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ABSTRACT OF THE DISSERTATION

Analysis of Potential Right-of-Way Environmental Exposures and Childhood Leukemia: High

Voltage Power Lines, Plant Nurseries, and Pesticides

by

Andrew Nguyen

Doctor of Philosophy in Epidemiology

University of California, Los Angeles, 2023

Professor Leeka I. Kheifets, Chair

Previous studies have observed consistent associations between magnetic fields
exposure and childhood leukemia, and in children living close to high voltage overhead power
lines. Biologic plausibility, changes over time and other methodologic issues connected with
observed associations with magnetic fields exposure suggests that certain factors such as other
associated exposures, confounding or interaction effects may play a role in observed childhood
leukemia associations. In the US, high voltage overhead power lines are located in right-of-ways

(ROW), which are often locations additionally for commercial plant nurseries, a potential source



of chronic pesticide exposures due to their close proximity to residencies. Pesticides are
substances that are utilized to mitigate, repel, or kill unwanted pests. Pesticides are a potential
childhood leukemia risk factor, due to their ability to cause molecular changes that are

associated with cancer development.

We performed a large California state-wide records-based case-control study that
consisted of childhood leukemia cases younger than 16 years of age that were diagnosed in
California (1988-2008) obtained from the California Cancer Registry (CCR) and controls obtained
from the California Birth Registry (CBR). Controls were randomly matched to cases based on
their date of birth (£ 6 months) and sex. We obtained commercial plant nursery and pesticide
use information from the California Department of Food and Agriculture (CDFA) and the
California Department of Pesticide Regulation (CDPR). We utilized CDFA reported locations for
commercial plant nursery businesses that were classified as “producers,” which are plant
nurseries that grow and sell a total of $1,000 or more of nursery stock annually. Additionally,
we obtained Pesticide Use Reports (PUR) for pesticide applications that occurred at plant
nurseries prior to 1990; for 1990 and onward, when more detailed pesticide information was
available, we obtained pesticide applications for nursery plants grown in containers from the
CDPR. Plant nurseries, pesticide applications and subject residences were then mapped with
Geographic Information System (GIS) and then augmented with historic aerial satellite images
to improve the obtained native data resolution of plant nursery/pesticide exposure
information. Due to the unique size and shape footprint of plant nurseries, we selected subjects
that resided within 600 m of a nursery for more detailed assessment. Additionally, many plant

nurseries are located underneath high voltage power lines, therefore we selected subjects that



resided within 2000 m of such power lines to ensure that we captured all nurseries in proximity
to these power lines. We observed that subjects that resided very close to commercial plant
nurseries had elevated childhood leukemia risks. Subjects that resided within 75 m of a plant
nursery had increased risk of childhood leukemia (OR 2.40, 95% Cl 0.99-5.82); this increased risk

was stronger for the acute lymphocytic leukemia subtype (OR 3.09, 95% Cl 1.14-8.34).

We then explored the potential relationship of commercial outdoor plant nurseries as a
confounder or effect modifier for observed childhood leukemia associations with magnetic
fields exposure due to high voltage power lines. Power line information was based on GIS data
from electric power companies, aerial satellite images and in-person site visits. Associations
with childhood leukemia and calculated fields (OR 1.51, 95% Cl 0.70-3.23) slightly attenuated
after controlling for commercial outdoor plant nursery proximity (OR 1.43, 95% Cl 0.65-3.16) or
restricting analysis to study subjects residing far away (>300 m) from plant nurseries (OR 1.43,
95% Cl 0.79-2.60); similar associations were observed between proximity to high voltage power
lines and childhood leukemia after controlling and restricting subjects based on their proximity
to plant nurseries. Observed associations for childhood leukemia and proximity to commercial
plant nurseries remained elevated after excluding study subjects exposed to high calculated
fields (OR 2.16, 95% Cl 0.82-5.67) or close power line proximity (OR 2.15, 95% Cl 0.82-5.64).
Childhood leukemia associations with plant nurseries did not materially change after controlling
for calculated fields or power line proximity. Our findings suggest that close residential
proximity to plant nurseries is an independent risk factor and that plant nurseries do not
explain observed childhood leukemia relationships with magnetic fields exposure or close

power line proximity.



Finally, we followed up our study by examining childhood leukemia relationships with
more detailed pesticide exposures, including specific intended pesticide use, pesticide chemical
classes and active pesticide ingredients. Elevated childhood leukemia risks were observed for
exposure to several active pesticide ingredients: permethrin (odds ratio (OR) 1.49, 95%
confidence interval (Cl) (0.83-2.67), chlorpyrifos (OR 1.29, 95% Cl 0.89-1.87), dimethoate (OR
1.79, 95% Cl 0.85-3.76), mancozeb (OR 1.41, 95% Cl 0.85-2.33), oxyfluorfen (OR 1.41, 95% ClI
0.75-2.66), oryzalin (OR 1.60, 95% Cl 0.97-2.63), and pendimethalin (OR 1.82, 95% Cl 0.81-1.25).
Additionally, rodenticide (OR 1.42, 95% Cl 0.78-2.66) and molluscicide (OR 1.22, 95% Cl 0.82-
1.81) exposure had elevated childhood leukemia risks. Observed childhood leukemia
associations with calculated fields or power line proximity did not materially change after
controlling for pesticide exposure. Our findings suggest that pesticide exposure is an
independent risk factor for childhood leukemia and that pesticide exposure does not explain
observed childhood leukemia associations with high magnetic fields exposure or nearby power

line proximity.
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Chapter 1. Introduction

1.1 Overview of Childhood Leukemia
1.1.1 Background

Cancer is the leading cause of death due to disease in children and second overall after
accidents (American Cancer Society, 2021a; R. L. Siegel et al., 2021). Over 10,000 new cancer
cases in children and adolescents (aged birth to 14 years) are estimated to occur in the United
States in 2020 (World Health Organization, 2021a). Leukemia, cancer of the blood forming
(hematopoietic) tissues, is the most common form of childhood cancer, accounting for
approximately 25-30% of all childhood cancers (R. L. Siegel et al., 2021; World Health
Organization, 2021a). Childhood leukemia consists of several different subtypes that are
classified based on the level of cell differentiation (acute or chronic) and the predominant cell
line involved (myeloid or lymphoid). Acute leukemias progress rapidly, affect less mature cells,
and result in abnormal blood cells, known as blasts cells. These cells remain immature and
overwhelm the normal cells in the bone marrow, preventing normal blood cell function. On the
other hand, chronic leukemias progress slowly, resulting in more differentiated and functional
cells. Lymphoid and Myeloid cells are both capable of developing into acute or chronic
leukemias. Lymphoid cells include natural killer cells, B cells, and T cells. Myeloid cells include
monocytes, macrophages, granulocytes (i.e., neutrophil, basophil, or eosinophil), platelets, and

erythrocytes (Colby-Graham & Chordas, 2003; Lyengar & Shimanovsky, 2021).

Acute lymphocytic (or lymphoblastic) leukemia (ALL) is the most common form of

childhood leukemia, making up approximately 75-80% of all childhood leukemias. ALL is more



common in boys than in girls and children aged between 2 and 5 years. ALL is most common
among Hispanic and white children (American Cancer Society, 2021b; National Cancer Institute,
2020; D. A. Siegel et al., 2014; Ward et al., 2014). Acute myeloid leukemia (AML) is the second
most common form of childhood leukemia, accounting for approximately 20 to 25% of cases.
AML is found in approximately equal numbers in boys and girls. AML has the highest incidence
during the first 2 years and during the second decade of life (American Cancer Society, 2021b;
Dores et al., 2012). Other types of leukemia include chronic myelogenous leukemia and chronic
lymphocytic leukemia; chronic leukemias are more common in adults and very rare in children

(Colby-Graham & Chordas, 2003; Ward et al., 2014).

1.1.2 Incidence and Mortality

In 2020, approximately 3,100 new cases of childhood leukemia occurred, making it the
most common form of childhood cancer (World Health Organization, 2021a). The age-adjusted
incidence rate for childhood leukemia (ages 0-14 years) is 5.2 per 100,000 children. The age-
adjusted incidence rate has been increasing by 0.7% per year during 2013-2017 (National
Cancer Institute, 2020). It is the second leading cause of childhood cancer deaths, after
brain/central nervous system cancers. Approximately 329 childhood leukemia deaths occurred
in 2020 in the United States (World Health Organization, 2021a). The age-adjusted death rate
for childhood leukemia (ages 0-14 years) is 0.5 per 100,000 children and the median age at
death is 11 years old. The age-adjusted death rate has been decreasing by 2.8% per year during

2013-2017 with a 5-year survival rate of approximately 85% (National Cancer Institute, 2020).



While advances in research and treatment have drastically improved the 5-year survival
rate, leukemia remains a devastating disease and the most common childhood cancer with
much of its etiology left unknown. Only a few risk factors have been well-established, including
ionizing radiation and certain genetic syndromes such as Down syndrome, Fanconi anemia,
Bloom syndrome, and neurofibromatosis (Belson et al., 2007; Kumar & De Jesus, 2021; Schiiz &
Erdmann, 2016a; Stieglitz & Loh, 2013; Whitehead et al., 2016; Wiemels, 2012; Ziegelberger et
al., 2011). However, these only explain a small portion (less than 10%) of childhood leukemia
cases and the potential causes for the majority of cases remain unclear (Buffler et al., 2005;
Whitehead et al., 2016; Wiemels, 2012). Numerous possible risk factors have been studied such
as infections (Arellano-Galindo et al., 2017; He et al., 2020; Hwee et al., 2018; Maia & Wiinsch,
2013; Rudant et al., 2015), birth weight (Oksuzyan et al., 2012), magnetic fields (Amoon et al.,
2022; Crespi et al., 2019a; Swanson et al., 2019), pesticides (Bailey, Infante-Rivard, et al., 2015;
Chen et al., 2015a; Van Maele-Fabry et al., 2019; Vinson et al., 2011), parental age (Nybo
Andersen & Urhoj, 2017; Sergentanis et al., 2015), pollution (Filippini et al., 2019), and smoking

(Metayer et al., 2016).

1.1.3 Risk Factors

Genetic Susceptibility

A hypothesis about the development of childhood leukemia involves a multistep process
that is initiated during fetal development and through subsequent events after birth that result
in an accumulation of mutations and impaired immunological development (M Greaves, 1999,

2005; Wiemels, 2012). Potential mechanisms of childhood leukemia include aberrant DNA



repair, cell regulation, and xenobiotic genes which may make an individual more susceptible to
environmental exposures. DNA repair is vital in maintaining genomic stability and proper
function of the body (Bhagavan & Ha, 2011). It involves actively repairing chromosomal breaks,
crosslinks, and mutations that are due to endogenous metabolic processes as well as
exogenous environmental exposures. Therefore, impaired DNA repair may result in genomic
instability, a characteristic of most cancers (Negrini et al., 2010). Bloom syndrome and Fanconi
anemia, both genetic syndromes resulting from defects in DNA repair mechanisms, have been

highly associated with childhood leukemia.

Moreover, disorders in cell regulation mechanisms may result in abnormal proliferation
of cells due to improper regulation of proto-oncogenes or tumor suppressor gene responses to
environmental exposures, potentially leading to cancer (Barnum & O’Connell, 2014). For
example, pesticides, smoking, and other exposures may increase childhood leukemia risk via
faulty xenobiotic transport and metabolism. These harmful exogenous exposures gain access to
target cells and are metabolically activated by xenobiotic system enzymes to cause genetic
mutations (Chokkalingam et al., 2012). These genetic susceptibility factors may make
individuals more susceptible to damage from exogeneous exposures, leading to the

development of childhood leukemia.

Radiation

lonizing radiation, defined as energy in the form of waves (X-rays or gamma) or particles
(alpha, beta, or neurons), is one of the few established exogeneous risk factors for childhood

leukemia. lonizing radiation is capable of penetrating the human body and damaging cells and



genetic material through inducing radioactivity which occurs when an unstable atom loses
energy (World Health Organization, 2016). The extent of its effect on humans depends on the
radiation source, radiation dosage, duration of exposure, as well as the genetic and epigenetic
characteristics of the person (Reisz et al., 2014). lonizing radiation is classified by the
International Agency for Research on Cancer (IARC) as Group 1 (carcinogenic to humans) (IARC,
2012). lonizing radiation may be due to natural sources or human-made sources. Examples of
natural sources of ionizing radiation include Radon, which is a naturally occurring gas that may
emanate from the soil and rocks. Human-made sources of ionizing radiation include certain
medical imaging diagnostics and the generation of nuclear power (World Health Organization,
2016). A cohort study on Japanese survivors of the atomic bombings at Nagasaki and Hiroshima
reported an excess of leukemia cases approximately 3 years after the bombings; Children that
were approximately 10 years of age at the time of exposure had a peak excess relative risk
(ERR) at 1 Gray (Gy) of about 70 for leukemia (Richardson et al., 2009). Individuals that were
exposed at 30 or more years of age reported an ERR at 1 Gy of approximately 2 for leukemia.
Children are potentially more susceptible to radiation exposure than adults as their organs and
tissues are still developing (Khong et al., 2013). Non-ionizing radiation is a type of radiation that
has less energy than ionizing radiation and not capable of causing ionization. Examples of non-
ionizing radiation include electric and magnetic fields, microwaves, infrared, ultraviolet and
radio waves (World Health Organization, 2021b). Though non-ionizing radiation has less energy
than ionizing radiation, some forms of it have demonstrated the ability to cause biological

effects (Reisz et al., 2014).



1.2 Magnetic Fields and Power Lines

Electric and magnetic fields, also known as electromagnetic fields (EMF), are ubiquitous
in our environment. Electric fields are generated by voltage, which is the force that drives the
movement of current. Magnetic fields are generated by moving electric charges. As a result,
power lines are continuously generating magnetic fields, as current is always moving through
them. As the distance from a magnetic field source increases, the strength of the magnetic field
will decrease rapidly. Human tissue and air have the same permeability to magnetic fields, as a
result, the human body does not appreciably perturb the field (International Commission on
Non-lonizing Radiation, 2010; World Health Organization, 2007). Possible sources of extremely
low frequency electromagnetic fields (ELF EMFs) include electrical wiring, certain electrical
appliances and power lines (Kheifets et al., 2005; National Cancer Institute, 2019). Children
spend the majority of their time at home, as a result, high voltage power lines act as a
significant contributor of ELF EMF exposure for children that live in close proximity to them

(Friedman et al., 1996; Kheifets et al., 2005).

The study of the association between magnetic field exposure and childhood leukemia
risks has been the subject of many epidemiological studies since the initial publication by
Wertheimer & Leeper (1979). Epidemiological studies have utilized various EMF or surrogates
for EMF exposure measurements: personal monitoring device measurements (Green et al.,
1999; McBride et al., 1999), calculated magnetic field levels (Bunch et al., 2016; Feychting &
Alhbom, 1993; Kheifets, Crespi, et al., 2017; Kroll et al., 2010), wiring configuration (Linet et al.,

2009; London et al., 1991; Savitz et al., 1988), and measured magnetic fields inside residences



(Kabuto et al., 2006; Linet et al., 2009). Pooled analyses found elevated childhood leukemia risk
associated with magnetic field levels greater than 0.3 or 0.4 uT (Ahlbom et al., 2000; Greenland
et al., 2000; Kheifets et al., 2010). As such, ELF EMFs are classified by the International Agency

for Research on Cancer (IARC) as Group 2B (possibly carcinogenic to humans) (IARC, 2007).

High voltage power lines may be a significant source of magnetic fields exposure for
those living close to them; magnetic field levels are proportional to the size of the electric
current moving through the power line. With high voltage power lines producing more
magnetic fields than low voltage power lines. Additionally, magnetic field exposure from a
power line decreases as distance increases (National Cancer Institute, 2019). A case-control
study on childhood cancer and proximity to high voltage power lines among children (aged 0-14
years) born in England and Wales from 1962 to 1995 found increased risks among childhood
leukemia subjects that were born <50 m from a high voltage power line compared to those
born 2600 m from a high voltage power line (Kroll et al., 2010). Elevated risks were observed for
childhood leukemia up to 600 m from a high voltage power line. However, a study reported
magnetic field levels should be insignificant after 200 m (Kaune & Zaffanella, 1992). A pooled
analysis of 11 case-control studies reported small and imprecise elevated risk for childhood
leukemia among residences less than 50 m of power lines 200 kV or higher, that could not be

explained by high magnetic field exposure (Amoon, Crespi, et al., 2018a).

