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Abstract

Background—Exposures to cholinesterase inhibitor pesticides (e.g. organophosphates) have
been associated with children's neurobehavioral alterations, including attention deficit and
impulsivity. Animal studies have observed transient alterations in neurobehavioral performance in
relation to cholinesterase inhibitor pesticide exposures; however, limited evidence exists regarding
transient effects in humans.

Methods—We estimated the associations between neurobehavioral performance and time after
Mother's Day flower harvest (the end of a heightened pesticide usage period) among 308 4-to 9-
year-old children living in floricultural communities in Ecuador in 2008 who participated in the
ESPINA study. Children's neurobehavior was examined once (NEPSY-I1I: 11 subtests covering 5
domains), between 63-100 days (SD: 10.8 days) after Mother's Day harvest (blood
acetylcholinesterase activity levels can take 82 days to normalize after irreversible inhibition with
organophosphates).

Results—The mean (SD) neurobehavioral scaled scores across domains ranged from 6.6 (2.4) to
9.9 (3.3); higher values reflect greater performance. Children examined sooner after Mother's Day
had lower neurobehavioral scores than children examined later, in the domains of (score difference
per 10.8 days, 95%CIl): Attention/Inhibitory Control (0.38, 0.10-0.65), Visuospatial Processing
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(0.60, 0.25-0.95) and Sensorimotor (0.43, 0.10-0.77). Scores were higher with longer time post-
harvest among girls (vs. boys) in Attention/Inhibitory Control.

Conclusions—Our findings, although cross-sectional, are among the first in non-worker
children to suggest that a peak pesticide use period may transiently affect neurobehavioral
performance, as children examined sooner after the flower harvest had lower neurobehavioral
performance than children examined later. Studies assessing pre- and post-exposure measures are
needed.

Keywords
pesticides; neurobehavior; transient; cholinesterase; children; acute

Introduction

Early life exposures to commonly applied agricultural pesticides have been associated with
neurobehavioral delays in children. In particular, organophosphate exposures have been
associated with attention deficit hyperactivity disorder symptoms, including decreased
attention and inhibitory control (Bouchard et al., 2011; Eskenazi et al., 2007; Horton et al.,
2012; Kofman et al., 2006; Marks et al., 2010; Rauh et al., 2011, 2006), and there is growing
evidence in children and animals that males may be more susceptible to the harmful effects
of pesticide exposures than females (Dam et al., 2000; Horton et al., 2012; Johnson et al.,
2009; Levin et al., 2001; Marks et al., 2010; Suarez-Lopez et al., 2013). Organophosphate
insecticides exert their toxicity through inhibition of acetylcholinesterase (AChE) activity,
which is an important regulator of the neurotransmitter acetylcholine, and likely through
direct toxicity to neurons and glia (Abou-Donia, 2003; Aldridge et al., 2005; Qiao et al.,
2003; Slotkin, 2004). We previously reported that lower AChE activity was associated with
lower attention, inhibitory control and memory scores, among boys but not girls, within the
Secondary Exposure to Pesticides among Children and Adolescents (ESPINA: Estudio de la
Exposicion Secundaria a Plaguicidas en Nifios y Adolescentes) study, which examined
children living in Ecuadorian floricultural communities (Suarez-Lopez et al., 2013).

A limited number of experimental studies indicate that pesticide exposures can also induce
transient (subacute) decreases in neurobehavioral performance. In rats and zebrafish, single
or recurrent exposures to organophosphates have been associated with initial decreases in
neurobehavioral performance, followed by neurobehavioral improvement with greater time
after removal of the exposure (Levin et al., 2003; Maurissen et al., 2000; Middlemore-Risher
et al., 2010). Although limited information exists, human evidence appears to be congruent
with experimental findings: seasonal use of pesticides has been found to increase pesticide
exposures and to decrease neurobehavioral performance of agricultural workers (Khan et al.,
2014; Rohlman et al., 2015). Furthermore, adults intoxicated with pesticides had lower
neurobehavioral performance which improved over time (Delgado et al., 2004).

