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ABSTRACT

Objectives: We explored the short-term impact of pesticide exposure on asthma exacerbation
among children with asthma in an agricultural community.

Methods: We obtained repeated urine samples from a subset of 16 school-age children with
asthma (n = 139 samples) as part of the Aggravating Factors of Asthma in a Rural Environment
(AFARE) study cohort. Biomarkers of organophosphate (OP) pesticide exposure (dialkylphosphates
(DAPs)), and asthma exacerbation (leukotriene E4 (ULTE4)) were assessed in urine samples. We
used generalized estimating equations to examine the association of summed measures of
creatinine-adjusted DAPs (total dimethyl alkylphosphate (EDM), total diethyl alkylphosphate
(EDE), and total dialkylphosphate pesticides (EDAP)) and uLTE4 concentration, adjusting for multi-
ple confounders, yielding beta-coefficients with 95% Cls.

Results: A total of 139 observations were obtained from the 16 children over the study period, the
total number of samples per subject ranged from 1 to 12 (median: 10.5). The geometric mean
(GM) of creatinine-adjusted EDE, EDM, and EDAP in this population were 81.0, 71.8 and 168.0
nmol/g, respectively. Increase in uLTE4 levels was consistently associated with increased expo-
sures to DAPs (interquartile range in ug/g): Bepe: 8.7 (95%Cl: 2.8, 14.6); Beom: 1.1 (0.5, 1.7); Bepar:
4.1 (0.7, 7.5).

Conclusion: This study suggests that short-term OP exposure is associated with a higher risk of
asthma morbidity, as indicated by increased uLTE4 levels in this cohort of children with asthma in
an agricultural community. Additional studies are required to confirm these adverse effects, and
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explore the mechanisms underlying this relationship.

Introduction

Pediatric asthma affects an estimated 8.3% of chil-
dren in the United States and is often complicated
by acute exacerbation episodes.' These exacerba-
tions account for over 700,000 childhood emer-
gency department (ED) visits annually, with
almost 5% of children with asthma requiring
hospitalization."

Environmental pollutants are established risk
factors for asthma exacerbation;™* the effects of
these exposures have been extensively studied, par-
ticularly in wurban and inner-city asthma
populations.” Though asthma prevalence in rural
communities in the United States is comparable to
urban communities,® the effects of these exposures
on exacerbation among children living in rural

and agricultural areas have received less attention
because of apparent poorer air quality in urban
areas.* However, pollutant sources in rural/agri-
cultural communities tend to differ from sources
in inner-city/urban communities;"” agricultural
communities may have fewer urban pollution
sources (e.g., motor vehicle traffic and industrial
emissions), but have substantially more local
sources like pollen and similar aeroallergens, emis-
sions from industrial-scale agricultural operations
including windblown dust, animal agricultural
emissions, and pesticide drift from large crop-
growing operations.”

Organophosphate pesticides (OPs) are widely
used in crop production, and exposure levels
among children in agricultural communities
exceed their non-agricultural counterparts.” OP
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exposure levels may reflect off-target drift, parent
take-home exposure, and exposure through con-
sumption of local food crops.'® OPs, particularly at
high acute doses, result in acetylcholinesterase
(AChE) dysfunction11 and can affect respiratory
function with resulting airway hyperreactivity
and inflammation.'"'? Low level, chronic expo-
sures may also affect respiratory conditions.'>'*

Several studies have explored the relationship
between exposure to OPs and adverse respiratory
health outcomes including asthma;">™"7 the few
studies investigating these relationships among
children have been based on self-reported expo-
sure metrics'®"® and early-life exposures.””*'
However, characterization of short-term exposures
among children with asthma and potential exacer-
bation has been lacking.

