis, compared to controls. It is important to
note that mumps is rare in the Danish population due to high vaccination rates. Another study
among men aged 18-45 years did not find any association between childhood infections and
testicular cancer."”® To our knowledge, there is no information about the exact biological
mechanism linking infection and germ cell tumors.

We observed moderate size positive effects with infections for less common
childhood cancers such as neuroblastoma, Wilms tumor, and retinoblastoma. However, the
confidence intervals were wide, and as with previous studies, the results were not conclusive
enough to draw any definitive conclusions. Nonetheless, some studies suggested that maternal
vaginal infections and antibiotic use during pregnancy might be linked to neuroblastoma and
Wilms’ tumor.'76-178 Additionally, laboratory studies indicated that viruses could impact
retinoblastoma gene products.'"®-181

Our study used a data-linkage method that relied on nationwide registries, which
minimized the risk of selection bias. The use of registry data enabled us to obtain clinical
diagnoses of infections prior to the child's cancer diagnosis, and without considering the

outcomes, thus avoiding the possibility of recall bias. To avoid protopathic bias, which could
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have overestimated the risk from infections, we applied a one-year lag time for exposure to
infections. 150151

Despite being able to include cases of childhood cancer over many years, the
present study has some limitations. Due to the rarity of some cancers, statistical power was
limited, and we were unable to investigate them. Similarly, we did not have enough statistical
power to examine associations between rare infections and cancer, such as the link between
Epstein Barr virus and lymphoma, which have been proven to be causally related.”'-"® As such,
results based on small sample sizes should be interpreted with caution.

Although clinical diagnoses of infections were recorded using a standard coding
system, some infections may have been diagnosed based solely on clinical presentation without
laboratory testing, potentially leading to misclassification of exposure. The transition from ICD-8
to ICD-10 coding in 1995 allowed for more detailed diagnoses in the latter study period, while
earlier diagnoses may have been grouped into broader diagnostic categories, which may have
increased misclassification if only one specific infectious agent was causative. However, this
misclassification would likely have occurred independent of the outcome status and therefore
would have resulted in bias towards the null.

Even though we tried to prevent protopathic bias by considering a one-year lag-time,
some cancers may still have delayed diagnoses and varying symptom onset intervals.'5"182
Furthermore, some children who are underdiagnosed may receive more medical attention,
which may slightly increase the chance of infection diagnoses and inflate the odds ratio
estimations. However, we believe that the impact of these factors is minor, considering the one-
year lag-time that we applied.

Finally, there is a possibility of uncontrolled confounding in our study because we
lacked information on vaccination history and duration of breastfeeding, both of which are
associated with reduced risk of leukemia.'®3-8¢ However, breastfeeding is very common in
Denmark and lasts for six to eight months on average.'8"-18
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2.,5. Conclusion

While it has been suggested that infection may be a risk factor for leukemia and
lymphoma, limited evidence exists on the link between childhood infections and other types of
childhood cancers. This case-control study utilized a large national registry data linkage to
demonstrate a positive association between postnatal infections and many types of childhood
cancers. The study confirms previous findings of increased medically diagnosed infections in
children who later develop cancer, but also contradicts some earlier research on specific
infections and cancers. Further research is needed to fully understand the potential pathways

between childhood infection and cancer.
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2.6. Tables

Table 2-1. Characteristics of childhood cancer cases and matched controls in Denmark,

births 1978 to 2013

Cases Controls
Number 4125 103526
Year of birth, n (%)
1978-1989 1647 (39.9) 41137 (39.7)
1990-1999 1425 (34.5) 36094 (34.9)
2000-2013 1053 (25.5) 26295 (25.4)
Age at cancer diagnosis (years), n (%)
0-4 1867 (45.3) -
5-9 932 (22.6) -
10-14 592 (14.4) -
15-19 734 (17.8) -
Age at cancer diagnosis (years), mean (SD) 7.1(5.9) -
Sex, n (%)
Female 1787 (43.3) 44922 (43.4)
Male 2338 (56.7) 58604 (56.6)
Mother's age (years), n (%)
<29 2475 (60.0) 62448 (60.3)
30-39 1580 (38.3) 39383 (38.0)
40 and over 70 (1.7) 1695 (1.6)
Mother's age (years), mean (SD) 28.51 (4.96) 28.39 (4.96)
Mother smoking during pregnancy, n (%)?
Yes 542 (24.4) 13387 (23.8)
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Missing (%)
Birth order, n (%)
1
2 or more
Residence at birth, n (%)
Urban
Small town
Rural
Birth weight (grams), n (%)
500-1499
1500-2499
2500-3999
4000 and over

Birth weight (grams), mean (SD)

Number of children in household, n (%)

1: index child

2: index child plus 1 sibling
3

>3

Child is in multiple birth, n (%)

4.3

1792 (43.4)

2333 (56.6)

1354 (32.8)
1161 (28.1)

1610 (39.0)

8(0.2)
188 (4.6)
3124 (75.7)
805 (19.5)

3483 (602)

340 (8.2)
1848 (44.8)
1322 (32.0)
615 (14.9)

118 (2.9)

3.7

44428 (42.9)

59098 (57.1)

32818 (31.7)
29440 (28.4)

41268 (39.9)

150 (0.1)
5017 (4.8)
80867 (78.1)
17492 (16.9)

3448 (586)

8538 (8.2)
49599 (47.9)
31513 (30.4)
13876 (13.4)

3089 (3.0)

@ The record has been started since 1995 and completely implemented in 1996.
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Table 2-2. Distribution of infection type and number of infection episodes among

childhood cancer cases and matched controls in Denmark, births 1978 to 2013

Cases Controls
(n=4125) (n=103526)
Infection type, n (%)
All infection 1003 (24.3) 18988 (18.3)
Viral infection 309 (7.5) 5256 (5.1)
Bacterial infection 344 (8.3) 6273 (6.1)
Respiratory infection 570 (13.8) 10399 (10.0)
Enteric infection 178 (4.3) 2871 (2.8)
Urinary tract infection 62 (1.5) 968 (0.9)
Number of infection episodes, n (%)
Never infected 3122 (75.7) 84538 (81.7)
1 500 (12.1) 10630 (10.3)
2-3 365 (8.8) 6190 (6.0)
4 and over 138 (3.3) 2168 (2.1)
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Table 2-3. Conditional logistic regression odds ratios and 95% confidence intervals for

childhood cancers and infection in Denmark, 1978 to 2013

Cancer type Cases Controls
Total Exposed Total Exposed OR adj.OR?
n (%) n (%) (95% Cl) (95% ClI)
Acute lymphoblastic leukemia 1165 279 29305 5521 1.39 1.42
(23.9) (18.8)  (1.21-1.60) (1.23-1.63)
Acute myeloid leukemia 237 54 6127 953 1.70 1.80
(22.8) (15.6)  (1.21-2.38) (1.28-2.52)
Central nervous system tumors 1513 406 37845 7391 1.58 1.57
(26.8) (19.5)  (1.40-1.78) (1.39-1.77)
Astrocytoma 477 111 11965 2317 1.30 1.29
(23.3) (19.4)  (1.04-1.62) (1.03-1.62)
Non-Hodgkin's lymphoma 306 101 7622 1890 1.52 1.53
(33.0) (24.8)  (1.19-1.95) (1.19-1.97)
Germ cell tumors 317 96 8150 1958 1.43 1.45
(30.3) (24.0)  (1.10-1.84) (1.12-1.88)
Neuroblastoma 258 26 6466 551 1.21 1.21
(10.1) (8.5) (0.78-1.89) (0.77-1.88)
Wilms' tumor 194 32 4730 540 1.62 1.62
(16.5) (11.4) (1.07-2.45) (1.07-2.46)
Medulloblastoma 161 43 4001 721 1.73 1.68
(26.7) (18.0)  (1.19-2.51)  (1.15-2.45)
Retinoblastoma 136 9 3306 184 1.24 1.26
(6.6) (5.6) (0.60-2.58) (0.60-2.64)

a Adjusted odds ratio for mother age (years), birth order (>1 vs 1), residence at birth (urban, rural, small

town), number of children in household (1-only index child, 2, 3, >3) and multiple birth child (yes vs no)
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Table 2-4. Conditional logistic regression odds ratios and 95% confidence intervals for

childhood cancers and type of infection in Denmark, 1978 to 2013

Exposed Exposed
Type of postnatal infection
cases controls
n (%) n (%)

OR

(95% Cl)

adj.OR?

(95% CI)

Acute lymphoblastic leukemia

(unexposed cases = 886; unexposed controls = 23784)

Viral infection 84 (7.2) 1555 (5.3)
Bacterial infection 91 (7.8) 1695 (5.8)
Respiratory infection 164 (14.1) 3025 (10.3)
Enteric infection 37 (3.2) 821 (2.8)
Urinary tract infection 17 (1.5) 250 (0.9)

Acute myeloid leukemia

(unexposed cases = 183; unexposed controls = 5174)

Viral infection 20 (8.4) 253 (4.1)
Bacterial infection 17 (7.2) 316 (5.2)
Respiratory infection 36 (15.2) 529 (8.6)
Enteric infection 11 (4.6) 132 (2.2)

Central nervous system tumor

(unexposed cases = 1107; unexposed controls = 30454)

Viral infection 134 (8.9) 2082 (5.5)
Bacterial infection 145 (9.6) 2470 (6.5)
Respiratory infection 225 (14.9) 3984 (10.5)
Enteric infection 85 (5.6) 1161 (3.1)
Urinary tract infection 31 (2.0) 441 (1.2)

Astrocytoma

(unexposed cases = 366; unexposed controls = 9648)
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1.49 (1.18-1.89)
1.48 (1.18-1.86)
1.49 (1.25-1.77)
1.24 (0.88-1.74)

1.90 (1.15-3.13)

2.40 (1.46-3.95)
1.60 (0.95-2.71)
2.03 (1.37-3.00)

2.52 (1.32-4.80)

1.86 (1.54-2.24)
1.69 (1.41-2.03)
1.62 (1.40-1.89)
2.10 (1.67-2.65)

2.05 (1.41-2.97)

1.53 (1.21-1.93)
1.52 (1.21-1.90)
1.52 (1.27-1.81)
1.26 (0.90-1.77)

1.94 (1.18-3.20)

2.45 (1.48-4.03)
1.73 (1.02-2.94)
2.14 (1.44-3.17)

2.83 (1.47-5.44)

1.85 (1.53-2.24)
1.68 (1.40-2.01)
1.61 (1.38-1.88)
2.08 (1.65-2.63)

2.04 (1.40-2.96)



Viral infection 33 (6.9)
Bacterial infection 41 (8.6)
Respiratory infection 59 (12.4)
Enteric infection 24 (5.0)
Urinary tract infection 9(1.9)

Non-Hodgkin's lymphoma

636 (5.3)
741 (6.2)
1256 (10.5)
366 (3.1)

134 (1.1)

(unexposed cases = 205; unexposed controls = 5732)

Viral infection 30 (9.8)
Bacterial infection 41 (13.4)
Respiratory infection 60 (19.6)
Enteric infection 15 (4.9)
Urinary tract infection 6 (2.0)

Germ cell tumors

503 (6.6)
625 (8.2)
1090 (14.3)
269 (3.5)

71 (0.9)

(unexposed cases = 221; unexposed controls = 6192)

Viral infection 25(7.9)
Bacterial infection 31(9.8)
Respiratory infection 45 (14.2)
Enteric infection 23 (7.3)
Appendicitis 11 (3.5)

Neuroblastoma

504 (6.2)
802 (9.8)
1087 (13.3)
290 (3.6)

147 (1.8)

(unexposed cases = 232; unexposed controls = 5915)

Viral infection 5(1.9)
Bacterial infection 6 (2.3)
Respiratory infection 17 (6.6)

Wilms' tumor

148 (2.3)
152 (2.4)

300 (4.6)

(unexposed cases = 162; unexposed controls = 4190)

Viral infection 10 (5.2)

Bacterial infection 8 (4.1)

159 (3.4)

156 (3.3)
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1.41 (0.97-2.04)
1.50 (1.07-2.10)
1.27 (0.96-1.70)
1.76 (1.15-2.71)

1.82 (0.91-3.61)

1.72 (1.15-2.55)
1.87 (1.32-2.65)
1.57 (1.17-2.12)
1.59 (0.92-2.72)

2.43 (1.03-5.71)

1.45 (0.94-2.24)
1.13 (0.76-1.67)
1.21 (0.86-1.69)
2.35 (1.49-3.70)

2.10 (1.12-3.97)

0.86 (0.35-2.15)
1.01 (0.44-2.35)

1.46 (0.86-2.48)

1.73 (0.88-3.39)

1.40 (0.67-2.91)

1.41 (0.97-2.04)
1.49 (1.06-2.09)
1.27 (0.95-1.69)
1.77 (1.15-2.72)

1.82 (0.91-3.62)

1.71 (1.15-2.55)
1.87 (1.31-2.65)
1.59 (1.18-2.15)
1.58 (0.92-2.72)

2.44 (1.04-5.74)

1.50 (0.97-2.32)
1.15 (0.78-1.71)
1.23 (0.88-1.73)
2.41 (1.53-3.80)

2.14 (1.14-4.02)

0.85 (0.34-2.13)
1.00 (0.43-2.32)

1.44 (0.85-2.45)

1.72 (0.87-3.39)

1.42 (0.68-2.97)



Respiratory infection 19 (9.8) 290 (6.1)
Medulloblastoma

(unexposed cases = 118; unexposed controls = 3280)

Viral infection 16 (9.9) 197 (4.9)
Bacterial infection 13 (8.1) 215 (5.4)
Respiratory infection 22 (13.7) 401 (10.0)
Enteric infection 7(4.3) 127 (3.2)

Retinoblastoma
(unexposed cases = 127; unexposed controls = 3122)

Bacterial infection 5(3.7) 57 (1.7)

1.80 (1.07-3.01) 1.76 (1.05-2.96)

2.37 (1.36-4.11)  2.33 (1.34-4.06)
1.75(0.96-3.18) 1.71 (0.94-3.11)
1.58 (0.98-2.56) 1.55 (0.96-2.51)

1.60 (0.72-3.53) 1.52 (0.68-3.39)

2.22 (0.85-5.77) 2.29 (0.88-5.99)

a Adjusted odds ratio for mother age (years), birth order (>1 vs 1), residence at birth (urban, rural, small

town), number of children in household (1-only index child, 2, 3, >3) and multiple birth child (yes vs no)

Infections with less than five exposed cases were omitted from the table.
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Table 2-5. Conditional logistic regression odds ratios and 95% confidence intervals for

childhood cancers and number of infection episodes in Denmark, 1978 to 2013

Number of infection

episodes Cases Controls adj.OR? 95% ClI p—value

Acute lymphoblastic leukemia

No infection 886 23784 1.00 [Reference]

1 episode 148 3118 1.32 1.10-1.58

2-3 episodes 99 1805 1.55 1.24-1.92

4 episodes and over 32 598 1.53 1.06-2.21

As continuous - - 1.09 1.04-1.14 <0.001

Acute myeloid leukemia

No infection 183 5174 1.00 [Reference]

1 episode 23 525 1.40 0.88-2.22

2-3 episodes 21 326 2.02 1.25-3.28

4 episodes and over 10 102 3.21 1.61-6.38

As continuous - - 1.17 1.08-1.26 <0.001

Central nervous system

tumors

No infection 1107 30454 1.00 [Reference]

1 episode 200 4162 1.37 1.17-1.61

2-3 episodes 139 2385 1.67 1.38-2.01

4 episodes and over 67 844 2.27 1.75-2.95

As continuous - - 1.1 1.07-1.14 <0.001
Astrocytoma

No infection 366 9648 1.00 [Reference]

1 episode 58 1328 1.18 0.88-1.58

2-3 episodes 37 756 1.32 0.93-1.87
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4 episodes and over

As continuous
Non-Hodgkin's lymphoma

No infection

1 episode

2-3 episodes

4 episodes and over

As continuous
Germ cell tumors

No infection

1 episode

2-3 episodes

4 episodes and over

As continuous
Neuroblastoma

No infection

1 episode

2-3 episodes

4 episodes and over

As continuous
Wilms' tumor

No infection

1 episode

2-3 episodes

4 episodes and over

As continuous
Medulloblastoma

No infection

16

205

50

36

15

221

49

38

232

12

10

162

12

19

118

233

5732
1018
635

237

6192
1044
641

273

5915
343
162

46

4190
301
179

60

3280

26

1.86

1.03

1.00

1.41

1.63

1.83

1.00

1.37

1.77

1.00

1.05

1.00

0.90

1.58

1.05

1.00

1.09

2.96

1.08

1.00

1.10-3.14

0.998-1.07

[Reference]
1.02-1.94
1.12-2.35
1.06-3.15

1.05-1.17

[Reference]
0.99-1.90
1.23-2.54
0.51-2.00

0.99-1.11

[Reference]
0.49-1.66
0.80-3.09

0.99-1.12

[Reference]
0.59-2.01

1.74-5.01

0.95-1.23

[Reference]

0.068

<0.001

0.134

0.096

0.238



1 episode 25 391 1.81 1.14-2.85

2-3 episodes 16 255 1.73 0.99-3.02

4 episodes and over 2 75 - -

As continuous - - 1.04 0.91-1.19 0.537
Retinoblastoma

No infection 127 3122 1.00 [Reference]

1 episode 6 119 1.30 0.54-3.11

2-3 episodes 3 57 1.36 0.41-4.54

4 episodes and over 0 8 - -

As continuous - - 0.99 0.70-1.42 0.977

a Adjusted odds ratio for mother age (years), birth order (>1 vs 1), residence at birth (urban, rural, small

town), number of children in household and multiple birth child.
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2.7. Supplemental materials

Table 2-S1. International Classification of Diseases, Revision 8 (ICD-8) and Revision10

(ICD-10) diagnostic codes for infectious diseases categories

ICD-8

ICD-10

All infection

Viral infection

Bacterial infection

Respiratory infection

Infectious enteritis
Skin infection

Urinary tract infection

000-136, 780.21, 788.89 + all
below
008.8-008.9, 040-079,

381.00, 470474, 480

000-005, 008.0-008.3, 010—
039, 079.84, 090-104, 320—
324, 381.01, 390-391, 464.03,
481-482, 501, 508.00-508.03,
510, 513, 540-542, 590, 595,
599.00, 599.06, 612-614,
616.0, 620, 622, 630, 635,

680-686, 710

032-034, 460-474, 480-486,
491.01, 501, 503, 506,
508.00-508.05, 510-511, 513
001-009

680-686

590, 595, 599.00, 599.06, 635

28

A00-B99, G0O0-G09, R50.9,
R56.0 + all below

A08, A80-A99, B0O0-B34, B97,
G02.0, G05.1, H67.1, J10-J12,
J17.1, J20.3-J20.7, J21.0,
M01.4-M01.5

A00-A05, A15-A59, A65-A79,
B95-B96, GO0, G01, G04.2,
G05.0, G06-G09, H66, H67.0,
100-101, J13-J15, J17.0,
J20.0-J20.2, J36, J39.0-J39.1,
J85-J86, K35-K37, LOO-LOS,
MO00, M01.0-M01.3, N10-N12,
N30, N34.0, N39.0, N70-N77,
023

A36-A38, J00-J22, J32, J36—

J37, J39.0-J39.1, J85-J86

A01-A09
LOO-LO8
N10-N12, N30, N34.0, N39.0,

023.0-023.4



Genital infection incl. STD?2 054.02, 079.84, 090-099, 131, A50-A64, N70-N77, 023.5—
612-614, 616.0, 620, 622, 630 023.9
Appendicitis 540-542 K35-K37

Enterovirus infection 045, 046, 074 A870, A880, B971, A0839

a Sexually transmitted diseases (STD) include syphilis, Gonorrhea, Chlamydia, trichomoniasis,
condyloma and genital herpes