The objective of the present study was to estimate the associations between time after a peak
pesticide spray season (Mother's Day flower harvest) and neurobehavioral performance
among participants of the ESPINA study. This study examined children who lived in
agricultural communities in Ecuador, but who did not work in agriculture. ESPINA study
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participants were examined during a low flower production season, but within approximately
100 days after Mother's Day (May). Mother's Day is one of the holidays with the most
flower sales worldwide, and it is celebrated in May in 63% of countries in the world
including the populous countries of China, India, USA, Brazil and Pakistan. Although the
half-lives of organophosphates pesticides are short, normalization of erythrocytic AChE
activity levels after irreversible inhibition (enzymatic aging) by organophosphates may take
up to 3 months (Mason, 2000) and seasonal alterations of neurobehavioral performance may
last for months after the end of pesticide applications (Rohlman et al., 2015). In the present
study, we hypothesized that children assessed earlier in the examination period (closer to the
end of the Mother's Day flower harvest) had lower neurobehavioral scores than children
examined later.

Material and Methods

In 2008, we examined 313 healthy 4- to 9-year-old children and surveyed their parents as
part of the ESPINA study in Pedro Moncayo County, Pichincha, Ecuador. Most participants
of the ESPINA study (73%) were recruited from their participation in the “2004 Survey of
Access and Demand of Health Services in Pedro Moncayo County”, collected by Fundacion
Cimas del Ecuador in collaboration with the communities of Pedro Moncayo County. This
was a representative survey of the county which obtained information of 71% of the
population of Pedro Moncayo County, Ecuador and measured height and weight of 33% of
children under the age of 5 years.

To supplement recruitment, new volunteers (27% of total sample) living in Pedro Moncayo
County were also recruited through community announcements performed by leaders and
governing councils, and by word of mouth. The ESPINA study aimed to have a balanced
distribution of participants living with floricultural workers and non-agricultural workers.
Participation of children was sought if they met the following criteria: cohabitation with a
floricultural worker for at least one year for the group of children living with a floricultural
worker; among children living with non-agricultural workers, they must have never
cohabited with an agricultural worker, never inhabited a house where agricultural pesticides
were stored and having no previous direct contact with pesticides. The ESPINA study
comprises participants living in all 5 parishes of Pedro Moncayo county and has similar
socio-economic and racial distributions as the general population of the county. Detailed
participant recruitment information has been described elsewhere (Suarez-Lopez et al.,
2012). Parents provided informed consent for themselves and for permission of participation
of their children. Participants who were at least 7 years old provided assent for participation
in the study. In total, 308 children had complete data for this study. This study was approved
by the Institutional Review Boards of Fundacion Cimas del Ecuador, the University of
Minnesota and the University of California San Diego.

Floriculture in Pedro Moncayo County

The floriculture industry is central to the economy of Pedro Moncayo county using 5.3% of
the geographic area (Gobierno Municipal del Canton Pedro Moncayo, 2011) (1800 hectares)
and employing 21% of all adults in the county (Suarez-Lopez et al., 2012). The Ecuadorian
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floriculture industry uses many different pesticides (mostly insecticides and fungicides), of
which diethyldithiocarbamate fungicides and organophosphate insecticides are commonly
used (Grandjean et al., 2006; Harari, 2004). There is tremendous worldwide demand for
flowers for Christmas (December 25), Valentine's Day (February 14), Easter (March/April)
and Mother's Day (2" Sunday in May). Flower plantations, thus, increase their production
and pesticide use around October and decrease production in May. After the Mother's Day
harvest, the production slows substantially for the summer months. In response to countries'
strict no-tolerance policies for the importation of crops with pests (U.S. Department of
Agriculture, 2012), the usage of pesticides in floriculture increases as crops mature and
continue until soon (days or hours) prior to the harvest (Harari, 2004; Narvaez et al., 2002).

Each child was examined once during the period of lowest flower production of the year,
and within 100 days after the Mother's Day harvest (July 10 through August 15, 2008).
During this 37-day period, examinations took place on 20 weekdays days, averaging 15
participants per day. Exams were conducted in 7 schools distributed across the 5 parishes
that make-up Pedro Moncayo County during the summer months, when schools were not in
session. We calculated the number of days between the approximate end of the Mother's Day
harvest (5/08/2008, 00:00 am) and the date and time of the beginning of the examination.

