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A B S T R A C T

Background: Living in an agricultural area or on farms has been associated with increased risk of childhood
cancer but few studies have evaluated specific agricultural exposures. We prospectively examined residential
proximity to crops and animals during pregnancy and risk of childhood leukemia and central nervous system
(CNS) tumors in Denmark.
Methods: The Danish National Birth Cohort (DNBC) consists of 91,769 pregnant women (96,841 live-born
children) enrolled in 1996–2003. For 61 childhood leukemias and 59 CNS tumors < 15 years of age that were
diagnosed through 2014 and a ~10% random sample of the live births (N = 9394) with geocoded addresses, we
linked pregnancy addresses to crop fields and animal farm locations and estimated the crop area (hectares [ha])
and number of animals (standardized by their nitrogen emissions) by type within 250 meters (m), 500 m,
1000 m, and 2000 m of the home. We also estimated pesticide applications (grams, active ingredient) based on
annual sales data for nine herbicides and one fungicide that were estimated to have been applied to > 30% of the
area of one or more crop. We used Cox proportional hazard models (weighted to the full cohort) to estimate
hazard ratios (HR) and 95% confidence intervals (CI) for the association of childhood leukemia and CNS tumors
with crop area, animals, and pesticide applications adjusted for gender and maternal age.
Results: Sixty-three percent of mothers had crops within 500 m of their homes during pregnancy; winter and
spring cereals were the major crop types. Compared to mothers with no crops < 500 m, we found increasing risk
of childhood leukemia among offspring of mothers with increasing crop area near their home (highest ter-
tile > 24 ha HR: 2.0, CI:1.02–3.8), which was stronger after adjustment for animals (within 1000 m) (HR: 2.6,
CI:1.02–6.8). We also observed increased risk for grass/clover (highest tertile > 1.1 ha HR: 3.1, CI:1.2–7.7), peas
(> 0 HR: 2.4, CI: 1.02–5.4), and maize (> 0 HR: 2.8, CI: 1.1–6.9) in animal-adjusted models. We found no
association between number of animals near homes and leukemia risk. Crops, total number of animals, and hogs
within 500 m of the home were not associated with CNS tumors but we observed an increased risk with >
median cattle compared with no animals in crop-adjusted models (HR = 2.2, CI: 1.02–4.9). In models adjusted
for total animals, the highest tertiles of use of three herbicides and one fungicide were associated with elevated
risk of leukemia but no associations were statistically significant; there were no associations with CNS tumors.
Conclusions: Risk of childhood leukemia was associated with higher crop area near mothers’ homes during
pregnancy; CNS tumors were associated with higher cattle density. Quantitative estimates of crop pesticides and
other agricultural exposures are needed to clarify possible reasons for these increased risks.
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1. Introduction

Based mostly on case-control studies, risks of childhood leukemia
and central nervous system (CNS) tumors have been associated with
exposure to pesticides in meta-analyses and pooled analyses of studies
of parental occupational exposures and household use (Bailey et al.,
2014, 2015, Van Maele-Fabry et al., 2010, 2013, 2018; Vidart
D’egurbide Bagazgoïtia et al., 2018; Wigle et al., 2009). Relatively few
case-control studies and no cohort studies have evaluated agricultural
exposures through residential proximity to crops and pesticide appli-
cations and childhood leukemia (Carozza et al., 2009; Gómez-Barroso
et al., 2016; Hyland et al., 2018; Malagoli et al., 2016; Reynolds et al.,
2005; Rull et al., 2009, Walker et al., 2007) or childhood brain tumors
or all CNS tumors (Carozza et al., 2009; Gómez-Barroso et al., 2016;
Reynolds et al., 2005; Walker et al., 2007). Four case-control studies
found significant positive associations between crop density or pesti-
cide applications near the home and childhood leukemia (Gómez-
Barroso et al., 2016; Hyland et al., 2018; Reynolds et al., 2005; Rull
et al., 2009), while three case-control studies found no associations
(Carozza et al., 2009; Malagoli et al., 2016; Walker et al., 2007). The
studies of childhood CNS tumors and proximity to agriculture or pes-
ticide use near the home also had mixed results (Carozza et al., 2009;
Gómez-Barroso et al., 2016; Reynolds et al., 2005; Walker et al., 2007).

Two U.S. ecologic studies have examined county-level agricultural
land area and found higher rates of childhood leukemia (Booth et al.,
2015, Carozza et al., 2008) and brain tumors (Carozza et al., 2008) in
counties with higher crop density compared to low crop density. Most
studies of agricultural crops near the home have not accounted for
potential exposures to farm animals (cattle, pigs, poultry) despite po-
sitive associations for parental occupational exposure to farm animals
and childhood CNS tumors (Efird et al., 2003, Yeni-Komshian and
Holly, 2000, Hall et al., 2020) and increased incidence of childhood
leukemia in U.S. counties with higher densities of hog operations
(Booth et al., 2017).

Much of the Danish population has indirect exposure to agricultural
activities near their homes due the high proportion of agricultural land
(> 60%) (Eurostat, 2012). We examined the association between crop
area, crop pesticide use, and numbers of farm animals near the homes
of mothers during pregnancy and incidence of childhood leukemia and
CNS tumors in a population-based birth cohort of Danish mothers and
children, the Danish National Birth Cohort (DNBC).

2. Materials and methods

2.1. Study population

The DNBC is a prospective cohort of pregnant women from all re-
gions of Denmark who were enrolled between 1996 and 2002, and who
gave birth through 2003 (Olsen et al., 2001). Pregnant women were
invited to participate in the study by their general practitioners around
weeks 6–12 of pregnancy. Phone interviews and self-administered
questionnaires were used to gather information during pregnancy and
up to 11 years following the pregnancy. A total of 91,769 women were
enrolled and there were 96,841 live births among these women that
constituted the cohort.