Table adapted from Atladéttir et al.52
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Table 2-S2. Sensitivity analysis by adding maternal smoking into conditional logistic

regression for childhood cancers and postnatal infection

Cancer type Model 1 Model 2 Model 3
adj.OR 95% ClI adj.OR 95% ClI adj.OR 95% ClI
Acute lymphoblastic leukemia 1.42 1.23-1.63 1.50 1.25-1.80 1.13 1.13-1.70
Acute myeloid leukemia 1.80 1.28-2.52 1.84 1.14-2.97 1.21 1.21-3.24
Central nervous system tumors 1.57 1.39-1.77 1.64 1.39-1.94 1.24 1.24-1.83
Astrocytoma 1.29 1.03-1.62 1.35 0.98-1.87 0.82 0.82-1.81
Non-Hodgkin's lymphoma 1.53 1.19-1.97 1.54 1.09-2.17 1.21 1.21-2.68
Germ cell tumors 1.45 1.12-1.88 1.15 0.76-1.74 0.90 0.90-2.64
Neuroblastoma 121 0.77-1.88 0.84 0.45-1.55 0.37 0.37-1.47
Wilms' tumor 1.62 1.07-2.46 1.64 0.95-2.85 0.82 0.82-2.59
Medulloblastoma 1.68 1.15-2.45 1.62 0.97-2.71 0.65 0.65-2.32
Retinoblastoma 1.26 0.60-2.64 1.08 0.40-2.94 0.48 0.48-3.90

Model 1: adjusted odds ratio for mother age (years), birth order (>1 vs 1), residence at birth (urban, rural, small

town), number of children in household (1-only index child, 2, 3, >3) and multiple birth child (yes vs no)

Model 2: added smoking status during pregnancy (yes vs no) to Model 1

Model 3: model 2 with restricted birth year = 1995
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Table 2-S3. Conditional logistic regression odds ratios and 95% confidence intervals for
childhood cancers and type of infection in Denmark stratified by diagnostic setting and

birth year, 1978 to 2013

Cancer type IPD Non-IPD Birth year Birth year

<1995 2 1995

adj.OR 95% Cl adj.OR 95% Cl adj.OR 95% CIl adj.OR 95% CI

Acute lymphoblastic leukemia  1.36 1.17-1.58 1.47 1.15-1.88 1.40 1.14-1.70 1.43 1.17-1.76
Acute myeloid leukemia 1.99 1.42-280 1.79 0.99-3.21 1.63 1.03-2.58 2.06 1.24-3.40

Central nervous system tumors 1.62 1.43-1.84 1.63 1.33-2.00 1.57 1.34-1.83 1.57 1.30-1.91

Astrocytoma 1.35 1.07-1.69 1.28 0.84-1.96 1.30 0.98-1.72 1.28 0.87-1.88
Non-Hodgkin's lymphoma 1.50 1.16-1.94 1.67 1.13-2.48 1.38 1.00-1.92 1.81 1.22-2.69
Germ cell tumors 1.48 1.14-1.93 1.11 0.70-1.74 1.44 1.07-1.93 1.51 0.88-2.59
Neuroblastoma 1.34 0.86-2.09 0.17 0.02-1.27 1.88 1.05-3.38 0.74 0.37-1.48
Wilms' tumor 1.73 1.14-2.64 0.91 0.36-2.33 1.74 0.95-3.19 1.68 0.93-3.02
Medulloblastoma 1.66 1.13-2.45 0.94 0.42-2.09 1.83 1.12-2.97 1.49 0.82-2.71
Retinoblastoma 0.86 0.36-2.05 1.93 0.56-6.71 1.06 0.36-3.13 1.59 0.57-4.44

IPD = inpatient department

Non-IPD = non-inpatient department including outpatient and emergency department
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Table 2-S4. Conditional logistic regression odds ratios (OR) and 95% confidence

intervals for childhood cancers and infection in Denmark, 1978 to 2013, excluded

cesarian section children

Cancer type

Exposed OR (95% CI)

Adj.OR? (95% CI)

Acute lymphoblastic leukemia
Acute myeloid leukemia
Central nervous system tumors
Astrocytoma

Non-Hodgkin's lymphoma
Germ cell tumors
Neuroblastoma

Wilms' tumor

Medulloblastoma

Retinoblastoma

Cases Controls

Total Exposed Total

1082 256 27385 5078
219 49 5743 887
1410 378 35786 6935
453 107 11448 2183
288 97 7262 1790
298 93 7898 1910
233 25 5969 500
181 29 4375 482
144 35 3777 664
125 8 3020 168

1.38 (1.19-1.60)
1.67 (1.17-2.36)
1.59 (1.40-1.80)
1.36 (1.08-1.71)
1.57 (1.22-2.02)
1.41 (1.09-1.83)
1.31(0.83-2.08)
1.57 (1.02-2.42)
1.52 (1.01-2.28)

1.21 (0.55-2.63)

1.40 (1.20-1.62)
1.75 (1.23-2.49)
1.58 (1.39-1.79)
1.36 (1.08-1.71)
1.57 (1.22-2.03)
1.44 (1.11-1.87)
1.32 (0.84-2.09)
1.58 (1.02-2.44)
1.48 (0.98-2.23)

1.22 (0.56-2.67)

a Adjusted odds ratio for mother age (years), birth order (>1 vs 1), residence at birth (urban, rural, small town),

number of children in household (1-only index child, 2, 3, >3) and multiple birth child (yes vs no)
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3. Maternal infection and antibiotic use during pregnancy and the risk of childhood
cancer in Taiwan

This chapter is based in part on the previously published article entitled “Maternal
medically diagnosed infection and antibiotic prescription during pregnancy and risk of childhood
cancer: A population-based cohort study in Taiwan, 2004 to 2015” published in International
Journal of Cancer.' | have permission from John Wiley and Sons to use the work in my
dissertation (license ID: 1404535-1).

3.1.  Introduction

The potential correlation between maternal infection during pregnancy and childhood
cancers, particularly leukemia, has been the subject of extensive investigation for a significant
period of time.34-%6.172 However, the available evidence regarding the association between
maternal infection during pregnancy and less prevalent types of cancer, such as central nervous
system tumors including medulloblastoma and hepatoblastoma, remains limited.38:3%.63.64
Additionally, there is a suggestion that antibiotic exposure during pregnancy may act as a
potential risk factor for childhood cancers, either by mediating infection or independently
causing cancer.91-193

Greaves has conducted thorough research on the association between infection and
childhood ALL.%° According to his theory, the development of ALL is a multifaceted process
influenced by multiple factors occurring in two distinct stages: during fetal development and after
birth.%° This two-stage process is influenced by a combination of common infections and
inherited genetic factors.®® Although Greaves' recent theory highlights the significance of
common infections in the development of ALL, placing emphasis on their potential role over
specific infections, some studies have demonstrated that certain specific infections acquired
during pregnancy, such as genitourinary tract infection, influenza, and varicella, were associated

with an increased risk of childhood leukemia.34-36.172
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Extensive research has also been conducted on maternal exposure to antibiotics
during pregnancy in relation to the potential risk of childhood leukemia, similar to infections.
However, the majority of findings have failed to provide sufficient evidence to establish a
conclusive association,'*1% with only a few studies demonstrating a moderate to strong
link."®1:19 The presence of infections can complicate the interpretation of these results due to
confounding by indication for antibiotics. Furthermore, there is a possibility that the antibiotics
themselves may contribute to the development of cancer through alternative mechanisms.
Some types of antibacterials, such as specific quinolones and metronidazole, have been
suggested to act as carcinogens or genotoxins based on animal studies.'®'®” Moreover, many
antibiotics are considered nitrosatable drugs, which have been associated with certain types of
childhood cancer.'%®

On the other hand, several studies have attempted to explore the potential
association between maternal infection during pregnancy and the risk of childhood brain and
nervous system tumors, which represent the second most common type of childhood cancer.
However, the findings have been inconclusive due to limited statistical power.3*¢* Some studies
have identified a positive association between viral infection during pregnancy and the risk of
childhood nervous system tumors.3*%3 For instance, a case-control study reported an increased
risk of childhood brain tumors associated with influenza infection in pregnant women.3°
Additionally, research investigating the use of antibiotics by mothers during pregnancy has
provided supporting evidence for the development of childhood brain tumors.'®°

The prevalence of hepatoblastoma is higher among children in Taiwan compared to
other populations,?® underscoring the importance of studying its potential relationship with
maternal infection and antibiotic prescription during pregnancy within this specific context.
Furthermore, a recent cohort study has suggested an association between parental hepatitis B

infection and the risk of hepatoblastoma in children.®’
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Therefore, the objective of this study is to explore possible associations between
maternal medically diagnosed infections and antibiotic prescriptions during pregnancy and the
risk of childhood cancer in the Taiwanese population.

3.2. Methods

A population-based cohort study was conducted using the Taiwan Maternal and Child
Health Database (TMCHD). This database encompasses information on mothers and children
born between 2004 and 2015, comprising a total population of 2,385,071 maternal and child
pairs. To enrich the dataset, it was linked with the Registry for Beneficiaries of the National
Insurance Research Database (NIRD) (covering the period 2002-2017), Cancer registry
(covering the period 1979-2017), and Taiwan birth registry (covering the period 2004-2015).
These datasets were accessed through the Health and Welfare Data Science Center, which
operates under the Ministry of Health and Welfare in Taiwan.

Certain criteria were employed to ensure data quality and appropriate sample
selection for analysis. Children with incomplete parental information, International Classification
of Diseases (ICD) codes, age, or sex at baseline were excluded from the analysis (n=17,174).
Additionally, children with missing or duplicated registration records were excluded (n=73,718).
Children with extremely low birth weights (<500 grams), who had a lower likelihood of surviving
until the development of cancer, were also excluded from the analysis (n=1,071). Furthermore,
children diagnosed with Down's syndrome, a condition strongly associated with specific cancer
types, #9201 were excluded from the analysis (n=1,006). Finally, children with missing information
regarding their Anatomical Therapeutic Chemical (ATC) code (n=24,916) were excluded due to
uncertainty regarding their exposure status.

The presence of maternal infection during pregnancy was determined by extracting
information from the linkage of TMCHD with the NIRD. The TMCHD database was established
in 2004 and contained the identifying information of both parents that we used to link to parents’

medical claims data in the NIRD with records dating back to 1998.2°2 Diagnoses recorded in the
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database were categorized using the ICD-9 and ICD-10 coding systems. Maternal infection
diagnoses were categorized based on their type (viral or bacterial) and the affected organ (such
as respiratory, enteric, or urinary tract), using the categorization method developed by Atladottir
et al'? (see Table 3-S1 for details).

Exposure to antibiotics during pregnancy was determined using the ATC code for
antibacterials for systemic use (JO1) and intestinal anti-infectives (AO7A). Specific subcategories

of antibiotics are described in Table 3-S2 of the Supplementary materials.

The exposure period was defined as the estimated date of conception until the date
of birth. The estimated date of conception was calculated by subtracting the gestational age in
days from the date of birth. Within this exposure period, episodes of infection were counted. If a
pregnant woman received multiple diagnoses of the same disease within a span of two weeks, it
would be considered as a single episode of the disease.

To identify children diagnosed with cancer between 2004 and 2017, a linkage was
established between the database and the Taiwan Cancer Registry, a comprehensive and
reliable population-based cancer registry.?®® The specific types of cancer of interest in this study
were ALL, CNS (including medulloblastoma), and hepatoblastoma.

Cox proportional hazard models were employed to estimate the associations
between medically diagnosed infections and antibiotic prescriptions during pregnancy and the
risk of childhood cancer. Additional analyses were conducted to explore the number of infection
episodes as both categorical variables (0, 1, 2-3, and 4 or more episodes) and continuous
variables. The combined effects of infections and antibiotic exposure during pregnancy were
examined in separate models, with the reference group consisting of those who had no
exposure to infection and antibiotics during pregnancy.

All models were adjusted for birth year, sex, maternal age, family income,
urbanization level, and parity based on a modified disjunctive cause criterion.'s® These factors

36



have been suggested as potential risk factors for certain types of childhood cancer, including
child's age (represented by birth year) and sex,?%4-26 maternal age,'7-201:207-210 gnd parity.205206
Family income and urbanization level were considered proxies for socioeconomic status, which
has also been proposed as a potential risk factor for specific types of childhood cancer in
Taiwan.?%52"" Moreover, some of these factors, such as birth year, parity, family income, and
urbanization level, could potentially be associated with the exposure status of infection and
antibiotic use during pregnancy in our study population. The proportional-hazards assumption
was assessed through graphical evaluation. Models with fewer than five exposed cases were
not presented due to the limited number of events. Statistical analyses were performed using
SAS 9.4 (SAS Institute, Cary, NC).

3.3. Results

Table 3-1 presents the general characteristics of the maternal and child cohort.
Initially, a total of 2,292,102 individuals were considered eligible for the study. Following the
exclusion of participants with incomplete information regarding maternal exposure during
pregnancy (n=24,916), the final analysis included 2,267,186 participants (Figure 3-S1). The
median follow-up time was 7.96 years (interquartile range [IQR] = 6.2 years), and the median
age at cancer diagnosis was 2.72 years (IQR = 4.06 years).

Regarding the association between maternal infection during pregnancy and
childhood cancer, we observed a moderate increase in the risk of childhood hepatoblastoma
among children whose mothers were diagnosed with infection during pregnancy, although the
confidence interval was wide (adjusted hazard ratio [HR] = 1.34; 95% CI 0.90-1.98). Similarly,
we found a slight increase in the risk of childhood ALL among children whose mothers had an
infection during pregnancy (adjusted HR = 1.15; 95% CI 0.99-1.35). However, there was
insufficient evidence to establish a conclusive association between infection during pregnancy

and the risk of childhood CNS or medulloblastoma. Furthermore, we lacked sufficient evidence
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to determine the association between specific types of infection and the four types of childhood
cancers examined, as indicated in Table 3-2.

On the other hand, Table 3-3 presents an increased risk of childhood ALL among
children whose mothers were prescribed antibiotics during pregnancy (adjusted HR = 1.30; 95%
Cl 1.04-1.63). The association was even stronger for children whose mothers were prescribed
tetracyclines during pregnancy (adjusted HR = 2.15; 95% CI 1.34-3.45). The use of
aminoglycosides during pregnancy was associated with an increased risk of hepatoblastoma in
offspring (adjusted HR = 2.05; 95% CI 1.11-3.80), as were other antibacterials with different
modes of action not classified in the preceding groups (adjusted HR = 5.26; 95% CI 2.29-
12.12). However, there was insufficient evidence to definitively establish an association between
antibiotic usage during pregnancy and the development of CNS in children, including
medulloblastoma.

In Table 3-4, the relationship between medically diagnosed infections, antibiotic
prescriptions during pregnancy, and the risk of childhood cancer was examined. Comparing
those whose mothers had no exposure to both factors, it was found that children whose mothers
were exposed only to an antibiotic prescription (without infection) had an increased risk of ALL
(adjusted HR = 1.53; 95% CI 1.05-2.23). Similarly, children whose mothers were exposed to
both a medically diagnosed infection and an antibiotic prescription during pregnancy had an
increased risk of ALL (adjusted HR = 1.66; 95% CI 1.16-2.38). However, there was insufficient
evidence to determine similar associations with other types of cancer (<5 cases in reference
group).

Insufficient evidence was found to indicate a clear association between the number
of infection episodes during pregnancy and the risk of childhood cancer in offspring. However, it
was observed that two to three episodes of infection during pregnancy were associated with an
increased risk of ALL (adjusted HR = 1.24; 95% CI 1.03-1.50), while weak to null associations
were found for four or more episodes (adjusted HR = 1.11; 95% CI 0.89-1.38) or one episode
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(adjusted HR = 1.09; 95% CI 0.90-1.32) when compared to those who were never infected
(Table 3-S3).
3.4. Discussion

Maternal infection during pregnancy was linked to a moderate increase in the risk of
childhood hepatoblastoma and a slight increase in the risk of childhood ALL. Conversely,
antibiotic prescriptions during pregnancy were associated with an elevated risk of childhood
ALL, particularly when tetracyclines were used. Specific types of antibiotics were also
associated with an increased risk of hepatoblastoma. Additionally, children whose mothers were
exposed to antibiotic prescriptions (without infection) or both infection and antibiotic
prescriptions during pregnancy had a higher risk of developing ALL. However, the number of
infection episodes during pregnancy did not show a clear association with the risk of childhood
cancer.

Notably, our findings indicate a more robust association between childhood ALL and
mothers who received antibiotic prescriptions during pregnancy, even in the absence of an
accompanying infection. This suggests a potential direct impact of antibiotic exposure on the
risk of ALL in offspring. Interestingly, we observed that a relatively large proportion of
participants (24.8%) had been prescribed antibiotics without a concomitant diagnosis for an
infection, this may reflect at least some of these prescriptions having been given as prophylaxis
in preparation for birth to prevent infections during the delivery process. This practice aligns with
certain guidelines, including the prophylaxis strategy for preventing group B Streptococcus
infection during pregnancy.?'>2'® While it is possible that certain infections were diagnosed
solely based on clinical symptoms without laboratory confirmation, it is unlikely that antibiotics
would be prescribed without clear indications in Taiwan. This is because the national insurance
system regulates prescription practices and maintains strict auditing standards within the

healthcare system.?? If these prescriptions were indeed given without a specific indication of
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pregnancy-related infection, it may suggest an independent and direct effect of antibiotics on the
risk of ALL in offspring. Further research is necessary to explore this possibility.

Our findings are consistent with prior research that indicates a positive correlation
between common infections during pregnancy and the risk of childhood ALL.3*-3¢ In a previous
cohort study conducted in Denmark, an elevated risk of childhood ALL was observed among
children born to mothers who experienced infections during pregnancy (adjusted HR = 1.35;
95% CI 1.04-1.77).% However, in our study, specific infections such as urinary tract infection did
not demonstrate evidence of an increased risk. Interestingly, previous studies conducted in
European countries reported positive associations between genitourinary tract infections during
pregnancy and childhood ALL, with HR and OR ranging from 1.34 to 1.92.353¢.172 |n contrast, a
matched case-control study conducted in California suggested a slightly negative association,
although wide confidence intervals were observed (OR = 0.70; 95% Cl 0.42-1.17).4¢ The
variations in effect estimates for specific types of infections and their association with childhood
ALL may be attributed to differences in the classification of exposure and the relatively small
sample sizes of the respective studies.

Our exploratory findings suggest a potential link between maternal infection during
pregnancy, specifically viral infections, and the likelihood of childhood hepatoblastoma. This
observation is in line with a prior cohort study conducted in Taiwan, which also indicated a
connection between maternal hepatitis B infection prior to childbirth and the risk of childhood
hepatoblastoma, albeit with a wide confidence interval (adjusted HR = 1.40; 95% CI 0.56-
3.52).3" Conversely, a small matched case-control study carried out in North America did not
identify a significant difference in the incidence of infections (hepatitis, measles, mumps,
influenza, chickenpox, or infectious mononucleosis), nor in maternal antibiotic usage during
pregnancy, between mothers of cases and control subjects.?'®

The underlying mechanism through which common infections during pregnancy may
contribute to the risk of childhood ALL has been extensively elucidated by Greaves.®
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However, in the context of hepatoblastoma, a potential mechanism might involve particular
infections like hepatitis or viral infections, which can induce immune dysregulation in the mother.
Viral hepatitis, in particular, has the capacity to infect fetal hepatocytes 2'72'® and potentially
induce mutations in liver cells, akin to the mechanisms implicated in hepatocellular
carcinoma,?19:220

Our findings suggest a potential link between the use of antibiotics during pregnancy,
especially tetracyclines, and the risk of childhood ALL. This finding is consistent with previous
studies conducted in Denmark, Sweden, and Canada, which also reported a similar
association.¥22! However, a study conducted in the United Kingdom found a slightly negative
or inconclusive association between antibiotic use during pregnancy and childhood ALL (OR =
0.88; 95% CI 0.72-1.07)."°" These divergent results emphasize the need for further investigation
to fully comprehend the relationship between antibiotic use during pregnancy and the risk of
childhood leukemia. Notably, doxycycline, a commonly prescribed medication from the
tetracycline group, has been linked to an increased occurrence of megakaryocytes and
periportal leukocytic infiltration in liver cells, as well as DNA damage, as observed in a study on
embryonic development in rats.??? Furthermore, doxycycline is considered a nitrosatable drug,
and maternal prescriptions of nitrosatable drugs have also been associated with childhood
ALL.%®

Our exploratory findings indicated a potential link between the use of beta-lactam
antibacterials (excluding penicillins) during pregnancy and the risk of childhood hepatoblastoma.
However, a cohort study conducted in Denmark and Sweden did not find a significant
association between the use of other beta-lactam antibacterials and the risk of childhood
cancers (HR = 0.88; 95% CI 0.50-1.57)."% It is worth noting that penicillins, particularly
pivampicillin, were found to increase the risk of hepatic tumors in children (HR = 8.31; 95% CI
2.88-23.99)."%% Cephalosporins, which are commonly prescribed within the beta-lactam
antibacterials group, have been considered safe for pregnant women.??#-226 To our knowledge,
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there is no specific evidence available regarding the potential teratogenic or carcinogenic effects
of this group of medications.

