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A R T I C L E I N F O

Handling Editor: Adrian Covaci

A B S T R A C T

Background: Residents living close to agricultural lands might be exposed to pesticides through non-occupa-
tional pathways including spray drift and volatilization of pesticides beyond the treated area.
Objective: This review aimed to identify and analyze scientific literature measuring pesticide exposure in non-
farmworker residents living close to agricultural lands, and to suggest practical implications and needs for future
studies.
Methods: A review was performed using inclusion criteria to identify original articles of interest published be-
tween 2003 and 2018.
Results: From the 29 articles selected in this review, 2 belonged to the same study and were grouped, resulting in
a total of 27 studies. Seven studies assessed exposure to pesticides using environmental samples, 13 collected
biological samples and 7 analyzed both. Nine studies included a reference group of residents living far from
agricultural lands while 11 assessed the influence of the spraying season or spray events on pesticide exposures.
Studies included in this review provide evidence that residents living near to agricultural lands are exposed to
higher levels of pesticides than residents living further away.
Discussion and conclusion: This review highlights that the following study design characteristics may be more
appropriate than others to measure pesticide spray drift exposure in non-farmworker residents living close to
agricultural lands: inclusion of a non-agricultural control group, collection of both biological and environmental
samples with repeated sampling, measurements at different periods of the year, selection of numerous study sites
related to one specific crop group, and measurements of pesticides which are specific to agricultural use.
However, few studies to date incorporate all these characteristics. Additional studies are needed to compre-
hensively measure non-occupational pesticide exposures in this population in order to evaluate health risks, and
to develop appropriate prevention strategies.

1. Introduction

Many non-farmworker residents live close to agricultural lands
where pesticides are often used intensively. Due to the intrinsic toxicity
of pesticides, it is important to evaluate the potential health con-
sequences for this specific population, largely absent in studies to date
(McDuffie, 2005). Some epidemiological studies suggest an association
between proximity to agricultural lands and a wide range of associated
adverse health outcomes including birth-related outcomes (e.g., pre-
term birth, fetal growth restriction, neural tube defects, hypospadias,
gastroschisis and anotia) (Carmichael et al., 2016; Gemmill et al., 2013;
Larsen et al., 2017; Meyer et al., 2006; Rappazzo et al., 2016; Rull et al.,
2006b), childhood cancers (e.g., leukemia and lymphomas) (Carozza
et al., 2009; Gómez-Barroso et al., 2016; Jones et al., 2014; Malagoli
et al., 2016; Reynolds et al., 2005b; Rull et al., 2009), cognitive

impairments (e.g., autism spectrum disorders, diminished intelligence
quotient (IQ), verbal comprehension and attention, as well as hyper-
activity and cognitive decline) (Coker et al., 2017; Corral et al., 2017;
Gunier et al., 2017a; Gunier et al., 2017b; Paul et al., 2018; Roberts
et al., 2007; Rowe et al., 2016; Shelton et al., 2014), respiratory out-
comes (e.g., asthma) (Raanan et al., 2017), adult cancer (e.g., breast
cancer and brain tumors) (Carles et al., 2017; El-Zaemey et al., 2013),
Parkinson’s disease (Brouwer et al., 2017; Costello et al., 2009;
Manthripragada et al., 2010; Wang et al., 2011; Wang et al., 2014) and
amyotrophic lateral sclerosis (Vinceti et al., 2017). However these as-
sociations are generally weak or inconclusive and contradictory results
have been observed in other epidemiological studies (Brody et al.,
2004; Bukalasa et al., 2018; Carmichael et al., 2013; Carmichael et al.,
2014; Clementi et al., 2007; Cornelis et al., 2009; Reynolds et al., 2004;
Reynolds et al., 2005a; Shaw et al., 2014; Shaw et al., 2018).
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All the above-cited studies have limitations and weaknesses which
could explain these inconsistent findings. These include not controlling
for confounding factors like smoking, alcohol consumption, occupa-
tional exposure and other environmental exposure, the risk of ecolo-
gical bias in spatially-based studies, and most importantly, the risk of
misclassification in exposure characterization (Shirangi et al., 2011).
With regard to the latter, several approaches have been used for ex-
posure characterization, including self-administered questionnaires,
interviews, biomonitoring measurements and geographic information
system (GIS) models. However, self-reports of proximity to agricultural
lands and pesticide exposure are potential sources for inaccuracy due to
subjects’ lack of knowledge about pesticide use, and the real distance of
their homes from agricultural lands, as well as to recall bias (Rull et al.,
2006a). Furthermore, biomonitoring data are generally limited to a
specific and short exposure timeframe, for example during pregnancy
(Buscail et al., 2015; Sagiv et al., 2018). Moreover, GIS models are
generally based on the estimation of the agricultural surface area at a
specific distance from residents’ households. Participants are generally
classified as living or not living near to agricultural lands, as opposed to
being classified according to their pesticide exposure in terms of
proximity to crops. In the best case scenario, they are classified as being
exposed (or not) to a certain quantity of pesticide “probably used”
within a specific distance from residence. These indirect indicators of
exposure are subject to potential misclassification because of errors in
the geocoding and/or in the assignment of proximity to crops. Other
limitations include changes in land use (e.g., change of crop types), the
lack of reliable information on the types and quantities of pesticides
applied on treated areas, and the lack of identification of the correct
buffer zone or distance that should be implemented between house-
holds and treated fields (Rull et al., 2006b). Therefore, a more refined
measurement of pesticide exposure in terms of proximity to crops for
non-farmworker residents is first needed in order to develop exposure
models and indicators for large-scale epidemiological health studies
investigating pesticide exposure pathways.

There is growing evidence that farmworkers and their families
living close to agricultural lands are more exposed to agricultural pes-
ticides – both in terms of concentration and type – than the general
population (Curl et al., 2002; Curwin et al., 2007; Fenske et al., 2002;
Hyland and Laribi 2017; Lu et al., 2000). Although exposure is mainly
explained by occupational and take-home pathways (i.e., clothes),
other modes exist, including inhalation of outdoor air, contamination of
house dust, take-home from pets, ingestion of contaminated ground-
water, recreation in fields, and eating produce directly from treated
fields or from self-production (Deziel et al., 2015). These non-occupa-
tional exposure pathways are related to pesticide dispersal in the en-
vironment caused by spray drift and volatilization of pesticides beyond
the treated area at the time of application or soon after (Felsot et al.,
2010). In some cases, spray drift and volatilization can account for up to
90% of the application dose on crops(Bedos et al., 2002). However,
little is known about the impact of these pathways in non-farmworker
residents living close to agricultural lands.

An improved understanding of non-occupational pesticide exposure
in this population is critical in order to evaluate health risks, and to
develop appropriate prevention strategies. The objective of this review
was to examine exposure measurement strategies and sampling
methods used in a series of recent studies (2003–2018) which sought to
characterize non-occupational pesticide exposure among residents, ac-
cording to their residential proximity to agricultural lands, and to
suggest practical implications and needs for future studies.

2. Methods

The review was based on the PRISMA guidance protocol (http://
www.prisma-statement.org/). A comprehensive search of relevant stu-
dies was conducted using PubMed (http://www.ncbi.nlm.nih.gov/
pubmed/) and SCOPUS (http://www.scopus.com). Adapted from the

PICO principle, the following algorithm was used: (Resident*[ALL
FIELDS] OR residential proximity [ALL FIELDS]) AND (pesticides
[TIAB] OR pesticide[TIAB] OR herbicides[TIAB] OR herbicide[TIAB]
OR agrochemicals[TIAB] OR agrochemical[TIAB] OR insecticides
[TIAB] OR insecticide[TIAB] OR fungicides[TIAB] OR fungicide[TIAB]
OR agrochemicals[Mesh]) AND (Agriculture [ALL FIELDS] OR
Agricultural [ALL FIELDS]) AND (Exposure [TIAB] OR expos*[TIAB]).
The search was limited to peer-reviewed published articles in journals
available in English or French between 1 January 2003 to 31 December
2018. The filters “Human” and “Humans” were applied.

The search yielded 235 articles from PubMed and 392 from Scopus
for a total of 549 articles (78 duplicates) (Fig. 1). All articles were
analyzed based on their title and abstract. Articles that did not report
original results (reviews, case-reports, comments, letters, and editor-
ials) (n= 124), methodology-based articles (analytical method or
modeling validation) and articles highlighting study design without
results (n= 31) were excluded. Animal studies (n=7), studies asses-
sing the risk of adverse health effects (n=50), toxicological studies
(n= 20), studies related to prevention, to knowledge, attitudes, prac-
tice” or to risk perception (n=20) were also excluded.

The remaining 297 articles were critically analyzed using exclusion/
inclusion criteria based on the study population (residents living close
to agricultural lands) and exposure pathways (pathways related to
agricultural pesticide applications). No limitations on geographic lo-
cation were applied. Articles not related to pesticide exposure (n=12)
or agricultural-related exposure (n= 57) were excluded. A substantial
number of articles referring to the general population (n=40) and to
the rural population (n=30) were also excluded because they did not
specifically focus on the target population. Articles related to farm-
workers (n=60) and farming families (n= 58) were also excluded
because they estimated occupational exposure pathways to pesticides
or take-home exposure pathways in agricultural workers that should
not exist in non-farmworker residents. Studies estimating exposure to
agricultural chemicals at the county scale or wider were excluded be-
cause this scale was not fine enough to estimate exposure in our target
population. Studies characterizing exposure related to previous con-
tamination of agricultural lands or biological insecticide use were also
excluded. One model-based study (Wong et al., 2017) was excluded
from the analysis because a hazard quotient model was used based on
estimated exposures and therefore did not provide refined enough ex-
posure measurements.

In summary therefore, 252 of the initial 549 articles were primarily
excluded based on the critical analysis of their title and abstract.
Another 245 were secondarily excluded after the analysis of exclusion/
inclusion criteria based on the study population and exposure path-
ways. A further 23 were subsequently excluded after a full article re-
view. Finally, 29 articles were identified as meeting all the review’s
inclusion criteria.

For each article, the following information was collected: the name
of the first author and study, location, study design, population, time
period, pesticides of interest, factors used to define ‘exposed’ status,
exposure measurement strategy and main results. Exposure pathways,
the methodology used to evaluate exposure and the distance considered
to define exposure status, were all examined to help us identify the best
tools to characterize exposure in the target population.

3. Results

Two studies had two related articles each and so we grouped the
latter. Accordingly, 27 studies (29 articles) were included in this re-
view. All these studies, including one meta-analysis (Deziel et al.,
2017), aimed to measure pesticide exposure in residents living close to
agricultural lands.