A recent study by Crespi et al. (2019) examining childhood leukemia risk and magnetic
fields and proximity to power lines had interesting results. Elevated childhood leukemia risks
(odds ratio (OR) 4.06, 95% confidence interval (Cl) 1.16-14.3) were only observed among
individuals that were both in close proximity (<50 m) to high voltage power lines 200 kV or
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higher and elevated calculated magnetic fields (20.4 uT). This increased risk was not observed
among individuals that were only in close proximity to high voltage power lines or elevated
calculated magnetic fields. This finding highlights a potential effect modification and/or

interaction between proximity to high voltage power lines and elevated magnetic fields.

The amount of magnetic fields vary due to a variety of factors, such as distance from the
source (i.e., the power line), voltage level, and spatial configuration of the components. As
magnetic field levels are strongly associated with distance, many studies that examine
childhood leukemia risks with proximity to high voltage power lines found similar relationships
to those obtained with high magnetic field levels (Crespi et al., 2016a; Sermage-Faure et al.,
2013). Increased risks (OR 3.02, 95% Cl 1.09-8.36) were observed among subjects exposed to
high magnetic fields (0.4 uT) living near high voltage power lines (>200 kV), but not observed
among subjects (OR 0.31, 95% Cl 0.06-1.54) exposed to high magnetic fields (0.4 uT) living
near low voltage power lines (<200 kV) (Crespi et al., 2019a). If increased childhood leukemia
risks are due to magnetic fields alone, then the childhood leukemia association with high
magnetic fields exposure due to low or high voltage power lines should be similar; thus, it is
possible that certain attributes associated with proximity to high voltage power lines may play a
role in the development of childhood leukemia. Several potential factors have been
hypothesized such as SES, dwelling type, and pesticides (Amoon, Crespi, et al., 2018a; Vinson et
al., 2011). Power lines are located in right-of-way (ROW), which is a piece of land used for
various reasons, including transmission lines, communication sites and other projects (U.S.

Department of the Interior Bureau of Land Management, n.d.). Commercial plant nurseries, a



potential source of chronic pesticide exposure, are often found under or in close proximity to

high voltage power lines and ROWs.

1.3 Pesticides

Pesticides are substances or mixtures of substances intended to mitigate, repel, or kill

unwanted plants or animals. Pesticides can be categorized by their intended target, with the
most well-known pesticides being insecticides, herbicides, rodenticides and fungicides (National
Institute of Environmental Health Sciences, 2021; US EPA, 2013). The use of pesticides has
dated back many centuries, with records of their use during the eighth century BC (Mason,
1928). During World War Il, the use of Dichlorodiphenyl trichloroethane (DDT), a synthetic
pesticide, was quickly adopted due to being a very effective insecticide. Following the war, the
use of synthetic pesticides became more widespread in the United States (Russell, 1999). More
than 300 million pounds of pesticides were produced annually during the 1950s, in comparison
with 100 million pounds in 1945 (Finegan, 1989). It is estimated that over 1.1 billion pounds of
pesticides are annually used for agricultural purposes in the United States (Atwood & Paisley-
Jones, 2017). The widespread use of pesticides is a public health concern, as pesticide exposure
may result in molecular changes linked to cancer development, such as chromosomal
anomalies, disruption of cell signaling, oxidative stress, or DNA damage (Hernandez &
Menéndez, 2016). Pesticides have been shown to be associated with numerous health effects
(Kim et al., 2017) and various childhood cancers, including leukemia (Chen et al., 2015a; Turner

et al., 2011; Van Maele-Fabry et al., 2019; Vinson et al., 2011; Wigle et al., 2009a).



Children are particularly susceptible to the effects of pesticides for several reasons,
including their anatomy, behavior, and development. Exposure to pesticides may occur though
inhalation, ingestion, or dermal contact. Children may have higher levels of exposure, as they
consume a larger amount of food or fluid as well as breathe more air per pound of body weight
compared to adults (Moya et al., 2004). Childhood behaviors such as being active and exploring
their environment, by playing or crawling on the ground, is potentially conducive to high levels
of pesticide exposure (Fenske et al., 1990). Children also frequently put their hands as well as
other objects in their mouths. This hand-to-mouth behavior may result in pesticide exposure
through contact as well as ingestion (Freeman et al., 2005). Furthermore, children are still
developing and their ability to distribute, metabolize and eliminate toxins are less advanced
compared to adults, making them more susceptible to negative health outcomes after exposure

(Moya et al., 2004).

Proximity of residences to pesticide treated areas is one way for exposure to occur. A
study in an agricultural community in Washington reported that agricultural work households
living in close proximity (<60 m) to a pesticide treated orchard had higher concentrations of
pesticides (azinphos methyl and dimethyl organophosphate (OP)) in household dust compared
to household dust in non-agricultural work households living away from orchards (>400 m).
Children that lived in close proximity to a pesticide treated orchard also had elevated measured
concentrations of pesticide metabolites (dimethylthiophosphate and dimethyl OP metabolite)
compared to those who did not live by an orchard. The relationship between elevated pesticide
levels of exposure and residing in close proximity to pesticide treated area was still observed

when the sample was restricted to agricultural work families. Measurable dimethyl OP pesticide
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concentrations were detected from environmental wipes for 38 of the agricultural families,
with 32 of the 38 (84%) samples belonging to agricultural families living in close proximity (<60
m) to a pesticide treated orchard. Among the 61 agricultural children, 10 had detectable
concentrations of dimethyl OP pesticide from hand wipe samples; all 10 children lived in close
proximity (<60 m) to a pesticide treated orchard (Lu et al., 2000a). Another study that examined
OP concentrations in household carpet dust found elevated OP concentrations among both
agricultural and non-agricultural households in close proximity (<25 m) to an agricultural field
or orchard compared to homes located farther away (Dawson et al., 2018). Other studies have
examined distance to pesticide treated land and measured pesticide levels in households and
have also found elevated levels of pesticides with close proximity (Fenske et al., 2002; Simcox et
al., 1995). Hence, spatial proximity models are possible accurate surrogates for captured
pesticide exposure levels for children, especially as children spend the majority of their time at

home.

Chronic exposure to pesticides, such as residential exposure, has been hypothesized to
increase childhood leukemia risk. A recent systematic review and meta-analysis found
significant elevated risks with residential pesticide exposure and all types of childhood
leukemia: ALL (OR 1.42,95% Cl 1.13-1.8), AML (OR 1.9, 95% Cl 1.35-2.67), and unspecified (OR
1.57, 95% Cl 1.27-1.95); elevated risks were reported for ALL, AML and unspecified leukemia
when restricted to prenatal indoor exposure, prenatal insecticide exposure, and during
pregnancy (Van Maele-Fabry et al., 2019). Previous meta-analyses also reported elevated
childhood leukemia risks and residential pesticide exposure during the prenatal and pregnancy

period (Bailey, Infante-Rivard, et al., 2015; Turner et al., 2010a; Vinson et al., 2011). Prenatal
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exposure to insecticides had elevated risk for childhood leukemia for both the meta analyses by
Bailey et al. (2015) and Turner et al. (2010). These trends were observed beyond the prenatal
and pregnancy exposure periods, with indoor pesticide exposure during childhood also
reporting increased risks for childhood leukemia (ALL, AML, and unspecified) (Chen et al.,

2015a; Turner et al., 2010a; Van Maele-Fabry et al., 2019).
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Chapter 2. Residential proximity to plant nurseries and risk of childhood leukemia

2.1 Abstract

Background

Pesticides are a potential risk factor for childhood leukemia. Studies evaluating the role of
prenatal and/or early life exposure to pesticides in the development of childhood leukemia
have produced a range of results. In addition to indoor use of pesticides, higher risks have been
reported for children born near agricultural crops. No studies have looked at pesticide
exposure based on proximity of birth residence to commercial plant nurseries, even though
nurseries are located much closer to residences than agricultural crops and can potentially
result in chronic year-round pesticide exposure.

Objectives

To evaluate whether risk of childhood leukemia is associated with pesticide use as determined
by distance of residence at birth to commercial, outdoor plant nurseries.

Methods

We conducted a large statewide, record-based case-control study of childhood leukemia in
California, which included 5788 childhood leukemia cases and an equal number of controls.
Pesticide exposure was based on a spatial proximity model, which combined geographic
information system data with aerial satellite imagery.

Results

Overall, the results supported an increased childhood leukemia risk only for birth residences
very close to nurseries. For birth residences less than 75 meters from plant nurseries, we found
an increased risk of childhood leukemia (odds ratio (OR) 2.40, 95% confidence interval (Cl) 0.99-
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5.82) that was stronger for acute lymphocytic leukemia (OR 3.09, 95% CI 1.14-8.34).
Discussion

The association was robust to choices of reference group, cut points and data quality. Our
findings suggest that close proximity to plant nurseries may be a risk factor for childhood

leukemia and that this relationship should be further evaluated.
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2.2 Introduction

Childhood leukemia is the most commonly diagnosed type of cancer in children,
comprising approximately one in three childhood cancer cases, with an age-adjusted incidence
rate of 5.2 per 100,000 children (ages 0-14 years) in the United States (Howlader et al., 2020).
Acute lymphocytic leukemia (ALL) is the most common childhood leukemia subtype, followed
by acute myeloid leukemia (AML) (American Cancer Society, 2018). While the 5-year survival
rate for childhood leukemia has improved significantly over the last four decades, with over 80

percent surviving, relatively little is known about its etiology (National Cancer Institute, 2020).

Pesticide exposure could result in molecular changes, including chromosomal
anomalies, disruption of cell signaling, oxidative stress, or DNA damage (Hernandez &
Menendez, 2016). Children are especially susceptible to pesticide exposure compared to adults
because their nervous, immune and other systems are still developing (U.S. Environmental
Protection Agency, 2017). Their enzymatic and metabolic systems may be less able to detoxify
and excrete pesticides than those of adults. Children also breathe more air in relation to their
body size than adults (U.S. Environmental Protection Agency, 2017). Moreover, childhood
behaviors, such as playing outdoors, crawling on the floor, and frequent hand-to-mouth contact

may increase their pesticide exposure.

Studies have examined the relationship between childhood leukemia and pesticide
exposure, including the types of application and timing of parental exposure, for home and
residential environmental exposures. Research evaluating the role of pesticides has reported an

increased risk of childhood leukemia associated with residential exposure to pesticides,
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particularly maternal exposures during pregnancy (Daniels, Olshan, & Savitz, 1997; Ma et al.,

2002; Turner, Wigle, & Krewski, 2011).

A meta-analysis of parental occupational pesticide exposure and childhood leukemia
found prenatal maternal occupational exposure was associated with childhood leukemia (odds
ratio (OR) 2.1, 95% confidence interval (Cl) 1.5-2.9); associations with paternal occupational
exposure were weaker and less consistent (Wigle, Turner, & Krewski, 2009). A pooled analysis
of 13 case-control studies in the Childhood Leukemia International Consortium (CLIC) that
investigated parental occupational pesticide exposure and childhood leukemia subtypes found
different associations for ALL and AML subtypes. During pregnancy, maternal occupational
pesticide exposure only had elevated risks with AML (OR 1.9, 95% Cl 1.2-3.2), while paternal
occupational pesticide exposure had slightly elevated risks for ALL (OR 1.2, 95% Cl 1.1-1.4)

(Bailey et al., 2014).

Home pesticide exposures (before conception, during pregnancy or after birth) and
childhood ALL or AML risks were examined in a pooled analysis that included 12 CLIC studies
(Bailey et al., 2015). They observed associations for ALL and home pesticide exposure before
birth (OR 1.4, 95% Cl 1.3-1.6), during pregnancy (OR 1.4, 95% Cl 1.3-1.5), and after birth (OR
1.4, 95% ClI 1.2-1.5). Elevated risks for AML were only observed for home pesticide exposures
before birth (OR 1.5, 95% Cl 1.0-2.2) and during pregnancy (OR 1.6, 95% Cl 1.2-2.0). There was
little difference in risks by type of pesticide used. Additionally, Van Maele-Fabry et al. (2011)
found the highest childhood leukemia risks to be associated with exposures during pregnancy

as compared to exposures after birth.
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Living near crops treated with pesticides and the resulting drift could be another source
of chronic pesticide exposure. Pesticide concentrations in ambient air and household dust
measurements have been shown to be higher in communities and households near treated
fields and crops (Fenske, Lu, Barr, & Needham, 2002; Lu, Fenske, Simcox, & Kalman, 2000;
Simcox, Fenske, Wolz, Lee, & Kalman, 1995; Weppner et al., 2006). Therefore, residential
proximity to pesticide treated crops and land are possible sources for pesticide exposure in
residences, even in households not involved in agricultural work (Dereumeausx, Fillol, Quenel, &
Denys, 2020).

A meta-analysis on pesticide exposure and childhood cancer risks did not find a
significant risk of childhood leukemia and household proximity to agricultural areas (Vinson,
Merhi, Baldi, Raynal, & Gamet-Payrastre, 2011). Other studies have evaluated agricultural
pesticide exposures and found no clear elevated risk trends with childhood leukemia (Carozza,
Li, Wang, Horel, & Cooper, 2009; Reynolds et al., 2002). In contrast, an ecological study
demonstrated possible dose-response effects for childhood leukemia (ALL, AML, and combined)
risk associations with residence at diagnosis in counties with medium to high agricultural
activity level (Carozza, Li, Elgethun, & Whitworth, 2008). A recent geographic information
system (GIS), population-based study on maternal agricultural pesticide exposure during
pregnancy and childhood leukemia found that exposure to any carcinogenic pesticide had
positive associations for ALL (OR 2.8, 95% Cl 1.7-4.8) and AML (OR 3.8, 95% Cl 1.0-11.6) (Park,
Ritz, Yu, Cockburn, & Heck, 2020). Similarly, a study based on the Danish National Birth Cohort
using distance of birth addresses to crop fields found that risk of childhood leukemia was

associated with large crop area near homes (Patel et al., 2020).
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Pesticides are commonly used in commercial plant nurseries (California Department of
Pesticide Regulation, 2019), but no studies have looked at the relationship between residential
pesticide exposure from commercial plant nurseries and childhood leukemia risk.
Organophosphates are often used by nurseries to control insect pests. Weed control for most
nurseries entails a preemergent herbicide combination, and then hand weeding and non-
selective herbicides. Because nursery plants are grown year-round, there is constant need for
maintaining healthy plant stock to be sold and the potential for year-round pesticide release to
the surrounding community. We present an analysis of childhood leukemia risk associated with
pesticide use as determined by distance of residence at birth to commercial, outdoor plant

nurseries.

2.3 Methods

Case Ascertainment and Control Selection

This research was part of the California Power Line Study (CAPS). As previously described
for CAPS (Kheifets et al., 2013), childhood leukemia cases younger than 16 years residing in and
diagnosed in California between 1988 and 2008 were obtained from the California Cancer
Registry (California Cancer Registry, 2020). Cases were linked to the California Birth Registry
(CBR; California Department of Public Health, Vital Statistics Branch) and randomly matched by
date of birth (+6 months) and sex to a control from the CBR. Linkage of subjects to birth
records had births that encompassed the years 1986-2008. Controls were excluded if they had

any type of cancer diagnosis in California before the matched case time of diagnosis.
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Variables obtained for cases and controls from the CBR included date of birth, mother’s
residential address at time of birth, race/ethnicity of parents, sex, birth weight, maternal and
paternal education, maternal and paternal ages, and payment source for delivery. Child
race/ethnicity was classified as White if both parents were White, Black if one or both parents
were Black, Asian if one or both parents were Asian, Hispanic if one or both parents were
Hispanic and neither parent was Black or Asian, and Other otherwise. Variables representative
of socioeconomic status (SES) collected by the CBR varied year by year, therefore, a binary SES
variable (high or low) was developed, based hierarchically as available for each subject: the
father’s years of education (high if >12 years, low otherwise), mother’s years of education (high
if >12 years, low otherwise), payment method for hospital delivery (low if no coverage or
government assisted payment, high otherwise) or community-based SES derived from US
Census data for seven indicator variables at the census block level using principal components
analysis (Yost, Perkins, Cohen, Morris, & Wright, 2001) (high if >60th percentile of the principal
components score, low otherwise). Birth addresses of subjects were geocoded to latitude and
longitude coordinates. More information on study methods has been previously described

(Kheifets et al., 2013).