We describe results of a longitudinal study of
children with asthma who reside in an agricultural
region of Washington State characterized by
extensive organophosphate insecticide use. This
well-defined cohort of children provides a unique
opportunity to characterize longitudinal variation
in exposure to OPs using well-established metabo-
lite biomarkers alongside an emerging biomarker
of asthma exacerbation, urinary leukotriene
(uLTE4). Noninvasive measurement of uLTE4
has been validated as a marker of systemic cystei-
nyl leukotriene activity, and an indirect marker of
lung cysteinyl leukotriene activity (a lipid mediator
known to play a central pathophysiological role in
asthma).”»** The primary objective of our investi-
gation was to describe the association between
short-term variations in OP exposure and this
measure of asthma exacerbation among children
with asthma.

Methods
Study population

The Aggravating Factors of Asthma in a Rural
Environment (AFARE) project was conducted in
the Yakima Valley, an agricultural region of
Washington State characterized by a high density
of fruit crops, vegetables, and large dairy opera-
tions. Pesticides commonly used in the region
include OPs such as phosmet, diazinon,
malathion, and chlorpyrifos.”**’
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Details about recruitment and baseline health
evaluations for AFARE have been reported
previously.”® Briefly, the study involved collection
of longitudinal data to explore and identify envir-
onmental factors that exacerbate pediatric asthma
in rural settings. The children were of school age
(between the ages of 6 and 16 years) at baseline
and had no serious illnesses other than asthma.
For this analysis, we used the repeated measures
made on a subset of children for which urine
specimens were collected in the AFARE cohort
(n = 16), at 6-day intervals over a 4-month period
(July 2012 to October 2012). These participants
were chosen based on residential proximity to
home-based air monitors used in the main study,
as urine samples were collected during trips to
attend to monitors.

Outcome assessment

Urinary leukotriene E4 monitoring

Urinary leukotriene E4 (uLTE4) was used to assess
acute inflammation among children with asthma.
Urinary LTE4 level was measured from a spot
urine sample, scheduled to be collected from
each child every 6 days during the study period.
After collection, samples were stored at —20°C.
Quantitative analysis of uLTE4 was performed in
the University of Washington Department of
Environmental and Occupational Health Studies
Functional Genomics Laboratory using the
Cayman Human Leukotriene E4 EIA Kit
(Cayman, Ann Arbor, MI) according to the man-
ufacturer’s instructions. Urinary creatinine con-
centration was measured for each sample to
account for urine dilution. Creatinine analysis
was conducted by the Department of Laboratory
Medicine at the University of Washington.
Creatinine-adjusted concentrations were used for
final model analyses.

Assessment of pesticide exposure

Organophosphate pesticide monitoring

Dialkylphosphates in urine result from the degra-
dation of organophosphate pesticides and primar-
ily reflect a recent exposure; OP pesticides are
quickly metabolized and excreted, with average
half-lives of about 48 h.”” Spot urine samples
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were analyzed for organophosphates at the same
time uLTE4 was assessed. Six urinary DAP meta-
bolites were measured in participants’ urine;
dimethylphosphate = (DMP), dimethylthiopho-
sphate (DMTP), dimethyldithiophosphate
(DMDTP), diethylphosphate (DEP), diethylthio-
phosphate (DETP), and diethyldithiophosphate
(DEDTP). Metabolite reporting limits were based
on the limit of detection (LOD) for each DAP
compound, and masses below the limit of detec-
tion were approximated as LOD/N2. Urinary crea-
tinine concentration was measured to account for
urine dilution.

To provide an indicator of total exposure to
OPs, we used summative measures of DAPs for
evaluation of associations with the outcome, rather
than measures of individual analytes.”® Summed
measures account for circumstances where indivi-
dual OP pesticides devolve to more than one DAP
metabolite.” Summed DAP concentrations (total
dimethyl alkylphosphate (EDM), total diethyl
alkylphosphate (EDE), and total dialkylphosphate
pesticides (EDAP)) were estimated by summing
up molar concentrations (DAP concentration
divided by their molecular weights) of metabolites.
Creatinine-adjusted concentrations of EDM, EDE,
and EDAP were used for final model analyses.