We conducted a case-cohort analysis that included children diag-
nosed with any cancer up to age 15 through 2014 (202 childhood
cancer cases) and a ~10% random sample of the cohort with geocoded
pregnancy addresses (n = 9394). We excluded children with Down
syndrome (n = 11), due to their high risk of childhood leukemia (Mezei
et al., 2014, Ross et al., 2005), and non-singleton births (n = 223).
Childhood cancers were ascertained by linkage to the Danish Childhood
Cancer Registry. This registry is population-based and includes all in-
cident malignant neoplasms in the Danish population, mandatorily re-
ported since 1987 (Gjerstorff, 2011). For this analysis, we included all
childhood leukemias (International Classification of Diseases (ICD)-O,

Third Edition (Fritz, 2000)) (C-code 42, morphology codes 9800–9950),
and childhood central nervous system (CNS) tumors (C70-C72) in-
cluding unspecified intracranial and intraspinal neoplasm (C75.1-
C75.3) (Steliarova-Foucher et al., 2005). CNS cases were primarily
childhood brain tumors and included benign tumors. After exclusions,
there were 191 cases of childhood cancer (including 61 leukemias and
59 CNS tumors) and 9171 non-cases in our analysis, for a total of 9362
participants. The median age at diagnosis for leukemia cases was 4.1
(interquartile range [IQR] 2.7–7.5) and 4.9 for CNS tumors (1.9–8.8).

2.2. Estimating crop area and animals near the home

We geocoded 10,839 household addresses during the pregnancies
(14% of participants moved at least once, 2% moved 2 or more times).
Using ArcMap (Ver. 10.5), we determined the area (hectares) of crops
within 250 meters (m), 500 m, 1000 m, and 2000 m (circular buffers) of
each address, which includes a range of distances relevant for primary
and secondary pesticide drift and for long-range transport of emissions
from animal farms (Brouwer et al., 2018; Dereumeaux et al., 2020;
Deziel et al., 2015; Fisher et al., 2020; Gunier et al., 2011; Smit and
Heederik, 2017; Ward et al., 2006).

Annual crop maps were obtained from the Danish General
Agricultural Register (GLR), which was established in 1996 and con-
tains information on the location and area of subsidized crops, which
include all the major crops grown for sale as well as grassland. The
spatial resolution of these data are approximately 2–5 m. Crop densities
based on the GLR data are shown in Supplemental Fig. 1. The map in-
cludes information from 720,000 fields, which are mainly located on
the islands and eastern part of the Danish peninsula (Jutland).

Crops were grouped based on similar planting and harvesting
schedules and their similar pesticide applications into 8 categories
(hereafter “crop types”): winter cereals, spring cereals, grass/clover,
winter rapeseed, peas, maize, sugar beets, and seed crops. Spring ra-
peseed and potatoes were excluded from our crop-specific analyses due
to their low prevalence (≤12% of the study population had the crop
within 500 m of the home). Other vegetables (e.g., carrots, cabbage)
were not included in the GLR until 2000 and prevalence was low (3%
within 500 m); therefore, these crops were not included in the total
crop metric. Organic farming was not common during the study period
and these farms were included in our crop metrics.

We estimated the area of each crop type for each month of the
pregnancy when the crop was likely to be present based on its specific
planting cycle. For instance, spring cereals are typically sown in March
and harvested from August until September, while winter rapeseed is
sown in late August and harvested in late July the following year. For
all crops, we considered agricultural activities to be negligible during
the winter months of December to February when pesticides are rarely
applied. We computed an average of the crop area (hectares) near the
home(s) during the pregnancy for the sum of all crops and for each
major crop type separately.

Data on farm animals are reported annually to Denmark’s Central
Husbandry Register (Denmark, 2015), including the number of animals
by type. There are over 77,000 animal farm locations in the Central
Husbandry Register. Annual numbers were available for the following
animal types: cattle (dairy cows, suckling cows, heifers/calves), pigs
(sows, fattener pigs, piglets), sheep and goats, poultry (egg layers,
broilers, other poultry) and other less common farmed animals (mink,
deer, fox, geese). Registration for ruminants (cattle, sheep, goats) is
mandatory regardless of the number of animals; whereas, other animal
types are reported only by commercial farms. Supplemental Fig. 2 is a
map of animal density in Denmark. The highest densities of farm ani-
mals are located in the western and northern part of Jutland.

For each residence, we summed the number of animals across all
farms within 250 m, 500 m, 1000 m, and 2000 m. If the pregnancy
spanned two calendar years, we computed an average of the annual
data weighted by the number of pregnancy months in each year. To
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compute animal density accounting for the different sizes and emissions
of the animals, we used animal-specific estimates of nitrogen excretion
(Nex) rates (Poulsen et al., 2001). For example, each dairy cow was
multiplied by a Nex rate of 127.3 (kg nitrogen/animal/year). Nex rates
for the most common animal types are described in a footnote in
Table 1. Nex metrics were computed for cattle, pigs, and poultry, and
for the sum of all animals (total animal Nex) for each participant’s
buffer during their pregnancy. Other animal types (e.g., mink, sheep,
goats) and poultry were included in the total animal Nex but were not
evaluated separately due to the low prevalence.

2.3. Estimating pesticide applications

Beginning in 2011, farmers were required to report the amount of
each pesticide applied to subsidized crops, by tradename, crop, and
location. The pesticide application database contains pesticide appli-
cation rates, crop area treated (hectares), and dates for > 75,000 farms,
which we used to estimate crop-specific application rates and timing of
applications. We also estimated the percentage of the area of each crop
type that was treated with each pesticide. Prior to 2011, only annual
pesticides sales data (not crop specific) were available.

We computed pesticide use metrics for nine herbicide and one
fungicide active ingredients (AI) that were applied to > 30% of the area
of one or more crop types based on average applications in 2012–2013
(Supplemental Table 1). First, we converted applications rates based on
trade names from 2012 to 2013 to average applications rates based on
the AI in each product. Second, as the pesticide reports only include
sprayed fields (e.g., grass may only be sprayed every second or third
year), the crop-specific application rates were adjusted by the crop area
reported to the GLR (assumes applications to all hectares of the crop)
and by the annual sales data for each AI (not crop-specific) for each
year of the pregnancies (1996–2003) (Eq. (1)). Next, we multiplied the
adjusted crop-specific application rates by the hectares of each crop
type within each buffer for months when the AI was likely to be applied
(Eq. (2)). For example, in Denmark the herbicide prosulfocarb is mostly
applied to winter cereals in October-November. Finally, we summed
applications by AI. Fluroxypyr, bromoxynil, and ioxynil applications
had almost identical use patterns and could not be evaluated separately

so we evaluated the sum of the estimated applications.