Exposure Assessment

Two sources of data were used to identify nurseries of interest, the California
Department of Food and Agriculture (CDFA) and Pesticide Use Reporting (PUR) program of the
California Department of Pesticide Regulation (California Department of Pesticide Regulation).
From CDFA, a list of licensed plant nurseries and nursery stock dealers located in California and

active between 1978 and 2008 was obtained. The CDFA database includes variables such as
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nursery address, type of nursery business, and type of plant stock. Plant nurseries are classified
as several different types of businesses by the CDFA; we focused on nursery businesses
classified as “producers,” which are nurseries that grow and sell a total of $1,000 or more of
nursery stock annually. Nursery business addresses were geocoded using ArcGIS (Version 10.6,
ESRI, Redlands, CA). Under PUR, all agricultural pesticide use must be reported monthly.
Reporting includes location information based on the COMTRS (county, meridian, township,
range, section) system, with sections having a typical resolution of about one square mile, and
commodity codes that describe the type of business or site at which the pesticides were
applied. To capture nurseries that used pesticides, prior to 1990 we identified codes for plant
nursery; for 1990 onward, more detailed information was available, so we selected codes that
specified nursery plants grown in containers. For thus identified nurseries, the centroids of the

identified geographic area of application were converted to latitude and longitude coordinates.

In the next step, an initial distance to closest nursery was determined from the
geocoded birth address of a subject (blinded to case/control status) to one of the geocoded
nursery points. Due to their unique shapes and sizes, these initial distance classifications
provide only a rough approximation of distance from nurseries. For example, many nurseries
have footprints that run along power line rights-of-way for many blocks (Figure 2.1) or have a
unique size and shape (Figure 2.2). Thus as a next step, we selected subjects for a more refined
exposure assessment that involved individual evaluation of aerial satellite imagery to determine
the perimeter of each nursery and calculated the shortest distance from residence to nursery
perimeter. We selected all subjects within a 600 m based on initial distance for detailed

assessment. Additionally, because plant nurseries are often located underneath high voltage
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power lines, which could create error in the initial distance metric due to footprint
characteristics (long or unique shape) and geocoded business addresses that do not reflect
their actual footprint, we selected birth addresses located within 2000 m of such lines to ensure

we captured all nurseries in proximity to power lines.

For all subjects selected for a more detailed review, Google Earth aerial satellite imagery
was used to verify the presence of a plant nursery during the birth year of a particular subject
and to calculate the distance to the closest plant nursery perimeter. When possible, historic
Google Earth aerial satellite images were used, matched as closely as possible to the year of
birth. For each nursery, we determined the perimeter of the facility and measured the closest

distance from the residence to the nursery’s footprint.

For some subjects, aerial satellite imagery directly confirmed that a particular nursery
was present on the birth year of a subject. However, aerial imagery was not available for all
birth years of interest. If an aerial image was unavailable for the year of interest, we recorded
the range of years for which a Google Earth aerial satellite image visually confirmed that the
nursery was present, and considered the nursery as present if imagery spanned the years of
interest e.g., before and after. Conversely, we considered a nursery as not present for the year
of interest if the nursery was not observed in aerial satellite imagery before and after the birth
year of a subject. A quality score (QS) was developed for the availability of aerial satellite
images of nurseries as it pertained to subject birth year. A quality score of 1 consists of
nurseries identified on the birth year of a subject or within 2 years of the birth year, or
nurseries with images confirming its existence before and after the birth year. A quality score

of 2 has a range within 2 and 5 years of the birth year. A quality score of 3 has a range of over 5
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years and/or the image quality is too poor to determine the presence of a nursery. If Google
Earth did not have an aerial satellite image prior to the birth year, but an image that visually
confirmed the nursery was present after the birth year, then we assumed the nursery existed
for the birth year and classified the nursery according to the number of years that required

extrapolation as above.

Statistical analysis

All main analyses were restricted to subjects whose addresses were geocoded at a high
level of resolution (street segment or parcel level). Two sets of analyses were conducted. One
set focused on subjects confirmed as within 600 meters of a nursery perimeter after individual
distance evaluation. For these analyses, shortest distance to nurseries was categorized as 0-75,
75-150, 150-300, and >300 m (referent), based on the distribution of distance among controls
and focusing on highest exposure (approximately 5% of controls). A second set of analyses
included all subjects and considered a greater range of distances. For these analyses, shortest
distance to nurseries was categorized as 0-500, 500-1000, 1000-1500 and >1500 m (referent),
based on prior literature and approximate distribution among controls. Analyses were also
performed with distance to nurseries categorized as 0-1000 and >1000 m (referent).

Additionally, we conducted subgroup analyses that were restricted to the ALL subtype.

Odds ratios were obtained using logistic regression models controlling for sex, age at
diagnosis, SES and race/ethnicity. Sensitivity analyses included: using all subjects regardless of
geocode accuracy; stratifying by quality score; stratifying by nursery data source (CDFA versus

PUR) and time period (prior to 1990 and 1990 or after). Multiple imputation was conducted for
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missing data on SES and race/ethnicity. Analyses were conducted using SAS (Version 9.4, The
SAS Institute, Cary, NC).

CAPS was reviewed and approved by University of California, Los Angeles Office for the
Protection of Research Subjects and the State of California Committee for the Protection of

Human Subjects.

24 Results

Of the 6,645 childhood leukemia cases identified from the California Cancer Registry,
87.1% (n=5,788) were successfully linked to the California Birth Registry; an equal number of
controls were included in this study. Table 2.1 shows demographic characteristics of study
subjects. The median age at diagnosis was approximately 3 years. Males comprised more than
half of the cases (56%). About half of cases and controls were of Hispanic origin, and about 80%
were White (Hispanic or non-Hispanic). Approximately 84% of study subjects were geocoded at
the highest resolution (street segment or parcel level). Demographic characteristics of subjects
within 600 m of a plant nursery, regardless of power line distance, were similar to those of all
subjects, with some differences in ethnicity (fewer White non-Hispanic and more Hispanic cases
and controls).

Proximity to nurseries

Childhood leukemia risk was associated with proximity to nurseries at close distances
(Table 2.2): the OR for the highest exposure category (<75 m) was 2.40 (95% Cl: 0.99-5.82).
Results were stronger for ALL, with OR 3.09, 95% Cl: 1.14-8.34). Additionally, we extended the
reference group to beyond 600 meters and still observed elevated risk for subjects in the

highest exposure category (<75 m) (Table 2.4). There was no exposure response relationship,
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with reduced risk for 75-150 meter distance category. Numbers for AML were too small for a

meaningful analysis.

In analyses considering larger distance categories, childhood leukemia risk was not
associated with proximity to nurseries (Table 2.3). The odds ratio for childhood leukemia
associated with the highest category of exposure (<500 m of a nursery) was 0.99 (95% Cl: 0.82-
1.19). The OR estimates for other exposure categories did not materially differ from the null
value. There was no substantial change in leukemia risk when proximity to nurseries was
dichotomized as 0-1000 vs 21000 m (OR 1.02, 95% Cl 0.94-1.10). Restricting analyses to ALL
subtype did not substantially change the leukemia risk for any of the distance categories.
Sensitivity Analyses

Including all subjects regardless of geocoding accuracy resulted in almost identical risk
estimates (Table 2.4). Our finding of an increased leukemia risk in children born in homes
within 75 m of a plant nursery did not depend on the choice of comparison group (i.e., use of
300-600 m vs. >600 m as a reference). Risk was increased for both nursery data sources (CDFA
versus PUR), albeit a bit stronger for PUR data. Higher quality score and more recent time
period, which are both indicative of better quality of information on nurseries, and thus better

estimates of exposure, resulted in higher risk estimates.
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Figure 2.1: Example of plant nurseries and the closest distance to a mock residence - plant
nursery that runs along power line rights-of-way

Figure 2.2: Example of plant nurseries and the closest distance to a mock residence — plant
nursery with unique shape and size
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Table 2.1: Demographic characteristics of study subjects, 1986-2008

All subjects

Subjects within 600 m of a plant

nursery

Characteristic

Cases (n=5788)

Controls (n=5788) ‘ Cases (n=206)

Controls (n=210)

Sex
Male 3231 (56%) 3231 (56%) 104 (50%) 106 (50%)
Female 2557 (44%) 2557 (44%) 102 (50%) 104 (50%)
Leukemia type
ALL 4721 (85%) 4721 (85%) 156 (88%) 160 (85%)
AML 852 (15%) 852 (15%) 22 (12%) 28 (15%)
Age at diagnosis
<2 year 2121 (37%) 2121 (37%) 72 (35%) 74 (35%)
3-4 year 1571 (27%) 1571 (27%) 59 (29%) 50 (24%)
5-6 year 751 (13%) 751 (13%) 29 (14%) 29 (14%)
7-15 year 1345 (23%) 1345 (23%) 46 (22%) 57 (27%)
Race/ethnicity®
White 1697 (30%) 1799 (32%) 38 (19%) 60 (29%)
Black 290 (5%) 490 (9%) 14 (7%) 12 (6%)
Asian 614 (11%) 569 (10%) 24 (12%) 27 (13%)
Hispanic 2972 (52%) 2662 (47%) 125 (61%) 106 (51%)
Other 105 (2%) 109 (2%) 3(1%) 2 (1%)
Socioeconomic
Status indicator® @
High 1738 (31%) 1736 (31%) 55 (27%) 54 (26%)
Low 3900 (69% 3902 (69%) 151 (73%) 156 (74%)
Geocode geography
matching feature
Street segment or 4879 (84%) 4835 (84%) 183 (89%) 194 (92%)
parcel
Other feature 909 (16%) 953 (16%) 23 (11%) 16 (8%)

m meters, ALL acute lymphocytic leukemia, AML acute myeloid leukemia

aRace/ethnicity was missing for 110 leukemia cases and 159 leukemia controls for all subjects.
bRace/ethnicity was missing for 2 leukemia cases and 3 leukemia controls for subjects within

600 m of a plant nursery.
¢Socioeconomic status indicator was missing for 150 leukemia cases and 150 leukemia controls

for all subjects.

dSocioeconomic status indicator was not missing for any leukemia cases and leukemia controls
for subjects within 600 m of a plant nursery.
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Table 2.2: Risk of childhood leukemia by proximity to nursery (< 600 m)*

Leukemia Acute lymphocytic leukemia
Distance to nursery, m | Cases/Controls | OR (95% Cl) Cases/Controls | OR (95% Cl)
300-600 108/112 1.0 (ref) 90/95 1.0 (ref)
150-300 45/49 0.93 (0.57-1.50) | 38/40 0.98 (0.58-1.67)
75-150 13/25 0.54 (0.26-1.11) 12/19 0.63 (0.29-1.38)
0-75 17/8 2.40 (0.99-5.82) 16/6 3.09 (1.14-8.34)
m meters

*All models adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple
imputations for missing values
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Table 2.3: Risk of childhood leukemia by proximity to nursery*

Leukemia Acute lymphocytic leukemia
Distance to nursery, m | Cases/Control | OR (95% Cl) Cases/Control | OR (95% Cl)

s s
> 1500 4341/4340 1.0 (ref) 3532/3545 1.0 (ref)
1000-1500 186/166 1.05 (0.88-1.25) | 150/125 1.09 (0.90-1.33)
500-1000 205/189 1.01 (0.85-1.19) | 164/152 0.98 (0.81-1.18)
0-500 147/140 0.99 (0.82-1.19) | 128/117 1.00 (0.82-1.24)
> 1000 4527/4506 1.0 (ref) 3682/3670 1.0 (ref)
0-1000 352/329 1.02 (0.94-1.10) | 292/269 1.03 (0.94-1.12)

m meters

*All models adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple

imputations for missing values
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Table 2.4: Sensitivity analysis of Risk of childhood leukemia by proximity to nursery*

Stratification

Distance to Pesticide/Nursery, m

of birth residence
geocoding

Quality Score? 300-600 150-300 75-150 0-75

Ql 1.0 (ref) 0.86 (0.48-1.52) | 0.39(0.17-0.92) | 3.22 (1.01-
10.28)

Q2 1.0 (ref) 1.87 (0.49-7.21) | Insufficient sample size

Q3 1.0 (ref) Insufficient sample size

Data Source

CDFA 1.0 (ref) 0.67 (0.33-1.36) | 0.70(0.27-1.81) | 2.18 (0.60-7.92)

PUR 1.0 (ref) 1.37 (0.69-2.70) | 0.36 (0.11-1.21) | 2.86 (0.82-9.91)

Time Period

<1990 1.0 (ref) 0.84 (0.23-3.08) | 0.74 (0.11-5.12) | 0.95 (0.05-
16.89)

1990+ 1.0 (ref) 0.95 (0.56-1.60) | 0.52 (0.24-1.13) | 2.63 (1.03-6.73)

Regardless of accuracy | 1.0 (ref) 0.98 (0.62-1.56) | 0.63 (0.32-1.24) | 2.39 (1.03-5.52)

Comparison group
600+m

0.94 (0.72-1.22)

0.87 (0.58-1.30)

0.51 (0.26-0.99)

2.24 (0.96-5.24)

m meters

acells with less than 4 cases or controls were considered to have insufficient sample size
*All models adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple
imputations for missing values
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2.5 Discussion

We conducted a statewide, record-based case-control study of childhood leukemia in
California. Overall, the results did not support an increased childhood leukemia risk associated
with proximity to plant nurseries, except for residences very close to the nurseries. For birth
residences <75 m to plant nurseries, we found an increased risk of childhood leukemia, which
was stronger for ALL. Sensitivity analyses confirmed that our findings were not sensitive to
quality of GIS coding for birth addresses or choice of comparison group. Higher risks were
identified for subgroups with better information on nurseries, such as more accurate data

source, more recent time period and high-quality score.

Approximately 13% of cases were not linked to the CBR. Sixteen and 8% of children (0-9
years of age) in California during 1990 and 2010 were born outside of California (Myers, 2013).

Thus, it is likely that most of the unlinked cases were not born in California.

Only a few risk factors for childhood leukemia have been well-established, including
ionizing radiation and certain genetic syndromes such as Down syndrome (Belson, Kingsley, &
Holmes, 2007; Kumar & De Jesus, 2021; Stieglitz & Loh, 2013). lonizing radiation is capable of
inducing structural changes at the cellular and molecular level, which may result in cancer
development (Kumar & De Jesus, 2021). Children with Down syndrome are at a 10 to 20-fold
elevated risk of developing leukemia compared to children without Down syndrome (Xavier,
Ge, & Taub, 2009). However, these only explain a small portion (less than 10%) of childhood

leukemia cases and the potential causes for a majority of cases remain unclear (Buffler, Kwan,
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Reynolds, & Urayama, 2005; Whitehead, Metayer, Wiemels, Singer, & Miller, 2016; Wiemels,

2012)."

Previous results from studies of pesticide exposure and childhood leukemia risk have
been inconsistent, particularly for exposure occurring outdoors. In a case-control study that
evaluated household pesticide use and timing of exposure based on interviews, the authors
reported that associations between outdoor pesticide exposure, during all time periods (3
months before pregnancy, during pregnancy, first year, second year, and third year), and
childhood leukemia risk were small and all 95% Cl included the null (Ma et al., 2002). A
different case-control study of childhood leukemia, using interviews to assess pesticide
exposure, found some increase in risk for the use of pesticides on farms (OR 1.5, 95% CI 1.0,
2.2), but no evidence of elevated risks for the use of pesticides in gardens (OR 1.0, 95% CI 0.8,
1.2) (Meinert, Schuz, Kaletsch, Kaatsch, & Michaelis, 2000). Another interview-based, case-
control study found an elevated risk (OR 1.7, 95% Cl 1.1-2.7) with garden pesticide use and
childhood leukemia (Menegaux et al., 2006). Our results are broadly consistent with two recent
studies, one in California (Park et al., 2020) and in Denmark (Patel et al., 2020) that showed an
increased risk of childhood leukemia for children who lived in proximity of pesticide
applications of crops, mainly occurring in rural environments, showing evidence pesticide

exposure may reach beyond their intended application site and target.

This is the first childhood leukemia study to focus on proximity to commercial plant
nurseries as a proxy for pesticide exposure. This study is important as a large amount of
nursery producers in certain regions, such as in California, are situated in highly populated

urban areas (Carman, 2011). This close proximity to urbanized areas may potentially result in
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increased pesticide exposure for individuals. Additionally, land use changes in urban
environments may increase the number of persons living close to potential sources of pesticide.
The strengths of our study include its large sample size, consisting of 5,788 childhood leukemia
cases and 5,788 matched controls. Cases and controls were obtained from population-based
registries with complete statewide registration of leukemia cases and births, which avoids
participation bias. Other strengths are multi-stage exposure and confounder assessment

blinded to case—control status to reduce information bias.