A large variety of pesticides, study designs, and methodologies were
observed in the studies included. They are summarized in Tables 1–3
based on the methodology used: environmental monitoring,
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biomonitoring or both. Table 1 summarizes studies (n= 7) that ana-
lyzed environmental samples collected from the homes of study parti-
cipants; Table 2 presents a summary of studies (n=13) that analyzed
biological samples collected from study participants, and Table 3
summarizes studies (n=7) that analyzed both environmental and
biological samples.

A large proportion of studies were conducted in North America
(n=10) – mainly in California and Washington state – and in South or
Central America (n=7), including Argentina and Costa Rica. The re-
mainder assessed populations in various locations, including European
countries (n= 5), Asia (n=3), South Africa (n=1) and Australia
(n=1).

Study populations were mainly children (12 studies) or pregnant
women (4 studies), especially for biomonitoring studies which aimed to
assess individual exposure to pesticides. The population of residents
was either defined as people living in one specific area based on the a
priori knowledge of agricultural activity and pesticide use (19 studies),
or as people identified retrospectively as living close to agricultural
lands (7 studies).

The majority of studies analyzed a combination of various pesti-
cides. Organophosphorus (OP) compounds were the primary group of
pesticides studied (n=14), including chlorpyrifos, diazinon, phosmet,
azinphos methyl, and malathion. Ten studies analyzed OP compounds
only, whereas 4 other studies analyzed OP in combination with other
insecticides, herbicides or fungicides such as pyrethroids, carbamates,
captan, atrazine, glyphosate, iprodione. Five studies analyzed herbi-
cides only. Two others focused on pyrethroid exposure, while 2 ana-
lyzed manganese-based pesticides only. Finally, 4 studies included a
large combination of pesticides according to their application on fields

or their toxicological effects.

3.1. Environmental monitoring studies

Table 1 presents a summary of the 7 studies which assessed pesti-
cide exposure by analyzing results from environmental samples col-
lected from study participants’ homes and/or surroundings. Four stu-
dies were conducted in one or various specific areas identified a priori
(Gibbs et al., 2017; Hogenkamp et al., 2004; Kawahara et al., 2005;
Wofford et al., 2014), and 2 studies defined residents a posteriori based
on the distance between households and crops (Gunier et al., 2011;
Ward et al., 2006). Samples collected included dust from homes (Deziel
et al., 2017; Gunier et al., 2011; Hogenkamp et al., 2004; Ward et al.,
2006), as well as outdoor and indoor air samples (Gibbs et al., 2017;
Kawahara et al., 2005; Wofford et al., 2014).

Two studies used a reference group within the population study
(Gibbs et al., 2017; Ward et al., 2006) while 2 others also included a
group of farmworkers (Gibbs et al., 2017; Hogenkamp et al., 2004). All
these four studies showed that pesticide concentrations measured in
households located close to agricultural lands were higher than those
measured in control households. Households within 250m of apple,
peach, corn or wheat fields had higher outdoor concentrations and
indoor surface deposition of chlorpyrifos than non-proximal house-
holds, although no differences were observed for indoor air measure-
ments (Gibbs et al., 2017). Concentrations of herbicides in dust from
homes with a higher density of corn and soybean fields located in a
radius 750m were four times higher than concentrations in homes with
no crops nearby (Ward et al., 2006). A comparison between farmworker
and non-farmworker resident households showed that in the former,

Fig. 1. Flow chart of identification and selection of original articles finally included in the review of pesticide exposures in residents living close to agricultural lands.
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house dust concentrations of chloropropham were four times higher
(Hogenkamp et al., 2004), and indoor air concentrations of chlorpyrifos
were also higher (Gibbs et al., 2017).

The influence of the distance between households and agricultural
lands was assessed in 6 studies (Deziel et al., 2017; Gibbs et al., 2017;
Gunier et al., 2011; Hogenkamp et al., 2004; Kawahara et al., 2005;
Ward et al., 2006). All found that the greater the distance, the lower the
levels in pesticide concentrations in dust, outdoor and indoor air.
Outdoor air concentrations of trichlorfon within 50m of paddy fields
were five times higher than those measured further away (Kawahara
et al., 2005), and high levels of chlorpyrifos in outdoor air were iden-
tified at households located within 100m of crops (Gibbs et al., 2017).
Chlorpyrifos, chlorthal-dimethyl, iprodione, phosmet, and simazine
dust concentrations were higher in residences located between 500m
and 1250m from treated lands (Gunier et al., 2011). Similarly, the
decrease in concentrations of chloropropham in house dust was bor-
derline statistically significant with increased distance from agricultural
fields (Hogenkamp et al., 2004). The meta-analysis performed in 2017
confirmed the sharp decrease in house dust pesticide concentrations
with increased distance from treated fields (between 3m and 1125m)
(Deziel et al., 2017)

The influence of the spraying season or spray events was not eval-
uated in any of the 7 environmental monitoring studies.

3.2. Biomonitoring studies

Table 2 presents a summary of the 13 studies that assessed pesticide
exposures for residents living close to agricultural lands using biomo-
nitoring. Four studies were conducted in one specific area identified a
priori (Dalvie and London 2006; Doğanlar et al., 2018; Martínez-Perafán
et al., 2018; Semchuk et al., 2003; Semchuk et al., 2007), 6 studies in
various areas identified a priori (Babina et al., 2012; Cecchi et al., 2012;
Galea et al., 2015; Mercadante et al., 2013; Quintana et al., 2017;
Suarez-Lopez et al., 2018), and 3 studies defined residents a posteriori
based on the distance between households and crops (Bradman et al.,
2011; Chevrier et al., 2014; Wu et al., 2013).

Four studies used a reference group within the population study
(Babina et al., 2012; Doğanlar et al., 2018; Martínez-Perafán et al.,
2018; Quintana et al., 2017) and 2 included a group of farmworkers as
a control (Dalvie and London 2006; Mercadante et al., 2013). The in-
fluence of residential proximity to agricultural fields or crops acreage
around households was assessed in 5 studies (Bradman et al., 2011;
Chevrier et al., 2014; Semchuk et al., 2003; Semchuk et al., 2007;
Suarez-Lopez et al., 2018; Wu et al., 2013). The influence of the
spraying season or spray events was assessed in 7 studies (Cecchi et al.,
2012; Dalvie and London 2006; Doğanlar et al., 2018; Galea et al.,
2015; Mercadante et al., 2013; Quintana et al., 2017; Suarez-Lopez
et al., 2018). Only one study simultaneously evaluated the influence of
both factors (Suarez-Lopez et al., 2018).

Six studies collected urine samples and 6 collected blood samples,
including umbilical cord blood. In combination with urine or blood
samples, one study also collected hair samples and one collected saliva.
Biological collection methods were diverse depending on the study
population and the final outcome. First or second morning void urine
samples were preferred for adults and children aged 3 years (Babina
et al., 2012; Chevrier et al., 2014; Galea et al., 2015; Mercadante et al.,
2013), whereas spot urine samples were collected for children aged 2 or
under (Bradman et al., 2011; Wu et al., 2013). Seven studies collected
repeated biological samples to cover both the spraying and non-
spraying seasons (Dalvie and London 2006; Doğanlar et al., 2018; Galea
et al., 2015; Mercadante et al., 2013; Suarez-Lopez et al., 2018), and
other temporal changes during childhood (Bradman et al., 2011). In
these studies, 2–20 repeated samples were collected for each partici-
pant.

Pesticides and their metabolites were the primary biomarkers ana-
lyzed to evaluate exposure (8 studies). Six studies measuredTa

bl
e
1
(c

on
tin

ue
d)

St
ud
y
na
m
e,

re
fe
re
nc
e

Lo
ca
tio

n,
tim

e
pe
ri
od
,

po
pu
la
tio

n
D
efi
ni
tio

n
of

re
si
de
nt

gr
ou
ps

liv
in
g

cl
os
e
to

ag
ri
cu
ltu

ra
ll
an
ds

Pe
st
ic
id
es

of
in
te
re
st

Ex
po
su
re

m
ea
su
re
m
en
t

Re
su
lts

W
ar
d
et
al
.(
20
06
)

U
SA

,I
ow

a
19
98
–2
00
0

10
8
ho
us
eh
ol
ds

G
ro
up

1:
ho
us
eh
ol
ds

w
ith

no
cr
op
s

w
ith

in
75
0
m

G
ro
up

2:
ho
us
eh
ol
ds

lo
ca
te
d
ne
ar

co
rn

an
d
so
yb
ea
n
fie
ld
s
(7
50

m
)

H
er
bi
ci
de
s
in
cl
ud
in
g
2,
4-
di
ch
lo
ro
ph
en
ox
ya
ce
tic

ac
id

(2
,4
-D
),
di
ca
m
ba
,m

et
ol
ac
hl
or
,t
ri
flu

ra
lin

,
pe
nd
im

et
ha
lin

,a
tr
az
in
e,
be
nt
az
on
,a
ce
to
ch
lo
r,
flu

az
ifo

-
p-
bu
ty
,a
la
ch
lo
r

H
ou
se

du
st

2,
4-
D
w
as

th
e
pe
st
ic
id
e
de
te
ct
ed

m
os
t
of
te
n.

Fr
eq
ue
nc
y
of

de
te
ct
io
n
an
d
co
nc
en
tr
at
io
n
of

he
rb
ic
id
es

in
ho
us
e
du
st
in
cr
ea
se
d
w
ith

in
cr
ea
si
ng

co
rn

an
d
so
yb
ea
n
pl
an
tin

g
ac
re
ag
e
w
ith

in
75
0
m

of
ho
us
eh
ol
ds
.C

on
ce
nt
ra
tio

ns
of

he
rb
ic
id
es

in
du
st
in

ho
us
eh
ol
ds

si
tu
at
ed

cl
os
e
to
a
hi
gh
er
de
ns
ity

of
cr
op
s

w
er
e
4
tim

es
hi
gh
er

th
an

co
nc
en
tr
at
io
ns

in
ho
us
eh
ol
ds

w
ith

no
cr
op
sw

ith
in
75
0
m
.T
he

di
st
an
ce

to
th
e
cl
os
es
tc
ro
p
fie
ld
w
as
as
so
ci
at
ed

w
ith

de
te
ct
io
n

of
he
rb
ic
id
es

in
du
st
.D

is
ta
nc
e
ex
pl
ai
ne
d
le
ss

va
ri
an
ce

th
an

ac
re
ag
e

W
off

or
d
et

al
.