=App rate
App rate A

AI
_

_
Corr AI x

AI CropType CropType x

sold x
, ,

_2012_2013, ,

. (1)

where

App_rateCorr,AI,x = Corrected application rate per hectare in year x
for active ingredients (1996–2003), g AI ha−1

App_rateAI_2012_2013,Croptype = Reported average application rate per
ha for year 2012 and 2013 by crop type, g AI ha−1

ACropType,x = Area with the crop type in year x, ha
AIsold,x = Amount of AI sold in year x, g

=App AI App rate A AI_ _Buffer x y

n

Corr AI x CropType Buffer x Frac y, ,
1

, , , , ,
(2)

where

App_AIBuffer,m,y = Applications in the buffer in year x and month y, g
AI
ACropType,Buffer,x = Area of crop type in the buffer in year x, ha
AIFrac,y = Fraction of active ingredients applied to crop type in
month y, dimensionless
n = crop types with applications of AI

For each buffer distance, applications of each AI were summed over
the months the women were pregnant.

Because we did not know the exact location of the crop fields that
were treated with pesticides and because many pesticides were used on
multiple crops (Supplemental Table 1), our pesticide metrics over-
estimated the spatial extent of the pesticide applications. As a result, the
pesticide AI estimates were moderately to highly correlated with each
other (Spearman Rho range: 0.30–0.88) and with the major crop types
(Spearman Rho range 0.28–0.85) except grass/clover that had lower
pesticide applications (Spearman Rho 0.001–0.37).

2.4. Statistical analyses

We analyzed risk of childhood leukemia and CNS tumors in relation

Table 1
Percentage (%) of participants with > 0 hectares (ha) of crops1 and > 0 animals within 250 to 2000 meters (m) of homes during the pregnancy and median and
interquartile range (IQR) of crop area (ha) and animal nitrogen excretion (Nex)2 among those with any crops or animals within the buffers.3

250 m 500 m 1000 m 2000 m

% Median (IQR) % Median (IQR) % Median (IQR) % Median (IQR)

Crops- hectares
All crops 50 3.4 (1.1–7.0) 63 14.3 (4.1–29.2) 75 63.0 (17.5–123.3) 85 292.0 (93.0–500.7)
Winter cereals 41 1.4 (0.4–3.2) 53 6.0 (1.9–12.5) 68 24.7 (7.6–49.6) 81 106.4 (38.7–200.9)
Spring cereals 39 0.9 (0.3–2.0) 52 3.7 (1.2–7.7) 67 15.1 (4.6–29.5) 80 61.8 (21.3–116.0)
Grass/clover 25 0.3 (0.08–1.0) 39 1.2 (0.3–3.2) 57 4.4 (1.2–11.1) 75 15.9 (5.1–40.0)
Winter rapeseed 15 0.3 (0.08–0.8) 26 1.1 (0.3–2.6) 44 3.3 (1.1–7.6) 67 11.2 (4.2–24.0)
Seed crops4 10 0.3 (0.06–0.8) 17 0.9 (0.2–2.6) 33 2.8 (0.8–7.0) 58 8.2 (2.8–19.5)
Maize 6 0.3 (0.06–0.9) 12 0.8 (0.2–2.3) 23 2.4 (0.6–5.6) 41 5.2 (1.4–13.7)
Sugar beets 10 0.2 (0.04–0.6) 17 0.6 (0.1–1.9) 30 1.7 (0.4–4.5) 51 4.1 (1.3–10.3)
Peas 10 0.2 (0.05–0.5) 18 0.6 (0.2–1.5) 33 1.8 (0.6–4.4) 57 5.2 (1.9–11.7)
Animals- kg nitrogen
Total Nex5 22 467 (57–5,080) 45 686 (64–7,161) 75 2,616 (141–18,523) 96 16,126 (976–67,161)
Cattle Nex 14 379 (95–2,246) 30 559 (129–3,731) 57 1,560 (275–10,454) 85 6,802 (885–29,454)
Pig Nex 8 2155 (249–7,655) 18 2,330 (288–8,879) 41 4,006 (409–15,098) 74 11,361 (830–38,476)
Poultry Nex 3 6 (3–15) 10 7 (4–20) 28 10 (4–30) 58 23 (9–119)

1 Crops are listed in decreasing order of the median area within 500 m of the home for mothers during pregnancy.
2 Nex values were calculated by multiplying counts of animal types with animal-specific nitrogen excretion rates (Cattle: suckling = 57.1, heifers/calves

(meat) = 19.1, dairy = 127.3, heifers/calves (dairy) = 37.15; Pigs: fatteners = 11.34, sows = 26.6, piglets = 3.84; poultry: egg layers = 1.015, broilers: 0.375,
other poultry: 0.127).

3 Approximate total area of each buffer (ha): 250 m: 20 ha; 500 m: 78 ha; 1,000 m: 314 ha; and 2000 m: 1256 ha.
4 Mainly grass seed.
5 Total Nex includes cattle, pigs, poultry, and other less common animals (primarily mink) that are not presented separately.
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to crop area near homes compared to those with no crop area within the
specific buffer distance as the reference group. We categorized the area
of total crops and common crops (winter cereal, spring cereal, grass/
clover) into tertiles of the distribution among those with any crop area
within each buffer. For the less common crops (winter rapeseed, peas,
maize, sugar beets, seed crops), we evaluated risk for any area of the
crop versus no crops. We conducted sensitivity analyses excluding those
in the 90th percentile or higher of the summed less common crops
(≥5.7 ha; > 7% of the 500 m buffer, 938 participants). The reference
group for animal Nex analyses was those with no animals of any type
within the buffer. For cattle and pigs, we categorized the animal Nex
variables as above the median or at or below the median. Poultry and
other animals were not evaluated separately due to few exposed cases,
but were included in total animals. For the pesticide analyses, the re-
ference group was those with no crop area within the buffer and we
categorized AIs into tertiles; the lowest tertile includes those with zero
estimated use of the AI.