In this study, as in other studies of childhood leukemia, retrospective exposure
assessment remains a challenge. We addressed accuracy, selection bias and validity issues
identified as potential limitations of GIS based studies (Chang et al., 2014). To increase
accuracy, our main analyses focused on cases and controls geocoded at the highest resolution.
Theoretically, both the inclusion and exclusion of addresses with missing or poor-quality
geocodes can introduce bias; however, in our sensitivity analyses, the results did not change
when all subjects were included regardless of geocoding accuracy. To address validity, we
focused on increasing specificity of exposure assessment for distance to nurseries, i.e.,

III

confirming that initial “close” distances were indeed close. Accurate current day distance
measurements of subject’s residence in relation to plant nurseries may not reflect historic
distances as the study spans a large time period and the footprint of some nurseries might have

changed throughout the years, thus making the use of historic aerial images imperative. We

used such images when available.
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To ensure high sensitivity, distances to nurseries were obtained from two registries, the
CDFA and PUR. PUR is considered to be the most comprehensive reporting system in the
world, with mandatory reporting since 1990 (California Department of Pesticide Regulation,
2020). PUR data includes information such as the type of commodity usage, date of application,
and chemicals used. Licensed plant nurseries and nursery stock dealers were obtained from
the CDFA. The CDFA database does not contain details such as the exact years of operation or
the facility footprint. Missing information about the nursery footprint is a potential limitation
as nurseries can be of various shapes and sizes. For example, the operations of a nursery may
extend for many blocks under a power line and the actual footprint boundary could be very
close to a residence of interest, but the associated geographic coordinate may be in the center
of the footprint, and as a result, far away from the residence of interest. PUR pesticide
information does not contain exact coordinates of applications; the location of pesticide use
information is approximately within a 1 mi?(2.59 km?) area of where the application was
performed. To address these limitations, the presence of a nursery as well as its actual
footprint were confirmed with aerial satellite imagery. Focusing our attention on subjects close
to nurseries improved distance classification accuracy by confirming exposure status and

nursery presence.

A limitation of the study is qualitative and non-specific pesticide exposure based on a
spatial proximity model. Spray drift patterns were not taken into account, as drift would be
minimal from ground level applications used in commercial plant nurseries. Volatilization is a
process whereby a chemical compound is transformed into a gas and may persist for days or

months, resulting in atmospheric deposition and transfer to residences (Bedos, Cellier, Calvet,
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Barriuso, & Gabrielle, 2002). Several studies have examined the relationship between
residential proximity to agricultural crops and pesticides by measuring organophosphates
levels, which are carcinogenic and the most common chemical class of agricultural pesticides.
Residences near agricultural crops have higher levels of pesticides in household dust, compared
to residences further away (Butler-Dawson, Galvin, Thorne, & Rohlman, 2018; Fenske et al.,
2002; Gunier et al., 2011; Lu et al., 2000; Quandt et al., 2004; Simcox et al., 1995). In a recent
systematic review focused on non-occupational pesticide exposure for individuals that lived
close to agricultural lands, the authors found homes near agricultural lands had higher
measured pesticide concentrations in dust, indoor and outdoor air (Dereumeaux et al., 2020).
Pesticide household concentrations decreased sharply as house distance to treated fields
increased, as was observed in a meta-analysis (Deziel et al., 2017). Multiple studies have
examined residential pesticide exposure of people living near treated lands using biological
samples. Collection methods for biomonitoring data analysis were not only varied in their
sample material collection (blood, urine, saliva, hair), but also the time and collection method
(Babina, Dollard, Pilotto, & Edwards, 2012; Bradman et al., 2011; Chevrier et al., 2014; Galea et
al., 2015; Lu et al., 2000; Mercadante, Polledri, Bertazzi, & Fustinoni, 2013; van Wendel de
Joode et al.,, 2012). However, use of biomonitoring methods are very costly and require a priori
knowledge of the type of pesticide being investigated for appropriate selection of sample
media. It should be noted that limitations apply to more sophisticated and/or specific pesticide
models as well. Exposure estimates depend on an ability to capture historical or retrospective
exposure in a given residence based on measurements in that residence occurring years later,

to model past exposure at a given residence based on historical information.
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Another limitation of our study was the lack of individual-level data about occupational
pesticide exposure and home pesticide use. Parents employed in occupations with potential
pesticide exposures were not accounted for, potentially resulting in an underestimation of take-
home pesticide exposure from residues on their skin, clothes and footwear. Moreover, home
pesticide use was not available, possibly resulting in an underestimation of exposure. However,
living in close proximity to commercial outdoor plant nurseries may act as a source for chronic
pesticide exposure and may represent a significant exposure source. The observed higher
levels of pesticides in household dust, as well as indoor and outdoor air, provide evidence for
exposure among children in close proximity to pesticide treated areas. Thus spatial proximity
models, such as the one used in this study, are capable of capturing pesticide exposure levels,
and distance might be as good a surrogate as exposure estimates based on interviews or other
exposure models. Additionally, it appears that studies based on distance to pesticide
applications identify childhood leukemia risk more consistently than interview-based
assessments of outdoor household pesticide use. One possible explanation is that pesticide
applications to crops or nurseries result in higher and more consistent exposure with

applications throughout the year than household exposures.

This study examined pesticide use in total rather than the use of particular pesticides. A
wide variety of pesticides was used during the study period and, in practice, may be used on
the intended target. On one hand, some studies address this by using multiple exposure
surrogates by particular individual pesticides and pesticide classes while others target

carcinogenic pesticides (Park et al., 2020). However, based on current literature, it is unclear
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which specific pesticides studies one should focus on. In a pooled individual level data analysis
of 12 case—control studies, there was little difference observed by the type of pesticide used

(Bailey et al., 2014).

Overall, our findings suggest that living in very close proximity to plant nurseries may be
a potential risk factor for childhood leukemia, and that more moderate distances do not appear
to be associated with elevated risk. Further research on the specific types of pesticides used at
plant nurseries and childhood leukemia should be undertaken, as plant nurseries are possible

sources of year-round pesticide exposure and are often located close to residences.
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Chapter 3. Commercial outdoor plant nurseries as a confounder for electromagnetic fields
and childhood leukemia risk

3.1 Abstract

Background

Close residential proximity to power lines and high magnetic fields exposure may be associated
with elevated childhood leukemia risks as reported by prior studies and pooled analyses.
Magnetic fields exposure from high voltage power lines is associated with proximity to these
power lines and consequently with any factor varying with distance. Areas underneath power
lines in California may be sites for commercial plant nurseries that can use pesticides, a
potential childhood leukemia risk factor.

Objectives

Assess if potential pesticide exposure from commercial plant nurseries is a confounder or
interacts with proximity or magnetic fields exposure from high voltage power lines to increase
childhood leukemia risk.

Methods

A comprehensive childhood leukemia record-based case-control study with 5,788 cases and
5,788 controls (born and diagnosed in California 1986-2008) was conducted. Pesticide, power
line, and magnetic field exposure assessment utilized models that incorporated geographical
information systems, aerial satellite images, site visits and other historical information.
Results

The relationship for calculated fields with childhood leukemia (odds ratio (OR) 1.51, 95%

confidence interval (Cl) 0.70-3.23) slightly attenuated when controlling for nursery proximity
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(OR 1.43, 95% CI 0.65-3.16) or restricting analysis to subjects living far (>300 m) from nurseries
(OR 1.43,95% Cl 0.79-2.60). Similar association pattern was observed between distance to high
voltage power lines and childhood leukemia. The association between nursery proximity and
childhood leukemia was unchanged or only slightly attenuated when controlling for calculated
fields or power line distance; ORs remained above 2 when excluding subjects with high
calculated fields or close power line proximity (OR 2.16, 95% Cl 0.82-5.67 and OR 2.15, 95% ClI
0.82-5.64, respectively). The observed relationships were robust to different time periods,
reference categories, and cut points.

Discussion

Close residential proximity to nurseries is suggested as an independent childhood leukemia risk
factor. Our results do not support plant nurseries as an explanation for observed childhood

leukemia risks for power line proximity and magnetic fields exposure.
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3.2 Introduction

Childhood leukemia accounts for approximately a third of all childhood cancer cases
(Howlader et al., 2020). Few risk factors for childhood leukemia have been established, mainly
ionizing radiation and certain genetic disorders like Down syndrome (Belson et al., 2007; Kumar
& De Jesus, 2021; Schiiz & Erdmann, 2016b; Stieglitz & Loh, 2013). However, these risk factors
account for less than 10% of childhood leukemia cases (Buffler et al., 2005; Whitehead et al.,
2016; Wiemels, 2012). Other suspected risk factors include pesticides, magnetic fields,
pollution, and infections (Amoon et al., 2022; Arellano-Galindo et al., 2017; Bailey, Infante-
Rivard, et al., 2015; Crespi et al., 2019b; Filippini et al., 2015; He et al., 2020; Kheifets et al.,
2010; Talibov et al., 2019; Van Maele-Fabry et al., 2019). Living in close proximity to power lines
and high magnetic fields (MF) exposure have been associated with elevated childhood leukemia
risks in prior studies and pooled analyses (Ahlbom et al., 2000; Amoon, Crespi, et al., 20183;
Greenland et al., 2000; Kheifets et al., 2010). A most recent pooled analysis reported that risk
has declined over time, but the reasons for that are not clear (Amoon et al., 2022).
Electromagnetic fields exposure does not appear to be genotoxic, but biological evidence
suggests that it might influence cellular function and proliferation. Therefore, it could act as a

promoter, growth enhancer or co-carcinogen (Kheifets et al., 2018).

In a comprehensive records-based childhood leukemia case-control study, the California
Power Line Study (CAPS), we observed elevated childhood leukemia risks associated with close
high voltage power line proximity and high magnetic fields exposure, however neither close

residential proximity (<50 meters (m)) to high voltage power lines (200+ kilovolts (kV)) alone
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nor high calculated MF (20.4 (uT)) exposure alone were robustly associated with increased risk
of childhood leukemia (Crespi et al., 2016b; Kheifets, Crespi, et al., 2017). Instead, substantial
increased risk was exclusive to subjects that were both in close proximity to high voltage power
lines and exposed to high calculated MF (odds ratio (OR) 4.1, 95% confidence interval (Cl) 1.2-
14.3). Additionally, an increased risk was not observed for high calculated MF exposure
attributable to lower voltage power lines (<200 kV); instead, it was observed only for high
calculated MF due to high voltage power lines. These findings taken together indicate that

other explanations are likely to play a role in explaining these associations (Crespi et al., 2019b).

The areas located beneath transmission lines, called right-of-ways (ROW), may serve
multiple uses in California. Some ROW areas are leased to businesses. Commercial plant
nurseries, located in ROWs may serve as a chronic exposure source for pesticides (California
Department of Pesticide Regulation, 2019a). Further, pesticide applications are regularly

utilized to maintain ROWs.

Human exposure to pesticides may be a potential risk factor for childhood leukemia.
Exposure to pesticides may produce molecular changes associated with cancer development,
such as abnormal cell signaling, DNA damage, oxidative stress or chromosomal abnormalities
(Sabarwal et al., 2018). Children might be particularly vulnerable to environmental exposures,
as their immune, nervous and other systems are not fully developed (Costa et al., 2004; Simon

et al.,, 2015).

Further, behavior, anatomy and/or respiratory physiology in children may increase their

relative exposure to pesticides compared to adults. Childhood behaviors like playing on the
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floor, exploring their environment (indoors and outdoors), and putting their hands in their
mouth on a regular basis increase their potential for exposure to pesticides through contact,
inhalation as well as ingestion (Carroquino et al., 2012; Freeman et al., 2005; Moya et al., 2004;
Roberts & Karr, 2012). Unique anatomical and respiratory characteristics in children such as
having thinner skin, a larger surface area to volume ratio, and higher respiratory rates than
adults, may also result in higher levels of pesticide exposure (Moya et al., 2004; Weiss et al.,

2004; World Health Organization, 2008).

Various aspects of the relationship between pesticide exposure and childhood leukemia
have been explored, such as occupational exposures, residential exposures, exposure timing,
and type of leukemia. Chronic exposures to pesticides, such as residential exposure, may be
associated with increased childhood leukemia risks. A systematic review and meta-analysis
observed increased risks between all types of childhood leukemia and residential pesticide
exposure: acute lymphocytic leukemia (ALL) (OR 1.42, 95% Cl 1.13-1.80), acute myeloid
leukemia (AML) (OR 1.90, 95% Cl 1.35-2.67), and unspecified (OR 1.57, 95% Cl 1.27-1.95) (Van
Maele-Fabry et al., 2019). More recently, in a meta-analysis, investigators found maternal
exposure to pesticides during pregnancy resulted in elevated risks for childhood leukemia with
an OR of 1.88 (95% Cl 1.15-3.08), which was higher for ALL (OR 2.51, 95% Cl 1.39-4.55) (Karalexi
et al., 2021). Increased childhood leukemia risk associated with residential pesticide exposure
during the prenatal period has also been reported in other research (Bailey, Infante-Rivard, et
al., 2015; Daniels et al., 1997; Ma et al., 2002; Turner et al., 2010a; Vinson et al., 2011);
association with parental occupational pesticide exposure has also been reported (Karalexi et

al., 2021; Wigle et al., 2009a).
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In a recent study focusing on plant nurseries, we evaluated childhood leukemia risk and
residential pesticide exposure operationalized as distance to a nursery, determined by a spatial
proximity model that combined data from geographic information system (GIS) and historic
aerial satellite images (Nguyen et al., 2021). We observed elevated childhood leukemia risks
(OR 2.40, 95% ClI 0.99-5.82), with the ALL subtype having the highest risk (OR 3.09, 95% CI 1.14-

8.34) for subjects with birth residences very close (<75 m) to plant nurseries.

Humans are often exposed to multiple environmental exposures concurrently; this is
especially applicable for electromagnetic fields as they are ubiquitous in most countries. It has
been hypothesized that the combination of non-ionizing electromagnetic fields and other
exposures may result in synergistic effects on biological systems, thereby affecting cancer
development, cellular mutations and teratogenicity (Kostoff & Lau, 2017). A meta-analysis of in
vitro studies and short-term animal studies, suggests that magnetic fields do interact with other
chemical and physical exposures, at least for exposures of 100 uT or higher (Juutilainen et al.,
2006). Interactive effects for pesticides and extremely low frequency magnetic fields (EMF)
have also been observed at lower exposure levels. Bee colonies co-exposed to both pesticides
and EMF had worse health outcomes compared to colonies only exposed to pesticides in terms
of colony survival, disease development, and aberrant behavior (Lupi et al., 2021). Other
researchers have exposed peripubertal male rats to both MFs and a high dose of the herbicide
atrazine, a widely used pesticide, and reported producing material difference in the total
number of mast cells compared to a high dose atrazine exposure alone (Rajkovic et al., 2010).
Mast cells are multipurpose immune cells that are most commonly associated with mediating

inflammatory responses; however research has also reported that they may play a role in the
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pathogenesis of other disorders, such as cancer (da Silva et al., 2014; Rao & Brown, 2008).
Further, a pooled analysis that focused on distance to power lines used individual level data
from 11 case-control studies and reported small but imprecise elevated childhood leukemia
risks for subjects within 50 m of high voltage (200+ kV) power lines that could not be explained
by high magnetic fields exposure (Amoon, Crespi, et al., 2018a), pointing to a need for another

explanation.

Pesticide use in commercial plant nurseries located underneath high voltage power lines
may provide an alternative explanation for the reported associations between childhood
leukemia and distance to power lines and/or magnetic fields or be synergistic. In this paper, we
test these hypotheses and examine if potential pesticide exposure from nurseries located near
residences explains or modifies the relationship between distance from high voltage power
lines or calculated magnetic fields and childhood leukemia.

3.3 Methods

Case Ascertainment and Control Selection

Childhood leukemia cancer cases younger than the age of 16 years, born in and living in
California at the time of diagnosis (1988-2008) were obtained from the California Cancer
Registry (CCR) (California Cancer Registry, 2020). Cases were linked to California Birth Registry
records (CBR; California Department of Public Health, Vital Statistics Branch) and randomly
matched by sex and birthdate (+ 6 months) to controls obtained from the CBR. Linkage of study
subjects to birth records had births that consisted of years 1986—2008. Controls were excluded
from the study if they received any form of cancer diagnosis within California prior to the time

of diagnosis for their matched case. Six thousand six hundred forty-five childhood leukemia
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cancer cases satisfying our inclusion criteria were identified from the CCR. The majority were
born in California, thus 87.1% (n=5,788) of identified childhood leukemia cancer cases were

successfully linked to the CBR; an equal number of controls were included in this study.