By employing a data-linkage method that relies on comprehensive registries
covering the entire population and national insurance data, we have minimized the potential for
participation bias in our study. The integration of national insurance data allowed us to
independently gather clinical diagnoses of infections and medical prescriptions before the
detection of cancer in the offspring, reducing the likelihood of recall bias and establishing a clear
temporal relationship between the exposure and the outcome.

However, despite the strengths of our study, there are certain limitations to consider.
Although clinical diagnoses of infections were typically documented using a standardized coding
system, it is possible that some infections were diagnosed based solely on clinical presentation
without confirmation through laboratory testing. This scenario could introduce exposure
misclassification. Nevertheless, we believe that such misclassification would have occurred
regardless of the outcome status, resulting in non-differential misclassification, and biasing the
results towards the null when comparing binary exposures.

Another potential limitation is the presence of uncontrolled confounding due to
incomplete information on factors such as maternal vaccination and the use of over-the-counter
supplements. These factors could be associated with both certain types of cancer and the
exposure under investigation. However, given that there are only a limited number of
established causes for childhood cancers, the potential for uncontrolled confounding is
minimized in our study. It is important to highlight that the rates of vaccination among pregnant
women in Taiwan appear to vary across different diseases, ranging from 20% to 70%.2%"-2%

Studies that examine the impact of prenatal exposure on postnatal outcomes may
encounter a bias known as live birth bias.?3! This bias arises because childhood cancers are
only identified in children who were born alive,?®' while certain infections and antibiotic usage
during pregnancy have been linked to congenital malformations that are also associated with
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higher rates of fetal loss and stillbirth.232-235 However, the extent of live birth bias in relation to
childhood cancer is generally considered to be small.

Despite including a substantial number of mother and child pairs in our cohort,
similar to studies focusing on rare diseases, our sample size was still limited for certain types of
cancer and specific subcategories of exposure. Another limitation of our study was the issue of
multiple comparisons. However, it is important to note that the majority of associations observed
in our study are consistent with previous findings reported in the existing literature, which
supports the validity of our results.

3.5. Conclusion

This large population-based cohort study has provided further evidence of potential
associations between infection and antibiotic exposure during pregnancy and the risk of
childhood ALL. Additionally, we explored the associations between specific types of antibiotic
prescriptions and the risk of hepatoblastoma. Further investigations are needed to gain a better
understanding of the underlying mechanisms linking these exposures to the development of

childhood cancer.
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3.6. Tables

Table 3-1. General characteristics of study population in Taiwan, 2004-2015

Infection during

Antibiotic prescription

Total
pregnhancy? during pregnancy?
Yes No Yes No
Number 2,292,102 1,552,387 714,799 1,942,047 325,139
Acute lymphoblastic leukemia 798 560 233 703 20
Central nervous system tumors 389 264 123 339 48
Hepatoblastoma 136 100 36 120 16
Medulloblastoma 86 56 30 79 7
Follow-up time (years), median (IQR) 7.96 7.79 8.19 8.06 7.27
(6.20) (6.18) (6.25) (6.29) (5.60)
Age of cancer diagnosis, cases only
(years), n (%)
0-4 2,004 1,372 617 1,753 236
(73.17) (73.64) (72.5) (73.29) (73.29)
5-9 587 401 180 508 73
(21.43) (21.52) (21.15) (21.24) (22.67)
10-14 148 90 54 131 13
(5.40) (4.83) (6.35) (5.48) (4.04)
Age of cancer diagnosis (years), 2.72 2.69 2.82 2.74 2.62
median (IQR) (4.06) (3.99) (4.22) (4.01) (4.14)
Birth year, n (%)
2004-2007 777,057 513,683 253,077 679,544 87,216
(33.90) (33.09) (35.41) (34.99) (26.82)
2008-2011 708,476 482,785 218,181 589,139 111,827
(30.91) (31.10) (30.52) (30.34) (34.39)
2012-2015 806,569 555,919 243,541 673,364 126,096
(35.19) (35.81) (34.07) (34.67) (38.78)
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Sex, n (%)

Male 1,190,872 806,321 371,478 1,012,177 165,622
(51.96) (51.94) (51.97) (52.12) (50.94)
Female 1,101,230 746,066 343,321 929,870 159,517
(48.04) (48.06) (48.03) (47.88) (49.06)

Mother's age (years), n (%)

<30 1,051,675 732,339 307,024 894,288 145,075
(45.88) (47.18) (42.95) (46.05) (44.62)

30-<40 1,188,291 790,387 389,849 1,005,551 174,685
(51.84) (50.91) (54.54) (51.78) (53.73)

40 and over 47,901 29,661 17,926 42,208 5,379
(2.09) (1.91) (2.51) (2.17) (1.65)

Missing 4,235 - - - -
(0.18)

Mother's age (years), mean (SD) 30.35 30.21 30.70 30.36 30.41

(4.84) (4.83) (4.85) (4.87) (4.64)

Family income (TWD), n (%)

<30,759 550,262 367,159 165,012 462,285 69,886
(24.01) (23.65) (23.09) (23.80) (21.49)
30,759-48,200 547,531 391,347 152,727 475,623 68,451
(23.89) (25.21) (21.37) (24.49) (21.05)
48,200-73,317 553,224 381,587 169,424 471,106 79,905
(24.14) (24.58) (23.70) (24.26) (24.58)
>73,317 550,296 351,074 198,421 454,377 95,118
(24.01) (22.62) (27.76) (23.40) (29.25)
Missing 90,789 61,220 29,215 78,656 11,779
(3.96) (3.94) (4.09) (4.05) (3.62)
Family income (TWD), mean (SD) 54584.00 5372422 5764425 5424465  59205.91

(36075.91)  (34738.74) (38512.93) (35557.11) (38360.35)
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Urbanization level of inhabited area, n (%)

High

Middle

Low

Missing

Parity, n (%)

1

3 or more

1,220,489
(53.25)
861,047
(37.57)
209,813
(9.15)
753

(0.03)

922,928
(40.27)
1,125,093
(49.09)
244,081

(10.65)

805,893
(51.91)
595,854
(38.38)
150,089
(9.67)
551

(0.04)

610,804
(39.35)
771,525
(49.70)
170,058

(10.95)

400,731
(56.06)
256,386
(35.87)
57,485
(8.04)
197

(0.03)

296,657
(41.50)
345,264
(48.30)
72,878

(10.20)

1,022,627
(52.66)
732,517
(37.72)
186,289
(9.59)
614

(0.03)

793,062
(40.84)
944,665
(48.64)
204,320

(10.52)

183,997
(56.59)
119,723
(36.82)
21,285
(6.55)
134

(0.04)

114,399
(35.18)
172,124
(52.94)
38,616

(11.88)

a Missing information on medical diagnoses and/or drug prescription (n=24,916)
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Table 3-2. Hazard ratios and 95% confidence intervals for the association between

medically diagnosed infection during pregnancy and risk of childhood cancer in Taiwan,

2004-2015
Number Incidence HR Adjusted HR
of events density rate (95% CI) (95% CI)2
(per 100,000
person-years)

Acute lymphoblastic leukemia
Non-infected cohort 233 4.07 ref ref
Infected cohort, any type of infection 560 461 1.13(0.97-1.31) 1.15 (0.99-1.35)
Viral infection 130 4.35 1.06 (0.85-1.31) 1.07 (0.86-1.34)
Bacterial infection 381 4.44 1.08 (0.92-1.27) 1.11 (0.94-1.32)
Respiratory infection 266 4.58 1.11 (0.93-1.33) 1.14 (0.95-1.36)
Enteric infection 23 6.09 1.49 (0.97-2.28) 1.60 (1.04-2.46)
Urinary tract infection 88 4.42 1.07 (0.84-1.36) 1.15(0.89-1.47)

Central nervous system tumors
Non-infected cohort 123 2.15 ref ref
Infected cohort, any type of infection 264 2.17 1.01 (0.82-1.25) 0.98 (0.79-1.22)
Viral infection 76 2.54 1.18 (0.89-1.57) 1.13 (0.84-1.52)
Bacterial infection 194 2.26 1.05 (0.84-1.31) 1.01 (0.80-1.28)
Respiratory infection 123 2.12 0.98 (0.76-1.26) 0.94 (0.73-1.22)
Enteric infection 6 1.59 0.74 (0.33-1.67) 0.74 (0.33-1.69)
Urinary tract infection 46 231 1.07 (0.76-1.50) 1.02 (0.72-1.46)

Hepatoblastoma
Non-infected cohort 36 0.63 ref ref
Infected cohort, any type of infection 100 0.82 1.28 (0.88-1.88) 1.34 (0.90-1.98)
Viral infection 28 0.94 1.45 (0.89-2.38) 1.54 (0.92-2.56)
Bacterial infection 65 0.76 1.18 (0.79-1.77) 1.25 (0.82-1.90)
Respiratory infection 42 0.72 1.12 (0.72-1.75) 1.18 (0.74-1.86)
Urinary tract infection 11 0.55 0.84 (0.43-1.65) 0.84 (0.41-1.71)
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Medulloblastoma
Non-infected cohort
Infected cohort, any type of infection
Viral infection
Bacterial infection
Respiratory infection

Urinary tract infection

30

56

16

45

31

15

0.52

0.46

0.54

0.52

0.53

0.75

ref
0.88 (0.57-1.37)
1.02 (0.56-1.87)
1.00 (0.63-1.59)
1.01 (0.61-1.68)

1.45 (0.78-2.69)

ref
0.83 (0.53-1.29)
0.99 (0.54-1.82)
0.93 (0.58-1.48)
0.99 (0.60-1.64)

1.28 (0.68-2.43)

a Adjusted for birth year, sex, maternal age (years), family income (quartile), urbanization level (high, middle, low),

and parity (1, 2, 23)

Number of hepatoblastoma and medulloblastoma cases exposed to enteric infections were <5.
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Table 3-3. Hazard ratios and 95% confidence intervals for the association between

antibiotic prescription during pregnancy and risk of childhood cancer in Taiwan, 2004-

2015
Number Incidence HR Adjusted HR
of events density rate (95% CI) (95% CI)2
(per 100,000
person-years)
Acute lymphoblastic leukemia

Not prescribed antibiotics 90 3.73 ref ref

Any type of antibiotics 703 4.55 1.25 (1.01-1.56) 1.30 (1.04-1.63)
Tetracyclines 23 7.46 2.09 (1.32-3.30) 2.15 (1.34-3.45)
Amphenicols 13 4.99 1.43 (0.80-2.57) 1.28 (0.67-2.42)
Beta-lactam antibacterials — penicillin 287 3.97 1.09 (0.86-1.38) 1.15 (0.90-1.47)
Other beta-lactam antibacterials 561 4.62 1.27 (1.02-1.59) 1.31 (1.04-1.65)
Sulfonamides and trimethoprim 11 4.68 1.34 (0.72-2.51) 1.42 (0.75-2.69)
Macrolides, lincosamides and 79 4.33

streptogramins 1.22 (0.90-1.65) 1.30 (0.95-1.78)
Aminoglycoside antibacterials 178 4.29 1.19 (0.92-1.54) 1.18 (0.91-1.55)
Quinolone antibacterials 15 3.78 1.05 (0.61-1.82) 1.04 (0.59-1.84)
Other antibacterials 16 4.06 1.12 (0.66-1.90) 1.08 (0.61-1.91)
Intestinal anti-infectives 13 4.08 1.15 (0.64-2.06) 1.22 (0.67-2.21)

Central nervous system tumors

Not prescribed antibiotics 48 1.99 ref ref

Any type of antibiotics 339 2.19 1.12 (0.82-1.51) 1.16 (0.84-1.59)
Tetracyclines 6 1.95 1.04 (0.45-2.43) 0.74 (0.26-2.09)
Amphenicols 6 2.30 1.24 (0.53-2.90) 1.32 (0.55-3.15)
Beta-lactam antibacterials — penicillin 172 2.38 1.22 (0.88-1.67) 1.29 (0.92-1.80)
Other beta-lactam antibacterials 273 2.25 1.14 (0.84-1.55) 1.17 (0.85-1.62)
Sulfonamides and trimethoprim 7 2.98 1.60 (0.72-3.54) 1.43 (0.60-3.43)
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Macrolides, lincosamides and 33 1.81

streptogramins 0.95 (0.61-1.48) 0.93 (0.58-1.48)
Aminoglycoside antibacterials 95 2.29 1.18 (0.83-1.67) 1.26 (0.87-1.81)
Quinolone antibacterials 11 2.77 1.44 (0.75-2.77) 1.55 (0.79-3.03)
Other antibacterials 8 2.03 1.05 (0.50-2.22) 1.16 (0.54-2.48)

Hepatoblastoma

Not prescribed antibiotics 16 0.66 ref ref

Any type of antibiotics 120 0.78 1.25(0.74-2.10) 1.37 (0.79-2.40)
Beta-lactam antibacterials — penicillin 53 0.73 1.17 (0.67-2.05) 1.34 (0.74-2.43)
Other beta-lactam antibacterials 105 0.86 1.38 (0.82-2.34) 1.50 (0.86-2.64)
Macrolides, lincosamides and 16 0.88

streptogramins 1.48 (0.74-2.95) 2.03 (0.98-4.20)
Aminoglycoside antibacterials 44 1.06 1.75 (0.99-3.11) 2.05 (1.11-3.80)
Other antibacterials 10 2.54 4.06 (1.84-8.95) 5.26 (2.29-12.12)

Medulloblastoma

Not prescribed antibiotics 7 0.29 ref ref

Any type of antibiotics 79 0.51 1.77 (0.82-3.84) 1.96 (0.85-4.51)
Beta-lactam antibacterials — penicillin 44 0.61 2.08 (0.94-4.62) 2.28 (0.96-5.38)
Other beta-lactam antibacterials 67 0.55 1.91 (0.88-4.16) 2.10 (0.91-4.85)
Macrolides, lincosamides and 10 0.55

streptogramins 1.97 (0.75-5.18) 2.22 (0.80-6.18)
Aminoglycoside antibacterials 25 0.60 2.10 (0.91-4.85) 2.37 (0.96-5.83)

a Adjusted for birth year, sex, maternal age (years), family income (quartile), urbanization level (high, middle, low),
and parity (1, 2, 23)

Antibiotic exposures that had a low occurrence of <5 cancer cases were excluded.
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Table 3-4. Hazard ratios and 95% confidence intervals for the association between
infection and antibiotic prescription during pregnancy and risk of childhood cancer in

Taiwan, 2004-2015

Infection Prescribed Number of Incidence density rate HR Adjusted HR

antibiotics events (per 100,000 (95% CI) (95% Cl)2

person-years)

Acute lymphoblastic leukemia

No No 36 3.16 ref ref
No Yes 197 4.29 1.41 (0.99-2.01) 1.53 (1.05-2.23)
Yes No 54 4.25 1.34 (0.88-2.04) 1.47 (0.95-2.27)
Yes Yes 506 4.65 1.51 (1.07-2.11) 1.66 (1.16-2.38)
Central nervous system tumors
No No 19 16.67 ref ref
No Yes 104 22.66 1.38 (0.85-2.25) 1.40 (0.85-2.31)
Yes No 29 22.81 1.37 (0.77-2.44) 1.27 (0.70-2.32)
Yes Yes 235 21.62 1.31 (0.82-2.09) 1.29 (0.80-2.09)

a Adjusted for birth year, sex, maternal age (years), family income (quartile), urbanization level (high, middle, low),

and parity (1, 2, 23)
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3.7. Supplemental materials

Table 3-S1. International Classification of Diseases, Revision 9 (ICD-9) and Revision 10

(ICD-10) diagnostic codes of infectious diseases categories

ICD-9

ICD-10

Any infection

000-139, +all below

Microorganism-specific infection categories

Viral infection

Bacterial infection

008.8, 042—-079, 381.00,
321.2, 323.0, 466, 480,

487, 488, 711.5

000-005, 008.0-008.5,
010-041, 079.88, 090-104,
320, 320.9, 323.1, 324—-
326, 382, 390-391, 475,
481-482, 510, 513, 540—-
542, 590, 595, 599.0, 614—
616, 670, 675, 680-686,

711.0, 711.4,

Organ-specific infection categories

Respiratory infection

032—-034, 460-466, 473,
475-476, 480488, 490,

510-511, 513

52

A00-B99, G00-GO09,

R50.9, R56.0 + all below

A08, AB0O—-A99, BOO-B34,
B97, G02.0, G05.1, H67.1,
J10-J12, J17.1, J20.3-
J20.7,J321.0, M01.4-M01.5
AO0O0-AO05, A15-A59, A65—
A79, B95-B96, GO0, GO1,
G04.2, G05.0, G06-G09,
H66, H67.0, 100-101, J13—
J15, J17.0, J20.0-J20.2,
J36, J39.0-J39.1, J85-J86,
K35-K37, LO0-L08, MO0,
M01.0-MO01.3, N10-N12,
N30, N34.0, N39.0, N70—-

N77, 023

A36-A38, J00-J22, J32,
J36-J37, J39.0-J39.1,

J85-J86



Infectious enteritis 001-009 A01-A09
Skin infection 680—-686 LOO-LO8
Urinary tract infection 590, 595, 599.0, 647.9 N10-N12, N30, N34.0,

N39.0, 023.0-023.4

Genital infection incl. STD? 054.1, 090-099, 131.0, A50-A64, N70-N77,
614616, 616.0, 646.6 023.5-023.9
Appendicitis 540-542 K35-K37

aSexually transmitted diseases (STD) include syphilis, Gonorrhea, Chlamydia, trichomoniasis,
condyloma and genital herpes

Table adapted from Atladéttir et al.1>?
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Table 3-S2. Anatomical Therapeutic Chemical (ATC) codes classification of antibiotics

Classification ATC code
Any type of antibiotics All below
Tetracyclines JO1A
Amphenicols JO1B
Beta-lactam antibiotics — penicillin Jo1C
Other beta-lactam antibiotics JO1D
Sulfonamides and trimethoprim JO1E
Macrolides, lincosamides and streptogramins JO1F
Aminoglycoside antibiotics JO1G
Quinolone antibiotics JO1M
Combinations of antibiotics JO1R
Other antibiotics JO1X
Intestinal anti-infectives AO7A
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Table 3-S3. Hazard ratios and 95% confidence intervals for the association between

number of infection episodes during pregnancy and risk of childhood cancer in Taiwan,

55

2004-2015
Number of infection episodes Number of Incidence HR Adjusted HR
events density rate (95% CI) (95% ClI)2
(per 100,000
person-years)

Acute lymphoblastic leukemia
Non-infected cohort (0 episode) 233 4.07 ref ref
1 episode 190 4.32 1.06 (0.87-1.28)  1.09 (0.90-1.32)
2-3 episodes 236 4.99 1.22 (1.02-1.46)  1.24 (1.03-1.50)
4 episodes and over 134 4.44 1.08 (0.87-1.33)  1.11 (0.89-1.38)
Each additional episodes of infection - - 1.05(0.98-1.12) 1.06 (0.99-1.13)
(as continuous)

Central nervous system tumors
Non-infected cohort (0 episode) 123 215 ref ref
1 episode 92 2.09 0.97 (0.74-1.28)  0.96 (0.73-1.26)
2-3 episodes 110 2.33 1.08 (0.84-1.40)  1.05 (0.80-1.36)
4 episodes and over 62 2.05 0.95(0.70-1.29)  0.91 (0.66-1.24)
Each additional episodes of infection - - 1.00 (0.91-1.10)  0.99 (0.90-1.08)
(as continuous)

Hepatoblastoma
Non-infected cohort (0 episode) 36 0.63 ref ref
1 episode 36 0.82 1.29 (0.81-2.05)  1.30 (0.81-2.10)
2-3 episodes 39 0.83 1.29 (0.82-2.03)  1.40 (0.89-2.23)
4 episodes and over 25 0.83 1.27 (0.76-2.12)  1.29 (0.76-2.20)
Each additional episodes of infection - - 1.08 (0.93-1.26)  1.10 (0.94-1.29)
(as continuous)

Medulloblastoma
Non-infected cohort (0 episode) 30 0.52 ref ref



1 episode 16
2-3 episodes 22

4 episodes and over 18

0.36

0.47

0.60

0.70 (0.38-1.28)
0.89 (0.51-1.54)

1.14 (0.63-2.04)

0.64 (0.35-1.20)
0.82 (0.47-1.44)

1.09 (0.61-1.96)

Each additional episodes of infection -

(as continuous)

1.04 (0.86-1.26)

1.02(0.84-1.24)

@ Adjusted for birth year, sex, maternal age (years), family income (quartile), urbanization level (high, middle, low),

and parity (1, 2, 23)
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Maternal and Child Health database in
Taiwan, 2004-2015 (N=2,385,071)

y

Registry of beneficiaries, 2002-2017

Missing maternal ID (n=1,068)
Missing birth information (n=15,962)

A 4

v

Maternal and Child Health database in
Taiwan, 2004-2015 (N=2,368,041)

Cancer registry in Taiwan, 1979-2017

A

» Missing age at cancer diagnosis (n=31)

\ 4

Maternal and Child Health database in
Taiwan, 2004-2015 (N=2,368,010)

y 3

Taiwan birth registry, 2004-2015

Missing and duplicated records, (n=73,718)
Missing sex (n=113)

Down’s syndrome (n=1,006)

Extremely low birth weight (n=1,071)

\ 4

A 4

Eligible study participants in Taiwan
2004-2015 (n=2,292,102)

v

Missing exposure information (n=24,916)

v

Study participants in Taiwan
2004-2015 (n=2,267,186)

Figure 3-S1. Study participants flow chart in Taiwan 2004-2015
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4. Maternal exposure to nitrosatable drugs during pregnancy and risk of childhood
cancers in Denmark

This chapter is based in part on the previously published article entitled “Exposure to
nitrosatable drugs during pregnancy and childhood cancer: A matched case—control study in
Denmark, 1996-2016" published in Pharmacoepidemiology and Drug Safety.'%® | have
permission from John Wiley and Sons to use the work in my dissertation (license number:
5557900547759).