We used Cox proportional hazard models, weighting non-cases by
10 to represent the full DNBC study population, to estimate hazard
ratios (HRs) and 95% confidence intervals (CIs) for the associations of
crops, animals, and pesticide use near homes with childhood leukemia
and CNS tumors. We computed HRs for buffers with > 5 cases in the
reference group for crops (250–2000 m) and animals (250 m–1000 m).
Our primary models included crops and animals within 500 m of the
home, but we present results for all buffers (Supplemental Tables 2
through 5) adjusting crop models for total animals within 1000 m and
animal models for total crops within 500 m. We adjusted crop models
for animals within 1000 m, because we observed the largest change in
the risk estimates for crop area when this variable was included as a
covariate. Associations were strongest and generally similar for the
250 m and 500 m crop buffers; we chose to present the 500 m buffer
results in our primary table since they were somewhat more precise. We
used 500 m for the pesticide analyses to compare with our primary
analyses of crops. We conducted sensitivity analyses excluding children
with parents who had occupational exposure to pesticides or animals

(N = 695).
Crop, animal, and pesticide models were adjusted for maternal age

and child gender. Other potential covariates that we considered for
adjustment included gestational age, maternal smoking, paternal
smoking, paternal age, birth weight, maternal pre-pregnancy body mass
index (BMI), breast feeding up to 6 months, daycare attendance within
18 months, maternal and paternal occupational exposure to pesticides
and farm animals during pregnancy, and season of birth (fall, spring,
summer, and winter). For variables with missing data, which included
maternal smoking (2%), daycare attendance (28%), and breastfeeding
(26%), we imputed data using logistic regression including maternal
age, gestational age, and child’s sex as covariates in the models. None of
these variables changed the HRs by > 10%; therefore, they were not
included in our final models. All data analyses were performed in SAS
9.4 (SAS Institute Inc. Cary, NC).

3. Results

The percent of the study population with any crop area within
250–2000 m of their pregnancy residence(s) ranged from 50% to 85%
(Table 1). Table 1 shows the percentages of participants having any of
the eight major crop types within these distances and the median area
and interquartile range (IQR) among those with > 0 ha within each
buffer. Winter cereals and spring cereals, the major crop types, were
present within 500 m of about 50% of homes. The next most common
crops were grass/clover and winter rapeseed in 39% and 26% of the
500 m buffers, respectively. The percentages of mothers who had ani-
mals within 250–2000 m of their home during pregnancy were 22–96%
(Table 1). Forty-five percent of mothers had farm animals within 500 m
of their residence; the most common animal types were cattle (30%),
pigs (18%), and poultry (10%). Among those with the animal type
within their buffer, pigs had the highest density (500 m median Nex:
2330, IQR: 288–8879) whereas, poultry had the lowest density (500 m
median Nex: 7, IQR: 4–20).

A few characteristics of the study population differed by the amount

Table 2
Characteristics of children and parents in the Danish National Birth Cohort (DNBC), by crop area within 500 m of the home during pregnancy (N = 9362).1

Total Agricultural Crop Area (hectares)2 Total Study Population3

None Low (> 0–7) Moderate (7–24) High (24–66)

N (%) 3479 (37) 1962 (21) 1957 (21) 1964 (21) 9362
Years of Follow-Up, Mean (Range) 13.8 (0.4–15) 13.8 (0.01–15) 13.9 (0.02–15) 13.8 (0.3–15) 13.8 (0.01–15)
Child gender, female, n (%) 1704 (49) 951 (48) 959 (49) 974 (50) 4588 (49)
Birthweight (grams), Mean ± SD 3,571 ± 543 3,589 ± 564 3,591 ± 576 3,602 ± 600 3,585 ± 567
Gestational age (weeks), Mean ± SD 40.1 ± 1.7 40.0 ± 1.8 40.0 ± 1.8 40.0 ± 2.0 40.0 ± 1.8
Maternal age (years), Mean ± SD 30.5 ± 4.3 30.6 ± 4.4 30.4 ± 4.2 30.3 ± 4.2 30.5 ± 4.3
Maternal prenatal smoking, n (%) 887 (25) 506 (26) 521 (27) 511 (26) 2,425 (26)
Paternal smoking at home, prenatal, n (%) 2,230 (64) 1,312 (67) 1,278 (65) 1,327 (68) 6,147 (66)
Maternal pre-pregnancy BMI, Mean ± SD 22.9 ± 3.8 23.7 ± 4.5 23.9 ± 4.5 24.5 ± 4.9 23.6 ± 4.4
Paternal Age (years), Mean ± SD 32.7 ± 5.2 32.7 ± 5.2 32.8 ± 5.1 32.8 ± 5.2 32.7 ± 5.2
Breastfed up to 6 months, n (%)4 2,574 (74) 1,331 (68) 1,321 (67) 1,300 (66) 6,526 (69.7)
Maternal occupational pesticide exposure, n (%)5 31 (1.0) 29 (1.5) 32 (1.7) 87 (4.7) 179 (2.0)
Maternal occupational exposure to animals, n (%)5 11 (0.3) 9 (0.5) 11(0.6) 52 (2.7) 83 (0.9)
Paternal occupational pesticide exposure, n (%)5 102 (3.4) 89 (4.9) 98 (5.5) 286 (15.9) 575 (6.8)
Paternal occupational exposure to animals, n (%)5 14 (0.4) 15 (0.8) 18 (0.9) 194 (9.9) 241 (2.6)
Season of birth, n (%)
Fall (September-November) 878 (25) 443 (23) 443 (23) 570 (29) 2334 (25)
Spring (March-May) 902 (26) 567 (29) 556 (28) 438 (22) 2463 (27)
Summer (June-August) 905 (26) 549 (28) 527 (27) 437 (22) 2418 (26)
Winter (December-February) 794 (23) 403 (21) 431 (22) 519 (26) 2147 (23)

1 Missing data were imputed for maternal prenatal smoking (missing = 173), paternal smoking at home (prenatal)(missing = 792), maternal pre-pregnancy BMI
(missing = 669) and breastfeeding (missing = 2213). Percentages with missing data were similar across crop area categories.