The CBR provided several variables about cases and controls, which included birthdate,
sex, mother’s residential address at time of birth, parental race/ethnicity, birthweight, maternal
and paternal education, ages of mother and father, payment method for delivery. During the
study time period, certain variables (e.g., maternal education) collected by the CBR changed or
were only collected in particular years. Child race/ethnicity was classified by us as White if both
parents were White, Black if one or both parents were Black, Asian if one or both parents were
Asian, Hispanic if one or both parents were Hispanic and neither parent was Black or Asian, and
Other otherwise. A binary socioeconomic status (SES) indicator variable (high or low) was
developed using father’s education (high if greater than 12 years and low otherwise), mother’s
education (high if greater than 12 years and low otherwise), payment source for hospital
delivery (low if no coverage or government assisted payment, high otherwise) or community-
based SES information based on United States Census Bureau data, as available in the listed
preferential order for each subject. Subject birth residences were geocoded to latitude and
longitude coordinates. Multiple imputation was conducted for missing data on SES and
race/ethnicity for analysis. Study methods have been described in previous publications
(Kheifets et al., 2015; Oksuzyan et al., 2015a).

Exposure Assessment

Details on determining residential proximity to high voltage power lines and exposure to

MF are given in previous publications (Kheifets et al., 2015; Vergara et al., 2015). Briefly,
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residential proximity to power lines were estimated using GIS data obtained from electric
power companies, aerial satellite images, and in-person site visits for residences close enough
to power lines to potentially have MF exposure levels elevated to background levels. For site-
visited residences, we calculated MFs at birth residences using distance, historical load and
phasing information (Vergara et al., 2015). Calculated MFs accounted for all power lines above
100 kV as well as some lower voltage power lines. MFs due to power lines for all other
residential addresses were assumed to be <0.1 uT. Distance analysis focused on high voltage

lines (200+ kV).

Identifying plant nurseries, determining residential proximity to nurseries and nursery
presence has been described in detail in previous work (Nguyen et al., 2021). In short,
identifying plant nurseries utilized two databases: the California Department of Pesticide
Regulation Pesticide Use Reporting (PUR) and the California Department of Food and
Agriculture (CDFA). Initial approximate residential proximity to plant nurseries from the
subject’s birth address in CAPS was calculated based on their geocoded birth address. All
subjects within 2000 meters of both a nursery and a power line and all subjects within 600
meters of a nursery regardless of power line proximity were identified for more detailed
assessment. For these subjects, Google Earth aerial satellite images matched as closely as
possible to the subject’s birthyear were used to confirm nursery presence as well as determine
residential proximity to the nearest nursery footprint border. Exposure assessments were
designed to ensure high sensitivity (through a multi-step process) and were completed blind to

case-control status. The statistical analysis followed a priori developed plan.

Statistical Analysis
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The analysis plan was based on the simplified directed acyclic graph (DAG) displayed in

Figure 3.1.

The shortest distances between nurseries and subject residences were categorized as O-
75, 75-150, 150-300, and 300-600 m (referent), based on prior literature, the distribution of
controls as well as focusing on the highest exposure (<75 m) group (approximately 5% of
controls). The cut point of 600 m was chosen based on prior studies and to ensure an adequate
distance to accurately capture exposure data. Additionally, as used in previous publications, the
distances between power lines 200 kV or higher and subject residences were categorized as 0-
50, 50-150, 150-300, and >300 m (referent). We also performed analyses using >600 m as a
referent. Calculated magnetic fields (calculated fields) were categorized as >0.4, 0.2-0.4, 0.1-

0.2, and 0-0.1 uT (referent).

All main analyses for this study were conducted on subjects whose residential addresses
were geocoded at a high resolution/accuracy, at the street segment or parcel level (n=9,714).
Restriction of analyses to subjects geocoded at a high resolution required breaking matched
subjects; thus, our main method of analysis was unconditional logistic regression controlling for
matching variables (age and sex) and potential confounders, such as SES and race/ethnicity
(White, Black, Asian, Hispanic, Other). Subgroup group analysis conducted focused on the acute
lymphocytic leukemia (ALL) subtype, as it is the most common form and to ensure adequate

subject count.

To examine whether residential proximity to nurseries was a confounder for the

relationship between childhood leukemia and magnetic fields or power line proximity, we
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performed unconditional logistic regression with magnetic fields or power line proximity as the
exposure and childhood leukemia as the outcome, both with and without adjustment for
nursery proximity in the model along with other confounders, with the assumption of no
uncontrolled confounding. Additionally, we examined the role of magnetic fields or power line
proximity as possible confounders between childhood leukemia and residential proximity to
nurseries by performing unconditional logistic regression with nursery proximity as the
exposure and childhood leukemia as the outcome, both with and without adjustment for
magnetic fields or power line proximity in the model alongside other confounders, with the
assumption of no uncontrolled confounding. We conducted sensitivity analyses for our
confounding analyses by assessing whether risk estimates were stable by restricting to subjects
born in the year 1990 and onwards (when PUR data contained more details), stratifying by age
at diagnosis (<5 years, 25 years), and restricting leukemia subtype to acute lymphocytic

leukemia (ALL).

In order to assess whether nursery proximity, power line proximity and calculated fields
are risk factors independent of each other, we performed unconditional logistic regression
while excluding subjects that were categorized into the highest exposure category of one of the

other exposures.

Because of small numbers, we were not able to fit models including interaction terms
nor a full set of stratified models. Instead, as a preliminary assessment of whether the presence
or absence of one exposure modified the risk associated with another exposure, we obtained
risk estimates for each exposure restricted to subjects who were minimally exposed to another

risk factor, for comparison with other estimates.
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SAS (Version 9.4, The SAS Institute, Cary, NC) was used for the analyses. Approval for
CAPS was received from University of California, Los Angeles Office for the Protection of
Research Subjects and the State of California Committee for the Protection of Human Subjects.

3.4 Results

Details of study subject demographic characteristics are presented in previous
publication (Nguyen et al., 2021). Initially 6,645 childhood leukemia cases were identified from
CCR. Of these cases, 5,788 (87.1%) were linked successfully to the CBR; an equivalent number
of controls were included in the study. The majority, approximately 85% of childhood leukemia
cases consisted of the ALL subtype. Classification of race/ethnicity (missing for about 2% of
cases and 3% of controls) and SES (missing for about 3% of cases and controls) was available for
most subjects. Approximately 84% of cases and controls were geocoded at the highest level of

accuracy (street segment or parcel level).

There was a strong correlation (r = 0.72) between distance to closest high voltage power
line (200+ kV) and distance to closest plant nursery (Figure 3.2). Similarly, there was a strong
relationship between high calculated fields and distance to nurseries (a Fisher exact test for the

four categories of nursery distance versus the four categories of CF has p-value < 0.0001).

To disentangle the contributions of nurseries, calculated fields and distance to power
lines on the risk of childhood leukemia, we performed a number of analyses. Table 3.1 shows
confounder analyses for the relationship between childhood leukemia risk, proximity to
nurseries, calculated fields and proximity to power lines. Results for distance to power lines and

calculated fields were consistent with previous publications (Table 3.1); for childhood leukemia
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risk and calculated fields, the highest exposure level (0.4 uT) had an OR of 1.51 (95% CI 0.70-
3.23), while for distance to high voltage power lines, the highest exposure category (<50 m) had
an OR of 1.47 (95% Cl 0.76-2.82). These ORs attenuated slightly when controlling for distance to
nurseries (OR for calculated fields 1.43 (95% Cl 0.65-3.16); OR for distance to power lines 1.38
(95% Cl1 0.71-2.69)). When we examined all subjects within 600 m of a nursery, regardless of
power line distance, the OR for the highest exposure category (<75 m) was 2.40 (95% Cl 0.99-
5.82), which was consistent with previous publication (Table 3.1). Association with nurseries
remained unchanged when adjusted for distance to power lines (OR 2.40, 95% Cl 0.97-5.96),

but attenuated slightly when adjusted for calculated fields (OR 2.31, 95% Cl 0.94-5.71).

We further examined if the exposures are independent risk factors of each other by
repeating analyses after excluding subjects with high exposures to the other putative risk
factors, i.e., subjects closest (<50 m) to a high voltage power line, closest (<75 m) to a nursery,
or exposed to high (20.4 uT) calculated fields (Table 3.2). While all of the associations
attenuated when subjects highly exposed to another putative risk factor were removed, the
associated risks between close proximity to nurseries and childhood leukemia remained
elevated (ORs above 2), indicating that proximity to nurseries is a risk factor independent of
calculated fields or distance to power lines. When subjects in close proximity (<75 m) to
nurseries were excluded, the association between calculated magnetic fields (OR 1.27, 95% ClI
0.55-2.92) or distance to high voltage power lines (OR 1.30, 95% Cl 0.65-2.60) with childhood

leukemia somewhat attenuated.

Table 3.2 also reports results when restricting analysis to subjects with low levels of

other putative exposures, as a preliminary assessment of interaction effects (models with
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interaction terms or restricted to high levels of other putative exposures could not be fit due to
small numbers). For subjects who had only background levels of magnetic fields exposure
(below 0.1 uT), the OR for very close proximity to a plant nursery (<75 m) was 1.86 (95% ClI
0.63-5.46). For subjects who lived far away from high voltage power lines (>300 m), the OR for
close proximity to a plant nursery was 2.71 (95% Cl 0.67-10.88). When restricting analysis to
subjects living far (>300 m) from nurseries, the OR for calculated fields and close power line
proximity were only slightly attenuated (OR 1.43 (95% Cl 0.66-2.75) for calculated fields and OR

1.43 (95% Cl 0.79-2.60) for high voltage power lines), suggesting no interaction.

Table 3.3 provides results from sensitivity analysis for confounding. Overall, the
observed risks remained elevated (ORs above 3) when restricting analyses to the ALL subtype
for distance to nursery, and were similar to overall childhood leukemia risks for calculated
fields, and distance to power lines. Stratifying on age of diagnosis resulted in higher ORs for all
exposures for younger subjects (<5 years) compared to not stratifying on age of diagnosis. The
OR for nursery proximity (<75 m) increased to 3.47 (95% ClI 1.00-12.07) after adjusting for
power line proximity within the younger group. Additionally, we found higher ORs among
younger subjects compared to older subjects (=5 years), for nursery proximity (<75 m) (OR 2.98
vs OR 1.70), calculated fields (=0.4 uT) (OR 2.04 vs OR 0.68), and power line proximity (<50 m)
(OR 1.75 vs OR 0.97); this relationship trend was also observed after adjusting for other
exposures. Supplementary Table 3.1 presents sensitivity analysis when all birth residences were
included in analyses regardless of geocoding accuracy and when the reference group for power
line proximity was increased to 600 m or higher. The adjusted and unadjusted ORs and 95% ClI

remained similar with no material differences from our main confounder analyses.
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When restricting analyses to subjects with birth years from 1990 and on, the OR for the
closest distance to nurseries increased to 2.63 (95% Cl 1.03-6.74); adjusting for calculated fields
resulted in associations of similar magnitude (OR 2.60, 95% CI 1.00-6.77), while adjusting for
power line proximity increased risks slightly (OR 2.73, 95% Cl 1.04-7.17). The observed
associations for calculated fields and distance to power lines slightly attenuated when

restricting to birth years from 1990 and on.
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Table 3.1: Logistic regression modeling of childhood leukemia risk as a function of distance to
nurseries, distance to power lines 200+ kV, calculated fields, or a combination of exposures,

California Power Line Study

No adjustment?

Adjusting for

Distance to

nursery
Calculated fields, uT Ca/Co OR (95% Cl) OR (95% Cl)
<0.1 4,824/4,782 | 1.00 (ref) 1.00 (ref)
0.1-.2 24/27 0.84 (0.48-1.46) | 0.83 (0.47-1.45)
0.2-.4 14/15 0.97 (0.47-2.02) | 0.95 (0.46-1.99)
>0.4 17/11 1.51 (0.70-3.23) | 1.43 (0.65-3.16)

Distance to

nursery
Distance to power lines, m | Ca/Co OR (95% Cl) OR (95% Cl)
>300 4,714/4,652 | 1.00 (ref) 1.00 (ref)
150-300 92/110 0.82 (0.62-1.08) | 0.85(0.63-1.14)
50-150 50/58 0.84 (0.58-1.24) | 0.84 (0.56-1.25)
0-50 23/15 1.47 (0.76-2.82) | 1.38 (0.71-2.69)

Calculated fields | Distance to

power lines

Distance to nursery, m Ca/Co OR (95% Cl) OR (95% Cl) OR (95% Cl)
300-600 108/112 1.00 (ref) 1.00 (ref) 1.00 (ref)
150-300 45/49 0.93 (0.57-1.50) | 0.93(0.57-1.51) | 0.99 (0.60-1.62)
75-150 13/25 0.54 (0.26-1.11) | 0.53 (0.26-1.10) | 0.57 (0.27-1.18)
0-75 17/8 2.40(0.99-5.82) | 2.31(0.94-5.71) 2.40 (0.97-5.96)

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple

imputation for missing values

m meters, UT microTesla, ca cases, co controls, OR odds ratio, Cl confidence interval, ref reference
2No adjustment for other exposures
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Table 3.2: Logistic regression modeling of childhood leukemia risk as a function of distance to
nurseries, calculated fields and distance to power lines 200+ kV, with exclusions and restrictions
on subjects based on other putative exposures, California Power Line Study

Subjects Nursery (<75 m) CF (0.4 uT) 200+ kV Power

line (<50m)
(ref: 300-600 m) (ref: <0.1 uT)

(ref: >600 m)

Ca/Co | OR (95% Cl) Ca/Co | OR (95% ClI) Ca/Co | OR(95% Cl)

No exclusion 17/8 2.40(0.99-5.82) 17/11 | 1.51(0.70-3.23) | 23/15 1.47 (0.76-2.82)

Exclude if CF | 13/7 | 2.16(0.82-5.67)
>0.4 uT

Exclude if <50 | 13/7 2.15 (0.82-5.64)
m of 200+ kV
power line

Exclude if <75 13/10 | 1.27(0.55-2.92) | 19/14 | 1.30(0.65-2.60)
m of nursery

Restrict to 9/6 1.86 (0.63-5.46)
subjects with

CF<0.1 puT

Restrict to 7/3 2.71(0.67-10.88)
subjects >300

m from 200+
kV power lines

Restrict to 12/8 1.43 (0.66-2.75) | 18/12 1.43 (0.79-2.60)
subjects >300
m from
nurseries

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple
imputation for missing values

m meters, kV kilovolts, uT microTesla, ca cases, co controls, OR odds ratio, Cl confidence
interval, CF calculated fields, ref reference
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Table 3.3: Sensitivity analysis for confounding of childhood leukemia risk for the highest
exposure category for distance to pesticide/nursery applications, distance to power lines
200+ kV, calculated fields, or a combination of exposures, California Power Line Study

ALL subtype No adjustment® | Adjusting for
Calculated fields | Distance to power
lines
Distance to Ca/Co OR (95% Cl) OR (95% Cl) OR (95% Cl)
nursery, m
0-75 16/6 3.09 (1.14-8.34) | 3.03 (1.10-8.33) 3.32(1.19-9.24)
Calculated fields, Distance to
uT nursery
>0.4 13/8 1.57 (0.65-3.80) | 1.40 (0.56-3.51)
Distance to power Distance to
lines, m nursery
0-50 17/12 1.33(0.63-2.79) | 1.22 (0.57-2.61)
Age of diagnosis No adjustment® | Adjusting for
<5 years
Calculated fields | Distance to power
lines
Distance to Ca/Co OR (95% Cl) OR (95% Cl) OR (95% Cl)
nursery, m
0-75 12/4 2.98 (0.90-9.81) | 2.84 (0.84-9.66) 3.47 (1.00-12.07)
Calculated fields, Distance to
uT nursery
>0.4 14/7 2.04 (0.82-5.10) | 1.77 (0.68-4.58)
Distance to power Distance to
lines, m nursery
0-50 18/10 1.75 (0.80-3.80) | 1.49 (0.67-3.32)
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Age of diagnosis No adjustment® | Adjusting for
25 years
Calculated fields | Distance to power
lines
Distance to Ca/Co OR (95% Cl) OR (95% Cl) OR (95% Cl)
nursery, m
0-75 5/4 1.70 (0.42-6.85) | 1.72 (0.42-7.06) 1.54 (0.36-6.57)
Calculated fields, Distance to
uT nursery
>0.4 3/4 0.68 (0.15-3.07) | 0.74 (0.15-3.53)
Distance to power Distance to
lines, m nursery
0-50 5/5 0.97 (0.28-3.39) | 1.02 (0.28-3.70)
Birth years 21990 No adjustment® | Adjusting for
Calculated fields | Distance to power
lines
Distance to Ca/Co OR (95% Cl) OR (95% Cl) OR (95% Cl)
nursery, m
0-75 16/7 2.63 (1.03-6.74) | 2.60 (1.00-6.77) 2.73 (1.04-7.17)
Calculated fields, Distance to
uT nursery
>0.4 15/10 1.45 (0.65-3.24) | 1.39 (0.60-3.21)
Distance to power Distance to
lines, m nursery
0-50 20/14 1.40(0.71-2.79) | 1.34 (0.66-2.70)

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple
imputation for missing values

m meters, kV kilovolts, uT microTesla, ca cases, co controls, OR odds ratio, Cl confidence interval,
ALL acute lymphocytic leukemia

2No adjustment for other exposures
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3.5 Discussion

In our case-control study in California, subjects living in close proximity (<75 m) to plant
nurseries had an elevated risk of childhood leukemia, which was higher for the ALL subtype.
Risk estimates of calculated MF or power line proximity and childhood leukemia were not
explained by birth residence proximity to a plant nursery. Conversely, birth residence in close
proximity to nurseries was associated with elevated childhood leukemia risk, independent of
calculated MF exposure or proximity to high voltage power lines. Our findings were not

sensitive to data quality issues or various assumptions.