Five trained examiners applied the NEPSY-II test (Korkman et al., 2007a), a standardized
test to assess neuropsychological development in children ages 3-16 years. Children were
tested in 11 age-appropriate subtests in 5 domains: Attention and Inhibitory Control (also
known as Attention and Executive Functioning; subtests: auditory attention and response set,
inhibition, statue), Language (comprehension of instructions, speeded naming), Memory and
Learning (memory-for-faces immediate and delayed, narrative memory), Sensorimotor
(visuomotor precision) and Visuospatial Processing (design copying, geometric puzzles).
Descriptions of each subtest have been described elsewhere (Kemp and Korkman, 2010;
Korkman et al., 2007b; Suarez-Lopez et al., 2013). Three subtests required translation into
Spanish using terminology appropriate for the local population (auditory attention and
response set, comprehension of instructions and narrative memory). Translation of the
NEPSY test has been found to be relatively unaffected by language and culture (Garratt and
Kelly, 2008; Kofman et al., 2006; Mulenga et al., 2001). Participants were examined alone
except when children experienced separation anxiety from their parents. In such cases (5
participants), one relative was allowed to be in the examination room and was instructed to
remain silent and to sit between 2 and 4 meters away and outside of the child's line of sight.

Children's height was measured to the nearest mm following standard procedures (World
Health Organization, 2008), and height-for-age z-score calculations were based on the World
Health Organization normative sample (WHO Multicentre Growth Reference Study Group,
2006).

We conducted an in-person home survey of the children's parents or guardians to obtain
information on socio-economic status, demographics, health and pesticide exposure
information of household members.
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Distance from participants' homes to the nearest flower plantation was assessed. Using
portable global positioning system receivers, geographical coordinates of Pedro Moncayo
County homes were collected in 2004, 2006 and 2010 by Fundacion Cimas del Ecuador as
part of the System of Local and Community Information (Sistema de Informacion Local y
Comunitario). Flower plantation edges (areal polygons) were created by measuring the
geographic coordinates of each corner of each plantation's perimeter and plotting them on
maps. The distance of each participant's home was calculated to the nearest 1-meter segment
of flower plantation edge using ArcGIS 9.3 (Esri, Redlands, CA).

Statistical Analysis

Neurobehavioral subtest scaled scores were calculated using the NEPSY-II scoring assistant
software (NCS Pearson Inc., San Antonio, TX). Most subtest scores consisted of primary
scaled scores, age-adjusted values based on a national normative sample of US children
(Korkman et al., 2007b). Higher scores represent higher performance. Domain scores were
computed as the average of subtest primary scaled scores within a domain. For subtests that
were composed of more than one primary scaled score (i.e., auditory attention and response
set, inhibition and word list interference), we used the average of all available primary scaled
scores per subtest for the domain score calculation. For subtests that included both correct
and error components (i.e. auditory attention and response set) or time and error components
(i.e. inhibition, speeded naming, visuomotor precision), we used the combined scaled scores
(scores that combined both components) as primary scaled scores. Visuomotor precision was
the only subtest within the sensorimotor domain; therefore, the sensorimotor domain score is
equal to the visuomotor precision scaled score. We calculated a total neurobehavioral
summary score which was the average of primary scores of all eleven subtests. Domain
scores and the neurobehavioral summary score were used as the measures of
neurobehavioral performance.