41. Introduction

NOCs are a group of organic agents that contain a nitroso group in their molecular
structure. There is suspicion that these compounds may cause cancer,?' but studies have not
yet definitively linked NOC exposure to cancer risk in humans. However, the IARC has
concluded that ingesting nitrates or nitrites, which can lead to endogenous nitrosation, is likely
to be carcinogenic to humans.®* The difficulty of measuring and identifying NOC exposures has
made it challenging to establish consistent results in previous studies.

Humans are exposed to NOC from both external and internal sources. Externally,
NOC exposure can come from food, tobacco, and other environmental sources. Internally, NOC
can be formed through endogenous synthesis from ingested nitrate, nitrite, or nitrosatable
compounds like drugs containing amides and amines.®?-3* The majority of NOC exposure in
humans comes from endogenous synthesis.?

Endogenous nitrosation can happen through several mechanisms, mainly in the
stomach through non-enzymatic formation in an acidic environment. Pregnant women can pass
NOC synthesized from ingested nitrosatable compounds to their fetus through the placenta,
which has been found to cause neurogenic and lymphatic tumors in animal experiments.8’—3

Previous studies have linked nitrate and nitrite ingestion to various types of cancer in
adults such as gastrointestinal tumors, brain tumors, lymphoma, and urinary tract tumors.%-1%°
Maternal exposure to nitrosatable compounds during pregnancy is a significant source of
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childhood NOC exposure. Maternal exposure to nitrosatable compounds during pregnancy has
been associated with childhood brain tumors and leukemia with most studies examining
environmental exposures to nitrates from drinking water or dietary sources.''-'% Fewer studies
on the effects of nitrosatable drugs during pregnancy on childhood nervous system tumors have
yielded inconclusive results.5%°6:19%.106 Additionally, there has been no dose-response analysis
conducted, and the effect sizes identified by previous studies have been inconsistent. Therefore,
this study aims to provide additional information about maternal prescriptions of nitrosatable
drugs during pregnancy and childhood cancer.

4.2. Methods

This study is a matched case-control study that utilized Danish nationwide registry
data to link information from various sources including the Central Population Registry, Danish
Cancer Registry, Danish National Patient Register, Danish National Prescription Registry, and
Danish Medical Birth Registry. Details of data linkage and covariate information have been
previously provided.™’

Cases were identified from the Danish Cancer Registry using a specific classification
system for childhood cancer.'#2% |ndividuals were alive and cancer-free at the time of the index
case's diagnosis were eligible for controls. Controls were matched with cases based on their
birth date and sex, and for each case, twenty-five controls were randomly chosen from the
matched set. The study included participants who were born in Denmark between 1995 and
2014, and the cases were diagnosed between 1996 and 2016. Infants with birth weight less
than 500 grams (n = 68) were excluded from the analysis since they are considered non-viable
pregnancies.

We obtained data on the use of prescription drugs during pregnancy from the Danish
National Prescription Register, which is a comprehensive nationwide registry that covers almost
the entire population of Denmark (up to 97.5%).23"-2*® We looked for prescriptions that were filled
during the period from the estimated conception date until the date of birth, with gestational age
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at birth in days obtained from the Medical Births Registry. In cases where gestational age was
missing, we used multiple imputation, as previously described.?*® We identified nitrosatable
drugs, which are drugs that have been found to form nitroso compounds, from a literature
search and generated a list of these drugs,®>8%8 excluding one that was only administered
through injection. Prescriptions that were prescribed before pregnancy were not considered. We
also identified the ATC codes for these drugs and matched them against entries in the Danish
National Prescription Registry. We categorized the nitrosatable drugs based on their functional
groups, which were amides, secondary amines, and tertiary amines, and created subgroups for
those who were exposed to nitrosatable antibiotics (Supplement Table 4-S7). The reference
group was made up of women who did not receive any prescriptions for nitrosatable drugs
during pregnancy.

The study identified demographic information and other covariates including parental
age, family socioeconomic status, urbanicity of residence at birth, birth order, birth weight, and
maternal smoking at the first prenatal visit from the Central Population Registry or the Danish
Medical Birth Registry.

The study used a conditional logistic regression model to estimate crude and
adjusted odds ratios and corresponding 95% confidence intervals for each type of childhood
cancer, while controlling for confounding using disjunctive cause criteria and causal diagrams.'s?
As maternal age (measured as a continuous variable) and birth order (whether the child was the
first-born or not) have been proposed as risk factors for some types of childhood cancer and
could potentially affect the association between nitrosatable drug exposure and cancer, 4715415
we controlled for these variables in all our final statistical models. We assumed that these
factors are risk factors for most or all types of childhood cancer. We excluded results from
models with less than five cases.'®

Antibiotic prescriptions are often given to treat infections, which may also be a risk
factor for certain types of childhood cancer.24-243 As a result, there is a potential for confounding
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by indication when studying the relationship between nitrosatable antibiotics and childhood
cancer. To address this issue, we conducted secondary analyses for four different groups of
women based on the type of antibiotic prescribed: those prescribed only non-nitrosatable
antibacterial drugs, those prescribed only nitrosatable drugs that are not antibiotics, those
prescribed only nitrosatable antibacterial drugs, and those prescribed combinations of these
drugs. We identified antibacterial drugs using ATC codes J01 (antibacterial for systemic use)
and AQO7A (intestinal anti-infectives). The reference group for these secondary analyses were
women who did not receive prescriptions for nitrosatable drugs or antibiotics during pregnancy.
We conducted these analyses whenever statistical power allowed.

A sensitivity analysis was performed to include maternal smoking status as a
covariate in adjusted models because smoking status was only collected for part of the study
period (21991). However, a previous analysis of the same data did not find an association
between maternal smoking and pediatric cancers, except for eye tumors.'® Additionally, a
sensitivity analysis was conducted to add maternal infections during pregnancy as additional
covariates. Information on maternal infections was obtained from the Danish National Patient
Register using inpatient and outpatient diagnoses based on the ICD-10. The categorization
used in the analysis was adapted from Atladéttir et al (Supplement Table 4-S2).52 All statistical
analyses were performed using R 4.0.2 software.

4.3. Results

In this study, we analyzed 1,749 cases of childhood cancer and 43,841 controls who
were matched to the cases. Table 4-1 shows the characteristics of the cases, controls, and their
parents. We found that cases were more likely to be firstborn children. We also observed that
mothers of cases were more likely to have been given nitrosatable drugs during pregnancy
compared to controls (27.5% vs 22.7%). The most commonly prescribed nitrosatable drugs

were antibacterial, with 19.1% of cases and 15.5% of controls being prescribed them. The
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majority of mothers, both cases and controls, were prescribed only one nitrosatable drug during
their pregnancy. Table 4-2 provides more details on these findings.

Mothers of children with neuroblastoma had a twofold higher likelihood of being
prescribed nitrosatable drugs during pregnancy compared to controls (adjusted OR = 2.0; 95%
Cl 1.34-2.85). Similarly, higher odds of nitrosatable drug prescriptions during pregnancy were
observed among ALL cases (adjusted OR = 1.3; 95% CI 1.07-1.59) and CNS cases (adjusted
OR =1.3; 95% CI 1.04-1.51) (Table 4-3). The inclusion of maternal smoking or infection status
in the models did not alter the adjusted odds ratios by more than ten percent among the major
cancers presented in Table 4-3 (Supplement Table 4-S3).

The use of nitrosatable antibiotics was linked with a higher likelihood of developing
neuroblastoma (adjusted OR = 2.0; 95% CI 1.31-3.13) and astrocytoma (adjusted OR = 1.6;
95% CI 1.11-2.34), particularly diffuse astrocytoma (adjusted OR = 2.3; 95% CI 1.18-4.66).
When examining the functional groups and nitrosatable antibiotics (Table 4-4), secondary
amines were found to have a stronger positive association with neuroblastoma (adjusted OR =
2.9; 95% Cl 1.42-6.01), ALL (adjusted OR = 1.9; 95% CI 1.28-2.76) and AML (adjusted OR =
2.6; 95% CI 1.20-5.55), but not CNS (adjusted OR = 0.8; 95% CI 0.50-1.37). Moreover, the
odds of prescriptions for tertiary amines were higher among retinoblastoma cases (adjusted OR
=2.2; 95% CI 1.16-4.35).

To estimate the odds ratios for different types of nitrosatable and antibacterial drugs
(Table 4-5), we observed possibly positive associations for ALL with non-nitrosatable antibiotics
(adjusted OR = 1.3; 95% CI 0.99-1.72) and nitrosatable antibiotics (adjusted OR = 1.3; 95% CI
1.00-1.81). However, we observed the strongest positive associations with CNS (adjusted OR =
1.4; 95% CI 1.09-1.84), astrocytoma (adjusted OR = 1.8; 95% CI 1.17-2.88), and
neuroblastoma (adjusted OR = 2.4; 95% CI 1.39-4.09) for nitrosatable antibiotics, while non-
antibacterial nitrosatable drugs had the strongest positive associations with AML (adjusted OR =
1.5; 95% CI 0.78-3.04).
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4.4. Discussion

The findings of this study indicate that taking nitrosatable drugs during pregnancy
may increase the risk of certain childhood cancers. We observed a strong positive link for
neuroblastoma, and moderate connections for CNS and ALL. However, with ALL, there
appeared to be a tendency towards a rise in risk with non-nitrosatable antibiotics, which
suggests that the association with ALL could be because of the underlying infections that the
antibiotics were prescribed and used for, rather than with nitrosatable antibiotics, although both
situations could be possible. This tendency was not as strong for AML, CNS, astrocytoma, and
neuroblastoma, where the most robust associations and highest point estimates were linked to
nitrosatable drugs, regardless of whether they were antibiotics or not, and non-nitrosatable
antibiotics did not significantly raise the risk.

The use of a different list of nitrosatable drugs in this study may explain why our
results differ from those of previous studies. Previous studies focused on categorizing
medications based on their intended uses rather than grouping them as nitrosatable drugs. For
instance, some studies that investigated the link between maternal medication use and
neuroblastoma found positive associations with specific types of medications, such as diuretic
antihypertensives (adjusted OR = 3.2; 95% Cl 1.0-9.7),%* opioid agonists (adjusted OR = 3.4;
95% Cl 1.4-8.4),"° and analgesics (adjusted OR = 6.0; 95% CI 2.0-18.1).245 While some drugs
in these categories could potentially form NOC, the majority of them are not nitrosatable drugs.
Although one study that reported an association between opioid agonists and neuroblastoma
also had inconclusive results for other categories of medication that could potentially form
nitroso compounds, such as diuretic antihistamines, analgesics, and antibiotics.' Previous
cohort studies in Denmark showed that 15.3% of pregnant women were exposed to nitrosatable
drugs during the first twenty-two weeks of pregnancy,®246 while this study found that 22.7% of

the matched controls were exposed to such drugs during the entire pregnancy period.
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Three case-control studies that investigated the link between maternal exposure to
nitrosatable drugs and CNS observed relatively small associations ranging from 1.1 to
1.4 5556244 Meanwhile, a cohort study indicated a stronger increase in risk for CNS (adjusted
relative risk = 2.3; 95% CI 1.0-5.3).247 Another matched case-control study discovered positive
associations between maternal use of diuretics (OR = 2.0; p-value = 0.03) and antihistamines
(OR = 3.4; p-value = 0.002) and CNS."%

Previous studies have linked ALL to maternal exposure to antibiotics. One case-
control study found a positive association between self-reported maternal use of antibiotics from
three months before conception until the end of pregnancy and ALL in the offspring (adjusted
OR =1.47; 95% CI 1.06-2.04).*®¢ Two cohort studies also reported small effect estimates for
maternal antibiotics use during pregnancy and the risk of developing ALL, but with confidence
intervals that included the null.?4%2%° This study supports these findings, but also suggests that
confounding by indication may explain the association.

Animal studies have suggested that NOC may have carcinogenic effects when
passed from mother to offspring during pregnancy.8-°° However, the exact mechanisms
involved in this process are not yet well understood. The results presented in Table 4-5 may
provide some insight into these mechanisms. For example, neuroblastoma, which is associated
with abnormal cancer gene expression in immature cell types, has been found to have a
stronger association with NOC exposure compared to other neurological cancers like CNS,
glioblastoma, and medulloblastoma, which originate from more mature neural cells.?5'252 Animal
studies have also shown that different cancer types may be activated through different
pathways.®"*2 For instance, glioblastoma cells are induced by NOC through programmed death
ligand 1 expression and regulated by Anti-c-Jun N-terminal kinase activation,®? whereas
leukemia tumor cells responded to NOC through ras and p53 genes expression in an animal

model.®®
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When we looked at specific functional groups, we found that secondary amines were
more strongly associated with most cancers except for CNS. However, a previous study on
childhood brain tumors did not find any association between maternal use of nitrosatable
amines or amides.® It is unclear why there would be a stronger association with secondary
amines for most cancers, but one study suggested that some secondary amines are more
effective at inhibiting histone deacetylases in cancer cells compared to tertiary amines.?%
Additionally, the molecular structure of secondary amines is more stable, and they can more
easily pass through the blood-brain barrier.852%3254 However, we also found a stronger
association between tertiary amines and retinoblastoma. To our knowledge, no studies have
looked at the relationship between NOC and retinoblastoma, but NOC has been found to cause
retinal neurotoxicity in rats.?%® Exposure to tertiary amines in the workplace has also been linked
to ocular changes in adults.?®

Some researchers have proposed that medications with a molecular weight
exceeding 500 g/mol are less likely to be absorbed or permeate effectively. However, in this
study, only 7 of the 164 drugs (4.3%) included in our list have a molecular weight exceeding 500
g/mol. As a result, we were unable to conduct sensitivity analyses based on this categorization.

This study has several strengths. Firstly, we used data derived solely from
population-based nationwide registries, which minimizes selection bias. Secondly, we were able
to collect prescription records during pregnancy, i.e., before a child's diagnosis, independently of
the outcomes, thereby eliminating the risk of possible recall bias.

Despite its strengths, the study has several limitations. One of them is the lack of
information on patient compliance since the data only records the redemption of prescription
medication. Additionally, over-the-counter nitrosatable drugs are not captured in the prescription
registry system unless the patient has a chronic disease (e.g., acetaminophen, analgesics,

antihistamines). It was assumed that case and control mothers had similar compliance and a
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similar likelihood of taking nitrosatable drugs over the counter, which could result in exposure
misclassification that is non-differential and biased towards the null.

There was no available information on the dosage and method of administering the
drugs. Although a drug that could only be administered parenterally was excluded, most of the
drugs on the list have more than one administration route. Since endogenous NOC synthesis
occurs primarily in the stomach, the drugs must be taken orally. The study classified exposed
individuals as those who likely received only one prescription for nitrosatable drugs, which was
most common in the third trimester. Animal studies have shown that even at low doses, NOC
has a transplacental carcinogenic effect.®® Thus, the impact of nitrosatable drug exposure may
differ depending on the specific pregnancy time frame and dosage.

The absence of data on maternal dietary habits, water source, and supplement
intake may lead to uncontrolled confounding. Maternal diet can be a source of exposure to
nitrate and nitrite, while iron supplements and Vitamin C have been found to have a protective
effect against some cancers associated with NOCs.2%"-2%° Therefore, the potential impact of
these factors on the results cannot be ruled out.

When studying prenatal exposure and postnatal outcomes, live birth bias can occur
because childhood cancers are only detected in live-born children. Nitrosatable drug use has
also been linked to congenital malformations,?%-262 which can lead to poor fetal survival and
stillbirth.®% However, this type of live birth bias is typically small and tends to make estimates
towards the null.23!

Finally, it is important to note that most childhood cancers are very uncommon.
Although we utilized national registry data that spanned several decades, the sample sizes for
certain cancers were still limited. Therefore, the findings based on a small number of cases

should be interpreted with care.
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4.5. Conclusion
Maternal prescriptions of nitrosatable drugs during pregnancy can increase the risk
of CNS and neuroblastoma in children. The association between maternal use of these drugs
and ALL may be due to other factors such as maternal infections. The strength of the
association depends on the type of nitrosatable drug and the type of cancer. Further research is
required to confirm these findings and to explore the mechanisms linking NOC to specific types
of childhood cancer. Meanwhile, it is important to exercise caution when using nitrosatable

drugs during pregnancy and to avoid unnecessary use of these drugs.
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4.6. Tables

Table 4-1. Characteristics of childhood cancer cases and matched controls in Denmark,

births 1995-2014

Cases Controls
Number 1749 43841
Year of birth, n (%)
1995-1999 642 (36.7) 16103 (36.7)
2000-2009 923 (52.8) 23139 (52.8)
2010-2014 184 (10.5) 4599 (10.5)
Age at cancer diagnosis (years), n (%)
0-4 1023 (58.5) -
5-9 401 (22.9) -
10-14 190 (10.9) -
15-19 135 (7.7) -
Age at cancer diagnosis (years), mean (SD) 5.2 (4.8) -
Sex, n (%)
Female 796 (45.5) 20014 (45.7)
Male 953 (54.5) 23827 (54.3)
Mother's age (years), n (%)
<29 841 (48.1) 20616 (47.0)
30-39 865 (49.5) 22129 (50.5)
40 and over 43 (2.5) 1096 (2.5)
Mother's age (years), mean (SD) 29.9 (4.8) 29.9 (4.8)
Father's age (years), n (%)
<29 557 (32.1) 13506 (31.0)
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30-39

40 and over
Missing (%)
Father's age (years), mean (SD)

Mother smoking at the first prenatal visit, n (%)?