Our findings observed increased risks for younger subjects compared to older subjects
(=5 years), for calculated fields (0.4 uT), power line proximity (<50 m), as well as nursery
proximity (<75 m). There may be several reasons why elevated risks are observed for younger
subjects. Younger children spend a large amount of time at home, thus their residential
exposures are the most relevant. Younger children are more likely to learn about their
environment by engaging in hand-to-mouth behavior. Since they may also play inside and
outside, these behaviors may result in ingestion of pesticides from their environment.
Pesticides that may be on various surfaces indoors and outdoors may cross over onto the hands
of young children and then consumed during their mouthing behavior. Nondietary ingestion
may result in higher levels of ingestion for containments compared to other ingestion routes
(Weaver et al., 1998). Additionally, infants and young children have higher inhalation rates and
thinner skin, which increases their relative exposure to pesticides compared to older children.
Combined with the fact that young children have breathing zones closer to the floor than older

children, higher levels of contaminant could be inhaled (Zhou et al., 2019). Further, children
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might be more susceptible to environmental exposures during some periods of development

(Kheifets et al., 2005).

We observed that there was no material change in the relationship for either residential
proximity to high voltage power lines or magnetic fields exposure and childhood leukemia
when controlling for plant nursery proximity; thus our results do not support plant nurseries as
a strong confounder; adjusting for plant nursery proximity did not remove additional bias

beyond the already adjusted variables.

Our study on childhood leukemia is the first to focus on commercial plant nursery
proximity to residencies as a pesticide exposure proxy and to examine pesticide exposure as a
possible explanation for the association between magnetic fields and childhood leukemia. The
strengths of this study are its large sample size, consisting of 5,788 childhood leukemia cases
and an equal number of matched controls. Additionally, this study utilized population-based
registries with complete registration of childhood leukemia cancer cases and births for the
entire state of California for cases and controls, thus avoiding participation bias. Additional
study strengths are reducing information bias by performing multi-stage exposure and
confounder assessments blinded to the case and control status. High sensitivity for the
identification of plant nurseries and their proximity to subjects was accomplished by utilizing
two registries (CDFA and PUR). PUR is recognized as the most comprehensive reporting
program in the world for pesticides (California Department of Pesticide Regulation, 2021). PUR
collects comprehensive data on pesticide use such as the application date, chemicals applied,

and the commodity usage type. The CDFA maintains a registry on licensed nurseries and
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nursery stock suppliers for the state of California (California Department of Food and

Agriculture, 2021).

Historical exposure assessment is demanding for any childhood leukemia study,
including this one. Potential exposure assessment issues specific to GIS-based studies (Chang et
al., 2014), were addressed by incorporating multi-stage exposure assessment procedures.
Additionally, cases and controls utilized in our main analyses were geocoded at the highest
level of accuracy. Both the inclusion and exclusion of residential addresses with missing or
poor-quality geocodes can theoretically result in bias; we explored whether this bias was
present in our study. In our sensitivity analysis, we found that the risk estimates did not
materially differ when all study subjects regardless of geocoding accuracy were included.
Potential validity issues arising with GIS were addressed by increasing exposure assessment
specificity for both nursery proximity and magnetic field exposure, accomplished by using
historic data and site visits to accurately capture exposure to magnetic fields and residential

proximity to nurseries and power lines.

Spatial proximity models, employed in this study, are capable of accurately capturing
pesticide exposure levels: several studies have found that pesticide concentration levels are
inversely associated with distance. A meta-analysis reported that house dust pesticide
concentrations declined steeply as the distance to treated fields increased (Deziel et al., 2017).
Previous studies on residential proximity to agricultural crops and measured household
pesticide levels have found higher pesticide levels in residences located nearby agricultural
crops compared to residences located further away (Dawson et al., 2018; Fenske et al., 2002;

Gunier et al., 2011; Lu et al., 2000b; Quandt et al., 2004; Simcox et al., 1995). Additionally, a
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recent systematic review that focused on non-agricultural worker residents, reported that
households located close to agricultural lands reported higher household concentrations of
pesticides in the dust, indoor and outdoor air (Dereumeaux et al., 2020). As the CAPS study was
interested in retrospective exposures, we utilized historic aerial satellite images to accurately
determine subject distance to plant nurseries, as present-day measurements might not
accurately capture nursery proximity. The present-day footprint of certain plant nurseries may
not be reflective of historic exposures for those living near, as the footprint may have differed
throughout the study period; it is crucial to use historic satellite imagery to ensure accurate

distance and exposure assessments.

Possible study limitations were a lack of accounting for other sources of pesticide
exposures using individual ambient pesticide or at home measurements, as this was a record-
based study, which may have resulted in underestimating pesticide exposure for subjects.
However, it is unlikely that pesticide exposure from plant nurseries is correlated with other
sources of pesticide exposures. Other possible study limitations were that we had neither
information for each footprint size for every nursery nor their years in business. These possible
limitations were addressed by confirming nursery presence and the actual nursery footprint
with historic aerial satellite images. Some nurseries have irregularly shaped land plots, that
extend for a long distance or have unique shapes, using accurately dated satellite imagery was
imperative to accurately capture subject exposure. Additionally, focusing on study subjects in
close proximity to plant nurseries improved the accuracy of distance classification by confirming
not only exposure status but also the presence of plant nurseries. Estimating magnetic fields

exposure with geographically modeled distances can result in potentially larger errors at short
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distances, as field levels may vary substantially at close distances (Chang et al., 2014). We
overcame this potential barrier by not relying exclusively on GIS, but rather supplemented our
assessment with aerial satellite imagery and in-person site visits of residences with potentially
elevated magnetic fields exposure due to their proximity to power lines. The site visits allowed
us to precisely measure distances using a range finder. Another potential limitation of this study
was having small numbers of subjects that were concurrently exposed to high magnetic fields,
close power line proximity and plant nurseries; consequently, we were not able to fully assess

potential confounding.

Since the early days of EMF research, investigators have searched for other possible
factors to explain the observed associations with childhood leukemia. Hypothesized
confounders of the relationship between magnetic fields and childhood leukemia include
dwelling type, SES, viral exposures, residential mobility, exogeneous tobacco smoke, dietary

components, and traffic related conditions (World Health Organization, 2007).

Residential mobility of subjects may have been a potential issue in this study and in
other studies of similar design. Mobility can potentially result in selection bias, measurement
error, confounding or could be a potential risk factor in itself (Kheifets, Swanson, et al., 2017).
For cases to be included in this study they had to be born in and diagnosed with leukemia in
California, while controls were only required to have been born in California, but did not have
to be residing in California when the corresponding case was diagnosed. It is possible that some
controls could have moved out of California and been subsequently diagnosed with leukemia in
another state, but this is not likely, as the outcome is very rare. Further, we observed that

mobility was not associated with proximity to the closest power line or calculated MFs in a
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case-only analysis (Amoon, Oksuzyan, et al., 2018). Similar results were obtained in a hybrid
simulation study as well as an empirical analysis with the CAPS study (Amoon et al., 2019).

Thus, mobility is unlikely to be an important confounder in this study.

In both individual studies and pooled analyses that focused on the possible effects of
several other putative risk factors, such as mobility, dwelling type, traffic exposure, and SES, the
authors found that associations with childhood leukemia did not materially change after
adjustment for these risk factors (e.g. Amoon et al., 2018). Therefore, similar to our findings for
distance to nurseries, none of these other variables confounded the association, although some
have been identified as potential risk factors for childhood leukemia. Our study is the first to
examine potential confounding by plant nurseries on the relationship between childhood
leukemia and high voltage power line proximity or calculated fields in such detail. Land use
patterns differ across geographic areas, and the use of land below power lines for commercial
plant nurseries may be more prevalent in California compared to some other geographic areas,

enabling us to conduct this study.

Overall, our findings did not support proximity to plant nurseries as an explanation for
the MF and childhood leukemia association, however we were not able to fully assess possible
confounding due to small numbers. Our findings suggest that close proximity to plant nurseries
is an independent risk factor for childhood leukemia. Further research on the specific pesticide
types applied at plant nurseries and childhood leukemia should be performed, as plant

nurseries are potential sources of chronic pesticide exposure
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3.6 Appendix

Supplementary Table 3.1: Additional sensitivity analysis for confounding of childhood leukemia
risk for the highest exposure category for distance to pesticide/nursery applications, distance to
power lines 200+ kV, calculated fields, or a combination of exposures, California Power Line

Regardless of birth
residence geocoding
accuracy

No adjustment?

Adjusting for

Calculated fields | Distance to
power lines

Distance to nursery, m Ca/Co | OR (95% ClI) OR (95% Cl) OR (95% Cl)
0-75 19/9 |2.39(1.03-5.52) | 2.30(0.98-5.40) | 2.43(1.03-5.75)
Calculated fields, uT Distance to

nursery
>0.4 17/11 | 1.53 (0.71-3.28) | 1.42 (0.65-3.13)
Distance to power lines, m Distance to

nursery
0-50 23/15 | 1.48 (0.77-2.85) | 1.38 (0.71-2.68)
600 m or higher as power No adjustment? Adjusting for
line proximity referent

Calculated fields | Distance to

power lines

Distance to nursery, m Ca/Co | OR (95% ClI) OR (95% Cl) OR (95% Cl)
0-75 17/8 | 2.40(0.99-5.82) | 2.31(0.94-5.71) | 2.37(0.95-5.90)
Calculated fields, uT Distance to

nursery
>0.4 17/11 | 1.51 (0.70-3.23) | 1.43 (0.65-3.16)
Distance to power lines, m Distance to

nursery
0-50 23/15 | 1.47 (0.76-2.82) | 1.39 (0.71-2.71)

Study

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple

imputation for missing values

m meters, uT microTesla, ca cases, co controls, OR odds ratio, Cl confidence interval
2No adjustment for other exposures
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Chapter 4. Pesticides as an independent childhood leukemia risk factor and as a
confounder for electromagnetic fields exposure

4.1 Abstract

Background

Both pesticides and high magnetic fields are suspected to be childhood leukemia risk factors.
Pesticides are utilized at commercial plant nurseries, which sometimes occupy the areas
underneath high voltage power lines.

Objectives

To evaluate whether potential pesticide exposures (intended use, chemical class, active
ingredient) utilized at plant nurseries act as an independent childhood leukemia risk factor or as
a confounder for proximity to, or magnetic fields exposure from, high voltage power lines.
Methods

We conducted a state-wide records-based case-control study for California with 5,7888
childhood leukemia cases and 5,788 controls that examined specific pesticide use, magnetic
field exposures and distances to both power lines and plant nurseries. Exposure assessment
incorporated geographic information systems, aerial satellite images, and other historical
information.

Results

Childhood leukemia risk was elevated for several active pesticide ingredients: permethrin (odds
ratio (OR) 1.49, 95% confidence interval (Cl) (0.83-2.67), chlorpyrifos (OR 1.29, 95% Cl 0.89-
1.87), dimethoate (OR 1.79, 95% Cl 0.85-3.76), mancozeb (OR 1.41, 95% Cl 0.85-2.33),

oxyfluorfen (OR 1.41, 95% Cl 0.75-2.66), oryzalin (OR 1.60, 95% Cl 0.97-2.63), and
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pendimethalin (OR 1.82, 95% Cl 0.81-1.25). Rodenticide (OR 1.42, 95% Cl 0.78-2.66) and
molluscicide (OR 1.22, 95% Cl 0.82-1.81) exposure also presented elevated childhood leukemia
risks. Childhood leukemia associations with calculated fields or power line proximity did not
materially change after adjusting for pesticide exposure. Childhood leukemia risks with power
line proximity remained similar when pesticide exposures were excluded.

Discussion

Pesticide exposure may be an independent childhood leukemia risk factor. Childhood leukemia
risks for power line proximity and magnetic fields exposure were not explained by pesticide

exposure.
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4.2 Introduction

Leukemia is the most common form of cancer in children, comprising 28% of childhood
cancer cases (R. L. Siegel et al., 2022). Little is known about the etiology of childhood leukemia;
ionizing radiation is the only established exposure risk factor. Various potential risk factors have
been studied such as socioeconomic status (SES), dwelling type, and pesticides (Amoon, Crespi,
et al., 2018b; Amoon et al., 2020; Karalexi et al., 2021). Previous studies and pooled analyses
have provided evidence that close residential proximity to power lines and exposure to high
magnetic fields (MF) may be a risk factor for childhood leukemia (Ahlbom et al., 2000; Amoon,
Crespi, et al., 2018b; Amoon et al., 2022; Greenland et al., 2000; Kheifets et al., 2010). However,
more recent pooled (Amoon et al., 2022) and meta-analyses (Swanson et al., 2019) found no

association in more recent studies between MF and childhood leukemia.

Our group examined the relationship between childhood leukemia, living in close
proximity (<50 m) to high voltage power lines (200+ kilovolts (kV)) and MF exposure with a
California statewide records-based case-control study (California Power Line Study (CAPS)) and
observed significant elevated childhood leukemia risk for subjects who were both in close
residential proximity to high voltage power lines and exposed to high calculated MF (0.4 uT)
attributable to high voltage power lines (odds ratio (OR) 4.1, 95% confidence interval (Cl) 1.2-
14.3) (Crespi et al., 2019b). Subjects who were only exposed to high calculated MF or only lived
in close proximity to high voltage power lines did not present similar elevated risks (Crespi et
al., 2016b; Kheifets, Crespi, et al., 2017). One possible explanation for the fact that robust

childhood leukemia associations were only observed for subjects concurrently exposed to high
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MF and residing in close proximity to high voltage power lines, is that another exposure is

involved in these observed elevated risks.

Right-of-ways (ROW) are situated underneath high voltage power lines and may be
utilized for commercial plant nurseries. These plant nurseries may routinely apply pesticides
year-round and, similar to the power lines, may be located close to residences (California
Department of Pesticide Regulation, 2019b). Pesticides consist of various chemicals that are
intended to kill, keep away or control unwanted organisms. Exposure to pesticides has been
hypothesized to be a risk factor for developing childhood leukemia (Bailey, Infante-Rivard, et
al., 2015; Chen et al., 2015b; Karalexi et al., 2021; Turner et al., 2010b; Vinson et al., 2011;

Wigle et al., 2009b).