2 Approximate area within 500 m buffer is 78 ha.
3 All childhood cancers and 10% random sample from the DNBC cohort, excluding children with Down Syndrome and non-singleton births.
4 Percentages were computed including the imputed values for missing data, which were 24% overall and 26%, 23%, 23%, and 22% in the none, low, medium,

and high total agricultural crop area groups.
5 Percentage among those in each crop group with non-missing occupational data.
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of crop area within 500 m of the home (Table 2). Offspring of women
with the highest crop area compared to those with no crop area had
higher mean birth weight (3602 vs. 3571 g), father’s smoking at home
(68% vs. 64%) and mother’s pre-pregnancy BMI (24.5 vs. 22.9), while
prevalence of breastfeeding up to 6 months was lower among mothers
with high crop area (66% vs. 74%). Comparing those with the highest
crop area to no crop area, occupational exposures to pesticides and
animals were higher in mothers (pesticides: 4.7% vs. 1.0%, animals:
2.7% vs. 0.3%) and fathers (pesticides: 15.9% vs. 3.4%, animals: 9.9%
vs. 0.4%) and more children were born in fall and winter (fall: 29% vs.
25%, winter 26% vs. 23%).

Results for the associations of crop area within all buffers adjusted
for numbers of animals at 1000 m are presented in Supplemental Tables
2 and 3 for childhood leukemia and CNS tumors, respectively. Hazard
ratios for childhood leukemia and the highest category of total crop
area, grass/clover, winter rapeseed, sugar beets, and maize were higher
at buffer distances of 250 m and 500 m compared with 1000 m and
2000 m although the confidence intervals were wide and overlapped.
For CNS tumors, there were no associations with crop area for any
buffer distance.

In Table 3, we present results for the 500 m crop buffers unadjusted
and adjusted for animals within 1000 m. In unadjusted models, we
observed increased risk of leukemia in offspring of mothers with the
highest crop area near their homes (high HR: 2.0, CI:1.02–3.8) with a
significant positive trend across categories; p-trend = 0.03) compared
with those with no crops within 500 m. Additionally, risk was increased
for each 10 acre increase in crop area (HRper 10 ha: 1.2, CI 0.99–1.3).
Adjusting for animals (total Nex) within 1000 m increased the HRs
(highest tertile HR: 2.6, CI: 1.02–6.8; HRper 10 ha: 1.3, CI 1.1–1.5). Risk
was elevated among those in the second and third tertile of winter and
spring cereals and was significantly increased among those with the
highest area of grass/clover (HR: 2.1, CI:1.1–4.0). After adjustment for
animals, risk estimates generally increased for these common crop
types. For the less common crops (any vs. no crops), we found sig-
nificantly increased risk of childhood leukemia associated with peas
(HR: 2.0, CI:1.03–4.0) and maize (HR: 2.3, CI:1.1–4.9) and a borderline
significant risk with sugar beets (HR: 1.9, CI: 0.96–3.9). Adjusting for
animals resulted in somewhat higher risk estimates. Winter rapeseed

and seed crops were not associated with leukemia. When we excluded
938 women with the highest area (≥90th percentile) of the less
common crops (sum of winter rapeseed, seed crops, sugar beets, peas,
maize), our findings for total crop area were not changed.

Although there were some elevated risks of childhood CNS tumors
associated with higher crop area in models unadjusted for animals, the
HRs were not significant, showed no monotonic trends, and adjustment
for animals attenuated the associations (Table 3). Likewise, there were
no associations between childhood CNS tumors and the less common
crops. Excluding children whose mothers or fathers had occupational
exposure to pesticides or animals resulted in only modest changes to
risk estimates for crops (not shown).

Risk of leukemia and CNS tumors associated with animals (total
Nex, cattle Nex, pigs Nex) at all buffer distances adjusted for total crop
area are in Supplemental Tables 4 and 5, respectively. Leukemia risk was
not associated with total animals or with cattle and pigs at any buffer
distance. Compared to mothers with no animals within their buffer, we
observed elevated risk of CNS tumors with > median cattle within
250 m and 500 m of homes (HR: 2.0, CI 0.9–4.7 and HR: 2.2, CI
1.02–4.9, respectively) but no association with total animals or pigs.
Results for leukemia and CNS tumors and animals within 500 m of the
home unadjusted and adjusted for total crops within 500 m are pre-
sented in Table 4. Adjustment for crops reduced risk estimates for
leukemia but did not change HRs for CNS tumors. Excluding those with
parental occupational exposure to pesticides did substantially change
risk estimates (not shown).

Most of the nine crop herbicides and one fungicide that we eval-
uated were used on multiple crop types and most crops were treated
with three or more pesticides (Supplemental Table 1). The exception was
phenmedipham that was used almost exclusively on sugar beets (98%
of area based on 2012–2013 pesticide reports). Glyphosate was the
other pesticide applied to sugar beets (10% of area). As a result of
overlapping use, multiple crop types in most buffers, and the limitations
of the pesticide sales data in 1996–2003, our estimates of pesticide
applications were moderately to highly correlated (Spearman Rho
range: 0.30–0.88). Results for tertiles of estimated use of individual
pesticide AIs within 500 m of homes and childhood leukemia and CNS
tumors compared to those with no crops are presented in Supplemental

Table 3
Hazard ratios (HR) and 95% confidence intervals (95% CI) for childhood leukemia and CNS tumors associated with crop area (total, by type) within 500 m of the
home during pregnancy, unadjusted and adjusted for total animal nitrogen excretion (Nex) 1 within 1000 m of the home.