Yes

Missing (%)

Birth order, n (%)

1

1 or more

Residence at birth, n (%)
Greater Copenhagen

Rural Zealand

Aarhus
Odense
Other

Missing (%)

Birth weight (grams), n (%)

570-1499

1500-2499

2500-3999

4000 and over

Birth weight (grams), mean (SD)

988 (57.0)
189 (10.9)
15 (0.9)

32.4 (5.8)

342 (20.3)

67 (3.8)

752 (43.0)

997 (57.0)

429 (24.9)
163 (9.5)
113(6.6)
75 (4.4)

940 (54.7)

29 (1.7)

15 (0.9)

72 (4.1)

1282 (73.3)

380 (21.7)

3520 (617)

25244 (58.0)
4796 (11.0)
295 (0.7)

32.6 (5.8)

8570 (20.3)

1523 (3.5)

17654 (40.3)

26187 (59.7)

10959 (25.0)
4690 (10.7)
2766 (6.3)
1682 (3.8)
23744 (54.2)

0 (0.0)

301 (0.7)
1910 (4.4)
33122 (75.5)
8508 (19.4)

3501 (601)

2@ Data collection started in 1995 was completely implemented in 1996.



Table 4-2. Distribution of maternal nitrosatable drug prescription received during

pregnancy among childhood cancer cases and matched controls, births 1995-2014

Cases (n=1749) Controls (n=43841)

Maternal nitrosatable drug prescriptions during pregnancy, n (%)?

Any nitrosatable drugs 481 (27.5) 9973 (22.7)
Amides 398 (22.8) 8153 (18.6)
Secondary amines 74 (4.2) 1443 (3.3)
Tertiary amines 174 (9.9) 3844 (8.8)
Nitrosatable antibacterial drugs 334 (19.1) 6784 (15.5)

Number of nitrosatable drug prescriptions during pregnancy, n (%)

0 (never been prescribed) 1268 (72.5) 33868 (77.3)
1 370 (21.2) 7836 (17.9)
2 89 (5.1) 1690 (3.9)
3 or more 22 (1.3) 447 (1.0)

Maternal antibiotic and nitrosatable antibiotic prescription during pregnancy, n (%)

Never been prescribed any 1086 (62.1) 29802 (68.0)
Other antibacterial drugs 182 (10.4) 4066 (9.3)
Other nitrosatable drugs 113 (6.5) 2496 (5.7)
Nitrosatable antibacterial drugs 193 (11.0) 3832 (8.7)
Other combinations 175 (10.0) 3645 (8.3)

a@Not mutually exclusive
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Table 4-3. Conditional logistic regression odds ratios and 95% confidence intervals for
childhood cancers and any type of maternal nitrosatable drug prescription received

during pregnancy

Cases Controls Adjusted
Cancer type 95% CI
Exposed Unexposed Exposed Unexposed OR?®

Acute lymphoblastic leukemia 147 408 3062 10816 1.3  1.07-1.59
Acute myeloid leukemia 33 79 676 2158 14 0.89-2.06
Central nervous system tumors 162 429 3444 11338 1.3 1.04-1.51
Gliomas 60 175 1395 4478 1.1  0.82-1.50
Astrocytoma 47 117 948 3141 1.3 0.94-1.88
Diffuse astrocytoma 14 29 261 804 1.5 0.79-3.02
Pilocytic astrocytoma 29 80 624 2077 1.2 0.78-1.87
Non-Hodgkin's lymphoma 33 75 634 2048 1.4 0.94-2.20
Germ cell tumors 24 65 515 1741 1.2 0.75-1.98
Neuroblastoma 44 86 728 2611 20 1.34-285
Wilms' tumor 18 78 538 1844 0.8 0.48-1.39
Medulloblastoma 15 52 411 1274 09 0.50-1.64
Retinoblastoma 20 48 376 1312 1.5 0.89-2.63
Unilateral retinoblastoma 11 34 240 877 1.3 0.64-2.61
Bilateral retinoblastoma 8 14 130 416 1.8 0.73-4.45

a Adjusted by mother age (years) and birth order (>1 vs 1)
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Table 4-4. Conditional logistic regression odds ratios and 95% confidence intervals for
childhood cancers and specific type of maternal nitrosatable drug prescription received

during pregnancy

Group of nitrosatable prescription Cases Controls Adg';:ed 95%
Exposed Unexposed Exposed Unexposed
Acute lymphoblastic leukemia
Amides 119 408 2488 10816 1.3 1.05 - 1.61
Secondary amines 30 408 435 10816 1.9 1.28-2.76
Tertiary amines 55 408 1189 10816 1.2 0.94 - 1.67
Nitrosatable antibiotics 97 408 2059 10816 1.3 1.03-1.62
Acute myeloid leukemia
Amides 27 79 562 2158 1.3 0.85-2.09
Secondary amines 8 79 87 2158 2.6 1.20-5.55
Tertiary amines 12 79 268 2158 1.2 0.66 - 2.28
Nitrosatable antibiotics 21 79 462 2158 1.3 0.77 - 2.08
Central nervous system tumor
Amides 135 429 2815 11338 1.3 1.05 - 1.56
Secondary amines 16 429 518 11338 0.8 0.50 - 1.37
Tertiary amines 62 429 1302 11338 1.3 0.96 - 1.66
Nitrosatable antibiotics 116 429 2366 11338 1.3 1.06 - 1.62
Gliomas
Amides 52 175 1130 4478 1.2 0.87 - 1.65
Tertiary amines 18 175 532 4478 0.9 0.53-1.42
Nitrosatable antibiotics 51 175 966 4478 1.4 1.00 - 1.91
Astrocytoma
Amides 41 117 768 3141 14 0.99-2.06
Tertiary amines 15 117 361 3141 1.1 0.64-1.94
Nitrosatable antibiotics 40 117 665 3141 1.6 1.11-2.34
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Diffuse astrocytoma

Amides

Nitrosatable antibiotics
Pilocytic astrocytoma

Amides

Tertiary amines

Nitrosatable antibiotics
Non-Hodgkin's lymphoma

Amides

Tertiary amines

Nitrosatable antibiotics
Germ cell tumors

Amides

Tertiary amines

Nitrosatable antibiotics
Neuroblastoma

Amides

Secondary amines

Tertiary amines

Nitrosatable antibiotics
Wilms' tumor

Amides

Nitrosatable antibiotics
Medulloblastoma

Amides

Tertiary amines

Nitrosatable antibiotics

Retinoblastoma

13

14

24

12

22

27

11

23

22

11

20

38

14

30

15

13

11

13

29

29

80
80

80

75
75

75

65
65

65

86
86
86

86

78

78

52

52

52

73

216

181

502

241

439

509

247

436

427

208

360

601

100

284

486

454

375

349

153

283

804

804

2077

2077

2077

2048

2048

2048

1741

1741

1741

2611

2611

2611

2611

1844

1844

1274

1274

1274

1.8

2.3

1.2

1.3

1.3

1.5

1.2

1.5

1.4

0.5

1.5

20

29

1.5

2.0

0.8

0.9

0.8

0.8

1.2

0.88 - 3.50

1.18 - 4.66

0.77 -1.97

0.70 - 2.43

0.80-2.09

0.94-2.34

0.64-2.34

0.91-242

0.82-2.24

0.18 - 1.41

0.86 - 2.48

1.37-3.03

1.42 - 6.01

0.87-2.77

1.31-3.13

0.46 - 1.44

0.48 - 1.60

0.40-1.52

0.31-2.02

0.61-2.17



Amides

Tertiary amines

Nitrosatable antibiotics
Unilateral retinoblastoma

Amides

Tertiary amines

Nitrosatable antibiotics
Bilateral retinoblastoma

Amides

Tertiary amines

15

12

14

5

5

48

48

48

34

34

34

14

14

297

152

240

185

100

150

108

50

1312

1312

1312

877

877

877

416

416

1.5

22

1.7

1.4

1.9

1.8

1.4

29

0.80-2.65

1.16-4.35

0.91-3.13

0.65-2.93

0.81-4.38

0.82 - 3.81

0.48 -3.94

0.98 - 8.71

Note: reference groups were those who were not prescribed nitrosatable medication during pregnancy.

a Matched by child’s birth date and sex; and adjusted by mother age (years) and birth order (>1 vs 1).

74



Table 4-5. Conditional logistic regression odds ratios and 95% confidence intervals
cancers and specific type of maternal nitrosatable drug and antibacterial prescription

received during pregnancy

Adjusted
Group of prescription Cases Controls 95% ClI
OR?
Acute lymphoblastic leukemia
Not prescribed any in pregnancy 346 9496 1.0 [Reference]
Other antibacterial drugs 62 1320 1.3 0.99-1.72
Other nitrosatable drugs 33 795 1.1 0.80-1.65
Nitrosatable antibacterial drugs 54 1139 1.3 1.00 - 1.81
Other combinations® 60 1128 1.5 1.14 -2.00
Acute myeloid leukemia
Not prescribed any in pregnancy 69 1890 1.0 [Reference]
Other antibacterial drugs 10 268 1.0 0.52-2.04
Other nitrosatable drugs 10 178 1.5 0.78 - 3.04
Nitrosatable antibacterial drugs 10 259 1.1 0.54 -2.12
Other combinations® 13 239 1.5 0.83-2.82
Central nervous system tumors
Not prescribed any in pregnancy 373 9985 1.0 [Reference]
Other antibacterial drugs 56 1353 1.1 0.82-1.46
Other nitrosatable drugs 40 838 1.3 0.92-1.79
Nitrosatable antibacterial drugs 71 1353 14 1.09-1.84
Other combinations® 51 1253 1.1 0.81-1.48
Astrocytoma
Not prescribed any in pregnancy 104 2783 1.0 [Reference]
Other antibacterial drugs 13 358 1.0 0.53-1.74
Other nitrosatable drugs 7 229 0.8 0.37 -1.77
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Nitrosatable antibacterial drugs

Other combinations®
Neuroblastoma

Not prescribed any in pregnancy

Other antibacterial drugs

Other nitrosatable drugs

Nitrosatable antibacterial drugs

Other combinations®

26

14

69

17

12

18

14

379

340

2300

311

187

276

265

1.8

11

1.7

22

24

1.8

1.17 -2.88

0.62-1.93

[Reference]
1.01-3.02
1.18-4.19
1.39-4.09

1.00 - 3.29

Note: reference groups were those who were not prescribed nitrosatable medication during pregnancy.

a Matched by child’s birth date and sex; and adjusted by mother age (years) and birth order (>1 vs 1).

b Other combinations of antibacterial drugs and nitrosatable drugs.
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4.7. Supplemental materials
Table 4-S1. List of nitrosatable drugs to be identified with Anatomical Therapeutic

Chemical (ATC) codes

No. Name of drug ATC code Compound Classl/indication
1 Acebutolol C07AB0O4 2, amide Cardiovascular, Beta blocker
2 Albuterol (salbutamol) RO3ACO02 2 Asthma, Beta adrenergic
3  Ambroxol R05CB06 2, amide Cough, Mucolytic
4  Amitriptyline NOG6AA09 3 Antidepressant, Tricyclic
5  Amoxicillin JO1CA04 amide Anti-infective, Beta lactam
6 Ampicillin JO1CAO01 amide Anti-infective, Beta lactam
7 Amytal (as amobarbital) NO5CA02 amide Barbiturate
8 Antipyrine C03CDO01 3 Analgesic

(as muzolimine)

9 Atenolol C07AB03 2, amide Cardiovascular, Beta blocker
10 Atropine AO03BAO1 3 Anticholinergic
11 Azatadine ROBAX09 3 Antihistamine
12 Brompheniramine RO6ABO1 3 Antihistamine
13  Butabarbital NO5CBO1 2 Barbiturate

(combinations of

barbiturates)

14 Caffeine NO06BCO01 3, amide Stimulant

15 Carbamazepine NO3AFO01 3, amide Antiepileptic

16  Carbinoxamine ROG6AA08 3 Cough suppressant

17  Cefaclor JO1DCO04 amide Anti-infective, Beta lactam
18 Cefadroxil JO1DB05 2, amide Anti-infective, Beta lactam
19 Cefalexin JO1DBO01 amide Anti-infective, Beta lactam
20 Cephradine JO01DB09 amide Anti-infective, Beta lactam
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21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

Chlordiazepoxide
Chloroquine

Chlorothiazide

Chlorpheniramine
Chlorpromazine
Chlorzoxazone
Cimetidine
Clemastine
Clindamycin
Clomiphene
Clomipramine

Clonidine

Cloxacillin
Codeine
Desipramine
Dextromethorphan

Diazepam

Dichloralphenazone

Diclofenac
Dicyclomine

Diltiazem

Dimenhydrinate
(cinnarizine)
Diphenhydramine

Diphenoxylate

NO5BAO02

PO1BAO1

C03AA04

RO6AB02

NOSAAQ1

M03BB03

A02BAO1

RO6AAQ04

JO1FFO1

G03GB02

NOGAAQO4

N02CX02

JO1CF02

RO5DA04

NOGAAO1

RO5DA09

NO5BAO1

NO5CC04

MO1AB05

AO3AA07

C08DBO01

NO7CA52

RO6AAQ2

AO07DAO1

2,3
2,3

2, 3, amide

amide
2,3

3

3, amide
3, amide
3

2,3

amide

3

2,3

3, amide
3, amide
3, amide
2

3

3, amide

3, amide

78

Benzodiazepine
Anti-infective
Cardiovascular, Thiazide
diuretic

Antihistamine

Antiemetic, Phenothiazine
Muscle relaxant
Gastrointestinal, H2 blocker
Antihistamine
Anti-infective, Macrolide
Fertility

Antidepressant, Tricyclic
Cardiovascular,
Antihypertensive
Anti-infective, Beta lactam
Analgesic, Opioid
Antidepressant, Tricyclic
Cough suppressant
Benzodiazepine

Migraine

Analgesic, NSAID
Anticholinergic
Cardiovascular, Calcium
channel blocker

Antiemetic, Antihistamine

Antihistamine

Antidiarrheal, Opioid



45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

Dipyrone

Doxycycline
Doxylamine

Enalapril

Ephedrine (oral)
Epinephrine

(for local oral treatment)
Erythromycin

Ethambutol

Fenfluramine
Fluoxetine
Furosemide

Hydralazine

Hydrochlorothiazide
Hydroxyzine
Hyoscamine
Imipramine
Indomethacin
Isometheptane
Isoniazid

Lidocaine (oral topical)

Lorazepam
Meclizine
Meperidine

Metformin

N02BB02

JO1AA02

RO6AAQ9

C09AA02

R0O3CA02

A01ADO1

JO1FAO01

JO4AKO02

AOBAA02

NOGABO3

CO03CA01

C02DB02

CO3EAO01

NO5BB01

A03BAO03

NOGAAQ2

MO1ABO1

AO03AX10

JO4ACO1

R02ADO02

NO5BAO06

ROGAEQS

NO2AB02

A10BA02

3
3, amide
3

2, amide

2
2
2, amide

2,3

2, amide
3
3
3

amide

3, amide

2,3

amide

2,3
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Analgesic

Anti-infective, Tetracycline
Antihistamine

Cardiovascular, ACE Inhibitor
Decongestant

Asthma

Anti-infective, Macrolide
Anti-infective,
Antimycobacterial
Anorexigenic
Antidepressant, SSRI
Cardiovascular, Diuretic
Cardiovascular,
Antihypertensive
Cardiovascular, Thiazide
Antihistamine
Anticholinergic
Antidepressant, Tricyclic
Analgesic, NSAID
Migraine

Anti-infective
Anesthetic, Topical mucous
membranes
Benzodiazepine
Antihistamine
Analgesic, Opioid

Antidiabetic, Biguanide



69

70

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

Methadone
Methamphetamine
Metoclopramide
Metoprolol
Metronidazole
Minocycline
Minocycline
Morphine

Nadolol
Naratriptan

Nicardipine

Nicotine

Nifedipine

Nimodipine

Nortriptyline

Oxacillin

Oxprenolol

Oxycodone
Oxytetracycline
Paregoric

(as for morphine)
Paroxetine
Phenoxymethylpenicillin
Perphenazine

Phenobarbital

N07BCO02

NO6BAO3

AO3FA01

C07ABO2

JO1XDO01

A01AB23

JO1AA08

NO2AAQ1

CO07AA12

N02CC02

C08CA04

NO7BAO1

C08CA05

C08CA06

NOGAA10

JO1CF04

CO7AA02

NO2AAQ05

JO1AAO0G

NO2AGO01

NOGABOS

JO1CEO2

NO5SABO03

NO3AAQ2

3, amide

3, amide

2,3

amide

3, amide

amide

amide
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Analgesic, Opioid
Stimulant

Antiemetic, Prokinetic

Cardiovascular, Beta blocker

Anti-infective
Anti-infective, Tetracycline
Anti-infective, Tetracycline

Analgesic, Opioid

Cardiovascular, Beta blocker

Migraine
Cardiovascular, Calcium
channel blocker
Nicotine replacement
Cardiovascular, Calcium
channel blocker
Cardiovascular, Calcium
channel blocker
Antidepressant, Tricyclic

Anti-infective, Beta lactam

Cardiovascular, Beta blocker

Analgesic, Opioid
Anti-infective, Tetracycline

Antidiarrheal, Opioid

Antidepressant, SSRI
Anti-infective, Beta lactam
Antipsychotic

Antiepileptic, Barbiturate
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94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

Phenytoin
Pindolol
Primidone
Probenecid
Prochlorperazine

Promethazine

Dextropropoxyphene

Propranolol
Pseudoephedrine
Ranitidine
Ritodrine
Scopolamine
Sotalol
Sulfamethoxazole
Sulfisoxazole
Terbutaline
Terfenadine
Tetracycline
Timolol
Tizanidine

Trichlormethiazide

Triprolidine
Vancomycin

Verapamil

Acetaminophen

Acetohexamide

NO3ABO02

CO07AA03

NO3AAO03

MO04ABO1

NO5AB04

RO6AD02

NO2AC04

CO07AA05

RO1BAO3

A02BA02

GO02CA01

A04ADO1

CO7AA07

JO1EEO1

JO1EBOS

R03CCO03

RO6AX12

JO1AAQ07

CO07AA06

M03BX02

CO3AA06

RO6AXO07

AO07AAQ09

CO08DAO1

NO2BEO1

A10BB31

amide

amide

3, amide

2

3

2, amide
amide
amide

2

3

3, amide
2,3

2

2, amide

2, amide

amide

amide
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Antiepileptic

Cardiovascular, Beta blocker
Antiepileptic

Uricosuric

Antiemetic, Phenothiazine
Antiemetic, Phenothiazine
Analgesic, Opioid
Cardiovascular, Beta blocker
Decongestant
Gastrointestinal, H2 blocker
Tocolytic

Anticholinergic
Cardiovascular, Beta blocker
Anti-infective, Sulfonamide
Anti-infective, Sulfonamide
Asthma, Beta adrenergic
Antihistamine

Anti-infective, Tetracycline
Cardiovascular, Beta blocker
Muscle relaxant
Cardiovascular, Thiazide
diuretic

Antihistamine

Anti-infective
Cardiovascular, Calcium
channel blocker

Analgesic, Other

Antidiabetic, Sulfonylureas



119  Ajmaline CO01BAO0S5 3 Cardiovascular,

Antiarrhythmics
120 Alprenolol CO7AA01 2 Cardiovascular, Beta blocker
121 Antipyrine N02BBO01 3 Analgesic, Other
(as Phenazone)
122 Bamethan CO04AA31 2 Cardiovascular, Vasodilator
123 Bephenium P02CX02 NA Anthelmintic
hydroxynaphthoate
124 Betanidine C02CCo1 NA Cardiovascular, Antiadrenegic
agents
125 Bromazepam NO5BA08 2, amide Benzodiazepine
126 Bromhexine R0O5CB02 NA Cough, Mucolytic
127 Carbidopa NO4BA02 NA Aopaminergic agents
(as Levodopa)
128  Chlorprothixene NO5AF03 3 Antipsychotic
129 Cinnarizine NO7CA02 3 Antivertigo preparations
130 Cyclizine RO6AEQ3 3 Antihistamine
131 Dilazep C01DX10 3 Cardiovascular, Other

vasodilators
132 Dimetofrine CO01CA12 2 Cardiovascular, Adrenergic

and dopaminergic agents

133 Dipyridamole BO1ACO7 3, amide Antithrombotic agents

134  Disulfiram NO7BBO01 NA Drugs used in alcohol
dependence

135 Etilefrine CO1CA01 NA Cardiovascular, Adrenergic

and dopaminergic agents

136  Flupentixol NO5AF01 3 Antipsychotic
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137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