Covariates

Covariates in our models included potential con-
founders that were selected a priori based on exist-
ing evidence of relationships between the covariate
and both respiratory health and ambient exposure
to pesticides. Informed by previous studies, sub-
ject-specific characteristics potentially associated
with asthma and asthma exacerbation were also
considered: sex, age, body mass index-for-age,
atopy (skin prick test positive to at least one com-
mon aeroallergen), use of inhaled corticosteroids
at baseline, a measure of pulmonary inflammation
collected at baseline (exhaled nitric oxide (eNO)
levels), and the number of individuals in
household.

Meteorological conditions have been shown to
effect asthma morbidity®® and influence the potential
for exposure to pesticides through various routes
including an influence on exposure dose due to
behavioral changes or the physiochemical properties
of pesticides.” > To capture meteorological

conditions for the week prior to uLTE4 measure-
ments, we used data downloaded from the county
weather package in R, which provides data from the
national Oceanic and Atmospheric Administration’s
Global Historical Climatology Network on 24-h
average, maximum, and dew-point temperature,
precipitation, and wind speed. We explored both
forward addition and backward elimination of the
covariates to fit the base models, and covariates were
included in final models if they substantively influ-
enced effect estimates (>10% change in beta
coefficients).

Statistical analysis

Descriptive statistics were examined, including
proportions and means of sociodemographic char-
acteristics of children in this AFARE sub-cohort,
exposure to OP pesticides, and uLTE4 levels. To
understand the potential exposure differential to
pesticides in an agricultural population, we con-
ducted a comparison of adjusted geometric mean
levels of DAPs between children in the AFARE
cohort and children of similar age participating
in the National Health and Nutrition
Examination Survey (NHANES) 2007/2008 survey
cycle (a national population-based comparison
group),”* using the Wilcoxon rank-sum test. The
2007/2008 NHANES sample included 476 children
between the age of 9 and 17 years; no sample
weights were added to the NHANES data.

We evaluated associations of uLTE4 with OP
metabolite concentrations using generalized esti-
mating equations (GEEs) with an exchangeable
correlation matrix. The use of GEE accounts for
the correlation and lack of independence of obser-
vations observed in this panel study by using
quasi-likelihood methods and fairly robust var-
iance estimators.”> Although GEE calculation of
standard errors are fairly robust to the choice of
correlation matrix, we explored associations using
both the exchangeable (assuming all of the corre-
lations are equal) and autoregressive (decreasing
correlation for farther time periods) working cor-
relation structures.

We fit three separate regression models for the
effect of summed measures of dimethyl alkylpho-
sphate (EDM), diethyl alkylphosphate (EDE), and
all dialkylphosphate pesticides (EDAP) on uLTE4,



adjusted for the set of selected confounders. In all
models, the mean outcome was modeled as the
linear response to the primary exposure of interest.
We presented the results in models as effect sizes
per interquartile range increases in exposure for
comparability among the summed pesticide mea-
sures. Analyses were performed using SAS version
9.4 (SAS Institute, Inc., Cary, North Carolina) for
GEE analysis, and R version 3.3.0 (R Foundation
for Statistical Computing, Vienna, Austria) for
exploratory and descriptive analyses.

Results
Study population

Baseline demographic and general health characteris-
tics are presented in Table 1. Sixteen children were
included in our analysis. The average age at baseline
was 12 years (SD: 3), 56.3% were male, and nearly all
(93.8%) self-identified as Hispanic/Latino. Most of the
children resided in-town (81.3%); 56.3% were from
low-income families; and about 87.5% relied on pub-
lic health insurance/aid. Approximately 69% of the
children were taking corticosteroid medication at the
time of enrollment, and 12 children (75.0%) were
identified to be skin prick positive to at least one
aeroallergen. Based on a clinical examination

Table 1. AFARE sub-cohort characteristics (N = 16).