Associations between time after the Mother's Day harvest and neurobehavioral scores were
analyzed using linear regression models in SAS Version 9.4 (SAS Institute Inc., Cary, NC).
We used minimal and full adjustment models. The minimal adjustment models included age,
sex, race and neurobehavioral examiner. The fully adjusted model, defined a-priori, also
included height-for-age z-score (to estimate long-term nutritional status), income, distance to
the nearest plantation edge and flower worker cohabitation status. The latter two variables
are potential confounders to the association. In our study, children living with floricultural
workers were found to have lower AChE activity compared to children living with non-
agricultural workers (Suarez-Lopez et al., 2012); furthermore, AChE activity was positively
associated with neurobehavioral scores in boys in this population (Suarez-Lopez et al.,
2013). Distance to the nearest plantation edge and flower worker cohabitation are not
considered to be in the causal pathway between the exposure (a construct of time) and the
outcome (neurobehavior) when analyzing the data cross-sectionally. The fully adjusted
model for neurobehavioral outcomes also included maternal education because it is a
predictor of children's neurobehavioral performance (Brooks et al., 2010). Additionally, we
analyzed data in a third model which included the full adjustment variables plus AChE
activity and hemoglobin as mediation analyses.
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We assessed effect modification by sex by testing interaction terms. All statistical models
used the continuous variable of time after Mother's Day. We plotted adjusted means of
neurobehavior by quintiles of time after Mother's Day harvest; associations that had
significant interaction coefficients with sex were tested and plotted separately for boys and
girls.

In order to include all children in multivariable analyses, we created a “missing” race
category to account for 14 children with missing information. Because only 5 children in
this study were white and 2 were black, we incorporated these 7 children in the mestizo (mix
of white and indigenous) category to improve model stability when adjusting for race. We
imputed missing information of maternal education for 15 children based on the household
head's education in 2004. Income was imputed for 17 children according to 3 variables
significantly associated with income: maternal education, type of housing in 2004 (i.e.
house, apartment, room, shack) and residential building materials in 2004 (i.e. brick, adobe,
wood). For children not examined in 2004, maternal education (n=3), income (h=4) and
residential distance to the nearest flower plantation (n=3) were imputed from a random
selection of values generated from a random normal distribution based on the concurrent
ESPINA mean + standard deviation (SD) values of the corresponding variable.

Sensitivity Analyses

Results

Age-standardization of the neurobehavioral scaled scores (Korkman et al., 2007b)
successfully removed the effect of age overall and in the domains of Sensorimotor,
Language and Visuospatial processing. However, age remained associated negatively with
the domain scores of Attention and Inhibitory control (B per year=-0.29, p<0.001), and
Memory and Learning (p=-0.53, p<0.001) in full adjustment models. Because children
examined earlier in the exam period were younger than children examined later (Table 1),
we considered the possibility of residual confounding of age after its adjustment. For this
reason, we tested all exposure-outcome associations among a randomly-selected subset of
participants with an approximately equal distribution of age (in quartiles) across quartiles of
time after Mother's Day harvest as sensitivity analyses. The random selection of participants
was conducted using SAS 9.4 (‘surveyselect’ procedure). A total of 64 participants (21%)
were excluded to achieve this “age-balanced subgroup” (n=244).

Participant characteristics

The mean age of children at the time of assessment was 6.6 years (SD = 1.6); 51% were
male, 76% mestizo, 22% indigenous, and 49% lived concurrently with at least one
floricultural worker. The overall mean height-for-age z-score was -1.25 (SD: 0.98). Children
were examined between 63 and 100 days after Mother's Day harvest [mean: 84.5 days, SD:
10.8]. Participants examined sooner after the harvest were younger, had greater household
income, were more likely to live with a floricultural worker and had lower hemoglobin
concentrations than those examined later. Additionally, AChE activity was lower in children
examined earlier in the examination period compared to those examined later (p<0.01).
Further analysis of this association is part of a separate manuscript. Participant
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characteristics are listed in Table 1 and distributions of neurobehavioral scores are listed in
Table 2. Neurodevelopment scores in our study sample were lower but with similar
variability than those of the NEPSY-II normative sample (Suarez-Lopez et al., 2013), which
were designed to have a mean of 10 + 3 for each subtest. The age-balanced subgroup had
practically unchanged distributions across quintiles of days after Mother's Day harvest as the
full sample, with the exception of age, in which a balanced distribution was achieved
(Supplementary Table 1).