Pesticides are often investigated based on their intended target (insecticides,
herbicides, etc.), chemical class (organochlorines, carbamates, etc.) or the active ingredient
(Lushchak et al., 2018). A systematic review and meta-analysis reported that maternal
environmental exposure during pregnancy to insecticides (OR 1.60, 95% Cl 1.11-2.29) and
herbicides (OR 1.41, 95% Cl 1.00-1.99) was associated with elevated childhood leukemia risks
(Karalexi et al., 2021). Additionally, another meta-analysis observed increased risks for
childhood leukemia associated with exposure to insecticides (OR 2.05, 95% Cl 1.80-2.32) and
herbicides (OR 1.61, 95% Cl 1.20-2.16) during pregnancy and exposure to insecticides (OR 1.61,
95% Cl 1.33-1.95) during childhood (Turner et al., 2010b). Different pesticide chemical classes
have varying attributes that can allow them to bioaccumulate; for example, organochlorines
have high lipophilicity and low water solubility. As a result, examining pesticides by their
chemical classes is also important (Rull et al., 2009).
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The ubiquitous nature of pesticide use in the maintenance of public areas and
vegetation increases the likelihood of people being exposed, even if they are not personally
involved in the pesticide applications. Studies have reported higher concentrations of pesticides
in household dust and ambient air for those living near areas treated with pesticides (Fenske et
al., 2002; Lu et al., 2000b; Simcox et al., 1995; Weppner et al., 2006). Thus, living near areas

treated with pesticides may result in chronic pesticides exposure (Dereumeaux et al., 2020).

In a recent study based on CAPS, we examined childhood leukemia risk and pesticide
exposure based on plant nursery proximity to subjects (Nguyen et al., 2021). Subjects who had
birth residencies very close (<75 m) to nurseries had increased risk for childhood leukemia (OR
2.40, 95% Cl 0.99-5.82) as well as for the acute lymphocytic leukemia (ALL) subtype (OR 3.09,
95% Cl 1.14-8.34). The association between nursery proximity and childhood leukemia was
unchanged or only slightly attenuated when controlling for calculated fields or power line

distance (Nguyen et al., 2022).

Being exposed to multiple environmental exposures at the same time, such as MFs and
pesticides, is likely throughout daily life. It is possible that concurrent human exposure to
magnetic fields and other environmental exposures may produce a modified effect and as a
result, affect cancer development (Kostoff & Lau, 2017). Animal studies have looked into this
possible modified effect and have found that bee colonies exposed to both pesticides and
extremely low frequency magnetic fields had worse colony survival, disease development and
aberrant behavior outcomes (Lupi et al., 2021). Additionally, peripubertal male rats that were

concurrently exposed to both MFs and high levels of the herbicide atrazine had significant
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differences in mast cell levels compared to peripubertal male rats solely exposed to high doses

of atrazine (Rajkovic et al., 2010).

We extend our previous work by examining pesticide use types, pesticide chemical
classes and specific pesticide active ingredients to elucidate their relationship with childhood
leukemia as well as whether they modify previously observed associations between childhood

leukemia and high voltage power lines or MF exposure.

4.3 Methods

Case and control selection

Childhood leukemia cases younger than 16 years of age that were diagnosed in the state
of California (1988-2008) were retrieved from the California Cancer Registry (CCR) (California
Cancer Registry, 2020). Obtained cases were randomly matched based on their date of birth (+
6 months) and sex to controls from the California Birth Registry records (CBR; California
Department of Public Health, Vital Statistics Branch). Controls were excluded if they had any
form of cancer diagnosed in California prior to the case’s date of diagnosis. We identified 6,645
childhood leukemia cases from the CCR that satisfied our inclusion criteria. The bulk of
retrieved childhood leukemia cases were born in California, resulting in 87.1% (n=5,788) of

cases being linked to the CBR; controls were matched to cases 1:1.

Several variables utilized in analysis were obtained from the CBR including mother’s
residential address at the date of birth, birthdate, sex, maternal and paternal education,
parental race/ethnicity, and form of payment for delivery. Socioeconomic status (SES) was
categorized as a binary variable (high or low) based on available subject-level information listed
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in preferential order: father’s education level (high if greater than 12 years, low if otherwise),
mother’s education level (high if greater than 12 years, low if otherwise), payment method for
the hospital delivery (low if government assisted or no coverage, high if otherwise), or
community-based SES information as determined by United States Census Bureau data. Case
and control residences at birth were geocoded to latitude and longitude coordinates. Study
methods have been previously described in detail (Kheifets et al., 2015; Oksuzyan et al., 2015b).

Exposure assessment

Proximity to high voltage power lines for subjects was determined by aerial satellite
images, geographic information system (GIS) data from electric power companies as well as in-
person visits to residences with potentially higher than background MF levels due to their
proximity to power lines (Vergara et al., 2015). Distance, phasing information and historical
load were utilized to determine calculated MF for subjects’ birth residences. Study methods

have been previously described in detail (Kheifets et al., 2015; Vergara et al., 2015).

To identify plant nurseries, we utilized two databases: the California Department of
Food and Agriculture (CDFA) and the California Department of Pesticide Regulation Pesticide
Use Reporting (PUR). Subject residential proximity to plant nurseries was determined based on
their geocoded birth address. Pesticide usage was obtained from the PUR database. PUR
pesticide applications that occurred at plant nurseries were mapped in GIS based on the
California Public Land Survey System (PLSS) grid system. PUR provides pesticide application
locations with an accuracy of approximately 1 mi%. Subjects who resided where these pesticide
application areas occurred within the PLSS grid system were selected for more detailed
geospatial evaluation. We then combined historic aerial satellite images with PUR data to more
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accurately determine the location of nursery pesticide applications; this allowed us to
determine pesticide applications within an area that was smaller than the approximate native 1
mi? PUR data. Google Earth aerial satellite images that were matched as closely as possible to
subject birth year were utilized to confirm plant nursery presence as well as residential
proximity to the closest nursery footprint border/pesticide application. For these analyses we

focus on subjects who resided within 600 m of a nursery.

Intended pesticide use and chemical class were classified based on the Pesticide Action
Network (PAN) Pesticide Info database (Pesticide Action Network, 2022). Pesticides were
classified as Group 1/2A, carcinogenic or probably carcinogenic to humans, based on the
International Agency for Research on Cancer (IARC) classifications (IARC, 2022). Additional
study methods have been described previously (Nguyen et al., 2021). Exposure assessments
were developed to ensure high sensitivity by utilizing a multi-step process. Additionally, all
assessments were conducted blind to case-control status.

Statistical analysis

Distance between high voltage (200+ kV) power lines and subject residences was
categorized as 0-50, 50-150, 150-300, or >300 m (referent). Calculated magnetic fields
exposure for subjects was categorized as >0.4, 0.2—0.4, 0.1-0.2, and 0-0.1 pT (referent).
Subjects within 600 meters of a PUR pesticide application were categorized as exposed and
subjects not exposed to any PUR pesticide application were categorized as unexposed
(referent). A buffer of 600 m was selected to ensure adequate distance to accurately capture

pesticide exposure data as well as based on prior studies.
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Main study analyses were performed on subjects with residential addresses that were
geocoded at the highest accuracy/resolution, the street segment or parcel level (n = 9,714); this
restriction resulted in breaking some matched subjects and lead to our use of unconditional
rather than conditional logistic regression. We controlled for the matching variables (age and
sex) as well as the potential confounders SES and race/ethnicity (White, Black, Hispanic, Asian,
Other). Multiple imputation was conducted for missing data on race/ethnicity. Statistical

analyses followed an a priori developed plan.

We examined the relationship between pesticide exposure and childhood leukemia risk
by fitting unconditional logistic regression models with the outcome as case-control status and
the exposure as pesticide type, chemical class, or specific active ingredient, controlling for age,
sex, SES and race/ethnicity. The reference group was subjects not exposed to any type of PUR

pesticide application.

To examine whether pesticide exposure was a confounder for the relationship between
childhood leukemia and power line proximity or magnetic fields exposure, we conducted
confounder analyses. These analyses used unconditional logistic regression modeling with the
outcome as childhood leukemia and the exposure as power line proximity or magnetic fields;
odds ratios were obtained without adjustment for pesticide exposure and with adjustment for
specific pesticide exposures identified as risk factors in the previous analyses, for comparison;
the models controlled for age, sex, SES and race/ethnicity. The confounder analyses were done

under the assumption of no uncontrolled confounding.

We were not able to fit models with interaction terms in order to examine whether

pesticide exposure was an effect modifier, due to small numbers. We therefore examined
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whether pesticide exposure modified the risk associated with high magnetic fields exposure or
power line proximity by fitting models with the outcome as case-control status and the
exposure as high magnetic fields exposure or power line proximity and examining whether the
odds ratio for the association changed when the analysis was restricted to subjects minimally
exposed to pesticides. These analyses were conducted for each pesticide exposure identified as

a potential risk factor.

We performed sensitivity analyses by evaluating whether childhood leukemia risk
estimates remained stable when restricting analyses to subjects born in the year 1990 and later
(when PUR data contained more details), stratifying by age at diagnosis (<5 years, =5 years),

and restricting childhood leukemia subtype to ALL.

SAS (Version 9.4, The SAS Institute, Cary, NC) was used for the analyses. Approval for
CAPS was received from University of California, Los Angeles Office for the Protection of

Research Subjects and the State of California Committee for the Protection of Human Subjects.

4.4 Results

Table 4.1 presents childhood leukemia associations with nursery pesticide applications,
classified by their active ingredient, chemical class, and intended use. Classification of pesticide
active ingredients by chemical class, intended use, and IARC grouping are presented in

Supplemental Table 4.1.

Permethrin (OR 1.49, 95% Cl 0.83-2.67), chlorpyrifos (OR 1.29, 95% Cl 0.89-1.87),
dimethoate (OR 1.79, 95% Cl 0.85-3.76), mancozeb (OR 1.41, 95% ClI 0.85-2.33), oxyfluorfen (OR
1.41, 95% ClI 0.75-2.66), oryzalin (OR 1.60, 95% Cl 0.97-2.63), and pendimethalin (OR 1.82, 95%
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Cl1 0.81-1.25) all presented elevated childhood leukemia risks. In analyses focusing on pesticide
chemical classes, organophosphorus (OR 1.14, 95% Cl 0.73-1.78) and carbamate (OR 1.14, 95%
C1 0.81-1.61) presented increased associations with childhood leukemia. Additionally, subjects
exposed to rodenticides (OR 1.42, 95% Cl 0.78-2.56) had increased childhood leukemia risks.
Subjects who were exposed to pesticides classified by IARC as carcinogenic or probably
carcinogenic to humans also had increased childhood leukemia risks (OR 1.41, 95% Cl 0.82-

2.45).

Table 4.2 presents confounder analyses for the association between childhood leukemia
and selected pesticides, power line proximity and magnetic fields. Pesticides with an OR of
>1.60 were selected for confounder analyses; these included dimethoate, oryzalin and
pendimethalin. Associations for calculated magnetic fields and distance to power line were
consistent with previous publications. Childhood leukemia relationships with calculated fields
and distance to power lines remained virtually unchanged after adjusting for specific pesticide

exposure.

Table 4.3 provides analyses for interaction effects by excluding and restricting subjects
based on other putative risk factors, i.e., subjects that reside closest (<50 m) of a high voltage
power line, exposed to high (0.4 uT) calculated fields, etc. Childhood leukemia associations for
subjects exposed to high calculated fields (OR 1.52, 95% Cl 0.70-3.24) remained similar when
we excluded subjects exposed to dimethoate or pendimethalin, and somewhat attenuated
when we excluded subjects exposed to oryzalin (OR 1.31, 95% Cl 0.70-2.46). Associations for
childhood leukemia and power line proximity remained similar when other putative risk factors
were excluded.
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Table 4.4 presents sensitivity analyses for childhood leukemia risks and pesticide
exposures with sufficient subject count. We examined the relationship with the ALL subtype
(the most common subtype of childhood leukemia), age of diagnosis <5 years and 25 years
(peak incidence occurs between 2 and 5 years of age) and birth years from 1990 and on (when
PUR reporting contained more details). Overall, childhood leukemia risks remained stable for
analyses restricted to the ALL subtype and for birth years from 1990 and on. When we stratified

on age of diagnosis, we observed higher ORs overall for age of diagnosis 5 years and older.
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Table 4.1: Risk of childhood leukemia and nursery pesticide applications within 600 m of
residences

Exposed Cases | Exposed Controls | OR (95% Cl)
Pesticide
Glyphosate 51 45 1.15 (0.83-1.58)
Permethrin 15 9 1.49 (0.83-2.67)
Acephate 36 40 0.97 (0.68-1.37)
Abamectin 26 33 0.87 (0.59-1.29)
Chlorpyrifos 35 28 1.29 (0.89-1.87)
Diazinon 31 32 1.09 (0.75-1.57)
Iprodione 22 21 1.12 (0.72-1.74)
Metalaxyl 26 34 0.86 (0.59-1.25)
Thiophanate-Methyl 22 25 0.97 (0.63-1.49)
Imidacloprid 7 7 0.95 (0.46-1.97)
Dimethoate 10 5 1.79 (0.85-3.76)
Tau-Fluvalinate 25 32 0.89 (0.60-1.31)
Malathion 28 22 1.19 (0.79-1.79)
Fosetyl-Al 14 12 1.20 (0.69-2.09)
Dienochlor 20 24 0.91 (0.59-1.41)
Mancozeb 19 13 1.41 (0.85-2.33)
Oxyfluorfen 11 9 1.41 (0.75-2.66)
Oryzalin 22 12 1.60 (0.97-2.63)
Pendimethalin 9 4 1.82 (0.81-1.25)
Chemical Class
Organophosphorus 72 67 1.14 (0.73-1.78)
compounds
Carbamate 40 36 1.14 (0.81-1.61)
Pyrethroid 37 46 0.86 (0.61-1.20)
Organochlorine 33 38 0.93 (0.65-1.32)
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Intended Use

Insecticide 80 79 1.06 (0.76-1.46)
Herbicide 67 63 1.12 (0.83-1.53)
Fungicide 67 71 0.95 (0.70-1.29)
Acaracide 56 55 1.08 (0.79-1.47)
Plant growth regulator 15 15 1.12 (0.67-1.89)
Rodenticide 14 9 1.42 (0.78-2.56)
Molluscicide 30 25 1.22 (0.82-1.81)

IARC Classification

Group 1/2A 68 57 1.41 (0.82-2.45)

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple
imputation for missing values.

m meters, OR odds ratio, Cl confidence interval, IARC International Agency for Research on
Cancer
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Table 4.2: Childhood leukemia risk as a function of pesticide exposure, distance to power lines 200+ kV, magnetic fields, or a
combination of exposures, California Power Line Study

No Adjustment Adjusting for Adjusting for Adjusting for
Dimethoate Oryzalin Pendimethalin

Calculated fields, uT | Ca/Co OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)
<0.1 4824/4782 Ref Ref Ref Ref

0.1-0.2 24/27 0.84 (0.48-1.45) 0.84 (0.48-1.45) 0.84 (0.48-1.45) 0.84 (0.48-1.45)
0.2-0.4 14/15 0.97 (0.47-2.02) 0.95 (0.47-2.02) 0.97 (0.47-2.02) 0.97 (0.47-2.02)
>0.4 17/11 1.52 (0.70-3.24) 1.52 (0.70-3.24) 1.52 (0.70-3.24) 1.51 (0.70-3.24)
Distance to PL, m Ca/Co OR (95% Cl) OR (95% Cl) OR (95% Cl) OR (95% Cl)
>300 4714/4652 | Ref Ref Ref Ref

150-300 92/110 0.81 (0.62-1.08) 0.81(0.61-1.07) 0.81(0.61-1.08) 0.81 (0.61-1.08)
50-150 50/58 0.84 (0.60-1.18) 0.84 (0.60-1.18) 0.84 (0.60-1.18) 0.85 (0.60-1.18)
0-50 23/15 1.46 (0.88-2.42) 1.46 (0.88-2.42) 1.46 (0.88-2.42) 1.45 (0.88-2.41)

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple imputation for missing values.
PL power line, m meters, Ca cases, Co controls, kV kilovolts, uT microTesla, OR odds ratio, Cl confidence interval, Ref reference
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Table 4.3: Childhood leukemia risk as a function of pesticide exposure, calculated fields, and distance to power lines 200+ kV, with
exclusions and restrictions on subjects based on putative exposures, California Power Line Study

Subjects Calculated Fields 20.4 uT Power line <50 m

(Ref: <0.1 uT) (Ref: >600 m)