(2
01
4)

U
SA

,C
al
ifo

rn
ia
,

20
06

H
ou
se
ho
ld
s
lo
ca
te
d
in

Pa
rl
ie
r
ci
ty

H
ou
se
ho
ld
s
lo
ca
te
d
w
ith

in
8
km

of
ag
ri
cu
ltu

ra
lp

es
tic
id
e
ap
pl
ic
at
io
n
fie
ld
s

35
pe
st
ic
id
es

in
cl
ud
in
g
di
az
in
on
,c
hl
or
py
ri
fo
s,

di
m
et
ho
at
e,
en
do
su
lfa
n,

m
al
at
hi
on

O
ut
do
or

ai
r
m
on
ito

ri
ng

Re
si
de
nt
s
w
er
e
ex
po
se
d
to

19
co
m
po
un
ds

us
ed

as
pe
st
ic
id
es
.

Th
e
pe
st
ic
id
es

m
on
ito

re
d
ac
co
un
te
d
fo
r
80
%

of
th
e

to
ta
lk

ilo
gr
am

s
of

pe
st
ic
id
es

ap
pl
ie
d
in

Pa
rl
ie
r
ci
ty

an
d
th
e
su
rr
ou
nd
in
g
8
km

ag
ri
cu
ltu

ra
ls
tu
dy

ar
ea
.

Th
e
le
ve
ls
m
ea
su
re
d
fo
r
di
az
in
on

ex
ce
ed
ed

th
re
sh
ol
ds

fo
r
sa
fe

he
al
th

C. Dereumeaux, et al. Environment International 134 (2020) 105210

5



Ta
bl
e
2

Bi
ol
og
ic
al
m
ea
su
re
m
en
ts
of

pe
st
ic
id
e
ex
po
su
re
s
fo
r
re
si
de
nt
s
liv
in
g
ne
ar
by

ag
ri
cu
ltu

ra
ll
an
ds
.

St
ud
y
na
m
e,
re
fe
re
nc
e

Lo
ca
tio

n,
Ti
m
e
pe
ri
od
,

po
pu
la
tio

n
D
efi
ni
tio

n
of

re
si
de
nt

gr
ou
ps

liv
in
g
cl
os
e
to
ag
ri
cu
ltu

ra
ll
an
ds

Pe
st
ic
id
es

of
in
te
re
st

Ex
po
su
re

m
ea
su
re
m
en
t

Re
su
lts

Ba
bi
na

et
al
.(
20
12
)

A
us
tr
al
ia

20
03
–2
00
6

Ch
ild

re
n
ag
ed

2.
5–
6
ye
ar
s
(n
=

34
0)

G
ro
up

1:
ur
ba
n
gr
ou
p

G
ro
up

2:
pe
ri
-u
rb
an

gr
ou
p

G
ro
up

3:
ru
ra
lg

ro
up

fo
r

ch
ild

re
n
liv
in
g
cl
os
e
to

pa
st
ur
es
,o

rc
ha
rd
s
an
d

vi
ne
ya
rd
s

O
P,

Py
re
th
ro
id
s,
ch
lo
rp
yr
ifo

s,
fe
ni
tr
ot
hi
on

U
ri
ne
:s
in
gl
e
fir
st
-m

or
ni
ng

vo
id

(F
M
V)

M
et
ab
ol
ite
s
of

pe
st
ic
id
es

(D
A
P,

3,
5,
6-

tr
ic
hl
or
o-
2-
py
ri
di
no
l(
TC

Py
s)
,3

-m
et
hy
l-4

ni
tr
op
he
no
l)

69
%
of
ch
ild

re
n
fr
om

gr
ou
p
3
liv
ed

w
ith

in
50

m
of

ag
ri
cu
ltu

ra
la
ct
iv
ity

.
Th

e
m
os
tc
om

m
on
ly
de
te
ct
ed

m
et
ab
ol
ite
s
w
er
e

TC
Py
,3

PB
A
,D

A
P
an
d
3-
m
et
hy
l-4

ni
tr
op
he
no
l,

w
ith

de
te
ct
io
n
ra
te
s
ge
ne
ra
lly

hi
gh
er

in
th
e

ru
ra
lg

ro
up
.

H
ig
he
r
co
nc
en
tr
at
io
ns

of
3-
m
et
hy
l-4

ni
tr
op
he
no
la
nd

D
A
P
w
er
e
ob
se
rv
ed

in
th
e

ru
ra
lg

ro
up

th
an

in
th
e
ur
ba
n
gr
ou
p.

N
o

si
gn
ifi
ca
nt

di
ffe
re
nc
e
w
as

ob
se
rv
ed

be
tw
ee
n

co
nc
en
tr
at
io
ns

of
py
re
th
ro
id
s
an
d
TC

Py
.

CH
A
M
A
CO

S
(B
ra
dm

an
et

al
.,

20
11
)

Ca
lif
or
ni
a,
U
SA

19
99
–2
00
3

Ch
ild

re
n
ag
ed

6,
12
,

24
m
on
th
s
(n
=

41
6,

40
4,

38
1)

St
ud
y
st
aff

re
co
rd
ed

th
e

di
st
an
ce

be
tw
ee
n
ho
us
eh
ol
ds

an
d
ag
ri
cu
ltu

ra
ll
an
ds

O
P

U
ri
ne
:r
an
do
m

sp
ot

sa
m
pl
es

M
et
ab
ol
ite
s
of

D
A
P:

di
m
et
hy
l

al
ky
lp
ho
sp
ha
te
s
(D
M
A
P)
,d

ie
th
yl

al
ky
lp
ho
sp
ha
te
s
(D
EA

P)

M
os
tc
hi
ld
re
n
ha
d
at
le
as
to

ne
D
A
P
de
te
ct
ed

at
6,

12
or

24
m
on
th
s.

U
ri
na
ry

co
nc
en
tr
at
io
ns

of
D
A
P
at

12
m
on
th
s

w
er
e
hi
gh
er
am

on
g
ch
ild

re
n
liv
in
g
or

st
ay
in
g
in

a
ch
ild

ca
re

fa
ci
lit
y
w
ith

in
60

m
of

ag
ri
cu
ltu

ra
l

la
nd
.S
am

pl
es

co
lle
ct
ed

du
ri
ng

sp
ri
ng
/s
um

m
er

ha
d
hi
gh
er

co
nc
en
tr
at
io
ns

th
an

th
os
e
co
lle
ct
ed

du
ri
ng

fa
ll/
w
in
te
r
bu
tr
es
ul
ts
w
er
e
in
co
ns
is
te
nt

ac
ro
ss
ag
es

an
d
be
tw
ee
n
D
M
A
P
an
d
D
EA

P
m
et
ab
ol
ite
s.

Ce
cc
hi

et
al
.(
20
12
)

A
rg
en
tin

a,
Ri
o
N
eg
ro

20
07
–2
00
8

Pr
eg
na
nt

w
om

en
(n
=

97
)

Re
cr
ui
tm

en
t
in

to
w
ns

ne
ar

fa
rm

s
O
Ps
:a
zi
np
ho
sm

et
hy
l,
ph
os
m
et
,

ch
lo
rp
yr
ifo

s,
di
m
et
ho
at
e,
ca
rb
ar
yl
,d

ith
io
ca
rb
am

at
es
,

zi
ra
m
,c
ap
ta
n,

m
an
co
ze
b

Bl
oo
d:

co
lle
ct
io
n
be
fo
re

an
d
du
ri
ng

th
e

sp
ra
yi
ng

se
as
on
,d

ur
in
g
1s
t
an
d
2n
d

tr
im

es
te
rs
of

pr
eg
na
nc
y

Pl
as
m
a
an
d
er
yt
hr
oc
yt
e
ch
ol
in
es
te
ra
se
,

as
pa
rt
at
e
am

in
e
tr
an
sf
er
as
e
(A
ST
),
al
an
in
e

am
in
ot
ra
ns
fe
ra
se

(A
LT
)

Si
gn
ifi
ca
nt

de
cr
ea
se

in
ch
ol
in
es
te
ra
se

du
ri
ng

th
e
sp
ra
yi
ng

se
as
on

in
co
m
pa
ri
so
n
to

th
e
pr
e-

sp
ra
yi
ng

se
as
on
,w

he
n
co
ns
id
er
in
g
th
e
1s
t
an
d

2n
d
tr
im

es
te
r
of

pr
eg
na
nc
y.

Si
gn
ifi
ca
nt

in
cr
ea
se

in
th
e
A
ST
/A

LD
ra
tio

be
tw
ee
n
pr
e-
sp
ra
yi
ng

an
d
sp
ra
yi
ng

se
as
on
s

w
he
n
co
ns
id
er
in
g
th
e
2n
d
tr
im

es
te
r
of

pr
eg
na
nc
y.

It
is
di
ffi
cu
lt
to

as
si
gn

di
ffe
re
nc
es

ob
se
rv
ed

as
se
as
on
al
ex
po
su
re

ch
an
ge
s
or

as
m
od
ifi
ca
tio

ns
re
la
te
d
to

pr
eg
na
nc
y.

Q
ui
nt
an
a
et

al
.(
20
17
)

A
rg
en
tin

a,
Ri
o
N
eg
ro

20
09
–2
01
5

Pr
eg
na
nt

w
om

en
(n
=

15
1)

G
ro
up

1:
liv
in
g
in

to
w
ns

ne
ar

fa
rm

s
G
ro
up

2:
co
nt
ro
lw

ith
no

hi
st
or
y
of

pe
st
ic
id
e
ex
po
su
re

O
P

U
m
bi
lic
al
co
rd

bl
oo
d
A
ce
ty
lc
ho
lin

es
te
ra
se
,

bu
ty
ry
lc
ho
lin

es
te
ra
se
,c
at
al
as
e
(C
A
T)
,S
O
D
,

D
N
A
da
m
ag
es

(c
om

et
as
sa
y)
,

m
et
he
m
og
lo
bi
n.

N
o
di
ffe
re
nc
e
in

um
bi
lic
al
co
rd

bl
oo
d
in

he
m
og
ra
m

pa
ra
m
et
er
s,
le
ve
ls
of

m
et
he
m
og
lo
bi
n,
ch
ol
in
es
te
ra
se
ac
tiv

ity
or

CA
T.

Th
e
SO

D
ac
tiv

ity
de
cr
ea
se
d
si
gn
ifi
ca
nt
ly
in

th
e

ex
po
se
d
gr
ou
p
be
tw
ee
n
th
e
sp
ra
yi
ng

se
as
on

an
d
th
e
no
n-
sp
ra
yi
ng

se
as
on
.D

N
A
da
m
ag
e
w
as

gr
ea
te
r
in

th
e
ex
po
se
d
gr
ou
p
du
ri
ng

th
e

sp
ra
yi
ng

se
as
on

th
an

in
th
e
co
nt
ro
lg

ro
up
.