Gallopamil

Guanethidine

Isoxsuprine
Maprotiline
Mebendazole
Meprobamate
Methapyrilene

Methyldopa

Morsydomine
(as Molsidomine)

Nitrendipine

Opipramol
Phenacetin
Phenelzine
Pipamperone
Piperazine

Piromidic acid

Prenylamine

Procainamide

Pyrantel pamoate

C08DA02

C02CCO02

C04AA01

NOGAA21

P0O2CAO01

NO5BCO01

RO6AC05

C02ABO01

C01DX12

C08CA08

NOGAAQS

NO2BEO03

NOGAF03

NOSADO5

P02CBO01

JO1MBO3

C01DX02

C01BA02

P02CCO1

3

3

2
NA
amide

NA

amide

NA

NA

NA

3, amide
2

3

NA
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Cardiovascular, Calcium
channel blocker
Cardiovascular,
Antihypertensive
Cardiovascular, Vasodilator
Antidepressants
Anthelmintic

Anxiolytics

Antihistamine
Cardiovascular, Antiadrenergic
agents

Cardiovascular, Vasodilator

Cardiovascular, Calcium
channel blocker
Antidepressants
Analgesic
Antidepressants
Antipsychotic
Anthelmintic
Anti-infective, Quinoline
derivatives
Cardiovascular, calcium
channel blockers
Cardiovascular,
Antiarrhythmics

Anthelmintic



156 Quinacrine P0O1AX05 2 Antiprotozoal

(as Mepacrine)
157  Sulfadimidine JO1EBO3 NA Anti-infective, Sulfonamide
158 Thiothixene NO5AF04 3 Antipsychotic

(as Tiotixene)

159 Tolazamide A10BB05 NA Antidiabetic, Sulfonylureas
160 Tolazoline C04AB02 2 Cardiovascular, Vasodilator
161  Tolbutamide A10BB03 NA Antidiabetic, Sulfonylureas
162  Trapidil CO1DX11 3 Cardiovascular, Vasodilator
163  Trimetazidine CO01EB15 2,3 Cardiovascular, Other

164 Tripelennamine RO6AC04 3 Antihistamine

Compound type: 2 = secondary amine; 3 = tertiary amine; NA = not available
NSAID = Non-steroidal anti-inflammatory drug, ACE = Angiotensin-converting enzyme, SSRI =

Selective serotonin reuptake inhibitors, H2 = Histamine type 2 receptor
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Table 4-S2. International Classification of Diseases, Revision 10 (ICD-10) diagnostic

codes for infectious diseases categories

Infection category

ICD-10

Any infection

Microorganism-specific

Viral infection

Bacterial infection

Organ specific

Respiratory infection

Infectious enteritis
Skin infection
Urinary tract infection

Genital infection included STDs*

A00-B99, GO0-G09, R50.9, R56.0 + all below

A08, AB0-A99, BO0-B34, B97, G02.0, G05.1, H67.1, J10—
J12,J17.1, J20.3-J20.7, J21.0, M01.4-M01.5

A00-A05, A15-A59, A65-A79, B95-B96, GO0, GO1,
G04.2, G05.0, G06—-G09, H66, H67.0, 100-101, J13-J15,
J17.0, J20.0-J20.2, J36, J39.0-J39.1, J85-J86, K35-K37,
LOO-L08, MO0, M01.0-M01.3, N10-N12, N30, N34.0,

N39.0, N70-N77, O23

A36-A38, J00-J22, J32, J36-J37, J39.0-J39.1, J85-J86

A01-A09
LOO-LO8
N10-N12, N30, N34.0, N39.0, 023.0-023.4

A50-A64, N70-N77, 023.5-023.9

* Sexually transmitted diseases (STD) include syphilis, gonorrhea, chlamydia, trichomoniasis, condyloma

and genital herpes

@ Table adapted from Atladéttir et al.52
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Table 4-S3. Sensitivity analysis by adding medically diagnosed infection during

pregnancy and maternal smoking into conditional logistic regression for childhood

cancers and any type of maternal nitrosatable drug prescription received during

pregnancy
Cancer type Adjusl\t/le?idel : Adjul\gtzgel 2 Adjust?dOdel .
oR 95% Cl OR 95% Cl OR 95% Cl
Acute lymphoblastic leukemia 1.30 1.07-1.59 1.29 1.05-1.57 1.27 1.04-1.55
Acute myeloid leukemia 1.35 0.89-2.06 1.34 0.87-2.07 1.39 0.90-2.14
Central nervous system tumors 1.25 1.04-151 1.24 1.02-1.51 1.24 1.02-1.50
Gliomas 1.11 0.82-1.50 1.14 0.83-1.56 1.11 0.81-152
Astrocytoma 1.33 0.94-1.88 1.36 0.94-1.96 1.29 0.89-1.85
Non-Hodgkin's lymphoma 1.44 0.94-220 1.42 091-221 1.36 0.88-221
Germ cell tumors 1.21 0.75-1.98 1.11 0.66 - 1.88 1.19 0.72-1.97
Neuroblastoma 1.96 1.34-2.85 1.92 1.31-282 2.00 1.37-292
Wilms' tumor 0.82 0.48-1.39 0.80 0.47-137 0.79 0.46-1.36
Medulloblastoma 0.91 0.50-1.64 0.91 0.50-1.66 0.84 045-1.57
Retinoblastoma 1.53 0.89-2.63 1.47 0.85-2.57 1.58 0.92-2.73

Model 1: adjusted by mother age (years) and birth order (>1 vs 1)

Model 2: added medically diagnosed infection during pregnancy (yes vs no) to Model 1

(total no. of missing = 753; cases = 88; controls = 665)

Model 3: added smoking status during pregnancy (yes vs no) to Model 1

(total no. of missing = 1,590; cases = 67; controls = 1523)
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5. Maternal acetaminophen exposure during pregnancy and the risk of childhood cancer
in Taiwan
5.1. Introduction

Acetaminophen is a commonly used medication for pain relief and fever reduction
during pregnancy.'’-'% |ts widespread usage, including in Taiwan, has raised concerns about
its safety for pregnant women."%"'3 There is a possibility that acetaminophen may have
negative effects on fetal neurodevelopment, respiratory health, and the risk of attention-
deficit/hyperactivity disorder and autism spectrum conditions in children.'?-117:263-265 Moreover,
the chemical used in acetaminophen production, 4-nitrophenol, is considered a potential
disruptor of the endocrine system.?%¢ Acetaminophen has also been identified as a major cause
of liver failure in pregnant women, even when taken at recommended doses.?"2%8 Surprisingly,
there is limited research on the connection between acetaminophen exposure during pregnancy
and childhood cancer.%"136:140.269-271

Acetaminophen can cross the placental barrier and affect the functioning of the
placenta, potentially influencing fetal development. Its adverse effects on fetal development are
attributed to disruptions in the endocrine and nervous systems, as well as hepatotoxicity and
oxidative stress.'8-121.270 Experimental studies have shown that acetaminophen may impact
germ cell development through prostaglandin E2-mediated effects, which could have
implications for cancer risk.?’? The use of acetaminophen during pregnancy has also been
associated with an increased risk of cryptorchidism (undescended testicles) and reduced
anogenital distance in boys,?"*-2"® both of which are risk factors for testicular cancer.?"%-28°

The existing evidence on the association between acetaminophen use during
pregnancy and childhood cancer is limited. Initial studies suggested a potential link between
analgesics and the risk of childhood cancer,?’128" but more recent research has indicated a
possible protective effect of acetaminophen against leukemia in children.®”2%® However, a case-
control study in Sweden suggested a connection between acetaminophen use during pregnancy
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and childhood brain tumors.'® Some case reports have also suggested at a potential link
between acetaminophen exposure and childhood hepatoblastoma, -3 but recent
epidemiological data did not support this claim.'#°

Considering the limited evidence and mixed findings, our study aims to investigate
the potential association between acetaminophen prescriptions during pregnancy and the risk of
childhood cancer in Taiwan. Based on the hepatotoxic effects of acetaminophen and its
association with adverse neurodevelopmental outcomes and cryptorchidism, we hypothesized
that the increased risk of cancer would predominantly impact liver, brain, or germ cell tumors. In
Taiwan, acetaminophen is exclusively accessible over the counter at pharmacies, excluding
convenience stores or grocery outlets. Since physician-prescribed medications are provided at
no cost, there is a push for women to depend on prescriptions, resulting in 67% of pregnant
women obtaining acetaminophen through prescriptions, a percentage closely mirroring self-
reported usage rates in the United States (65%)."'2282 This suggests that the majority of
acetaminophen users in Taiwan acquire the medication through prescribed means.

5.2. Methods

We conducted a cohort study using the TMCHD, which contains information on
mothers and children born between 2004 and 2015. The database includes a total of 2,385,071
pairs of maternal and child data. We linked this database with the National Health Insurance
Research Database (NIRD; covering the period 2002-2017), Cancer registry (covering the
period 1979-2017), and Taiwan birth registry (covering the period 2004-2015) through the
Health and Welfare Data Science Center operated by the Ministry of Health and Welfare in
Taiwan. We excluded children with incomplete parental and birth information (n=17,030),
missing age at cancer diagnosis (n=31), missing or duplicated registration records (n=73,718),
and missing information on their ATC code (n=24,908).

To identify maternal drug prescriptions during pregnancy, we accessed the TMCHD,
which is connected to the NIRD. The NIRD contains medical claims data dating back to 1998
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and provides a comprehensive healthcare system with a single-payer national insurance
system. It maintains high-quality standards for pharmaceutical registry that are recognized
internationally.?°> We specifically identified the use of acetaminophen during pregnancy by
referring to the ATC code NO2BEQ1. Combinations of acetaminophen (ATC code NO2BE51)
were excluded due to their low prescription prevalence during pregnancy (4.17%). The
exposure period for acetaminophen was defined as the estimated date of conception until the
date of birth, and we categorized trimester-specific exposures into three periods: 0-13 weeks,
13-28 weeks, and 28 weeks until birth.

To compare acetaminophen exposure during pregnancy, we focused on two main
categories. The first category compared those who were prescribed acetaminophen at least
once during pregnancy with those who were never prescribed it. The second category
compared those with chronic exposure to acetaminophen (filled prescriptions in each trimester)
with those who were never prescribed it. In addition, we explored the association between the
number of acetaminophen prescriptions during pregnancy and the risk of cancer in offspring.

We established a linkage between the database and the Taiwan Cancer Registry to
identify children diagnosed with cancer between 2004 and 2017.2°3 The study focused on
specific types of cancer, including acute ALL, AML, NHL, CNS, neuroblastoma, retinoblastoma,
germ cell tumors, hepatoblastoma, Wilms tumors, bone tumors, astrocytoma, glioma, and
medulloblastoma.

We used Cox proportional hazard models to estimate the associations between
acetaminophen prescriptions and the risk of childhood cancer. The models were adjusted for
various factors including mother’s age (years), father's age (years), family income (divided into
quartiles), urbanization level (metropolitan cities, small cities and suburban areas, rural areas),
and mother’s employment status during pregnancy (unemployed, employed). These variables
were selected based on a comprehensive review of existing literature and expert opinions.
Previous studies have indicated that both maternal and paternal age may contribute to the risk
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of specific types of childhood cancer.'47:201.207-210 Therefore, we included them as covariates in
our analysis, considering their potential impact. Additionally, we considered family income,
urbanization level, and maternal employment status as proxies for socioeconomic status.
Socioeconomic status has been suggested as a potential risk factor for certain types of
childhood cancer in Taiwan.?%>2"" Moreover, these factors could be associated with the exposure
status of acetaminophen use during pregnancy in our study population, making them important
variables to consider in our analysis.23

Given that sex plays a significant role in the development of bone tumors and germ
cell tumors in children?83-28% and recognizing the potential association between prenatal
acetaminophen exposure and child growth depending on sex,?® we conducted a gender-based
analysis. The aim was to explore whether child’s sex could introduce a bias in the association
between acetaminophen use during pregnancy and the occurrence of bone and germ cell
tumors.

Prior research has suggested that infections during pregnancy might increase the
risk of certain childhood cancers.34-363963 Additionally, pregnant women with infections are more
likely to use acetaminophen to reduce fever.'%-1% Consequently, fever and infection have the
potential to act as variables that could distort the association between acetaminophen exposure
during pregnancy and childhood cancer. To account for the influence of these potential
confounding factors, to the extent that the sample size permitted, we carried out an analysis
stratified by the presence or absence of a medical diagnosis of fever and/or infections.

We also investigated the association between maternal acetaminophen prescription
in two distinct time frames: the pre-pregnancy period (one year before conception) and the post-
pregnancy period (one year after birth). This methodology was employed as a negative control
period, allowing us to explore the crucial exposure window and potential relationships between

acetaminophen use during these specific time periods.?%"2%¢ The acetaminophen prescription

90



status during pregnancy was also included in the final model for this negative control exposure
analysis.

To address potential biases and ensure the reliability of our findings, we conducted a
probabilistic bias analysis.?8%-2°! This approach accounts for various sources of bias and
assesses the robustness of the results. Previous studies in Europe have indicated that
acetaminophen prescriptions may not accurately reflect the actual drug intake during pregnancy
since it is often prescribed on an as-needed basis. These studies reported low sensitivity and
high specificity in determining the exposure status of acetaminophen among pregnant
women.?%22% Therefore, we considered the possibility of non-differential misclassification of
exposure as a potential source of bias in our study. Another potential source of bias was a live-
birth bias, which can occur when investigating the impact of prenatal exposures on health
outcomes that are observable only after the child's birth in the pregnancy cohort.?*' We also
investigated the potential for unmeasured confounding, particularly confounding by indications
such as pregnancy-related infections and inflammation. These factors are closely associated
with the use of acetaminophen and have been reported to have links with certain cancers in
children.343537.172242 For details on the parameters used in the probabilistic bias analysis, please
refer to supplementary Table 5-5S81. We performed Monte Carlo simulations with 100,000
replications to generate bias-adjusted estimates of the associations, including the 2.5th and
97.5th simulation limits.

We visually assessed the proportional-hazards assumption and excluded models
that had fewer than five exposed cases due to limited occurrences of the events being studied.
All statistical analyses were conducted using SAS 9.4 (SAS Institute, Cary, NC). The
probabilistic bias analysis was performed using the 'episensr' package (version 1.2.0) in R 4.3.

5.3. Results

Table 5-1 provides the general characteristics of the participants in our cohort study.

Initially, a total of 2,294,292 individuals were eligible for the study. After excluding participants
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with incomplete maternal exposure information during pregnancy (n=24,908), the final analysis
included 2,269,384 participants (Figure 5-S1). The median follow-up time for children whose
mothers were exposed to acetaminophen during pregnancy was 7.88 years (interquartile range
[IQR] = 6.21 years), while for those unexposed, it was 8.12 years (IQR = 6.16 years). The
prevalence of acetaminophen exposure during pregnancy was 78.4%. Children whose mothers
were prescribed acetaminophen during pregnancy had a higher likelihood of receiving
acetaminophen prescriptions one year before pregnancy (72.17% vs. 53.73%) and one year
after delivery (77.71% vs. 61.83%) compared to those without acetaminophen prescription
during pregnancy.

Although we did not establish conclusive evidence supporting an association
between ever prescribed acetaminophen during pregnancy and most childhood cancers (Table
5-2), our analysis revealed a notable increase in the risk of childhood hepatoblastoma (adjusted
HR = 1.30; 95% CI 0.83-2.05), bone tumors (adjusted HR = 1.40; 95% CI 0.80-2.43), and
medulloblastoma (adjusted HR = 1.89; 95% CI 0.97-3.66) among children whose mothers were
prescribed acetaminophen during pregnancy. However, it is important to note that the
confidence intervals for these associations were relatively wide. Furthermore, in Table 5-3, we
observed stronger associations between acetaminophen prescription in all three trimesters and
the risk of medulloblastoma (adjusted HR = 2.43; 95% CI 1.10-5.39), hepatoblastoma (adjusted
HR = 1.73; 95% CI1 0.97-3.10), and bone tumors (adjusted HR = 1.85; 95% CI 0.92-3.72). These
findings were comparable with the analysis regarding the number of prescriptions during
pregnancy (Table 5-S2).

We did not found associations between mothers being prescribed acetaminophen
one year prior to pregnancy and the risk of childhood cancers, with the exception of a slightly
elevated risk that was observed for germ cell tumors (adjusted HR = 1.25; 95% CI 0.94-1.67)
(Table 5-S3). Likewise, there were no substantial associations between maternal
acetaminophen prescriptions in the year following childbirth, except for astrocytoma (adjusted
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HR = 1.41; 95% CIl 0.95-2.09) and bone tumors (adjusted HR = 1.53; 95% CI 0.88-2.63). It is
important to note that the confidence intervals were wide and included null.

The sex-stratified analysis revealed distinct outcomes concerning acetaminophen
exposure during pregnancy and the risk of bone tumors. Among girls, a stronger effect was
observed (adjusted HR = 1.97, 95% CI 0.83-4.62), while in boys, the effect did
include the null (adjusted HR = 1.02, 95% CI 0.49-2.13). However, when it came to germ cell
tumors, the sex-stratified analysis indicated no substantial effect of acetaminophen exposure
during pregnancy, whether for girls (adjusted HR = 0.80, 95% CI 0.53-1.21) or boys (adjusted
HR = 1.09, 95% CI 0.71-1.66). For additional details on the results, please refer to
supplementary Table 5-S5.

Furthermore, in stratified analysis distinguishing between mothers with or without a
medical diagnosis of fever and/or infections, the hazard ratios for the use of acetaminophen
stayed consistent with the ones we initially reported for all mothers. (Table 5-S5).

In the probabilistic bias analysis (Table 5-S6), which considered various biases
including non-differential exposure misclassification, live-birth bias, and confounding by
indication, we observed a consistent trend of increased effect estimates for the associations
between acetaminophen prescription during all three trimesters and the risk of medulloblastoma
(bias-adjusted risk ratio [RR]=3.51; 95% simulation interval [SI] 1.66-7.94) and bone tumors
(bias-adjusted RR=2.65; 95% Sl 1.21-5.61) compared to the adjusted HR estimates from Table
5-3. However, we noticed a slight decrease in the effect moving towards the null for
hepatoblastoma (bias-adjusted RR=1.50; 95% S| 0.90-2.61). The primary factor contributing to
the observed variability in the effects was the presence of non-differential misclassification bias,
as indicated by the assumed sensitivity and specificity of the exposure parameters.

5.4. Discussion

In this nationwide linkage study, we did not discover a substantial association

between acetaminophen prescription during pregnancy and childhood cancer risk.
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Nevertheless, a possible connection between acetaminophen prescriptions throughout all
pregnancy trimesters and childhood hepatoblastoma, bone tumors, and medulloblastoma
emerged in our data. Our sensitivity analyses and probabilistic bias analysis provide evidence
for robustness of these findings, particularly when considering the potential for exposure
misclassification bias.

The results of our study align with previous research that emphasizes the association
between chronic and heavy use of acetaminophen during pregnancy, rather than occasional or
minimal consumption, and adverse outcomes in children.'13.116.265275.278 Therefore, it is crucial to
differentiate between sporadic and regular usage of acetaminophen to gain a comprehensive
understanding of its potential hazards and effects on the child development.