Time after the Mother's Day harvest and neurobehavior

Neurobehavioral scores were lower among children tested sooner after Mother's Day than
children examined later. Time after the Mother's Day harvest was positively associated with
the following scores (score difference per SD of time [10.8 days], 95%ClI): Total
Neurobehavior (0.26, 0.08 to 0.44), Attention and Inhibitory Control (0.38, 0.10 to 0.65),
Visuospatial Processing (0.60, 0.25 to 0.95) and Sensorimotor (0.43, 0.10 to 0.77); see
Figure 1. There was evidence of effect modification by sex in the association between time
after the Mother's Day harvest and Attention and Inhibitory Control performance in the
minimal adjustment model only (p=0.03). The magnitude of the positive association
between time after Mother's Day harvest and Attention and Inhibitory Control was
substantially greater in girls compared to boys in both the minimally and fully adjusted
models (Figure 1). Although the association in boys was also positive, it did not reach
statistical significance. Although the interaction term was non-significant, we present similar
associations stratified by sex with the outcome of Visuospatial processing. The differences
of associations between boys and girls are less marked than those seen in Attention and
Inhibitory control; however, they are roughly 1.5 times greater for girls.

The strength of the associations (slopes) decreased after quintile 3 (80-87 days after
Mother's Day harvest) for the domains of Attention and Inhibitory Control, Visuospatial
Processing, and Sensorimotor, as observed in Figure 1 and corroborated by significant
quadratic terms in the Sensorimotor, and Attention and Inhibitory Control Domains (the
latter was significant only among girls). We observed a significant a U-shaped association
(Pquadratic= 0.05) between time after Mother's Day harvest and Language domain score.
Language performance of children was highest among children examined in quartile 1
(63-75 days after Mother's Day harvest), followed by a period of lower performance levels
in children examined during quartiles 2-4 (76-96 days), and finalizing with greater
performance among children examined in quartile 5 (97-100 days). We observed no
associations between time after Mother's Day harvest and Memory and Learning domain
performance. Further adjustment for AChE activity and hemoglobin concentration had
overall a small effect on the association. However, in the Attention and Inhibitory Control
domain it strengthened the associations by roughly 16%.

Time after the Mother's Day harvest and neurobehavior: sensitivity analyses (age-balanced

subgroup)

The associations between time after the Mother's Day harvest and all neurobehavioral scores
among the age-balanced subgroup were similar and slightly stronger than those of the full
sample (Supplementary Figure 1). The fully adjusted neurobehavioral score difference (B,
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95% CI) per standard deviation of time after Mother's Day harvest were: total neurobehavior
(0.29, 0.09 to 0.49), Attention and Inhibitory Control (0.35, 0.04 to 0.65), Visuospatial
Processing (0.63, 0.25 to 1.01), Sensorimotor (0.53, 0.16 to 0.90), Memory and Learning
(0.07, -0.19 to 0.34) and Language (-0.13, -0.43 to 0.17). Similar to the full sample, effect
modification by sex for the outcome of Attention and Inhibitory Control was observed in the
minimal adjustment model only (p=0.03); significant associations in fully adjusted models
were observed for girls (linear model: 0.64, 0.26 to 1.02; quadratic model: p=10.07, p-
quadratic= -0.62, 95% Cl(guadratic)= -1.47 t0 -0.05), and for boys (=0.19, 95% CI: -0.31 to
0.70).

Discussion

Mother's Day flower harvest is a known period of heightened pesticide use. It is an
important source of pesticide exposures in this population considering that 1 in 5 adults
worked in floriculture (Suarez-Lopez et al., 2012) and large areas of plantations exist near
residential zones. As observed in Table 1, time after Mother's Day harvest was positively
associated with AChE activity in unadjusted analyses, which indicates that it is an adequate
indicator of pesticide exposures in this cohort of children. These findings were congruent
with AChE and butyrylcholinesterase (BChE) decreases associated with pesticide spray
seasons observed in longitudinal studies of farmworkers (Crane et al., 2013; Quandt et al.,
2015). A more exhaustive analysis of the association between time after Mother's Day and
AChE activity is part of a separate manuscript.