Variable Level n (%)
Sex Male 9 (56.3)
Birth country United States 11 (68.8)
Other 5(31.3)
Ethnicity Hispanic/ 15 (93.8)
Latino
Income < $15k/year 9 (56.3)
Residence In Town/Urban 13 (81.3)
Rural 3(18.8)
Total number of household <5 5(31.3)
members >5 11 (68.8)
Insurance Public 14 (87.5)
Insurance or
Aid
Private 2 (12.5)
Insurance/Self
Skin prick test positive (atopy) Yes 12 (75.0)
Inhaled corticosteroid use Yes 11 (68.8)
Body mass index for age (85th Above 9 (56.3)
percentile)
Age (years) Median (IQR) 11.0 (4.0)
Baseline fractional exhaled nitric Median (IQR) 12.0 (12.0)
oxide level (ppb)
Creatinine adjusted Leukotriene E4  Median (IQR) 84.8 (73.3)

level (pg/g creatinine)
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performed at baseline, more than half of the subjects
(56.3%) were classified as overweight, defined as body
mass index-for-age above the 85th percentile. We
compared the subset of participants selected for our
study with the main AFARE cohort (n = 58), and
found no significant differences in attributes likely to
modify the exposure-outcome association (see
Supplemental Table).

Compliance with collection of urine samples var-
ied: the total number of samples per subject ranged
from 1 to 12 (median: 10.5). A total of 139 observa-
tions were obtained from the 16 children over the
study period. One observation was excluded because
of incomplete data, resulting in 138 observations for
analyses. The median level of creatinine-adjusted
uLTE4 among participants was 84.8 ug/g creatinine
(geometric mean: 84.8 ug/g) over the study period.

Pesticide exposure levels

OP metabolite concentrations are summarized in
Table 2. Percentage above the limit of metabolite
detection ranged between <0.7% and 64.0%;
DMTP and DMP were the most prevalent DAP
metabolites (detected in approximately 64.0% and
35.3% of participants, respectively), whereas
DEDTP was the least prevalent metabolite
(detected in <0.7% of participants). The geometric
mean (GM) of creatinine-adjusted EDE, EDM,
and EDAP were 81.0, 71.8 and 168.0 nmol/g,
respectively, and the two summed measures of
DAP (EDE and EDM) were moderately correlated
(p=0.5p=0.1).

Comparison with NHANES data

Figure 1 presents creatinine-adjusted geometric
means and surrounding 95% confidence intervals
for the total diethyl and dimethyl phosphate molar
concentrations for children from our AFARE study
and the NHANES study population. The distribution
of summed DAP metabolite levels for children in the
AFARE study were significantly higher than
NHANES levels, with the Wilcoxon rank-sum test
with continuity correction for comparing geometric
means for all three measures resulted in p-values less
than 0.05. The geometric mean of summed concen-
tration of DAPs in the AFARE cohort were over 1.5
times that of the NHANES population (EDE: 81.0 vs.
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Table 2. Concentrations of organophosphate pesticide urinary metabolites in study population.

Pesticide Metabolite

Unadjusted Creatinine adjusted
(nmol/L) (nmol/g creatinine)

(ng/mL) LOD Percent > LOD Mean GM Median IQR Max Mean GM Median IQR Max

DEP 1.0 28.8 6.1 49 35 2.5 31.0 5.4 39 35 43 57.7
DETP 1.0 28.8 1.6 1.0 0.7 0.3 28.0 1.5 0.8 0.7 0.8 20.5
DEDTP 1.0 0.7 0.7 0.7 0.7 0.0 1.0 0.7 0.6 0.5 0.4 1.5
DMP 5.0 353 10.2 5.9 35 45 177.0 9.5 47 3.7 53 273.8
DMTP 5.0 64.0 11.1 44 4.0 53 384.0 109 35 2.6 4.1 594.0
DMDTP 2.5 18.7 24 1.0 0.7 0.0 65.0 2.2 0.8 0.6 0.7 432
EDE - - - - - - - 125.4 81.0 71.2 79.9 13249
EDM - - - - - - - 166.2 71.8 58.3 77.5  6591.1
EDAP - - - - - - - 291.6 168.0 1429 1973  6696.8

2001

-

w

o
!