Previous studies examining the link between prenatal acetaminophen exposure and
the risk of childhood cancers lacked the necessary statistical power to establish conclusive
connections. These studies differed significantly from ours, primarily focusing on ever/never
usage rather than regular use. In accordance with a previous study,?*® we did not identify a
correlation between acetaminophen use during pregnancy (either ever or throughout all
trimesters) and the risk of childhood ALL. This contradicts the results of a smaller case-control
study, which suggested a robust protective effect for acetaminophen use during the first and
second trimesters (OR = 0.39; 95% CI 0.17-0.93 and OR = 0.37; 95% CI 0.16-0.88,
respectively).>” However, it is worth noting that the data on acetaminophen use in this case-
control study relied on maternal recall after the diagnosis of offspring cancer, with reported
acetaminophen prevalence being relatively low compared to another analgesic drug
(Dipyrone).5” Our findings also did not support a connection between acetaminophen
prescription during pregnancy and the risk of all central nervous system (CNS) tumors
combined, contrary to a prior case-control study that suggested such an association (OR =1.7;
95% CI 0.6-5.4); presumably the earlier study lacked sufficient statistical power to examine
specific CNS subtypes.'3® Conversely, despite a recent epidemiological study finding no
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evidence supporting a link based on ever use (OR = 1.0; 95% Cl 0.7-1.5),"° our results align
with multiple case reports suggesting a possible association between acetaminophen exposure
during pregnancy and childhood hepatoblastoma. 37139

The suspected mechanism underlying the association between acetaminophen
exposure and the risk of childhood hepatoblastoma may be explained by its hepatotoxicity and
oxidative stress properties, as suggested by previous research.'??-2° Additionally,
acetaminophen has been implicated in negative effects on the endocrine system and fetal
neurodevelopment,'?6-'2 which could potentially contribute to the development of bone tumors
and medulloblastoma. Further research is needed to unravel the specific pathways involved in
the development of bone tumors and medulloblastoma. Additionally, associations with other
types of cancers, particularly those related to endocrine and neural development, such as CNS
and germ cell tumors, could not be established in our study. It is worth noting that
acetaminophen is classified as a nitrosatable drug,® and some studies have suggested a
potential association between nitrosatable drugs and the risk of certain childhood
Cancers.45'198’294

Our study design minimized participation bias by integrating comprehensive
registries and national insurance data through a data-linkage approach. This allowed us to
collect information on acetaminophen prescriptions before the detection of cancer in the
offspring, reducing potential recall bias and establishing a clear temporal relationship between
exposure and outcome.

However, despite the strengths of our study design, we must acknowledge several
limitations. In Taiwan, citizens could either get reimbursed at clinics or purchase acetaminophen
over the counter, and it's possible that individuals who were prescribed the medication might not
have actually taken it, as it's usually prescribed on an as-needed basis for symptom relief. This

introduces the potential for misclassification of exposure. Nevertheless, we believe that any
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such misclassification is likely to be random, which would tend to bias the results toward no
effect, as we demonstrated in our probabilistic bias analysis. Additionally, we did not have
access to precise information about the dosage of acetaminophen administered. To our
knowledge, there is no prospective self-reported medication use data available for a study of
this size on childhood cancer incidence, and such a design is unlikely to be feasible. Although
our data suggest a link between exposure to acetaminophen prescription during all three
trimesters of pregnancy and an elevated risk of certain childhood cancers, further research is
needed to explore the dosage and duration of acetaminophen use during pregnancy in order to
thoroughly investigate the true extent of regular exposure to the medication.

Although we accounted for the majority of potential confounding factors associated
with acetaminophen prescription during pregnancy and the risk of childhood cancers, as well as
through our bias analysis, it is crucial to recognize that there might still be unmeasured
confounders that influence the associations we observed. For example, the use of multiple
medications, specifically nitrosatable drugs in combination with acetaminophen, could
potentially be linked to the risk of childhood cancer and introduce additional confounding factors
that were not taken into account in our study. Previous research has indicated the potential
association between polypharmacy and childhood cancer risk, highlighting the need to consider
these factors in future investigations.45198.294.295

Studies that investigate prenatal exposure and subsequent postnatal outcomes are
vulnerable to live birth bias, which means that childhood cancers are only detected in children
who were born alive.?*' There is also a potential association between acetaminophen exposure
and the occurrence of congenital malformations, which are linked to increased rates of fetal loss
and stillbirth, although the available evidence is inconclusive.?°-2% Although our bias analysis
and a previous study suggested that the impact of live birth bias was minimal, it is important to
acknowledge and consider its potential influence, particularly when dealing with more complex
bias structures.?"
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The absence of associations between acetaminophen use before and after
pregnancy implies that variables without significant fluctuations over a one-year span re not
responsible for the observed association with acetaminophen exposure during pregnancy,
particularly in the cases of medulloblastoma and hepatoblastoma. Nevertheless, we found some
positive associations in the year following delivery, specifically in relation to astrocytoma and
bone tumors. This may be attributed to uncontrolled confounding variables following a similar
bias pathway for these types of cancers, or it could be linked to the correlation between
acetaminophen exposure during and after pregnancy.3®

Furthermore, it is necessary to address the limitations of our probabilistic bias
analysis. While this analysis helped us address some uncertainties related to biases in our
study, it relied on assumptions about bias structures and parameter distributions.**' These
assumptions may not fully capture the full range of biases and parameter values that could exist
in situations beyond what we considered. Additionally, we did not incorporate the bias factors
from our final models into the analysis, assuming that they would have minimal impact on the
estimations. Therefore, caution should be exercised when interpreting the results adjusted for
bias.30’

Finally, despite including a substantial number of mother and child pairs in our
cohort, similar to studies on rare cancers, our sample size remains limited for certain types of
cancer. Given the scarcity of studies focusing on this specific issue, further investigation in other
populations is necessary to validate and confirm our findings.

5.5. Conclusion

The current study did not provide sufficient evidence to establish a definite link
between acetaminophen prescription during pregnancy and the risk of childhood cancers.
However, there were notable indications that consistent use of acetaminophen throughout all
three trimesters of pregnancy could potentially increase the likelihood of hepatoblastoma, bone
tumors, and medulloblastoma in children. The absence of an association during negative control
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periods indicates that uncontrolled variables which effects remain relatively consistent over a
one-year period did not explain the observed associations with acetaminophen exposure during
pregnancy, specifically in the case of medulloblastoma and hepatoblastoma. Our robust
probabilistic bias analysis confirmed the validity of these findings, indicating that the true
associations might have been underestimated. Previous studies have also reported conflicting
results regarding the association between acetaminophen exposure during pregnancy and
childhood cancers. Further research is necessary to gain a better understanding of the
mechanisms and potential risks associated with the use of acetaminophen during pregnancy

and its impact on the development of childhood cancer.
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5.6. Tables
Table 5-1. General characteristics of mother and child pairs in the study cohort, 2004 to

2015

Acetaminophen No acetaminophen

prescription during prescription during

pregnancy pregnancy
Number of children 1,778,746 490,638

Acute lymphoblastic leukemia, n (per 100,000) 619 (34.80) 178 (36.28)
Acute myeloid leukemia, n (per 100,000) 155 (8.71) 40 (8.15)

Non-Hodgkin lymphoma, n (per 100,000) 508 (28.56) 148 (30.16)
Central nervous system tumors, n (per 100,000) 308 (17.32) 79 (16.10)
Astrocytoma, n (per 100,000) 141 (7.93) 34 (6.93)
Medulloblastoma, n (per 100,000) 74 (4.16) 12 (2.45)
Glioma, n (per 100,000) 182 (10.23) 45 (9.17)
Neuroblastoma, n (per 100,000) 204 (11.47) 53 (10.8)
Retinoblastoma, n (per 100,000) 114 (6.41) 31 (6.32)
Wilms tumor, n (per 100,000) 62 (3.49) 20 (4.08)
Hepatoblastoma, n (per 100,000) 110 (6.18) 27 (5.50)
Bone tumors, n (per 100,000) 82 (4.61) 15 (3.06)
Germ cell tumors, n (per 100,000) 208 (11.69) 61 (12.43)

Follow-up time (years), median (IQR) 7.88 (6.21) 8.12 (6.16)

Child's sex, n (%)

Boy 923689 (51.93) 255196 (52.02)
Girl 854965 (48.07) 235421 (47.98)
Missing 92 21

Birth weight (grams), n (%)

<2499

153550 (8.63)

40030 (8.16)



2500-3999

24000
Parity, n (%)

1

2 or more

Mother's age at birth (years), n (%)

<20
20-29

30-34

Mean (SD)

Father's age at birth (years), n (%)

<20
20-29

30-34

Mean (SD)

Missing

Family income (NTD), n (%)

<30759
30759-48200
48200-73317
273317

Missing

Urbanization level of inhabited area, n (%)

Metropolitan cities

1593973 (89.61)

31223 (1.76)

702138 (39.47)

1076608 (60.53)

35807 (2.01)
801539 (45.06)
657117 (36.94)
249757 (14.04)

34526 (1.94)

30.23 (4.83)

5960 (0.35)
467285 (27.56)
659330 (38.88)
403181 (23.78)

159841 (9.43)

33.09 (5.35)

83149

417634 (24.42)
441115 (25.79)
436399 (25.52)
415103 (24.27)

68495

923066 (51.91)

100

441790 (90.04)

8818 (1.80)

206200 (42.03)

284438 (57.97)

8626 (1.76)
194215 (39.58)
193233 (39.38)
81370 (16.58)

13194 (2.69)

30.87 (4.84)

1335 (0.29)
102442 (22.20)
179846 (38.97)
122202 (26.48)
55709 (12.07)

33.91 (5.44)

29104

115111 (24.57)
103433 (22.08)
115105 (24.57)
134877 (28.79)

22112

284759 (58.06)



Small cities and suburban areas 687287 (38.65)

Rural areas 167792 (9.44)
Missing 601

Mother's employment status during pregnancy,

n (%)
Unemployed 390,405 (22.02)
Employed 1,382,372 (77.98)
Missing 5,969
Maternal acetaminophen prescription within 1
year before pregnancy, n (%)
No 474945 (27.01)
Yes 1283760 (72.99)
Missing 20041
Maternal acetaminophen prescription 1 year
after delivery, n (%)
No 396437 (22.29)
Yes 1382217 (77.71)
Missing 92

165723 (33.79)
40009 (8.16)

147

113,081 (23.13)
375,851 (76.87)

1,706

209806 (44.32)
263600 (55.68)

17232

187186 (38.16)
303350 (61.84)
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Table 5-2. Hazard ratios and 95% confidence intervals for the association between

acetaminophen prescription (any vs none) during pregnancy and risk of childhood

cancer in Taiwan, 2004 to 2015

Exposed Unexposed HR Adjusted HR
n (ID)° n (ID)° (95% CI) (95% Cl)?
Acute lymphoblastic leukemia 619 (4.43) 178 (4.56) 0.97 (0.82-1.14)  0.98 (0.83-1.17)
Acute myeloid leukemia 155 (1.11) 40 (1.02) 1.08 (0.76-1.53)  1.06 (0.74-1.52)
Non-Hodgkin lymphoma 508 (3.63) 148 (3.79)  0.96 (0.80-1.15)  1.00 (0.83-1.21)
Central nervous system tumors 308 (2.20) 79 (2.02) 1.09 (0.85-1.39)  1.06 (0.82-1.36)
Astrocytoma 141 (1.01) 34 (0.87) 1.16 (0.80-1.69)  1.11 (0.75-1.64)
Medulloblastoma 74 (0.53) 12 (0.31) 1.72 (0.94-3.17)  1.89 (0.97-3.66)
Glioma 182 (1.30) 45 (1.15) 1.13 (0.82-1.57)  1.08 (0.77-1.51)
Neuroblastoma 204 (1.46) 53 (1.36) 1.07 (0.79-1.44)  1.06 (0.78-1.44)
Retinoblastoma 114 (0.82) 31 (0.79) 1.02 (0.68-1.51)  1.02 (0.68-1.53)
Wilms tumors 62 (0.44) 20 (0.51) 0.86(0.52-1.42) 0.79(0.47-1.32)
Hepatoblastoma 110 (0.79) 27 (0.69) 1.13(0.74-1.72)  1.30 (0.83-2.05)
Bone tumors 82 (0.59) 15 (0.38) 1.53 (0.88-2.65)  1.40 (0.80-2.43)
Germ cell tumors 208 (1.49) 61 (1.56) 0.95(0.71-1.26)  0.94 (0.70-1.26)

aModel adjusted for mother’s age (years), father's age (years), family income (in quartile), urbanization
level (metropolitan cities, small cities and suburban areas, rural areas), and employment status

(unemployed, employed)

b Number of events (incidence density rate per 100,000 person-years)
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Table 5-3. Hazard ratios and 95% confidence intervals for the association between
acetaminophen prescription during pregnancy in trimester and risk of childhood cancer

in Taiwan, 2004 to 2015

Number of Incidence HR Adjusted HR
events density rate
(per 100,000 (95% ClI) (95% Cl)a
person-years)
Acute lymphoblastic leukemia
Not prescribed in pregnancy 178 4.56 1 (ref) 1 (ref)
Only one trimester 316 4.75 1.04 (0.87-1.25) 1.05(0.87-1.27)
Two trimesters 206 4.10 0.90 (0.73-1.09) 0.90 (0.73-1.10)
All three trimesters 97 4.22 0.92 (0.72-1.18)  0.97 (0.75-1.24)
Acute myeloid leukemia
Not prescribed in pregnancy 40 1.02 1 (ref) 1 (ref)
Only one trimester 80 1.20 1.17 (0.80-1.71) 1.15(0.78-1.71)
Two trimesters 48 0.96 0.93(0.61-1.41)  0.90 (0.58-1.40)
All 3 trimesters 27 1.17 1.14 (0.70-1.86)  1.14 (0.68-1.90)
Non-Hodgkin lymphoma
Not prescribed in pregnancy 148 3.79 1 (ref) 1 (ref)
Only one trimester 260 3.91 1.03 (0.84-1.26) 1.07 (0.87-1.32)
Two trimesters 171 3.41 0.90 (0.72-1.12)  0.93 (0.74-1.17)
All 3 trimesters 77 3.35 0.88 (0.67-1.16)  0.96 (0.72-1.27)
Central nervous system tumors
Not prescribed in pregnancy 79 2.02 1 (ref) 1 (ref)
Only one trimester 144 2.16 1.07 (0.81-1.41) 1.04 (0.78-1.38)
Two trimesters 110 2.19 1.08 (0.81-1.44)  1.05 (0.78-1.42)
All 3 trimesters 54 2.35 1.16 (0.82-1.64)  1.10 (0.77-1.58)

103



Astrocytoma

Not prescribed in pregnancy
Only one trimester
Two trimesters

All 3 trimesters

Medulloblastoma

Not prescribed in pregnancy
Only one trimester
Two trimesters

All 3 trimesters

Glioma

Not prescribed in pregnancy
Only one trimester
Two trimesters

All 3 trimesters

Neuroblastoma

Not prescribed in pregnancy
Only one trimester

Two trimesters

All 3 trimesters

Retinoblastoma

Not prescribed in pregnancy
Only one trimester

Two trimesters

All 3 trimesters

Wilms tumors

Not prescribed in pregnancy
Only one trimester

Two trimesters

All 3 trimesters

Hepatoblastoma

Not prescribed in pregnancy
Only one trimester
Two trimesters

34

67

51

23

12

35

22

17

45

87

67

28

53
108
65
31

31
58
37
19

20
34
14
14

27
51
36

0.87

1.01

1.02

1.00

0.31

0.53

0.44

0.74

1.15

1.31

1.34

1.22

1.36
1.62
1.30
1.35

0.79
0.87
0.74
0.83

0.51
0.51
0.28
0.61

0.69
0.77
0.72

1 (ref)
1.16 (0.77-1.75)
1.17 (0.76-1.80)

1.15 (0.68-1.95)

1 (ref)
1.71 (0.89-3.30)
1.43 (0.71-2.88)

2.41 (1.15-5.04)

1 (ref)
1.13 (0.79-1.63)
1.16 (0.79-1.69)

1.06 (0.66-1.69)

1 (ref)
1.19 (0.86-1.65)
0.94 (0.65-1.35)
0.98 (0.63-1.53)

1 (ref)
1.09 (0.71-1.69)
0.91 (0.57-1.47)
1.03 (0.58-1.81)

1 (ref)
0.99 (0.57-1.73)
0.54 (0.27-1.06)
1.18 (0.59-2.33)

1 (ref)
1.10 (0.69-1.76)
1.02 (0.62-1.68)

1 (ref)
1.14 (0.75-1.75)
1.08 (0.69-1.70)

1.08 (0.63-1.87)

1 (ref)
1.90 (0.94-3.85)
1.61 (0.76-3.41)

2.43 (1.10-5.39)

1 (ref)
1.11 (0.77-1.60)
1.08 (0.73-1.60)

1.01 (0.62-1.64)

1 (ref)
1.18 (0.84-1.64)
0.93 (0.64-1.35)
0.99 (0.63-1.55)

1 (ref)
1.05 (0.67-1.64)
0.95 (0.59-1.54)
1.08 (0.61-1.93)

1 (ref)
0.87 (0.49-1.53)
0.53 (0.27-1.05)
1.14 (0.57-2.26)

1 (ref)
1.28 (0.79-2.10)
1.14 (0.67-1.94)
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All 3 trimesters
Bone tumors
Not prescribed in pregnancy
Only one trimester
Two trimesters
All 3 trimesters
Germ cell tumors
Not prescribed in pregnancy
Only one trimester
Two trimesters
All 3 trimesters

23

15
39
25
18

61
89
82
37

0.38
0.59
0.50
0.78

1.56
1.34
1.63
1.61

1.43 (0.82-2.49)

1 (ref)
1.53 (0.84-2.77)
1.30 (0.69-2.47)
2.04 (1.03-4.05)

1 (ref)
0.85 (0.62-1.18)
1.04 (0.75-1.45)
1.03 (0.68-1.54)

1.73 (0.97-3.10)

1 (ref)
1.44 (0.79-2.63)
1.12 (0.58-2.17)
1.85 (0.92-3.72)

1 (ref)
0.88 (0.63-1.24)
1.01 (0.72-1.43)
0.92 (0.60-1.42)

aModel adjusted for mother’s age (years), father's age (years), family income (in quartile), urbanization
level (metropolitan cities, small cities and suburban areas, rural areas), and employment status

(unemployed, employed)
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5.7. Supplemental materials
Table 5-5S1. Parameters for probabilistic bias analysis for the association between
acetaminophen prescription during pregnancy and risk of childhood cancer in Taiwan,

2004 to 2015

Parameter

Value

Distribution

Bias

References

Sensitivity of exposure

classification

Specificity of exposure

c(0.61, 0.74, 0.67)

¢(0.88, 0.98, 0.93)

Triangular (min,

max, median)

Triangular (min,

Non-differential

misclassification of

exposure

Non-differential

van Gelder, M. M.
H. J., et al, (2018)
and additional
assumption

Cohen, J. M., et al,

classification max, median) misclassification of (2018) and

exposure additional
assumption

Selection probability c(0.4, 0.6) Uniform (min, Selection bias (live- Presume

among case exposed max) birth bias)

Selection probability c(0.5,0.7) Uniform (min, Selection bias (live- Presume

among case un-exposed max) birth bias)

Selection probability ¢(0.6, 0.8) Uniform (min, Selection bias (live- Presume

among non-case max) birth bias)

exposed

Selection probability c(0.7,0.9) Uniform (min, Selection bias (live- Presume

among non-case un- max) birth bias)

exposed

Confounder-disease 1.68 Log normal Unmeasured Presume

relative risk or the (mean) confounder

confounder-exposure

odds ratio

Lower 95% CI of 151 Log normal Unmeasured Presume

confounder-disease odds (SD) confounder

ratio

106



Upper 95% CI of
confounder-disease odds
ratio

Prevalence of
uncontrolled confounder
among exposed
Prevalence of
uncontrolled confounder

among un-exposed

1.85

¢(0.75, 0.95, 0.85)

¢(0.65, 0.55, 0.75)

Log normal

(SD)

Triangular (min,

max, median)

Triangular (min,

max, median)

Unmeasured

confounder

Unmeasured

confounder

Unmeasured

confounder

Presume

Presume

Presume
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Table 5-S2. Hazard ratios and 95% confidence intervals for the association between
number of acetaminophen prescriptions during pregnancy and risk of childhood cancer

in Taiwan, 2004 to 2015

108

Number of Incidence
HR Adjusted HR
events density rate
(per 100,000
(95% ClI) (95% CI)2
person-years)

Acute lymphoblastic leukemia

Not prescribed in pregnancy 178 4.56 1 (ref) 1 (ref)

1 prescription 195 4.78 1.05(0.86-1.29)  1.05(0.86-1.30)