In the present cross-sectional study, children who were assessed later after Mother's Day had
higher neurobehavioral scores than children assessed earlier, supporting the hypothesis that
pesticide exposures induce short-term alterations in neurobehavioral performance in
children. This hypothesis is also supported by a limited number of existing investigations on
this topic (described below) (Delgado et al., 2004; Khan et al., 2014; Rohlman et al., 2015),
and previously described positive associations between concurrent AChE activity and
neurobehavioral performance in our cohort (Suarez-Lopez et al., 2013). These are important
findings that highlight the vulnerability of children to non-occupational pesticide exposures,
considering that children in this study did not work in agriculture but did live in agricultural
communities. In this study, we conducted neurobehavioral examinations at 20 points in time
averaging 15 participants per time point, within 63 and 100 days after the Mother's Day
flower harvest. This allowed us to estimate neurobehavioral performance in relation to time
since the harvest, although with cross-sectional data.

In the present study we observed lower overall neurobehavioral scores, particularly in the
domains of Attention and Inhibitory Control, Visuospatial Processing, and Sensorimotor
among participants examined earlier in the examination period (closer to Mother's Day)
compared to those examined later. Our results are in agreement with animal studies that
demonstrated reversible neurobehavioral alterations associated with pesticide exposures. A
study of rats also reported an initial decline in sustained attention during a 14-day period of
repeated exposures to chlorpyrifos, followed by linear improvements in sustained attention
back to baseline throughout a 30-day washout period (Middlemore-Risher et al., 2010).
Another study of rat pups with early life exposures to chlorpyrifos reported a decrease in
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automated motor activity at post-natal day 13 which was worse among pups that received
greater doses of the pesticide. Even though the findings were not statistically significant
viewed only in the context of the original study design, the decrease among exposed pups
was followed by age-related improvements in motor activity at days 17, 21 and 60, in a
pattern which was similar to that of unexposed pups (Maurissen et al., 2000). The motor
scores at days 17, 21 and 60 were not different between the unexposed controls and the
exposed PUPs. An 18-week study of zebrafish reported significant decreases in spatial
discrimination within the first 6 weeks after a low-dose exposure to the organophosphate
chlorpyrifos (compared to unexposed fish), and their performance in the test improved
thereafter (Levin et al., 2003). However, a higher dose was associated with more pervasive
performance decreases.

A limited number of studies in humans have assessed neurobehavioral performance
alterations over time since a known pesticide exposure. Neurobehavioral alterations in
relation to a pesticide spray season have been observed in a detailed 10-month study of 89
adolescent agricultural workers that measured pesticide exposures and neurobehavioral
performance before, during and after a pesticide application season (Crane et al., 2013;
Khan et al., 2014; Rohlman et al., 2015). In this study, urinary pesticide markers increased
during the application season and decreased shortly thereafter; an inverse effect was
observed with AChE and BChE activity (Crane et al., 2013). Additionally, there was an
increased number of self-reported altered neurological/motor/behavioral symptoms (Khan et
al., 2014), and decreased performance in some neurobehavioral tasks during the pesticide
application period (Rohlman et al., 2015); both the altered symptoms and neurobehavioral
performance persisted for some months after the end of the application season. In a study in
Nicaragua, pesticide intoxicated adults had lower neurobehavioral performance (mostly in
visuospatial processing) compared to other hospitalized patients without history of exposure.
The deficits were most salient soon after the poisoning, followed by a prolonged recovery
period during the 2-year follow-up for most neurobehavioral outcomes (Delgado et al.,
2004). Among a medium exposure group, a visuomotor deficit was observed at 7 weeks
after poisoning which disappeared thereafter. In the same Ecuadorian population as our
study, a pilot study also observed delays in children's reaction time among children with
concurrent pesticide exposures (Grandjean et al., 2006). Contrasting with our findings, a
pilot study of children found no effect of pesticide application seasons on neurobehavioral
performance (Fiedler et al., 2015). The lack of association may have occurred due to its
small sample size (n=53). The limited number of studies that directly assessed the acute
effects of agricultural seasons on children living in agricultural populations highlights the
importance of conducting such studies.