Pe
la
gi
e

(C
he
vr
ie
r
et

al
.,

20
14
)

Fr
an
ce
,B

ri
tt
an
y

20
02
–2
00
6

Pr
eg
na
nt

w
om

en
(n
=

57
0)

Pr
ox
im

ity
of
co
rn

cr
op
sw

ith
in
a

37
5
m

ra
di
us

of
re
si
de
nc
es

us
in
g
G
IS

m
od
el
-b
as
ed

sa
te
lli
te

im
ag
es

H
er
bi
ci
de
s

U
ri
ne
:F

M
V

M
et
ab
ol
ite
s
of

pe
st
ic
id
es

H
er
bi
ci
de
sw

er
e
qu
an
tifi

ed
in
5.
3%

to
39
.7
%
of

ur
in
e
sa
m
pl
es
.R

es
ul
ts
sh
ow

ed
an

as
so
ci
at
io
n

be
tw
ee
n
th
e
pr
ox
im

ity
of

re
si
de
nc
es

to
co
rn

cr
op
s
(<

37
5
m
)
an
d
ur
in
ar
y
co
nc
en
tr
at
io
ns

of
m
et
ol
ac
hl
or
.M

ul
tiv

ar
ia
te

an
al
ys
is
sh
ow

ed
an

in
cr
ea
se
d
ri
sk

of
hi
gh
er

ur
in
ar
y
co
nc
en
tr
at
io
ns

of
de
al
ky
la
te
d
tr
ia
zi
ne

m
et
ab
ol
ite

w
ith

gr
ea
te
r

re
si
de
nt
ia
lp

ro
xi
m
ity

to
cr
op
s.

(c
on

tin
ue

d
on

ne
xt

pa
ge
)

C. Dereumeaux, et al. Environment International 134 (2020) 105210

6



Ta
bl
e
2
(c

on
tin

ue
d)

St
ud
y
na
m
e,
re
fe
re
nc
e

Lo
ca
tio

n,
Ti
m
e
pe
ri
od
,

po
pu
la
tio

n
D
efi
ni
tio

n
of

re
si
de
nt

gr
ou
ps

liv
in
g
cl
os
e
to
ag
ri
cu
ltu

ra
ll
an
ds

Pe
st
ic
id
es

of
in
te
re
st

Ex
po
su
re

m
ea
su
re
m
en
t

Re
su
lts

D
al
vi
e
an
d
Lo
nd
on

(2
00
6)

So
ut
h
A
fr
ic
a,
Ca
pe

Pr
ov
in
ce

19
96
–1
99
7

A
du
lts

(n
=

32
0)

G
ro
up

1:
co
nt
ro
ls

G
ro
up

2:
fa
rm

w
or
ke
rs

G
ro
up

3:
re
si
de
nt
s
liv
in
g
in

an
ar
ea

w
ith

in
te
ns
iv
e
ag
ri
cu
ltu

ra
l

pr
od
uc
tio

n

O
P

Bl
oo
d:

3
sa
m
pl
es

co
lle
ct
ed

ov
er

11
m
on
th
s

Ch
ol
in
es
te
ra
se

U
ne
xp
ec
te
d
si
gn
ifi
ca
nt

in
cr
ea
se

of
ch
ol
in
es
te
ra
se

du
ri
ng

th
e
sp
ra
yi
ng

se
as
on

am
on
g
pa
rt
ic
ip
an
ts
ex
po
se
d
bo
th

oc
cu
pa
tio

na
lly

an
d
en
vi
ro
nm

en
ta
lly

to
ae
ri
al

pe
st
ic
id
e
ap
pl
ic
at
io
ns
.

Th
e
eff
ec
t
of

te
m
pe
ra
tu
re

m
ay

ex
pl
ai
n
th
is

re
su
lt.

D
oğ
an
la
r
et

al
.(
20
18
)

Tu
rk
ey
,I
ps
al
a

20
15
–2
01
6

A
du
lts

(n
=

63
)

G
ro
up

1:
re
si
de
nt
s
liv
in
g
in

an
in
te
ns
e
m
on
oc
ul
tu
re

ri
ce

pr
od
uc
tio

n
zo
ne

G
ro
up

2:
co
nt
ro
ls

14
4
pe
st
ic
id
e
ac
tiv

e
in
gr
ed
ie
nt
s

Bl
oo
d:

3
sa
m
pl
es

co
lle
ct
ed

co
ve
ri
ng

2
sp
ra
yi
ng

se
as
on
s
an
d
1
no
n-
sp
ra
yi
ng

se
as
on

M
ul
ti-
re
si
du
es

of
pe
st
ic
id
es

an
d
ox
id
at
iv
e

st
re
ss
m
ar
ke
rs
(S
O
D
,C

A
T,
D
N
A
da
m
ag
e,
he
at

sh
oc
k
pr
ot
ei
ns
,e
tc
.)

A
hi
gh
er

co
nc
en
tr
at
io
n
of

pe
st
ic
id
e
re
si
du
es

am
on
g
ag
ri
cu
ltu

ra
la
re
a
re
si
de
nt
s
th
an

am
on
g

co
nt
ro
ls
.

Co
nc
en
tr
at
io
ns

w
er
e,
re
sp
ec
tiv

el
y,
4.
3
an
d
10

tim
es

hi
gh
er

in
th
e
2
sp
ra
yi
ng

se
as
on
s
th
an

in
th
e
no
n-
sp
ra
yi
ng

se
as
on
.

Re
si
de
nt
s
al
so

ha
d
ex
ce
ss
ge
ne
ra
tio

n
of

ox
id
at
iv
e
st
re
ss
by

re
ac
tiv

e
ox
yg
en

sp
ec
ie
s

(R
O
S)
,a
nd

a
hi
gh
er

le
ve
lo

fD
N
A
da
m
ag
e.

G
al
ea

et
al
.(
20
15
)

U
ni
te
d
ki
ng
do
m

20
11
–2
01
2

A
du
lts

an
d
ch
ild

re
n

(n
=

29
6)

Re
si
de
nt
s
liv
in
g
w
ith

in
10
0
m

of
ag
ri
cu
ltu

ra
ll
an
ds

ca
pt
an
,c
yp
er
m
et
hr
in
,c
hl
or
m
eq
ua
t,
ch
lo
rp
yr
ifo

s
U
ri
ne
:F

M
V
co
lle
ct
ed

du
ri
ng

an
d
af
te
r
th
e

sp
ra
yi
ng

se
as
on

+
co
lle
ct
io
n
of

an
ex
tr
a

sa
m
pl
e
1
or

2
da
ys

af
te
r
a
sp
ra
yi
ng

ev
en
t

M
et
ab
ol
ite
s
of

pe
st
ic
id
es

Ch
lo
rm

eq
ua
tw

as
th
e
pe
st
ic
id
e
m
os
tf
re
qu
en
tly

de
te
ct
ed

in
ur
in
e.
Ch

lo
rp
yr
ifo

s
w
as

de
te
ct
ed

m
or
e
fr
eq
ue
nt
ly

af
te
r
a
sp
ra
y
ev
en
t
(9
3%

).
Ca
pt
an

an
d
cy
pe
rm

et
hr
in

w
er
e
ra
re
ly
de
te
ct
ed
.

Re
su
lts

sh
ow

ed
an

in
cr
ea
se

in
ch
lo
m
eq
ua
t

le
ve
ls
in

re
si
de
nt
s
fo
llo
w
in
g
a
sp
ra
y
ev
en
t

w
ith

in
10
0
m

of
th
ei
r
ho
m
e
w
he
n
co
m
pa
re
d

w
ith

th
e
no
n-
sp
ra
yi
ng

se
as
on
.H

ow
ev
er
,n

o
di
ffe
re
nc
e
w
as

ob
se
rv
ed

be
tw
ee
n
le
ve
ls

m
ea
su
re
d
ju
st
af
te
r
a
sp
ra
y
ev
en
t
an
d
th
os
e

m
ea
su
re
d
du
ri
ng

th
e
sp
ra
yi
ng

se
as
on
.N

o
si
gn
ifi
ca
nt

in
cr
ea
se

w
as

ob
se
rv
ed

fo
r

ch
lo
rp
yr
ifo

s.
M
ar
tín

ez
-P
er
af
án

et
al
.

(2
01
8)

A
rg
en
tin

a
A
do
le
sc
en
ts
(n
=

62
)

G
ro
up

1:
re
si
de
nt
s
liv
in
g

<
10
0
m

fr
om

ho
rt
ic
ul
tu
ra
l

cr
op
s

G
ro
up

2:
re
si
de
nt
s
liv
in
g

>
10
0
m

fr
om

cr
op
s

gl
yp
ho
sa
te
,c
hl
or
py
ri
fo
s,
2,
4-
D
,p

ar
aq
ua
t

Bl
oo
d

Bi
om

ar
ke
rs
of

bi
ol
og
ic
al
eff
ec
ts
in
cl
ud
in
g

bu
ty
ry
lc
ho
lin

es
te
ra
se

(B
uC

hE
),
m
ic
ro
nu
cl
ei

(M
N
),
nu
cl
ea
r
bu
ds

(N
BU

S)
,n

uc
le
op
la
sm

ic
br
id
ge
s

bi
nu
cl
ea
te
d,

co
nd
en
se
d
ch
ro
m
at
in

(C
C)
,

ka
ry
or
rh
ex
is
,p

yk
on
is
,k
ar
yo
ly
si
s
(K
YL

)

M
ea
n
va
lu
es

of
al
lp

ar
am

et
er
s
in

bo
th

gr
ou
ps

co
rr
es
po
nd
ed

to
va
lu
es

fo
rh

ea
lth

y
ad
ol
es
ce
nt
s.

A
do
le
sc
en
ts
liv
in
g
cl
os
e
to

ho
rt
ic
ul
tu
ra
lfi

el
ds

ha
d
lo
w
er

Bu
Ch

E
ac
tiv

ity
.B

io
m
ar
ke
rs
of

ge
ne
tic

da
m
ag
es

(M
N
,N

BU
S)

w
er
e
ne
ga
tiv

e
in

bo
th

gr
ou
ps
.A

hi
gh
er

fr
eq
ue
nc
y
of

ce
lls

w
ith

CC
an
d
KY

L
w
er
e
ob
se
rv
ed

in
th
e
co
nt
ro
lg
ro
up

th
an

in
ad
ol
es
ce
nt
s
liv
in
g
cl
os
e
to

ho
rt
ic
ul
tu
ra
l

cr
op
s.