Leukemia CNS tumors

Crop Type Range (hectares) N Cases Unadjusted for Total
Animals2

Adjusted for Total
Animals3

Cases Unadjusted for Total
Animals2

Adjusted for Total
Animals3

n HR (95% CI) HR (95% CI) n HR (95% CI) HR (95% CI)
No Crops No Crops 3479 17 Ref Ref 19 Ref Ref
Total Crops > 0– < 6.9 1962 11 1.2 (0.5–2.5) 1.3 (0.6–2.9) 12 1.2 (0.6–2.5) 1.1 (0.5–2.4)

6.9–23.9 1957 14 1.5 (0.7–3.0) 1.9 (0.8–4.4) 15 1.5 (0.7–3.0) 1.2 (0.5–2.8)
24–66 1964 19 2.0 (1.02–3.8) 2.6 (1.02–6.8) 13 1.3 (0.6–2.6) 1.0 (0.4–2.8)

Winter Cereals 0– < 1.5 1961 10 1.1 (0.5–2.3) 1.2 (0.5–2.7) 13 1.3 (0.6–2.6) 1.1 (0.5–2.5)
1.5– < 8.3 1961 20 2.1 (1.09–4.0) 2.4 (1.1–5.3) 17 1.7 (0.9–3.3) 1.3 (0.6–2.9)
8.3–566 1961 14 1.4 (0.7–3.0) 1.7 (0.7–4.3) 10 1.0 (0.5–2.1) 0.8 (0.3–2.0)

Spring Cereals 0– < 0.8 1961 14 1.5 (0.7–3.0) 1.6 (0.8–3.4) 15 1.5 (0.7–2.9) 1.3 (0.6–2.7)
0.8– < 5.0 1961 16 1.7 (0.8–3.3) 1.8 (0.8–4.1) 14 1.4 (0.7–2.8) 1.1 (0.4–2.6)
5.0–46 1961 14 1.5 (0.7–3.0) 1.5 (0.6–3.9) 11 1.1 (0.5–2.3) 0.8 (0.3–2.1)

Grass/clover 0 2214 8 0.7 (0.3–1.7) 0.9 (0.4–2.2) 14 1.2 (0.6–2.5) 1.1 (0.5–2.4)
> 0– < 1.1 1708 16 1.9 (0.96–3.8) 2.7 (1.2–6.2) 9 1.0 (0.5–2.3) 0.9 (0.4–2.2)
1.1–32 1961 20 2.1 (1.1–4.0) 3.1 (1.2–7.7) 17 1.7 (0.9–3.2) 1.5 (0.5–3.9)

Winter rapeseed > 0–15 2445 17 1.4 (0.7–2.8) 1.5 (0.6–3.6) 18 1.4 (0.7–2.7) 1.2 (0.5–2.8)
Seed crops > 0–24 1800 9 1.1 (0.5–2.6) 1.2 (0.5–3.1) 11 1.3 (0.6–2.8) 1.1 (0.4–2.7)
Sugar beets > 0–20 1600 15 1.9 (0.96–3.9) 2.2 (0.9–5.3) 8 1.0 (0.4–2.2) 0.7 (0.3–2.1)
Peas > 0–12 1698 17 2.0 (1.03–4.0) 2.4 (1.02–5.4) 15 1.7 (0.9–3.4) 1.5 (0.6–3.5)
Maize > 0–20 1130 13 2.3 (1.1–4.9) 2.8 (1.1–6.9) 4 0.7 (0.2–2.1) 0.5 (0.1–1.8)

1 Nex values were calculated by multiplying numbers of each animal type by animal-specific nitrogen excretion rates.
2 Adjusted for child gender and maternal age.
3 Adjusted for child gender, maternal age, and total animal Nex within 1000 m of the home.
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Table 6. We found elevated risk of childhood leukemia in offspring of
mothers with the highest tertiles of applications of the herbicides
fluroxypyr/bromoxynil/ioxynil, phenmedipham, and tribenuron-me-
thyl and the fungicide tebuconazole; adjustment for total animal Nex
within 1000 m increased the risk estimates slightly (HRs were > 2.0)
but none were statistically significant. Including all four pesticides in
the same model resulted in wide confidence intervals and modest at-
tenuation of the associations for leukemia and fluroxypyr/bromoxynil/
ioxynil (3rd tertile vs. no crops HR = 2.1, CI 0.4–12.1), tribenuron-
methyl (HR = 1.9, CI 0.5–7.1) and tebuconazole (HR = 1.8, CI
0.5–7.0), and substantial attenuation of the association for phenme-
dipham (HR = 1.2, CI 0.3–4.4). There were no associations with CNS
tumors and any pesticide.

4. Discussion

We found that increasing area of total crops (consisting of mostly
spring and winter cereals), and grass/clover within 500 m of the home
during the pregnancy was associated with increased risk of childhood
leukemia. Additionally, having sugar beets, peas, or maize within
500 m of the home was associated with increased leukemia risk, but
these crops were not common and did not account for the increased risk
with total crop area. Several of the commonly-used crop pesticides
(three herbicides and one fungicide) were associated with elevated
leukemia risk; however, our estimates of these pesticide applications
were moderately to highly correlated, and adjusting for multiple pes-
ticides resulted in attenuated associations especially for phenme-
dipham. The number of farm animals (adjusted by their nitrogen ex-
cretion) within 250–1000 m of homes was not associated with
childhood leukemia. We found no associations with crop area and
pesticide use for CNS tumors. While there was no association with total
animals and pigs for CNS tumors, we observed increased risk associated
with higher numbers of cattle within 500 m of the home. None of the
associations we observed were changed substantially by exclusion of
those with parental occupational exposure to pesticides and animals or
by adjustment for other childhood cancer risk factors.