100 1

Creatinine-adjusted concetration (nmol/g)

501

1

Study
® AFARE
B NHANES

EDM

EDE

EDAP

Metabolite (geometric mean)

Figure 1. Comparison of creatinine-adjusted summed DAP metabolite distributions from AFARE children with distributions observed
in children in NHANES. Abbreviations: EDE, diethyl alkylphosphate; EDM, dimethylalkylphosphate; EDAP, total dialkylphosphate;
AFARE, Aggravating Factors of Asthma in a Rural Environment study; NHANES, National Health and Nutrition Examination Survey.

53.1 nmol/g, EDM: 71.8 vs. 40.1 nmol/g, and EDAP:

168.0 vs. 110.6 nmol/g; all p < 0.05).

Relationships between DAP concentrations and

uLTE4
Regression analyses

demonstrated that

IQR

increases in the creatinine-corrected urinary

concentration of summed DAPs (EDE: 79.9
nmol/g; EDM: 77.5 nmol/g; and EDAP: 197.3
nmol/g) were associated with increases in urin-
ary LTE concentrations (Pgpg: 9.3 (95%CI: 1.7,
16.9); Brom: 0.9 (0.3, 1.6); Prpap: 3.9 (<0.1, 7.9)
all in pg/g creatinine, Table 3). These observed
associations persisted after adjusting models for



Table 3. Observed increase in creatinine-adjusted uLTE4 levels
per IQR increase in pesticide exposure.

Urinary leukotriene €4 concentration
(ng/g creatinine)

Exposure unadjusted B (95% Cl) adjusted B (95% Cl)
EDE 9.3 (1.7, 16.9) 8.7 (2.8, 14.6)
EDM 0.9 (03, 1.6) 1.1 (0.5, 1.7)
EDAP 3.9 (-0.1,7.9) (1) (0.7, 7.5)

age, use of inhaled corticosteroids, allergy, max-
imum temperature and wind speed (Pgpg: 8.7
(95%CI: 2.8, 14.6); Pepm: 1.1 (0.5, 1.7); Bepap:
4.1 (0.7, 7.5) all in pg/g creatinine).

Discussion

Pesticides may be overlooked contributors to the
risk of asthma and asthma exacerbation, especially
among children. Our study provides novel evi-
dence on the role of organophosphate pesticides
as acute environmental triggers for worsening
asthma morbidity among children with asthma.
Our results suggest that uLTE4 was associated
with short-term exposure to OPs. The increases in
uLTE4 levels were observed across summed mea-
sures of methyl DAPs and ethyl DAPs (EDE and
EDM, respectively), as well as total DAPs (EDAP).
These findings extend the results of previous studies
that suggest the use of pesticides in homes or early
life exposure may be associated with increased risk of
asthma or wheezing."”~*"*® More specifically, due to
its repeated measure design and biomarker-based
exposure assessment and outcome, our study pro-
vides unique insight into the adverse association
between acute exposure to OPs in an agricultural
community and pediatric asthma morbidity.
Cysteinyl leukotrienes are well known to play
a major role in airway inflammation and asthma
exacerbation.”>””*® Urinary LTE4 serves as a stable
indicator of cysteinyl leukotrienes pathway activity
associated with asthma®*® and has been recom-
mended as a valid biomarker to predict the risk of
asthma exacerbation especially in acute settings.”>*>*
In recent years researchers have used uLTE4 as
a biomarker of adverse respiratory effect in environ-
mental epidemiology. For example, Rabinovitch and
colleagues conducted a longitudinal cohort study of
asthmatic school children in Denver and found that
the morning maximum ambient particulate matter
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concentrations were significantly associated with
ULTE4.% In a subsequent study, they also found that
uLTE4 predicted severe asthma exacerbations among
children exposed to tobacco smoke.” Although the
severity of asthma exacerbations are traditionally cate-
gorized using patient symptoms/signs and lung func-
tion tests,' several studies have shown positive
correlations between inflammatory markers, such as
uLTE4, and measures of asthma morbidity (using
traditional measurements as a proxy).”>>>*