M
er
ca
da
nt
e
et
al
.(
20
13
)

Ita
ly

20
10

A
du
lts

(n
=

43
)

G
ro
up

1:
fa
rm

w
or
ke
rs

G
ro
up

2:
no
n-
fa
rm

w
or
ke
r

re
si
de
nt
s
liv
in
g
in

a
sm

al
l

vi
lla
ge

in
th
e
pr
ov
in
ce

of
Cr
em

on
a

G
ro
up

3:
co
nt
ro
ls

de
se
th
yl
te
rb
ut
hy
la
zi
ne

(D
ET

)
te
rb
ut
hy
la
tr
az
in
e
(T
BA

)
U
ri
ne

an
d
ha
ir
:c
ol
le
ct
io
n
be
fo
re

an
d
du
ri
ng

sp
ra
yi
ng

se
as
on

M
et
ab
ol
ite
s
of

pe
st
ic
id
es

TB
A
an
d
D
ET

w
er
e
ne
ve
r
de
te
ct
ed

in
ur
in
e

sa
m
pl
es

of
re
si
de
nt
s
or

co
nt
ro
ls
.O

nl
y
TB

A
w
as

de
te
ct
ed

in
re
si
de
nt
s’
ha
ir
,w

ith
th
e
de
te
ct
io
n

ra
te

hi
gh
er

du
ri
ng

sp
ra
yi
ng

se
as
on

th
an

be
fo
re

th
e
sp
ra
yi
ng

se
as
on
.T

BA
le
ve
ls
in

ha
ir
w
er
e

hi
gh
er

in
re
si
de
nt
s
th
an

in
co
nt
ro
ls
.B

ef
or
e
th
e

sp
ra
yi
ng

se
as
on
,n

o
di
ffe
re
nc
e
be
tw
ee
n
TB

A
le
ve
ls
in

fa
rm

w
or
ke
rs
an
d
re
si
de
nt
s
w
as

ob
se
rv
ed
,b
ut
du
ri
ng

th
e
sp
ra
yi
ng

se
as
on
,l
ev
el
s

am
on
g
th
e
fo
rm

er
w
er
e
hi
gh
er
.

PE
CO

S
st
ud
y
(S
em

ch
uk

et
al
.2

00
3;

Se
m
ch
uk

et
al
.

20
07
)

Ca
na
da
,S
as
ka
tc
he
w
an

19
96

A
du
lts

(n
=

33
2)

Re
si
de
nt
s
liv
in
g
in

a
pr
ed
om

in
an
tly

gr
ai
n-
fa
rm

in
g

ar
ea

br
om

ox
yn
il,

2,
4-
D
,d
ic
am

ba
,f
en
ox
ap
ro
p,
2-
m
et
hy
l-4

-
ch
lo
ro
ph
en
ox
ya
ce
tic

ac
id

(M
CP

A
),
et
ha
lfl
ur
al
in
,

tr
ia
lla
te
,t
ri
flu

ra
lin

Bl
oo
d

M
et
ab
ol
ite
s
of

pe
st
ic
id
e
an
d
an
ti-
nu
cl
ea
r

an
tib

od
y
(A
N
A
)

Br
om

ox
yn
yl

w
as

th
e
m
os
t
fr
eq
ue
nt
ly

de
te
ct
ed

pe
st
ic
id
e
(2
0%

).
Th

e
de
te
ct
io
n
ra
te

of
br
om

ox
yn
yl

in
cr
ea
se
d

w
ith

th
e
ar
ea

of
la
nd

fa
rm

ed
.O

th
er

fa
ct
or
s

w
er
e
re
la
te
d
to

oc
cu
pa
tio

na
le
xp
os
ur
e.

(c
on

tin
ue

d
on

ne
xt

pa
ge
)

C. Dereumeaux, et al. Environment International 134 (2020) 105210

7



Ta
bl
e
2
(c

on
tin

ue
d)

St
ud
y
na
m
e,
re
fe
re
nc
e

Lo
ca
tio

n,
Ti
m
e
pe
ri
od
,

po
pu
la
tio

n
D
efi
ni
tio

n
of

re
si
de
nt

gr
ou
ps

liv
in
g
cl
os
e
to
ag
ri
cu
ltu

ra
ll
an
ds

Pe
st
ic
id
es

of
in
te
re
st

Ex
po
su
re

m
ea
su
re
m
en
t

Re
su
lts

A
hi
gh

pr
ev
al
en
ce

of
A
N
A
w
as

fo
un
d
in

th
e

st
ud
y
po
pu
la
tio

n
bu
t
no

fa
ct
or
s
w
er
e

st
at
is
tic
al
ly

si
gn
ifi
ca
nt

pr
ed
ic
to
rs
of

A
N
A

de
te
ct
io
n.

H
ow

ev
er
,f
or

m
en
,A

N
A
pr
es
en
ce

w
as

in
ve
rs
el
y
as
so
ci
at
ed

w
ith

th
e
de
te
ct
io
n
of

br
om

ox
yn
il
in

bl
oo
d
pl
as
m
a.

ES
PI
N
A
st
ud
y,

(S
ua
re
z-
Lo
pe
z
et

al
.

20
18
)

Ec
ua
do
r,
Pe
dr
o

M
on
ca
yo

20
08

Ch
ild

re
n
(n
=

30
8)

Ch
ild

re
n
liv
in
g
in

to
w
ns

w
ith

st
ro
ng

flo
ri
cu
ltu

re
in
du
st
ry

M
et
hi
oc
ar
b,

ca
rb
of
ur
an
,a
ld
ic
ar
b,

di
az
in
on
,

di
m
et
ho
at
e,
ac
ep
ha
te
,c
hl
or
py
ri
fo
s

Bl
oo
d:

co
lle
ct
io
n
of

sa
m
pl
es

on
20

di
ffe
re
nt

da
ys

in
cl
ud
in
g
da
ys

af
te
r
M
ot
he
r's

D
ay

ha
rv
es
t
(p
ea
k
ex
po
su
re
)

A
ce
ty
lc
ho
lin

es
te
ra
se

(A
Ch

E)
an
d
he
m
og
lo
bi
n

N
o
si
gn
ifi
ca
nt

A
Ch

E
ac
tiv

ity
w
as

ob
se
rv
ed

be
fo
re

or
af
te
r
th
e
M
ot
he
r's

D
ay

ha
rv
es
t.

H
ow

ev
er
,a

si
gn
ifi
ca
nt

po
si
tiv

e
as
so
ci
at
io
n
w
as

ob
se
rv
ed

be
tw
ee
n
A
Ch

E
ac
tiv

ity
an
d
di
st
an
ce

be
tw
ee
n
ho
us
eh
ol
ds

an
d
th
e
ne
ar
es
t
flo

w
er

pl
an
ta
tio

n
af
te
r
th
e
M
ot
he
r's

D
ay

ha
rv
es
t.
Fo
r

ch
ild

re
n
liv
in
g
w
ith

in
50
0
m

of
flo

w
er

pl
an
ta
tio

ns
w
ith

th
e
la
rg
es
t
pl
an
te
d
ar
ea
s,
a

po
si
tiv

e
as
so
ci
at
io
n
w
as

ob
se
rv
ed

be
tw
ee
n

A
Ch

E
ac
tiv

ity
an
d
th
e
pe
ri
od

po
st
-M

ot
he
r’s

D
ay

ha
rv
es
t.

W
u
et

al
.(
20
13
)

Ch
in
a,
Ji
an
gs
u

pr
ov
in
ce

20
10
–2
01
1

Ch
ild

re
n
(1
ye
ar

ol
d)

(n
=

48
1)

48
1
In
fa
nt
s
ag
ed

12
m
on
th
s

Py
re
th
ro
id
s:
3-
ph
en
ox
yb
en
zo
ic
(3
-P
BA

),
ci
s-
3-

(2
,2
di
ch
lo
ro
vi
ny
l)
-2
,2
-d
im

et
hy
lc
yc
lo
pr
op
an
e-

ca
rb
ox
yl
ic
ac
id

(c
is
-D
CC

A
),
tr
an
s-
3-

(2
,2
di
ch
lo
ro
vi
ny
l)
-2
,2
-d
im

et
hy
lc
yc
lo
pr
op
an
e-

ca
rb
ox
yl
ic
ac
id

(t
ra
ns
-D
CC

A
)

U
ri
ne
:s
po
t
sa
m
pl
es

M
et
ab
ol
ite
s
of

pe
st
ic
id
es

3-
PB

A
,c
is
-D
CC

A
an
d
tr
an
s-
D
CC

A
w
er
e
th
e

m
os
t
fr
eq
ue
nt
ly

de
te
ct
ed

m
et
ab
ol
ite
s.
U
ri
na
ry

co
nc
en
tr
at
io
ns

of
py
re
th
ro
id
s
m
et
ab
ol
ite
s
w
er
e

hi
gh
er

am
on
g
in
fa
nt
s
liv
in
g
in

ho
us
eh
ol
ds

im
m
ed
ia
te
ly

be
si
de

cr
op
s

Ta
bl
e
3

Co
m
bi
na
tio

n
of

en
vi
ro
nm

en
ta
la
nd

bi
ol
og
ic
al
m
ea
su
re
m
en
ts
of

pe
st
ic
id
e
ex
po
su
re
s
fo
r
re
si
de
nt
s
liv
in
g
ne
ar
by

ag
ri
cu
ltu

ra
ll
an
ds
.

St
ud
y
na
m
e,
re
fe
re
nc
e

Lo
ca
tio

n,
tim

e
pe
ri
od
,

po
pu
la
tio

n
D
efi
ni
tio

n
of

re
si
de
nt

gr
ou
ps

liv
in
g
cl
os
e
to

ag
ri
cu
ltu

ra
ll
an
ds

Pe
st
ic
id
es

of
in
te
re
st

Ex
po
su
re

m
ea
su
re
m
en
t

Re
su
lts

CH
A
M
A
CO

S
(G
un
ie
r
et

al
.2

01
3;

G
un
ie
r

et
al
.2

01
4)

U
SA

,C
al
ifo

rn
ia

19
99
–2
00
0

37
8
ho
us
eh
ol
ds

Ch
ild

re
n
(n
=

20
7)

Es
tim

at
io
n
of

M
n
fu
ng
ic
id
e
us
e

ne
ar

th
e
re
si
de
nc
e
(w

ith
in

1,
3,

5
km

ra
di
i)

M
an
ga
ne
se

Te
et
h

H
ou
se

du
st

M
n
ho
us
e
du
st
co
nc
en
tr
at
io
ns

w
er
e
as
so
ci
at
ed

w
ith

ag
ri
cu
ltu

ra
l

M
n
Pe
st
ic
id
e
us
e
w
ith

in
3
km

du
ri
ng

th
e
m
on
th

pr
io
r
to

du
st

sa
m
pl
e
co
lle
ct
io
n.