2-3 prescriptions 245 4.27 0.93(0.77-1.13) 0.95(0.78-1.16)

over 3 prescriptions 179 431 0.94(0.76-1.15)  0.96(0.77-1.18)
Acute myeloid leukemia

Not prescribed in pregnancy 40 1.02 1 (ref) 1 (ref)

1 prescription 51 1.25 1.23(0.81-1.86)  1.20(0.78-1.84)

2-3 prescriptions 56 0.98 0.95(0.63-1.42) 0.93(0.61-1.42)

over 3 prescriptions 48 1.16 1.11(0.73-1.70)  1.10(0.71-1.72)
Non-Hodgkin lymphoma

Not prescribed in pregnancy 148 3.79 1 (ref) 1 (ref)

1 prescription 162 3.97 1.05(0.84-1.31)  1.08(0.86-1.36)

2-3 prescriptions 204 3.55 0.94(0.76-1.16)  0.97(0.78-1.21)

over 3 prescriptions 142 3.42 0.90(0.72-1.13)  0.96(0.76-1.22)
Central nervous system tumors

Not prescribed in pregnancy 79 2.02 1 (ref) 1 (ref)

1 prescription 83 2.03 1.01(0.74-1.37)  1.01(0.73-1.38)

2-3 prescriptions 135 2.35 1.16(0.88-1.53)  1.13(0.85-1.51)

over 3 prescriptions 90 2.17 1.07(0.79-1.44) 1.00(0.73-1.37)



Astrocytoma

Not prescribed in pregnancy
1 prescription
2-3 prescriptions

over 3 prescriptions

Medulloblastoma

Not prescribed in pregnancy
1 prescription
2-3 prescriptions

over 3 prescriptions

Glioma

Not prescribed in pregnancy
1 prescription
2-3 prescriptions

over 3 prescriptions

Neuroblastoma

Not prescribed in pregnancy
1 prescription
2-3 prescriptions

over 3 prescriptions

Retinoblastoma

Not prescribed in pregnancy
1 prescription
2-3 prescriptions

over 3 prescriptions

Wilms tumors

Not prescribed in pregnancy

1 prescription

34

43

58

40

12

17

33

24

45

54

80

48

53

71

69

64

31

39

47

28

20

22

109

0.87

1.05

1.01

0.96

0.31

0.42

0.57

0.58

1.15

1.32

1.39

1.16

1.36

1.74

1.20

154

0.79

0.96

0.82

0.67

0.51

0.54

1 (ref)
1.21(0.77-1.90)
1.16(0.76-1.77)

1.11(0.70-1.75)

1 (ref)
1.36(0.65-2.84)
1.87(0.97-3.62)

1.88(0.94-3.76)

1 (ref)
1.15(0.77-1.71)
1.21(0.84-1.74)

1.00(0.67-1.51)

1 (ref)
1.29(0.91-1.85)
0.87(0.61-1.25)

1.11(0.77-1.60)

1 (ref)
1.22(0.76-1.95)
1.01(0.64-1.60)

0.83(0.50-1.38)

1 (ref)

1.06(0.58-1.94)

1 (ref)
1.20(0.76-1.91)
1.12(0.72-1.73)

1.01(0.63-1.63)

1 (ref)
1.51(0.69-3.34)
2.09(1.03-4.26)

1.97(0.93-4.15)

1 (ref)
1.14(0.76-1.70)
1.16(0.80-1.69)

0.92(0.60-1.40)

1 (ref)
1.24(0.86-1.79)
0.91(0.63-1.30)

1.09(0.75-1.58)

1 (ref)
1.16(0.72-1.89)
1.03(0.65-1.63)

0.87(0.52-1.45)

1 (ref)
0.96(0.52-1.78)



2-3 prescriptions 23 0.40 0.77(0.42-1.41) 0.70(0.38-1.28)

over 3 prescriptions 17 0.41 0.78(0.41-1.50) 0.76(0.40-1.45)
Hepatoblastoma

Not prescribed in pregnancy 27 0.69 1 (ref) 1 (ref)

1 prescription 29 0.71 1.04(0.62-1.75)  1.21(0.70-2.10)

2-3 prescriptions 41 0.71 1.02(0.63-1.65) 1.19(0.72-1.99)

over 3 prescriptions 40 0.96 1.36(0.83-2.22)  1.56(0.93-2.63)
Bone tumors

Not prescribed in pregnancy 15 0.38 1 (ref) 1 (ref)

1 prescription 17 0.42 1.08(0.54-2.16)  1.02(0.50-2.06)

2-3 prescriptions 37 0.64 1.68(0.92-3.07) 1.62(0.89-2.97)

over 3 prescriptions 28 0.67 1.76(0.94-3.30) 1.46(0.76-2.80)
Germ cell tumors

Not prescribed in pregnancy 61 1.56 1 (ref) 1 (ref)

1 prescription 59 1.45 0.93(0.65-1.33)  0.97(0.67-1.40)

2-3 prescriptions 76 1.32 0.84(0.60-1.18) 0.82(0.58-1.16)

over 3 prescriptions 73 1.76 1.12(0.80-1.57) 1.07(0.75-1.52)

aModel adjusted for mother’s age (years), father's age (years), family income (in quartile), urbanization
level (metropolitan cities, small cities and suburban areas, rural areas), and employment status
(unemployed, employed)
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Table 5-S3. Hazard ratios and 95% confidence intervals for the association between

acetaminophen prescription one-year before pregnancy and one-year after delivery and

risk of childhood cancer in Taiwan, 2004 to 2015

Number of Incidence HR Adjusted HR
events density rate (95% ClI) (95% CI)?
(per 100,000
person-years)
Acute lymphoblastic leukemia
One-year before pregnancy
Unexposed 227 4.20 1 (ref) 1 (ref)
Exposed 554 4.55 1.10 (0.94-1.28) 1.07 (0.91-1.26)

One-year after delivery
Unexposed 216 4.67

Exposed 582 4.36

1 (ref)

0.93 (0.79-1.09)

1 (ref)

0.92 (0.78-1.08)

Acute myeloid leukemia
One-year before pregnancy
Unexposed 65 1.2
Exposed 128 1.05
One-year after delivery
Unexposed 47 1.02

Exposed 149 1.12

1 (ref)

0.86 (0.63-1.16)

1 (ref)

1.11 (0.79-1.55)

1 (ref)

0.88 (0.64-1.22)

1 (ref)

1.07 (0.75-1.51)

Non-Hodgkin lymphoma
One-year before pregnancy
Unexposed 192 3.56
Exposed 455 3.74
One-year after delivery

Unexposed 177 3.82
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1 (ref)

1.06 (0.90-1.26)

1 (ref)

1 (ref)

1.05 (0.88-1.25)

1 (ref)



Exposed 481 3.61 0.94 (0.79-1.12) 0.95 (0.80-1.14)
Central nervous system tumors
One-year before pregnancy
Unexposed 110 2.04 1 (ref) 1 (ref)
Exposed 269 2.21 1.09 (0.87-1.36) 1.13 (0.89-1.42)
One-year after delivery
Unexposed 88 1.90 1 (ref) 1 (ref)
Exposed 300 2.25 1.18 (0.93-1.50) 1.26 (0.98-1.63)
Astrocytoma
One-year before pregnancy
Unexposed 50 0.93 1 (ref) 1 (ref)
Exposed 122 1 1.07 (0.77-1.49) 1.13 (0.80-1.60)
One-year after delivery
Unexposed 36 0.78 1 (ref) 1 (ref)
Exposed 140 1.05 1.36 (0.93-1.97) 1.41 (0.95-2.09)
Medulloblastoma
One-year before pregnancy
Unexposed 24 0.44 1 (ref) 1 (ref)
Exposed 59 0.49 1.03 (0.64-1.67) 0.96 (0.59-1.58)
One-year after delivery
Unexposed 24 0.52 1 (ref) 1 (ref)
Exposed 62 0.46 0.83 (0.52-1.34) 0.87 (0.53-1.44)
Glioma
One-year before pregnancy
Unexposed 65 1.2 1 (ref) 1 (ref)
Exposed 157 1.29 1.06 (0.79-1.42) 1.12 (0.82-1.52)
One-year after delivery
Unexposed 51 1.10 1 (ref) 1 (ref)
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Exposed 177 1.33 1.20 (0.88-1.65) 1.25(0.90-1.74)
Neuroblastoma
One-year before pregnancy
Unexposed 82 1.52 1 (ref) 1 (ref)
Exposed 170 1.4 0.91 (0.69-1.18) 0.96 (0.73-1.26)
One-year after delivery
Unexposed 76 1.64 1 (ref) 1 (ref)
Exposed 182 1.36 0.83 (0.63-1.09) 0.80 (0.61-1.06)
Retinoblastoma
One-year before pregnancy
Unexposed 48 0.89 1 (ref) 1 (ref)
Exposed 93 0.76 0.85(0.60-1.21) 0.83 (0.58-1.19)
One-year after delivery
Unexposed 35 0.76 1 (ref) 1 (ref)
Exposed 111 0.83 1.13 (0.77-1.66) 1.18 (0.79-1.76)
Wilms tumors
One-year before pregnancy
Unexposed 27 0.5 1 (ref) 1 (ref)
Exposed 54 0.44 0.91 (0.57-1.45) 1.00 (0.61-1.63)
One-year after delivery
Unexposed 21 0.45 1 (ref) 1 (ref)
Exposed 61 0.46 1.02 (0.62-1.69) 1.10 (0.65-1.85)
Hepatoblastoma
One-year before pregnancy
Unexposed 49 0.91 1 (ref) 1 (ref)
Exposed 88 0.72 0.78 (0.55-1.11)  0.75 (0.52-1.08)
One-year after delivery
Unexposed 36 0.78 1 (ref) 1 (ref)
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Exposed 101 0.76 0.95 (0.65-1.40) 0.92 (0.62-1.36)

Bone tumors
One-year before pregnancy
Unexposed 28 0.52 1 (ref) 1 (ref)
Exposed 68 0.56 1.02 (0.66-1.60) 0.99 (0.63-1.57)
One-year after delivery
Unexposed 17 0.37 1 (ref) 1 (ref)

Exposed 80 0.60 1.55(0.91-2.62) 1.53 (0.88-2.63)

Germ cell tumors
One-year before pregnancy
Unexposed 72 1.33 1 (ref) 1 (ref)
Exposed 194 1.6 1.21 (0.92-1.59) 1.25(0.94-1.67)
One-year after delivery
Unexposed 68 1.47 1 (ref) 1 (ref)

Exposed 206 1.54 1.12 (0.84-1.48) 1.10(0.82-1.47)

aModel adjusted for mother’s age (years), father's age (years), family income (in quartile), urbanization
level (metropolitan cities, small cities and suburban areas, rural areas), employment status (unemployed,

employed), and acetaminophen prescribed during pregnancy (yes vs no)
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Table 5-S4. Hazard ratios and 95% confidence intervals for the association between
acetaminophen prescription (any vs none) during pregnancy and risk of germ cell tumors

and bone tumors in offspring stratified by sex in Taiwan, 2004 to 2015

Exposed Unexposed HR Adjusted HR
n (ID)° n (ID)° (95% ClI) (95% CI)2

Bone tumors

Boys 36 (0.50) 9 (0.44) 1.12 (0.54-2.33)  1.02(0.49-2.13)

Girls 46 (0.69) 6 (0.32) 2.14 (0.92-5.02)  1.97 (0.83-4.64)
Germ cell tumors

Boys 113 (1.55) 30(1.47) 1.05(0.70-1.57)  1.09(0.71-1.66)

Girls 95 (1.42) 31(1.66) 0.85(0.57-1.28)  0.80 (0.53-1.21)

aModel adjusted for mother’s age (years), father's age (years), family income (in quartile), urbanization
level (metropolitan cities, small cities and suburban areas, rural areas), and employment status
(unemployed, employed)

b Number of events (incidence density rate per 100,000 person-years)
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Table 5-S5. Hazard ratios and 95% confidence intervals for the association between

acetaminophen prescription (any vs none) during pregnancy and risk of childhood

cancer restricted among those without infection nor inflammation during pregnancy

Taiwan, 2004 to 2015

Exposed Unexposed

HR

(95% Cl)

Adjusted HR

(95% CI)2

IDP IDP
Acute lymphoblastic leukemia 4.00 4.28
Acute myeloid leukemia 1.08 1.71
Central nervous system tumors 1.46 2.26
Germ cell tumors 1.38 1.01

1.07 (0.73-1.57)
1.59 (0.81-3.10)
1.55 (0.87-2.76)

0.73 (0.36-1.49)

1.09 (0.73-1.62)
1.38 (0.68-2.83)
1.36 (0.75-2.46)

0.77 (0.36-1.65)

aModel adjusted for mother’s age (years), father's age (years), family income (in quartile), urbanization
level (metropolitan cities, small cities and suburban areas, rural areas), and employment status

(unemployed, employed)

b Number of events (incidence density rate per 100,000 person-years)
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Table 5-S6. Probabilistic bias analysis estimations and 95% simulation interval for the

association between acetaminophen prescription during pregnancy and risk of

childhood cancer in Taiwan, 2004-2015

Misclassification

Selection bias

Confounding

Multiple Bias

Estimation bias adjusted RR  adjusted OR adjusted RR adjusted RR
(95% SI) (95% SI) (95% SI) (95% SI)
ALL, during pregnancy NA? 1.01 0.88 NA2
(0.68-1.50) (0.74-1.04)
ALL, all 3 trimesters 0.88 0.96 0.83 0.80
(0.86-0.89) (0.62-1.49) (0.65-1.07) (0.62-1.02)
CNS tumors, during pregnancy NAa 1.13 0.98 NA2
(0.73-1.76) (0.76-1.26)
CNS tumors, all 3 trimesters 1.21 1.20 1.04 1.10
(1.18-1.24) (0.73-1.99) (0.74-1.48) (0.78-1.53)
Medulloblastoma, during pregnancy NAa 1.79 1.56 NA2
(0.88-3.65) (0.85-2.87)
Medulloblastoma, all 3 trimesters 3.90 2.49 2.16 3.51
(3.16-5.91) (1.09-5.69) (1.04-4.54) (1.66-7.94)
Hepatoblastoma, during pregnancy NA2 1.18 1.03 NA2
(0.68-2.07) (0.67-1.57)
Hepatoblastoma, all 3 trimesters 1.66 1.49 1.30 1.50
(1.57-1.81) (0.77-2.91) (0.75-2.27) (0.90-2.61)
Bone tumors, during pregnancy NA2 1.59 1.38 NA2
(0.82-3.07) (0.79-2.40)
Bone tumors, all 3 trimesters 2.88 2.1 1.84 2.65
(2.49-3.68) (0.97-4.58) (0.92-3.64) (1.21-5.61)

2 Not available due to negative case counts for the exposed or unexposed groups

RR = relative risk; OR = odds ratio; 95% S| = 95% simulation interval; ALL = acute lymphoblastic

leukemia; CNS = central nervous system
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Maternal and Child Health database in
Taiwan, 2004-2015 (N=2,385,071)

a
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Missing maternal ID (n=1,068)
Missing birth information (n=15,962)

A 4

A\ 4

Maternal and Child Health database in
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A

Cancer registry in Taiwan, 1979-2017
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Missing age at cancer diagnosis (n=31)

\ 4

Maternal and Child Health database in
Taiwan, 2004-2015 (N=2,368,010)

A

Taiwan birth registry, 2004-2015

Missing and duplicated records, (n=73,718)

A 4

\ 4

Eligible study participants in Taiwan
2004-2015 (n=2,294,292)

A 4

Missing exposure information (n=24,908)

\ 4

Study participants in Taiwan
2004-2015 (n=2,269,384)

Figure 5-S1. Study participants flow chart in Taiwan 2004 to 2015
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6. Public Health Relevance and Expected Contributions

This dissertation aimed to investigate how maternal and child infections and
pharmaceutical exposure during pregnancy impact the risk of childhood cancers. Through
population-based case-control studies in Denmark and cohort studies in Taiwan, utilizing
comprehensive linkage of childhood cancer registries and healthcare information, this research
has not only confirmed but also expanded our understanding of the association between
childhood cancer and infections occurring during pregnancy and after birth. Additionally, the
study sheds light on the importance of examining drug use during pregnancy, especially
concerning nitrosatable drugs, antibiotics, and acetaminophen, as they may potentially be linked
to specific types of cancer.

In Denmark, the investigation into postnatal infections and childhood cancer risk
revealed a correlation between infections occurring after birth and several types of cancer, such
as leukemia, lymphoma, nervous system tumors, germ cell tumors, and Wilms' tumor. On the
other hand, the research in Taiwan on maternal infections during pregnancy found suggestive
associations between infections during pregnancy and specific childhood cancers, including ALL
and hepatoblastoma.

The findings from both studies support Greaves' theory of ALL development as a
result of multiple factors during two stages: pregnancy and after birth. Furthermore, they
highlight the significance of common infections, rather than specific types, in contributing to the
development of ALL. The analysis of the association between maternal exposure to antibiotics
during pregnancy and childhood leukemia risk underscores the importance of considering other
factors that influence the immune response of both the mother and child and their role in cancer
development.

Regarding drug exposure, the study in Denmark suggests a potential link between
nitrosatable drug exposure during pregnancy and the risk of childhood CNS and neuroblastoma.
Similarly, the research in Taiwan indicates a potential association between chronic exposure to
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acetaminophen throughout all three trimesters of pregnancy and the risk of hepatoblastoma,
bone tumors, and medulloblastoma.

Based on the research findings, several policy recommendations can be proposed.
Implementing preventive measures for infections among pregnant women and children is crucial
to reduce maternal and child mortality. Moreover, the study emphasizes the need for infection
prevention during pregnancy to not only prevent early-life losses but also to reduce the
incidence of childhood cancer.

The research also underscores the importance of cautious drug use, particularly with
antibiotics and nitrosatable drugs. While some of these drugs may have benefits for pregnant
women, specific recommendations can be made to mitigate potential risks of childhood cancer.
Regarding acetaminophen, occasional use during pregnancy (defined as 1 prescription only)
appeared safe in our study for most cancer types, but further study is required to confirm its
safety, not only in preventing childhood cancer but also in avoiding other potential diseases. The
study results can serve as valuable information for pharmacovigilance and risk-benefit
considerations when prescribing drugs during pregnancy.

While this research significantly contributes to our understanding of infection and
drug exposure in childhood cancer risk, several areas for future research should be explored.
More epidemiological and pathological studies are needed to explore specific pathological
linkages between childhood cancer and infections, such as Epstein Barr virus and lymphoma.

Understanding the specific period of infection exposure is another crucial aspect to
explore. This knowledge can lead to more targeted recommendations for infection prevention
and control and provide deeper insights into childhood cancer development.

Identifying the dosage of medication is critical in confirming the dose relationship of
particular drugs and childhood cancer risk. However, limitations in available pharmacological

registry data may present challenges in determining accurate dosages and comparing different
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drug classes. Investigating various dosages and exposure periods, particularly in the case of
acetaminophen and childhood cancer risk, could be highly beneficial.

Validation studies for exposure are necessary to address potential misclassification
biases in medical record data used to identify infection and drug exposure. Some infections may
have mild symptoms, leading patients not to seek formal healthcare, and certain infections may
only be diagnosed symptomatically. Moreover, over-the-counter drug use during pregnancy may
introduce potential misclassification of drug exposure. Validation studies can help identify biases
and adjust effect estimations accordingly.

Although this study utilized large population-based registry data, some rare cancer
types encountered limitations in statistical power. Nevertheless, the findings from this research
can serve as valuable information for future meta-analyses on this subject.

In conclusion, this research significantly adds to our knowledge of the association
between childhood cancer and infections and drug exposures during pregnancy. It emphasizes
the importance of infection prevention and control among pregnant women and children, as well
as the judicious use of antibiotics and nitrosatable drugs. Moreover, the study provides insights
into potential risks associated with acetaminophen use during pregnancy. Overall, these findings
have significant public health implications, guiding policymakers in implementing preventive
measures and making informed decisions about drug use during pregnancy. As we move
forward, there remain important areas for further research to deepen our understanding of

childhood cancer and its relationship with infections and pharmaceutical exposures.
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