Despite positive methyl DAP- and ethyl DAP-
associations with uLTE4 observed among chil-
dren, the effect estimate for EDE association was
stronger than that of EDM. The reasons for this
difference are unclear, but this result might sug-
gest that the OP-related adverse respiratory
effects identified in this community could stem
largely from the OPs that devolve to DE meta-
bolites (e.g., chlorpyrifos, diazinon).*’

Our results also indicated that the geometric mean
concentrations of the DAP metabolites observed in
the AFARE cohort were higher than those observed
in children of similar age in a representative US
population (NHANES). The elevated levels of
DAPs in our study, compared to US children, high-
light the additional exposure burden (most likely
ambient and proximity-based) encountered in popu-
lations with significant agricultural activity.”'

Several mechanisms underlying OP-associated
asthma morbidity have been suggested. OPs pri-
marily inhibit various forms of cholinesterase, lead-
ing to excessive cholinergic activity in neuronal
junctions of the parasympathetic nervous system
responsible for modulating airway control.'"'***
In addition, evidence from animal models and
human epidemiology and toxicology studies suggest
that other non-cholinergic mechanisms may be
responsible for respiratory morbidity. While acute
OP intoxication may induce a significant systemic
inflammatory response with consequent pulmonary
inflammation,” low-level chronic exposures may
result in disruption of muscarinic receptors activity
in the airways, production of reactive oxygen spe-
cies, and subsequent activation of a series of stress-
responsive signaling pathways, or interaction with
irritant receptors in the bronchial mucosa causing
release of inflammatory mediators.***> However,
future studies at the molecular level are needed to
clarify the role of OPs in asthma morbidity.
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Our study has a number of important limitations,
most notably the use of DAPs as biomarkers of OP
exposure. Although DAP metabolites in urine are
considered an objective measure of OP exposures,
pesticide-specific information cannot be derived
from the quantitative measurement of these metabo-
lites; consequently, we were unable to provide infor-
mation on the specific OPs to which participants were
exposed. Moreover, we were unable to provide infor-
mation on the origin of the DAPs (environmentally
preformed DAPs vs. metabolite DAPs resulting from
exposure to the parent compounds). However, DAPs
have been employed as a measure of OP exposure in
numerous epidemiological studies and represent
a non-invasive validated marker of broad exposure
to OPs 21282

We are limited by a lack of more traditional clini-
cally defined measures of asthma exacerbation like
symptom reports, use of albuterol, and spirometry.
Although we used uLTE4 as an inflammatory biomar-
ker as with previous studies, we were unable to directly
translate this marker to the clinical level/severity of
asthma exacerbation. However, a few studies have
provided some context for correlation between acute
exacerbation events and uLTE4. For example,
Rabinovitch et al. showed clinically significant
decreases in pulmonary function (percent predicted
forced expiratory volume in 1 s, FEV; by 4.7%) per
IQR increase in uLTE4 among children with
asthma.*

An additional study limitation is with regards to
the collection of urine samples. First morning void
samples have been suggested as a more stable or
representative measurement of exposures in urine.*
We believe that the longitudinal nature of our study,
as well as using creatinine-adjusted values, minimizes
issues of measurement variability in our population,
providing more representative exposure information.

Finally, our study was conducted within an
agricultural community, and as such levels of OP
exposure are bound to be higher than in the gen-
eral population. This limits our ability to general-
ize our results to these populations.

Conclusions

This study highlights the importance of under-
standing the role of OP exposure as a potential
pediatric asthma exacerbator. Increased exposure

to OP pesticides was associated with a marker of
asthma exacerbation through inflammation in this
cohort of children with asthma in an agricultural
community in the United States.

Although there is a growing body of epidemiologi-
cal and toxicological research exploring the associa-
tions between OP exposure and respiratory
symptoms and conditions, there is limited evidence
of effects of OPs in children with asthma. Future
studies on OP-associated respiratory morbidity in
children with asthma should consider including clini-
cally defined measures of asthma exacerbation such as
spirometry, medication use, and symptom days.
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