A
gr
ic
ul
tu
ra
la
pp
lic
at
io
ns

of
w
id
el
y
us
ed

M
n-
co
nt
ai
ni
ng

fu
ng
ic
id
es

du
ri
ng

pr
eg
na
nc
y
sh
ow

ed
an

as
so
ci
at
io
n
w
ith

hi
gh
er

M
n
le
ve
ls
in

te
et
h.

Co
ro
na
do

et
al
.(
20
11
)

U
SA

,W
as
hi
ng
to
n

st
at
e

20
05
–2
00
6

A
du
lts

an
d
ch
ild

re
n

(n
=

20
0)

G
ro
up

1:
fa
rm

w
or
ke
r
fa
m
ili
es

G
ro
up

2:
N
on
-fa

rm
w
or
ke
r

fa
m
ili
es

O
P,

az
in
ph
os

m
et
hy
la
nd

ph
os
m
et

Co
lle
ct
io
n
at

3
po
in
ts
du
ri
ng

th
e
ag
ri
cu
ltu

ra
l

se
as
on

(t
hi
nn
in
g,
ha
rv
es
t,
no
n-
sp
ra
yi
ng

se
as
on
)

Bi
om

on
ito

ri
ng
:3

in
de
pe
nd
en
t
vo
id

sa
m
pl
es
:

bl
oo
d,

ur
in
e,
an
d
sa
liv
a

En
vi
ro
nm

en
t:
du
st
at

ho
m
e
an
d
ve
hi
cl
es

U
ri
na
ry

le
ve
ls
of
D
M
TP

an
d
ho
us
e
du
st
le
ve
ls
of
az
in
ph
os
-m

et
hy
l

an
d
ph
os
m
et

w
er
e
hi
gh
er

in
fa
rm

w
or
ke
rs
th
an

in
no
n-

fa
rm

w
or
ke
rs
.

Pa
rt
ic
ip
an
ts
(f
ar
m
w
or
ke
rs
an
d
no
n-
fa
rm

w
or
ke
rs
)
w
ho

liv
ed

cl
os
er

to
fa
rm

la
nd

(<
61

m
)
ha
d
hi
gh
er

ur
in
ar
y
le
ve
ls
of

D
M
TP

bu
t
th
is
as
so
ci
at
io
n
w
as

no
to

bs
er
ve
d
fo
r
ho
us
e
du
st

co
nc
en
tr
at
io
ns
.

In
fa
nt
s'
En

vi
ro
nm

en
ta
lH

ea
lth

St
ud
y

M
or
a
et

al
.(
20
14
)

Co
st
a
Ri
ca
,M

at
in
a

Co
un
ty

20
10
–2
01
1

Pr
eg
na
nt

w
om

en
(n
=

44
9)

Re
si
de
nt
s
liv
in
g
cl
os
e
to

ba
na
na

pl
an
ta
tio

ns
(<

5
km

)
M
an
ga
ne
se

(M
n)

Bi
om

on
ito

ri
ng
:r
ep
ea
te
d
bl
oo
d
an
d
ha
ir
sa
m
pl
es

En
vi
ro
nm

en
t:
dr
in
ki
ng

w
at
er

H
ai
r
M
n
co
nc
en
tr
at
io
ns

w
er
e
hi
gh
er

am
on
g
w
om

en
w
ho

w
or
ke
d

in
ag
ri
cu
ltu

re
,t
ho
se

w
ho

liv
ed

w
ith

on
e
or

m
or
e
ag
ri
cu
ltu

ra
l

w
or
ke
rs
,t
ho
se
w
ho

liv
ed

<
50

m
fr
om

ba
na
na

pl
an
ta
tio

ns
,t
ho
se

w
ho

dr
an
k
w
at
er

fr
om

a
w
el
la
nd

th
os
e
w
ho

re
po
rt
ed

ae
ri
al

sp
ra
yi
ng

ne
ar

th
ei
r
ho
m
e
be
fo
re

sa
m
pl
e
co
lle
ct
io
n.

(c
on

tin
ue

d
on

ne
xt

pa
ge
)

C. Dereumeaux, et al. Environment International 134 (2020) 105210

8



Ta
bl
e
3
(c

on
tin

ue
d)

St
ud
y
na
m
e,
re
fe
re
nc
e

Lo
ca
tio

n,
tim

e
pe
ri
od
,

po
pu
la
tio

n
D
efi
ni
tio

n
of

re
si
de
nt

gr
ou
ps

liv
in
g
cl
os
e
to

ag
ri
cu
ltu

ra
ll
an
ds

Pe
st
ic
id
es

of
in
te
re
st

Ex
po
su
re

m
ea
su
re
m
en
t

Re
su
lts

A
ll
th
es
e
fa
ct
or
sw

er
e
as
so
ci
at
ed

w
ith

lo
w
er
M
n
co
nc
en
tr
at
io
ns

in
bl
oo
d.

M
uñ
oz
-Q
ue
za
da

et
al
.(
20
12
)

Ch
ile
,T

al
ca

20
10
–2
01
1

Ch
ild

re
n
(6
–1
2
ye
ar
s)

(n
=

19
0)

G
ro
up

1:
ru
ra
lt
ow

ns
ne
ar

fa
rm

s
G
ro
up

2:
ur
ba
n
ci
ty

O
P,

ch
lo
rp
yr
ifo

s,
ph
os
m
et

Co
lle
ct
io
n
du
ri
ng

2
se
as
on
s:
su
m
m
er

an
d
fa
ll.

Bi
om

on
ito

ri
ng
:s
po
t
ur
in
e
sa
m
pl
es

En
vi
ro
nm

en
t:
so
il,

dr
in
ki
ng

w
at
er
,f
ru
it,

an
d

ve
ge
ta
bl
e
sa
m
pl
es

Ch
lo
rp
yr
ifo

sa
nd

di
az
in
on

w
er
e
m
or
e
fr
eq
ue
nt
ly
de
te
ct
ed

in
lo
ca
l

fr
ui
t
an
d
ve
ge
ta
bl
e
sa
m
pl
es

th
an

in
m
ar
ke
ts
.N

o
O
P
pe
st
ic
id
es

w
er
e
de
te
ct
ed

in
so
il
or

dr
in
ki
ng

w
at
er
.

D
EA

P
w
as

th
e
m
et
ab
ol
ite

m
os
tf
re
qu
en
tly

de
te
ct
ed

in
ur
in
e

sa
m
pl
es
.

Ch
ild

re
n
w
ho

at
e
lo
ca
lf
ru
it
or

ve
ge
ta
bl
es

ha
d
2.
8
tim

es
hi
gh
er

le
ve
ls
of

D
EA

P
m
et
ab
ol
ite
s
in

ur
in
e.
H
ig
he
r
D
EA

P
ur
in
ar
y
le
ve
ls

w
er
e
m
ar
gi
na
lly

as
so
ci
at
ed

w
ith

pr
ox
im

ity
to

fa
rm

s
(<

50
0
m
).

Ro
hi
tr
at
ta
na

et
al
.(
20
14
)

Th
ai
la
nd

20
11
–2
01
2

Ch
ild

re
n
(6
–8

ye
ar
s)

(n
=

53
)

G
ro
up

1:
ch
ild

re
n
liv
in
g
ne
ar
by

ri
ce

cr
op
s

G
ro
up

2:
co
nt
ro
ls

Py
re
th
ro
id
s

Bi
om

on
ito

ri
ng
:u

ri
ne

FM
V
co
lle
ct
ed

du
ri
ng

th
e

w
et

an
d
dr
y
se
as
on
s

En
vi
ro
nm

en
t:
ha
nd

w
ip
es

3-
PB

A
w
as

th
e
py
re
th
ro
id
m
et
ab
ol
ite

de
te
ct
ed

m
os
tf
re
qu
en
tly

in
ur
in
e
sa
m
pl
es
.P
yr
et
hr
oi
ds

w
er
e
no
td

et
ec
te
d
fo
rt
he

m
os
tp

ar
ti
n

ha
nd

w
ip
es
.

3-
PB

A
co
nc
en
tr
at
io
ns

in
re
si
de
nt
s
an
d
co
nt
ro
ls
w
er
e
no
t

si
gn
ifi
ca
nt
ly

di
ffe
re
nt
.

M
ed
ia
n
3-
PB

A
co
nc
en
tr
at
io
ns

in
bo
th

gr
ou
ps

w
er
e
hi
gh
er

du
ri
ng

th
e
dr
y
se
as
on

th
an

th
e
w
et

se
as
on
.

Pr
ox
im

ity
to

a
ri
ce

fa
rm

w
as

ve
ry

w
ea
kl
y
as
so
ci
at
ed

w
ith

in
cr
ea
se
d
py
re
th
ro
id

ex
po
su
re
.

va
n
W
en
de
ld

e
Jo
od
e
et

al
.

(2
01
2)

Co
st
a
Ri
ca

20
07

Ch
ild

re
n
(n
=

14
0

G
ro
up

1:
ch
ild

re
n
liv
in
g
cl
os
e
to

ba
na
na

pl
an
ta
tio

ns
(<

50
m
)

G
ro
up

2:
ch
ild

re
n
liv
in
g
2
km

fr
om

pl
an
ta
tio

ns
G
ro
up

3:
ch
ild

re
n
liv
in
g
in

ar
ea
s

w
ith

lo
w
us
e
of

pe
st
ic
id
es

Ch
lo
rp
yr
ifo

s
Bi
om

on
ito

ri
ng
:u

ri
ne

sa
m
pl
es

(F
M
V)

an
d

re
pe
at
ed

sa
m
pl
es

En
vi
ro
nm

en
ta
ls
am

pl
es

in
gr
ou
ps

1
an
d
2
on
ly
:

ha
nd

an
d
fo
ot

w
ip
es
,m

at
tr
es
s
du
st
,h

ou
se

du
st
,

so
il,

an
d
w
at
er

O
ut
do
or

ai
r
(a
ct
iv
e
an
d
pa
ss
iv
e)

Ch
ild

re
n
in
gr
ou
ps

1
an
d
2
ha
d
si
gn
ifi
ca
nt
ly
hi
gh
er

ur
in
ar
y
TC

Py
co
nc
en
tr
at
io
ns

th
an

ch
ild

re
n
in

gr
ou
p
3

Ch
lo
rp
yr
ifo

s
w
as

de
te
ct
ed

in
al
m
os
t
al
lf
oo
t
an
d
ha
nd

w
as
h

sa
m
pl
es

co
lle
ct
ed

in
gr
ou
ps

1
an
d
2.

Ch
lo
rp
yr
ifo

s
le
ve
ls
in

ch
ild

re
n’
s
ha
nd

an
d
fo
ot

w
ip
e
sa
m
pl
es

w
er
e
hi
gh
er

in
gr
ou
p
1

th
an

in
gr
ou
p
2
bu
tt
he

di
ffe
re
nc
e
w
as
no
ts
ta
tis
tic
al
ly
si
gn
ifi
ca
nt
.