There is evidence of higher exposure to pesticides among those
living in agricultural areas compared to those living in non-agricultural
areas (Lu et al., 2000). Concentrations of pesticides in carpet dust in the
home have been shown to increase with increased crop density (Ward
et al., 2006) and pesticide use (Gunier et al., 2011) within 750 m and
1250 m from the home, respectively, in two U.S. studies. Concentra-
tions of major crop pesticides in air and precipitation were positively
correlated with crop-based exposure estimates at distances of >
100–500 m and > 500–1000 m in the Netherlands (Brouwer et al.,
2018). Prenatal and postpartum urinary metabolites of pesticides have
been found to be higher in women living in agricultural areas compared
to the U.S. general population (Bradman et al., 2005, Castorina et al.,

2010).
Meta-analyses of studies on parental occupational exposure to pes-

ticides have found consistent positive associations with childhood leu-
kemia and CNS tumors (Bailey et al., 2014; Van Maele-Fabry et al.,
2010, 2013; Wigle et al., 2009) with prenatal exposure identified as an
important exposure window. Pesticide exposures can be transmitted
from mother to the child through the placenta during gestation, de-
monstrated by the presence of pesticide concentrations in the cord
blood and meconium (Ostrea Jr et al., 2009, Bailey et al., 2014), or
postpartum through breastfeeding (Chalupka and Chalupka, 2010).
Several plausible mechanisms may explain increased risk of cancers in
children whose parents are exposed to pesticides, including DNA da-
mage and immune dysregulation from in utero exposures (Wiemels,
2012).

While our study focused on prenatal exposures and used individual-
level metrics, the few other studies that have examined residential
proximity to agricultural crops as a risk factor for childhood cancer
have used varying time-periods of exposure and metrics. A case-control
study in Texas evaluated agricultural area near the residence at birth.
Total crop area within 1000 m of the birth residence was not associated
with childhood leukemia or CNS tumors (Carozza et al., 2009), while
mothers who reported living near farms or companies that applied
pesticides during their pregnancy had an increased risk of ALL in their
offspring in a Costa Rican study (Hyland et al., 2018). Other case-
control studies evaluated agriculture near the residence at cancer di-
agnosis. In a study in Northern Italy (Malagoli et al., 2016), a specific
group of crops (included wheat, corn, and barley) within 100 m of the
residence at diagnosis was associated with elevated risks of leukemia,
but no association was found with total agricultural area. Increasing
crop density within one km was associated with increased risk of leu-
kemia and CNS tumors in a study in Madrid and Northern Spain
(Gómez-Barroso et al., 2016). Ecological analyses of county-level crop
density in the United States have found inconsistent associations with
childhood leukemia and CNS tumors (Booth et al., 2015) (Carozza
et al., 2008).

Herbicides were the most common pesticide applied to agricultural
crops in Denmark during the study period. We found elevated risk of
childhood leukemia associated with higher use of two herbicides in-
cluding tribenuron methyl, which was applied to the majority of hec-
tares of spring cereal and had more limited use on winter cereals and
seed crops, and combined use estimates for bromoxynil/ioxynil/flur-
oxypr, which were used on winter and spring cereals and maize.
Tribenuron methyl and bromoxynil are classified as a Group C possible
human carcinogens (not mutagenic) by the U.S. Environmental
Protection Agency (EPA, 2006). We also observed an association with
the fungicide tebuconazole, the major pesticide used on winter rape-
seed that also had substantial use (> 40% of acres treated) on spring
cereals and seed crops and is also considered a Group C possible human

Table 4
Hazard ratios (HR) and 95% confidence intervals (95% CI) for childhood leukemia and CNS tumors associated with animal nitrogen excretion (Nex)1 from cattle,
pigs, and all animals within 500 m of home during pregnancy, unadjusted and adjusted for total crops within 500 m of the home.

Leukemia CNS Tumors

Cases Unadjusted for crops Adjusted for crops Cases Unadjusted for crops Adjusted for crops

Animal Type Nex2 N n HR (95% CI)3 HR (95% CI)3 n HR(95% CI)3 HR (95% CI)3

No animals 0 5133 29 Ref Ref 27 Ref Ref
Total animals 0.02–686 2115 13 1.1 (0.6–2.2) 1.0 (0.5–2.0) 17 1.6 (0.9–3.0) 1.6 (0.8–2.9)

687–131,913 2114 19 1.6 (0.9–2.8) 1.1 (0.5–2.6) 15 1.4 (0.7–2.7) 1.4 (0.6–3.1)
Cattle 0.2–558 1426 13 1.6 (0.8–3.2) 1.2 (0.6–2.8) 6 0.8 (0.3–2.1) 0.8 (0.3–2.1)

559–75,728 1427 11 1.4 (0.7–2.7) 0.9 (0.3–2.4) 15 2.1 (1.1–4.0) 2.2 (1.02–4.9)
Pigs 0.2–2326 859 5 1.0 (0.4–2.7) 0.8 (0.3–2.2) 8 1.9 (0.8–4.1) 1.6 (0.8–3.6)

2327–83,114 862 8 1.6 (0.7–3.6) 1.0 (0.4–2.8) 2 0.5 (0.1–2.0) 0.4 (0.1–1.7)

1 Nex values were calculated by multiplying numbers of each animal type by animal-specific nitrogen excretion rates.
2 Categories of animal Nex were at or below the median and above the median among those with > 0 animals.
3 All models adjust for child gender and maternal age.
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carcinogen by EPA. To our knowledge, no prior epidemiologic studies
have examined the association with childhood cancer and these specific
pesticide active ingredients.