Ca/Co OR (95% ClI) Ca/Co OR (95% ClI)
No Exclusion 17/11 1.52 (0.70-3.24) 23/15 1.46 (0.88-2.42)
Exclude if exposed to Dimethoate 17/11 1.51 (0.71-3.25) 23/13 1.64 (0.94-2.86)
Exclude if exposed to Oryzalin 15/11 1.31 (0.70-2.46) 21/14 1.45 (0.86-2.45)
Exclude if exposed to Pendimethalin | 17/11 1.51 (0.70-3.23) 23/15 1.45 (0.88-2.41)

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple imputation for missing values.
m meters, kV kilovolts, uT microTesla, Ca cases, Co controls, OR odds ratio, Cl confidence interval, Ref reference
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Table 4.4: Sensitivity analysis for risk of childhood leukemia and nursery pesticide applications within 600 m of residences

Ca | Co | OR(95% Cl) Ca | Co | OR Ca | Co | OR (95% ClI) Ca | Co | OR(95% Cl)
Pesticide ALL subtype Age of diagnosis <5 years | Age of diagnosis 25 years | Birth years 21990
Glyphosate 39 | 39 | 1.03(0.72-1.47) | 31 | 28 | 1.08 (0.72-1.62) | 20 | 17 | 1.27(0.73-2.22) | 47 | 44 | 1.09(0.75-1.62)
Acephate 29 | 35 | 0.89(0.61-1.30) | 23 | 27 | 0.86(0.56-1.33) | 13 | 13 | 1.25(0.66-2.33) | 32 | 38 | 0.93 (0.63-1.45)
Abamectin 21|30 |0.77 (0.50-1.18) | 17 | 22 | 0.74(0.45-1.20) |9 11 | 1.15(0.55-2.43) | 23 |32 | 0.79(0.52-1.23)
Chlorpyrifos 27 | 24 | 1.11(0.73-1.67) | 24 | 20 | 1.20(0.76-1.88) |11 | 8 1.52 (0.75-3.10) | 32 |28 | 1.20(0.77-1.71)
Diazinon 27 129 | 1.02(0.69-1.52) |16 | 17 | 1.03(0.62-1.71) |15 | 15 | 1.11(0.62-2.00) | 28 | 32 | 0.99 (0.66-1.48)
Iprodione 18 | 18 | 1.03(0.63-1.68) | 15 | 13 | 1.21(0.70-2.09) |7 |8 | 1.25(0.55-2.83) | 20 |20 | 1.05(0.67-1.72)
Metalaxyl 19 | 31 | 0.70(0.45-1.06) | 14 | 21 | 0.73(0.44-1.21) |12 | 13 | 1.22(0.65-2.31) |22 |29 | 0.75(0.51-1.09)
Thiophanate-Methyl | 18 | 24 | 0.85 (0.54-1.35) | 16 | 17 | 0.95(0.57-1.58) |6 |8 | 1.14(0.49-2.66) |21 |25 |0.93(0.57-1.41)
Tau-Fluvalinate 18 | 29 | 0.71(0.46-1.09) | 18 | 20 | 0.93 (0.58-1.51) |7 | 12 | 0.78(0.38-1.61) | 23 | 30 | 0.84(0.51-1.20)
Malathion 22 | 21| 1.02(0.65-1.60) | 21 | 14 | 1.35(0.82-2.24) |7 8 1.01(0.46-2.23) | 26 |21 | 1.24(0.84-1.95)
Dienochlor 15|22 | 0.76 (0.47-1.22) | 15| 16 | 0.93 (0.55-1.58) |5 |8 | 0.66(0.29-1.54) | 18 |22 | 0.87(0.54-1.31)
Mancozeb 14 | 12 | 1.14(0.66-1.98) | 10 | 8 | 1.13(0.58-2.23) |9 |5 |1.65(0.72-3.78) | 17 |13 | 1.27(0.73-2.08)
Chemical Class
Organophosphorus | 60 | 57 | 1.12 (0.80-1.57) | 48 | 45 | 1.11(0.76-1.63) | 24 | 22 | 1.27 (0.74-2.17) | 67 |61 | 1.18(0.82-1.62)
compounds
Carbamate 31 |34 |0.94(0.65-1.38) | 28 | 21 | 1.33(0.86-2.07) | 12 | 15 | 1.01(0.55-1.87) | 37 |35 | 1.11(0.74-1.53)
Pyrethroid 30 | 41 | 0.77 (0.53-1.12) | 27 | 30 | 0.93 (0.62-1.40) | 10 | 16 | 0.75(0.40-1.41) |35 | 44 | 0.84(0.56-1.16)
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Organochlorine 25 (34 |0.77(0.52-1.14) | 23 | 27 | 0.88(0.57-1.37) | 10 | 11 | 0.98 (0.50-1.91) | 31 | 36 | 0.92(0.63-1.29)
Intended Use

Insecticide 65 | 67 | 1.05(0.73-1.51) | 55 | 53 | 1.10(0.71-1.69) | 25 | 26 | 1.14 (0.66-1.96) | 74 | 72 | 1.07 (0.77-1.53)
Herbicide 54 | 57 | 0.99(0.71-1.39) | 42 |38 | 1.14(0.78-1.67) | 25 | 25 | 1.12(0.65-1.94) | 62 | 61 | 1.03(0.75-1.42)
Fungicide 53 | 62 | 0.81(0.58-1.15) | 47 | 46 | 1.02 (0.69-1.50) | 20 | 25 | 0.81 (0.47-1.40) | 57 62 0.88 (0.62-1.20)
Acaracide 47 | 50 | 0.95(0.68-1.33) | 39 | 38 | 1.06 (0.72-1.55) |17 | 17 | 1.16 (0.66-2.06) | 50 |50 | 1.05(0.72-1.38)
Plant growth 13 | 13 | 1.15(0.65-2.04) | 9 9 1.02 (.53-1.98) 6 6 1.54(0.61-3.90) | 14 15 1.08 (0.62-1.83)
regulator

Molluscicide 24 | 21 | 1.13(0.73-1.74) | 22 | 14 | 1.50(0.92-2.44) | 8 11 | 0.77 (0.37-1.59) | 27 24 1.17 (0.74-1.77)
Rodenticide 12 | 8 1.37(0.72-2.61) |11 |5 1.67 (0.78-3.60) N/A 11 9 1.20 (0.64-2.25)
IARC

Group 1/2A 54 | 50 | 1.29(0.73-2.29) | 44 | 37 | 1.57(0.79-3.12) | 24 | 20 | 1.42(0.82-2.46) | 64 | 55 | 1.35(0.77-2.37)

All models were adjusted for age, sex, socioeconomic status, and race/ethnicity, using multiple imputation for missing values.
m meters, Ca cases, Co controls, ALL acute lymphocytic leukemia, OR odds ratio, CI confidence interval, N/A not applicable, IARC International
Agency for Research on Cancer
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4.5 Discussion

In our statewide, records-based case-control study of childhood leukemia and pesticide
exposures, we observed elevated childhood leukemia risks for exposure to several individual
pesticides used throughout California. Subjects residing within 600 m of pesticide applications
of: permethrin, chlorpyrifos, dimethoate, mancozeb, oxyfluorfen, oryzalin, and pendimethalin
had increased risks for childhood leukemia. Childhood leukemia associations with power line

proximity and calculated MF exposure were not explained by pesticide exposure.

Permethrin is a commonly applied pyrethroid insecticide to which subjects may be
exposed through various routes, including through skin contact, ingestion and inhalation;
previous studies have found permethrin residue in food, dust, hand and hard floor surface
wipes, as well as indoor air samples within households (Morgan, 2012). The widespread use in
both consumer and industrial products increases the potential for exposure and concern, as
there may be potential adverse health effects of permethrin exposure. Previous studies have
studied permethrin exposure and reported leukemia-associated gene aberrations (Navarrete-
Meneses et al., 2017, 2018). Exposure to permethrin produces breaks and fusions in genes
involved in leukemia development, supporting its role in the etiology of leukemia (Navarrete-
Meneses et al., 2017; Pui et al., 2008). A hospital-based case-control study conducted in 13
Brazilian states reported increased childhood leukemia risks among children born to mothers
with maternal exposure to permethrin (Ferreira et al., 2013). Exposure to other pesticides,
pendimethalin, oryzalin, as well as both herbicides and rodenticides, have also been observed

to increase childhood leukemia risks (Bailey, Infante-Rivard, et al., 2015; Park et al., 2020).
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Our epidemiologic observations are plausible given animal and human data on
individual pesticides and findings from other epidemiologic studies. Animal studies have found
that both male and female rats developed monocytic leukemia when given the insecticide,
dimethoate; additionally, increased granulocytic leukemia incidence occurred with dermal
applications of the pesticide (Reuber, 1984). Dimethoate exposure may inflict DNA damage and
affect the cell cycle (Nazam et al., 2020). Mancozeb, a commonly used fungicide, produced
genotoxic and oxidative damage in rat cells, which provides support for its role in cancer
development. Animal studies on the herbicide, oxyfluorfen, demonstrated that exposure plays
a role in developing other forms of cancer (Narayanan et al., 2015; Takahashi et al., 1994,
1997). Another study examined California farm workers and pesticide exposure and reported
elevated risk (OR 2.35, 95% Cl 1.12-2.48) of adult leukemia and mancozeb exposure (Mills et al.,
2005). A study conducted on human primary bone marrow mesenchymal stem/stromal cells
and exposure to a low dose mixture of pesticides, that included dimethoate and mancozeb,
reported oxidative stress, DNA damage, a decrease in aldehyde dehydrogenase-2 activity, and
an altered ability of primitive hematopoiesis, providing evidence that low dose exposures to

pesticides may be conducive to the development of a pre-leukemic disease.

When we grouped pesticides by intended use, we observed possible elevated childhood
leukemia risks for rodenticide exposure. A pooled analysis that utilized 12 case-control studies
in the Childhood Leukemia International Consortium (CLIC) also observed increased risk for
childhood leukemia with rodenticide exposure (Bailey, Infante-Rivard, et al., 2015). IARC
exposures that were considered to be carcinogenic or probably carcinogenic to humans

presented increased childhood leukemia risks.
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Controlling for pesticide exposure did not result in material change in associations for
childhood leukemia and distance to high voltage power lines or magnetic fields exposure. As a
result, our findings do not support pesticide exposure (dimethoate, oryzalin, pendimethalin) as

a significant confounder.

Strengths of our study include our large sample size, with 5,788 cases and an equal
number of controls. Moreover, cases and controls were obtained from population-based
registries with complete registration for the state of California ensuring high quality data as well
as avoiding participation bias. Additionally, all assessments were conducted blinded to case and
control status to avoid information bias. Pesticide applications were obtained from PUR; PUR is
recognized for its data quality and as the most comprehensive pesticide reporting program in
the world, thus ensuring high data quality for this study (California Department of Pesticide
Regulation, 2021). We also verified pesticide applications used at nurseries by utilizing historic
aerial satellite images to confirm nursery presence where pesticide applications occurred as

well as to determine proximity to subjects.

Possible limitations for our study were PUR’s spatial data resolution; PUR incorporates
reporting based on the Public Land Survey System (PLSS), which reports the location of
pesticide applications within approximately 1 mi?. This possible limitation was addressed by
confirming pesticide application areas by augmenting PUR data with historic aerial satellite
images to visually confirm nursery pesticide application areas as well as determine subject
proximity to the pesticide application area. Some plant nurseries have irregularly shaped
footprints and as a result, using historic aerial satellite images was imperative to accurately

capture subject exposures by increasing the native data resolution of the pesticide application
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location as well as accurately determine the proximity of nursery pesticide applications. By
combining historic aerial satellite images with PUR data, we were able to more finely determine
where pesticide applications occurred and as a result examine the relationship between

childhood leukemia and pesticides on a more fine scale that would not be possible natively.

Numerous studies have reported on associations between childhood leukemia and MF
exposure. Several potential risk factors for childhood leukemia may also act as confounders,
including viral exposure, SES, residential mobility, housing type, and other environmental
exposures (World Health Organization, 2007). Individual studies and pooled analyses examining
these other potential risk factors have reported that childhood leukemia risk did not materially
change after adjustment, suggesting that these other factors did not confound the relationship
between MF and childhood leukemia (Amoon, Crespi, et al., 2018b). To better understand
associations between childhood leukemia and MF exposure and to search for potential factors
that may explain observed associations, we examined if pesticides materially changed these
associations after adjustment. We did not find support that several specific pesticides confound
the relationship between childhood leukemia and high voltage power line proximity or

calculated fields.

In conclusion, our findings do not support pesticides as an explanation for observed
childhood leukemia and MF associations. However, several pesticides may be independent risk
factors for childhood leukemia, and further research should be done to better understand
these observed elevated risks. The ubiquitous nature of pesticide use may result in widespread
exposure for many people; therefore, it is imperative to understand the potential effects of
exposure, as they may have deleterious effects on health.
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4.6 Appendix

Supplemental Table 4.1: Classification of pesticide active ingredients

Pesticide Chemical Class Intended Use IARC 1/2A
Glyphosate Other Herbicide Yes
Permethrin Pyrethroid Insecticide No
Acephate Organophosphorus | Insecticide No
Abamectin Other Insecticide No
Chlorpyrifos Organophosphorus | Insecticide No
Diazinon Organophosphorus | Insecticide Yes
Iprodione Other Fungicide No
Metalaxyl Other Fungicide No
Thiophanate- Other Fungicide No
Methyl

Imidacloprid Other Insecticide No
Dimethoate Organophosphorus | Insecticide No
Tau-Fluvalinate Pyrethroid Insecticide No
Malathion Organophosphorus | Insecticide Yes
Fosetyl-Al Other Fungicide No
Dienochlor Organochlorine Insecticide No
Mancozeb Other Fungicide No
Oxyfluorfen Other Herbicide No
Oryzalin Other Herbicide No
Pendimethalin Other Herbicide No

IARC International Agency for Research on Cancer
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Chapter 5. Conclusion and Public Health Relevance

This dissertation examined the role pesticides and commercial plant nurseries may have
in childhood leukemia risks, both independently as well as their potential role in explaining
observed childhood leukemia risks with high magnetic fields exposure or high voltage power
line proximity. We found that subjects living in close proximity (<75 m) to commercial plant
nurseries had elevated childhood leukemia risks, with the acute lymphocytic leukemia subtype
having the most elevated risk. Our study was the first to evaluate childhood leukemia risk and
proximity to commercial plant nurseries. Commercial plant nurseries present a unique possible
chronic exposure pathway for people, as many plant nurseries are in urban environments,
which may result in chronic pesticide exposure for individuals, even if they do not live in an
agricultural community or are involved in agricultural work. Furthermore, urban living
environments may have higher population densities, which would result in a larger amount of

people potentially exposed in a smaller area compared to less urban environments.

We further expanded on childhood leukemia and pesticide work by exploring if
pesticides may play a role in explaining previously observed childhood leukemia associations
with high magnetic fields exposure or high voltage power line proximity. Our findings found
that childhood leukemia associations with magnetic fields or high voltage power line proximity
did not materially change after controlling for plant nursery proximity; therefore, our findings
do not support plant nursery proximity as a strong confounder. Childhood leukemia
associations with close plant nursery proximity also did not materially change when controlling
for magnetic fields exposure or high voltage power line proximity; ORs remained elevated and

above 2 when excluding subjects with high magnetic fields exposure or close high voltage
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power line proximity, thus close proximity to commercial plant nurseries may act as an

independent childhood leukemia risk factor.

We observed elevated childhood leukemia risks for several specific pesticide active
ingredients as well as intended pesticide target exposures. Childhood leukemia risks remained
similar for magnetic fields exposure or power line proximity after adjusting for or removing
pesticide exposures. Our findings suggest that pesticide exposure may act as an independent
risk factor and does not explain previously observed childhood leukemia risks with calculated

fields exposure or high voltage power line proximity.

The etiology of childhood leukemia is largely unknown, with ionizing radiation and
certain genetic syndromes as the only established risk factors. Our findings about residing in
close proximity to plant nurseries as well as exposure to pesticides provide more backing that
pesticides may be a risk factor for childhood leukemia. Additionally, our findings also provide
evidence that high magnetic fields exposure and close proximity to high voltage power lines are
not explained by pesticide exposure. Further research should be conducted on these possible
risk factors. Moreover, it is imperative to conduct research for different environments, as our
findings suggest that living in close proximity to plant nurseries is a childhood leukemia risk
factor, even though the subjects may not live in agricultural communities. Our studies provide
evidence that interventions, policies, and further research on the etiology of childhood
leukemia are required, as our living environment may act as sources of chronic exposure to

potential risk factors.
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