Fe
w
ho
us
e
du
st
an
d
so
il
sa
m
pl
es

ha
d
co
nc
en
tr
at
io
ns

ab
ov
e
th
e

lim
it
of

de
te
ct
io
n.

W
ep
pn
er

et
al
.(
20
06
)

U
SA

,W
as
hi
ng
to
n

st
at
e

Ch
ild

re
n
(2
–1
2
ye
ar
s)

(n
=

8)

Fa
m
ili
es

liv
in
g
15
–2
00

m
fr
om

th
e
ne
ar
es
tt
re
at
ed

fie
ld
s

M
et
ha
m
id
op
ho
s

Sa
m
pl
es

co
lle
ct
ed

2
m
on
th
s
pr
io
r
to

sp
ra
yi
ng

ev
en
t,
1
da
y
pr
io
r,
th
e
da
y
of

th
e
ev
en
t
an
d
th
e

da
y
fo
llo
w
in
g
th
e
ev
en
t.

Bi
om

on
ito

ri
ng
:U

ri
ne

(2
4
h
ur
in
e
vo
id
)
an
d

ha
nd

w
ip
es
.

En
vi
ro
nm

en
t:
O
ut
do
or

ai
r
m
ea
su
re
m
en
ts
an
d

de
po
si
tio

n
pl
at
es
.

In
co
m
pa
ri
so
n
w
ith

th
e
da
y
be
fo
re
th
e
sp
ra
yi
ng

ev
en
t,
th
e
m
ed
ia
n

ou
td
oo
r
ai
r
co
nc
en
tr
at
io
n
w
as

10
tim

es
hi
gh
er

on
th
e
da
y
of

th
e

sp
ra
yi
ng

ev
en
ta
nd

4
tim

es
hi
gh
er
th
an

th
e
da
y
af
te
rt
he

sp
ra
yi
ng

ev
en
t.
M
et
am

id
op
ho
s
re
si
du
es

on
pl
ay
gr
ou
nd

eq
ui
pm

en
t
af
te
r

sp
ra
yi
ng

w
er
e
hi
gh
er

th
an

be
fo
re
.

Th
e
m
ed
ia
n
pe
st
ic
id
e
le
ve
ls
in

ha
nd

w
ip
e
an
al
ys
es

on
th
e

sp
ra
yi
ng

da
y
w
er
e
hi
gh
er

th
an

pr
e-
sp
ra
y
le
ve
ls
.

M
ed
ia
n
ur
in
e
le
ve
ls
be
tw
ee
n
th
e
sp
ra
yi
ng

da
y
an
d
th
e
da
y

fo
llo
w
in
g
sp
ra
yi
ng

w
er
e
hi
gh
er

th
an

le
ve
ls
in

ur
in
e
co
lle
ct
ed

be
fo
re

sp
ra
yi
ng
.U

ri
ne

le
ve
ls
w
er
e
co
rr
el
at
ed

w
ith

ha
nd

w
ip
e

m
ea
su
re
m
en
ts
.

C. Dereumeaux, et al. Environment International 134 (2020) 105210

9



cholinesterase activity, transaminase activity, DNA damage, oxidative
stress markers (superoxide dismutase, catalase, glutathione-S-trans-
ferase, and glutathione peroxidase), repair parameters (heat shock
proteins) and hemoglobin parameters to evaluate biological effects
potentially related to pesticide exposure. These biomarkers of biological
effects were all measured in blood or saliva. Only one study analyzed
biomarkers of exposures and biological effects in combination
(Doğanlar et al., 2018).

Apart from one study (Dalvie and London 2006), all those that in-
cluded a non-agricultural reference group, showed that agricultural
residents presented at least one indicator of being more exposed to
pesticides in comparison with controls, such as higher concentrations of
dialkylphosphates (DAP) or 3-methyl-4-nitrophenol (metabolite of fe-
nitrothion) in urine (Babina et al., 2012), higher concentrations of
terbuthylazine (TBA) in hair (Mercadante et al., 2013), higher con-
centrations for multi-residue pesticides in blood (Doğanlar et al., 2018),
higher levels of oxidative stress markers and DNA damage (Doğanlar
et al., 2018; Quintana et al., 2017) and decreased activity of cholines-
terase (Martínez-Perafán et al., 2018).

In all studies related to the influence of agricultural activities near
households, higher concentrations of pesticide metabolites were asso-
ciated with residential proximity to agricultural lands or with crop
acreage around the residence. The 3 studies that defined residents of
agricultural lands a posteriori, showed that children aged 12months old
had the highest urinary concentrations of pyrethroids and DAP meta-
bolites when they were living in homes adjacent to (Wu et al., 2013) or
60m from an agricultural field (Bradman et al., 2011), and that preg-
nant women had the highest urinary concentrations of metolachlor
when living within 375m of corn crops (Chevrier et al., 2014). A sig-
nificant positive association was also observed between the acet-
ylcholinesterase activity and the distance to the nearest flower planta-
tion (Suarez-Lopez et al., 2018).

Comparisons between the spraying and non-spraying seasons
showed significant higher levels of indicators of pesticide exposure
during the former season in almost all studies that included biological
collection at different periods (Cecchi et al., 2012; Doğanlar et al.,
2018; Galea et al., 2015; Mercadante et al., 2013; Quintana et al., 2017;
Suarez-Lopez et al., 2018). Some studies showed significant changes in
cholinesterase and superoxide dismutase (SOD) activities in the
spraying season in comparison with the non-spraying season (Cecchi
et al., 2012; Quintana et al., 2017; Suarez-Lopez et al., 2018). One study
showed that the detection rate of terbuthylatrazine in hair was higher
during spraying season than before it (Mercadante et al., 2013). An-
other found a significant increase in urinary chlomequat levels just after
a spray event within 100m of residents’ homes (Galea et al., 2015). Yet
another study showed that pesticide residue concentrations in blood
were up to 10 times higher in the spraying season than in the non-
spraying season (Doğanlar et al., 2018).

The study which included a farmworker group, as a control, showed
that before the spraying season there was no difference between pes-
ticide levels in hair among workers and residents, but during the
spraying season levels among workers were higher (Mercadante et al.,
2013).

3.3. Environmental and biomonitoring studies

Table 3 presents a summary of the 7 studies that assessed pesticide
exposure in residents living close to agricultural lands by analyzing
both environmental and biological samples. Five studies were con-
ducted in one or various areas identified a priori (Coronado et al., 2011;
Mora et al., 2014; Rohitrattana et al., 2014; van Wendel de Joode et al.,
2012; Weppner et al., 2006), and 2 others defined residents a posteriori
based on the distance between households and crops (Gunier et al.,
2013; Gunier et al., 2014; Muñoz-Quezada et al., 2012).

Three studies used a reference group within the population study
(Muñoz-Quezada et al., 2012; Rohitrattana et al., 2014; van Wendel de

Joode et al., 2012) whereas one included a group of farmworkers
(Coronado et al., 2011). All these studies evaluated the influence of
residential proximity to agricultural lands.

The number of biological and environmental samples taken ranged
from a minimum of one of each (Gunier et al., 2013; Gunier et al., 2014;
Rohitrattana et al., 2014) up to a combined total of 8 (van Wendel de
Joode et al., 2012). Apart from one study (Gunier et al., 2013; Gunier
et al., 2014), all collected repeated biological samples to evaluate
within-subject variability or to study the influence of the spraying
season or spraying events on pesticide exposure.

Results from different environmental and biological samples gen-
erally showed poor correlations: one study showed that participants
(farmworkers and non-farmworkers) who lived very close to agri-
cultural lands (< 60m) had significantly higher urinary levels of di-
methyl-thiophosphate (DMTP) than other participants, but this asso-
ciation was not observed in house dust concentrations (Coronado et al.,
2011). Similarly, chlorpyrifos urinary levels were significantly higher in
children living close to banana plantations than in children living in
places with low use of pesticides. However, the association was not
significant for hand and foot wipe measurements nor for house dust
(van Wendel de Joode et al., 2012). Another study showed that man-
ganese (Mn) concentrations in hair were higher among women who
lived within 50m of banana plantations, women who drank water from
a well and women who reported aerial spraying near their home before
sample collection. However, these factors were associated with lower
Mn concentrations in blood (Mora et al., 2014). Hair measurements had
better within-subject correlation than blood concentrations in that
study, which could be explained by the longer half-life of pesticides in
hair (Barr and Needham 2002). Other studies showed only marginal
associations between biomonitoring levels and proximity to agricultural
lands when considering diethyl alkylphosphate (DEAP) or pyrethroid
urinary levels (Muñoz-Quezada et al., 2012; Rohitrattana et al., 2014),
or the influence of the spraying and non-spraying seasons (Rohitrattana
et al., 2014).

Only one study that collected outdoor air and used hand wipes as
well as urine samples at 4 different periods (2months before the
spraying season, one day before pesticide application, the day of ap-
plication and the day after application) found the same increase just
before the spray event for each environmental and biological sample
(Weppner et al., 2006). In that study, urine samples collected were 24 h
urine voids which could partly explain the good correlation with en-
vironmental samples.

3.4. Results synthesis

Most studies selected in the present review included exposure
measurements in a non-agricultural reference group or measurements
before and after spraying events in order to estimate pesticide exposure
related to spray-drift pathways in residents living close to treated
agricultural lands (Babina et al., 2012; Cecchi et al., 2012; Doğanlar
et al., 2018; Galea et al., 2015; Gibbs et al., 2017; Martínez-Perafán
et al., 2018; Mercadante et al., 2013; Muñoz-Quezada et al., 2012;
Quintana et al., 2017; Rohitrattana et al., 2014; Suarez-Lopez et al.,
2018; van Wendel de Joode et al., 2012; Ward et al., 2006). Many of the
studies showed that these residents are exposed to higher pesticide le-
vels than reference groups. They are also more exposed to pesticides
during the spraying season. However, study designs and methodologies
for measuring pesticide exposures differed between studies and results
were sometimes inconsistent for pesticide type and for environmental
and biological samples.