Overall, there have been few epidemiologic studies of childhood
cancer that have evaluated specific pesticide active ingredients due to
the fact that prior studies primarily relied on self-reported data about
home/garden and occupational pesticide use. Since the inception of the
California pesticide use reporting database (PUR), which requires re-
porting of all pesticide applications by crop type (spatial scale ~1
square mile), several studies have examined proximity to pesticide
applications and childhood leukemia and CNS tumors with inconsistent
results (Reynolds et al., 2005, Reynolds et al., 2002, Rull et al., 2009). A
case-control study examined the association between childhood ALL
and 118 agricultural pesticides estimated to have been applied within a
half-mile of the home during the first year of the child’s life and over
the course of the child’s lifetime (Rull et al., 2009). Forty-two of the
pesticides evaluated were herbicides including several that had high
use on Danish crops (glyphosate, bromoxynil, pendimethalin, and
propyzamide). The authors observed positive associations between ALL
and moderate lifetime exposure to insecticides and fumigants, but not
herbicides as a group; however, moderate use of chlorinated phenols
(included herbicides 2,4-D, MCPA, MCPP, dichlofop-methyl) near the
home during the first year of life was associated with increased ALL
risk. An ecologic study that evaluated pesticide applications in census
block groups at diagnosis (Reynolds et al., 2002) and a case-control
study that evaluated pesticide use within one-half mile of the birth
residence (Reynolds et al., 2005) in California, found increased risk of
leukemia among those with the highest applications of propargite (in-
secticide), and metam sodium (mixed-use) and dicofol (insecticide)
near their homes. A case-control study evaluated pesticide concentra-
tions in house dust as a surrogate of residential exposure and found
increased risk of ALL associated with higher concentrations of the
herbicide chlorthal, but not with nine other herbicides (Metayer et al.,
2013), none of which were used extensively in Denmark during our
study period.

Proximity to livestock operations can result in exposure to parti-
culate matter containing antibiotics, bacteria, and antibiotic resistant
genes as was demonstrated for cattle feeding operations (McEachran
et al., 2015). Hypothesized mechanisms for animal exposures and
childhood cancer include exposures to viruses and immune response
linked to allergies (Harding et al., 2008, Linabery et al., 2010, Mannetje
et al., 2012); however, the epidemiologic literature is limited. Several
studies have found associations between parental occupational ex-
posure to animals and increased risk of childhood CNS tumors (Keegan
et al., 2013, Kristensen et al., 1996, Efird et al., 2003, Hall et al., 2020).
A recent Danish registry-based nested case-control study found elevated
risk of CNS tumors with paternal exposure to livestock or animal dust
(Hall et al., 2020). Evidence of an association with leukemia has been
inconsistent, with a study of pooled birth cohorts that included the
DNBC finding a positive association between paternal occupational
animal exposure and acute myeloid leukemia (AML) but not ALL (Patel
et al., 2019), and two studies finding no associations between paternal
exposure and childhood leukemia (McKinney et al., 2003, Keegan et al.,
2012). The Danish case-control study found no association for maternal
or paternal animal exposures and ALL and AML (Hall et al., 2020). To
our knowledge, only one prior epidemiologic study evaluated livestock
density and childhood cancer risk. A U.S. ecologic study found no as-
sociation between CNS tumor incidence and density of cattle or other
types of animals; however, incidence of ALL increased with increasing
density of hog facilities (Booth et al., 2017).

While previous studies have assessed pesticide exposure primarily
based on parental occupational history or household use, our focus was
on indirect exposure to agricultural pesticides via primary or secondary
drift, which includes pesticide AIs that are not found in home/garden
pesticides and which may have different exposure levels. Only a small
proportion of the mothers and fathers in the cohort had occupational

exposure to pesticides and animals. Excluding children with parental
occupational exposures did not change our results substantially nor
were parental occupational exposures to pesticides or animals con-
founders in our analyses. Although the area of crops near residences
may be a surrogate of agricultural pesticide exposure, other agricultural
exposures (e.g., microbes, allergens, dust) may be correlated with crop
area. We were able to account for the density of animals near homes
and adjustment for animals tended to increase associations between
crop area and leukemia. Other exposure assessment methods such as
biomarkers of exposure measured in urine, blood, or hair, or use of
carpet dust to measure pesticides and allergen levels in homes will be
important for interpreting the associations we observed.

Our findings should be taken in the context of several study lim-
itations. First, we lacked information on home and garden pesticide use.
Several of the pesticides we evaluated, including glyphosate and pen-
dimethalin, have substantial residential applications. We also did not
evaluate wind direction and other factors affecting primary and sec-
ondary pesticide drift, which could be used to refine the buffer shape
(e.g. elliptical versus circular). Further, the most relevant buffer dis-
tances for exposure may vary by crop pesticide or animal type.
Importantly, we did not know the exact location of the pesticide ap-
plications to crop fields; therefore, we applied our adjusted crop-spe-
cific pesticide application rates to the entire crop area in a buffer and
only evaluated pesticides that were applied to a substantial area of one
or more crops. This resulted in high correlations between most AIs and
likely overestimated the crop area treated with specific pesticides. We
also based our exposure assessment on the residence during pregnancy
and women may have spent a variable amount of time at home.
Further, exposures during early childhood may be important and we
did not characterize these. Finally, we evaluated multiple associations
for each cancer site and our results were based on small numbers of
exposed cases.

Despite these limitations, our study had several strengths. This study
goes beyond prior studies by being the first to prospectively examine
the association between the area of crops and number of animals near
homes and risk of childhood leukemia and CNS tumors. In comparison
to previous studies that evaluated the proximity or density of agri-
culture, our metrics quantified crops for all residences during preg-
nancy and only for months where agricultural activity and pesticide use
was likely to occur. Further, we evaluated our metrics at multiple dis-
tances from the home for both crop area and animal density.

5. Conclusions

Our findings suggest that living in areas of Denmark with a high
density of agricultural crops during pregnancy was associated with
increased risk of childhood leukemia in the offspring although the
reasons for this association are not clear. A few of the nine herbicides
and one fungicide that were used on a high proportion of crop fields
showed similar patterns of elevated leukemia risk, but the correlated
use and other limitations of the pesticide use metrics prohibit conclu-
sions about specific pesticides. We found no association with the
number of animals near the home for leukemia but found an increased
risk of CNS tumors associated with higher numbers of cattle within
500 m. Future research with larger study populations are needed to
further clarify childhood cancer risks among populations living in
agricultural areas. More accurate estimates of pesticide use such as the
detailed pesticide reports beginning in the 2010/2011 growing season
in Denmark (Jorgensen et al., 2019) are also needed to better under-
stand the association between agricultural exposures near the home and
childhood cancers, and to identify specific pesticides or other agents
that may be associated with childhood cancer risk.
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