Buffer zones considered between households and the nearest treated
fields differed considerably between studies. For instance, authors
measuring diazinon concentrations in air used buffer zones ranging
from 30m (Kawahara et al., 2005) to 8 km (Wofford et al., 2014). Al-
though the meta-analysis performed in 2017 confirmed the overall
decrease of pesticide concentrations in house dust with increased

C. Dereumeaux, et al. Environment International 134 (2020) 105210

10



distance from treated fields – the distances considered ranging from 3m
to 1125m, the magnitude of the decrease was not linear and varied
according to pesticide type (Deziel et al., 2017). Moreover, the model
used in that meta-analysis to predict house dust pesticide concentra-
tions at varying distances up to 1125m from agricultural lands did not
show a distance threshold. Overall, results from studies suggest that
using proximity only may not be a suitable indicator of pesticide ex-
posure in residents living close to treated agricultural lands. Studies
that included additional information, such as the amount of pesticides
applied or acreage treated, were more likely to find an association
(Semchuk et al., 2003). One study demonstrated that using proximity
only explained less variance in the association with pesticide exposure
than using acreage and proximity in combination (Ward et al., 2006).
This could be partly explained by the fact that acreage is more likely
related to the amount of pesticides applied in fields than proximity.

In studies included in our review, measurements of pesticide ex-
posures included levels of pesticide metabolites in biological samples
(urine, blood or hair), levels of pesticide residues in household samples
(dust or indoor air) and levels of markers of biological effects poten-
tially related to pesticide exposures. Results from the studies confirm
that residents living closer to pesticide-treated agricultural lands tend to
have higher levels of pesticide residues/metabolites in their households
and/or biological samples, higher levels of oxidative stress markers,
greater DNA damage and decreased activity of cholinesterase than re-
sidents living farther away. Results from 4 studies showed that house
dust could be an appropriate medium to characterize residential accu-
mulation of pesticides as a result of nearby agricultural use (Deziel
et al., 2017; Gunier et al., 2011; Hogenkamp et al., 2004; Ward et al.,
2006). Results from 2 studies also showed the capability of hair to ac-
curately reflect long-term exposure to pesticides with lower within-
subject variability and a better detection rate than in urine and blood
samples (Mercadante et al., 2013; Mora et al., 2014). Another inter-
esting sampling method, used in various studies, included the repeated
collection of biological samples to estimate the temporal variation in
exposure (Dalvie and London 2006; Doğanlar et al., 2018; Galea et al.,
2015; Mercadante et al., 2013; Suarez-Lopez et al., 2018). However, for
a given pesticide, results were often different between studies and/or
between environmental or biological media. For instance, chlorpyrifos
concentrations in outdoor air and house dust were higher close to
treated fields (Gibbs et al., 2017; Gunier et al., 2011) whereas con-
centrations in urine samples or in hand- and foot-wipe samples did not
show a significant increase (Galea et al., 2015; van Wendel de Joode
et al., 2012). These differences in results could partly be explained by
physico-chemical properties of pesticides which may influence con-
centrations in different media, for example manganese measurements
in house dust or hair, which are less susceptible to within-individual
variability than measurements in urine or blood (Gunier et al., 2013;
Gunier et al., 2014; Mora et al., 2014). However, concentrations of a
given pesticide in a given medium can also provide different results, for
example the pyrethroid concentrations in urine measured in studies
conducted in Australia and China (Babina et al., 2012; Wu et al., 2013).
Study sites could partly explain these differences as meteorological
conditions, topography, type of crops, pesticide application methods,
and even lifestyle and housing characteristics differ between these two
countries.

Some of the studies included analyzed biological markers of oxi-
dative stress, DNA damage, repair parameters and cholinesterase ac-
tivity (Cecchi et al., 2012; Dalvie and London 2006; Doğanlar et al.,
2018; Martínez-Perafán et al., 2018; Quintana et al., 2017). However,
the results of these studies were generally difficult to interpret.

4. Discussion

There are many challenges to accurately measuring non-occupa-
tional pesticide exposure in residents living close to agricultural land.
Our review of a series of recent studies characterizing exposure in this

population underlines the strengths and weaknesses of the different
strategies and sampling methods used, and highlights requirements for
future studies in order to accurately measure pesticide spray-drift ex-
posure in this population.

4.1. Study design for future studies

4.1.1. Comparison with a reference group or a reference period
As the general population is exposed to numerous agricultural and

non-agricultural pesticides via multiple pathways including diet, do-
mestic use, and occupation, studies estimating exposure related to
agricultural spray-drift in residents living close to agricultural lands
should use a non-agricultural reference group for greater accuracy.
Indeed, most studies in this review included either such a group or a
non-spraying reference period (before or after the spraying season). If
such studies show that residents living nearby crops are exposed to
higher levels of pesticides than the non-agricultural reference group,
this is most probably related to agricultural spray-drift exposure rather
than other pathways like diet or domestic use. Similarly, if such studies
show that the former population are more exposed during the spraying
season than before or after the spraying season, this is also most
probably related to agricultural spray-drift exposure.

4.1.2. A multicentric setting
Pesticide spray-drift exposure and, as a consequence, the char-

acterization of exposed resident groups and their control groups, are
influenced by numerous key parameters, such as the physico-chemical
properties of pesticides, crop type, pesticide application method and
environmental conditions – including meteorology, topography, and
soil nature – which influence dissipation pathways (Bedos et al., 2002;
Damalas and Eleftherohorinos 2011). Therefore, as demonstrated in
some studies included in the present review, using distance as the un-
ique parameter to characterize the target population and control groups
is not an optimal choice. Additional parameters, such as those listed
above, but also the amount of pesticides applied and acreage of treated
fields, should improve accuracy. However, it could be difficult to si-
multaneously measure all these parameters in future studies because for
some, data collection is difficult in large-scale studies, and the direction
and the magnitude of correlations are quite unpredictable. This sug-
gests the need to at least investigate associations between exposure to
pesticides used for a specific crop, as correlations between amounts of
pesticides and treated acreage depend on specific crop groups (Bukalasa
et al., 2017). In addition, a multi-centric approach, where the number
of study sites covering different environmental conditions (meteor-
ology, topography, soil nature) is increased, would help reduce the
impact of ecological bias and confounding factors, because it is not very
likely that these factors – for example, the nature of the soil or the
topography – impact exposure levels across the entire range of sites in
the study (Kunzli and Tager 1997).

4.2. Measurement of pesticide exposure

4.2.1. Analysis of the best pesticide-media pairings
In a context of multi-pathway exposure, the identification of re-

levant pesticides used specifically in treated fields is essential to accu-
rately evaluate exposure of residents specifically related to agricultural
spray-drift. Accordingly, the physicochemical properties of pesticides
and application methods should be considered as these can influence
pesticide residue dispersion from treated areas and their concentrations
in environmental and biological media. These properties should help
identify the most appropriate pesticide-media pairings for exposure
measurements. However, other external factors like the risk of sample
contamination in the field or in laboratories and the analytical method
used, may also influence results. Measuring this influence is difficult
(LaKind et al., 2017). Our analysis shows that it could be useful to pair
biomonitoring with environmental sampling in future studies as they
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are complementary approaches. Biological and environmental media
are influenced differently by external factors and they reflect different
exposure windows, with dust and hair samples representing a cumu-
lative time window representing weeks or months, while air and urine
often represent exposure in the hours to days prior to sample collection
(Barr et al., 2006; Mercadante et al., 2018). Repeated biological and
environmental sampling over time should also help limit the influence
of some external factors and reduce the impact of peak exposure on
background concentrations (depending of the study aims). Such a
combined sampling design is particularly appropriate for the mea-
surement of pesticides in air or urine which are rapidly eliminated from
the human body or from the environment and which experience large
intra-day variability (Attfield et al., 2014; Morgan et al., 2016). Future
research with repeated combined biological and environmental mea-
surements may increase investigators’ capability to show associations
and trends in pesticide exposure of residents living close to agricultural
land.

4.2.2. Markers of biological effects
Markers of biological effects are good early warning indicators of

disease caused by chronic low-level exposure to a mix of pesticides and
have been used as biomarkers for pesticide genotoxicity in numerous
studies (Ali et al., 2008; Bhalli et al., 2006; Bolognesi and Holland
2016; Lebailly et al., 2015; Ramirez-Santana et al., 2018; Singh et al.,
2011). However, it can be difficult to interpret these measurements
appropriately. For instance, certain cholinesterase-inhibiting com-
pounds can inhibit red cell acetylcholinesterase more than butyr-
ylcholinesterase in plasma (Karasova et al., 2017). Moreover, the in-
terpretation of results needs to clearly determine an individual’s
baseline levels, using repeated measurements (Rohlman et al., 2019), or
his/her “paraoxonase status” referring to PON1 function as a modula-
tion factor of cholinesterase inhibition (Dardiotis et al., 2019). Fur-
thermore, the method used for blood sample collection and analysis
must be checked because cholinesterase activity is very dependent on
the temperature at the moment of collection, and the variability in
measurement assays could provide different results (Karasova et al.,
2017). In the absence of a standardized approach and normal baseline
range for the general population, it is extremely difficult to interpret the
measurements of markers of biological effects in order to predict ex-
posure and related medical issues.

4.3. Controlling the factors influencing pesticide exposure

As mentioned above, it is essential to collect data about external
factors that can influence pesticide exposure measurements: meteor-
ology, topography, crop type, application method and quality of mea-
surements.

However, it is also essential to collect data about lifestyle (e.g. time
spent outdoors, smoking and alcohol habits), food intake (including
organic food and self-production), and professional and housing char-
acteristics (e.g. presence of a garden, ventilation system, use of pesti-
cides at home), as these can influence exposure to agricultural and
domestic pesticides. This data collection in combination with pesticide
exposure measurements is necessary to evaluate the contribution of
agricultural spray-drift exposure to total pesticide exposure.
Accordingly, future studies should include recall diaries, questionnaires
and interviews to collect data about potential other sources of pesticide
exposure.

5. Conclusion

To the best of our knowledge, this is the first review focusing on
non-occupational pesticide exposure in non-farmworker residents living
close to agricultural land. While accurate measurements of pesticide
exposure are difficult for several reasons, such as the existence of
multiple exposure pathways, studies included in this review provide

evidence that this population is exposed to higher levels of pesticides
than residents not living in proximity to agricultural lands. Exposure
levels were influenced not only by the distance between households and
the nearest treated field but also by the crop acreage around the re-
sidence and the time of the year (i.e., during or before, and after the
spraying season).

This review highlights that some study design characteristics are
more likely than others to accurately measure pesticide spray-drift ex-
posure in residents: inclusion of a non-agricultural control group, col-
lection of both biological and environmental samples with repeated
sampling, measurements at different times of the year, selection of
numerous study sites related to one specific crop group, and measure-
ments of pesticides specific to agricultural use. However, such studies
are still scarce.

Reliable measurements of pesticide exposure are needed to develop
and validate exposure models and indicators for large-scale related
epidemiological studies. Additional studies are therefore needed to
comprehensively measure non-occupational pesticide exposure in re-
sidents living close to treated agricultural lands in order to evaluate
health risks, and to develop appropriate prevention strategies.
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