We observed that the slopes of the associations of time after Mother's Day harvest with the
domains of Attention and Inhibitory Control, Visuospatial Processing and Sensorimotor
diminished between 80-87 days (third quintile) after the harvest. This possibly indicates that
the transient “decrease” in neurobehavioral performance may begin to be resolved at around
this time. It is reassuring that this timeframe coincides with the 82 days needed for full
recovery of systemic erythrocytic AChE activity after irreversible inhibition by
organophosphates (Mason, 2000). We previously observed strong associations between
AChE activity and neurobehavior among boys of this study population (Suarez-Lopez et al.,
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2013). Erythrocytic AChE activity may pertain most to neurobehavioral outcomes as it is
most similar to neuronal AChE activity (Aaron CK, 2007) and brain AChE has been
reported to be diminished after organophosphate exposures in rats (Dam et al., 2000;
Johnson et al., 2009; Qiao et al., 2002; Richardson and Chambers, 2005; Song et al., 1997).

The positive association between time after the harvest and Attention and Inhibitory Control
performance was stronger among girls than boys. It is noteworthy that the scores of boys and
girls in this domain were equal during quartile 1 of time after Mother's Day harvest (Figure
1). Although we lack pre-exposure performance information (an important limitation) we
discuss 2 potential interpretations of our findings: A) there was a slower recovery of
neurobehavioral performance in boys after removing the exposure. This is concordant with
prior findings in this study population and in two other US studies where boys were more
susceptible than girls to neurobehavioral alterations (particularly in attention, inhibitory
control and memory) in relation to pesticide exposures (Horton et al., 2012; Marks et al.,
2010; Suarez-Lopez et al., 2013); B) assuming that the basal (pre-exposure) attention and
inhibitory control scores are higher for girls than baoys, for the reasons described below, the
transient decrease in neurobehavioral performance was greater among girls than boys; then,
performance improved back to basal levels with greater time after the end of the harvest. In
this study population, girls had higher mean score of Attention and Inhibitory Control than
boys (8.95 vs 8.13, p=0.004) (Suarez-Lopez et al., 2013). Also, it is well established that
girls and boys show differences in profiles of attention, impulsivity and susceptibility to
disorders of attention (Davies, 2014), and girls in the general US population are half as
likely as boys to be diagnosed with attention deficit disorder (Visser et al., 2014).

It will be important for future studies assessing short-term effects of pesticide exposures to
include measures of neurobehavioral performance during pre-exposure, exposure and post-
exposure periods, where possible.

It is plausible that the described positive associations between time after the harvest and
neurobehavioral performance are due to examiner improvements over time. Because positive
associations were not observed in all domains, we think this would be an unlikely
explanation. The NEPSY-2 is designed to reduce potential biases introduced by the
examiners (Kemp and Korkman, 2010). Many subtests do not involve direct interaction with
the examiners (i.e. auditory attention and response set, visuomotor precision, design copy),
whereas most other subtests require minimal to moderate interaction.

Although our findings are suggestive of transient neurobehavioral alterations in children,
children living in areas with long agricultural seasons may have neurobehavioral alterations
present during most of the year. The neurobehavioral alterations we observed can affect
learning, cognition, social interactions and overall well-being of these children. In this study
population, the peak flower growing seasons coincide with the school year and may be
affecting the children's academic success. In addition to the effect of pesticide exposures,
chronically altered neurobehavior in childhood can have negative long-term effects on
children's development (Beckett et al., 2007; Pollak et al.; Windsor et al., 2007).
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Considering that pesticide exposures may induce transient neurobehavioral changes and that
prenatal exposures may be predictors of future exposures (e.g. children born to agricultural
families are likely to have greater exposures both in-utero and throughout childhood than
children born to non-agricultural families), it would be beneficial that longitudinal studies
assessing chronic mental health effects of pesticide exposures involve follow-up information
of exposure and neurobehavioral performance collected concomitantly.

We considered the possibility of residual confounding by age in our adjusted results given
that a greater proportion of younger children were examined earlier in the examination
period. Because of this, we conducted the same analyses in a randomly-selected subset of
participants that had a balanced distribution of age across time after Mother's Day harvest
(see Sensitivity Analyses: age-balanced subgroups). The associations observed in this age-
balanced subset were similar (slightly stronger) to those of the full sample, which is an
indication that statistical correction of age adequately removed confounding by age thus,
supports the validity of our findings. The NEPSY-II age-corrected scaled scores, which
reflect the relative performance of a child to a normative sample of children of the same age
in the US (Kemp and Korkman, 2010), successfully removed the effect of age overall.
However, this was not so for 2 of the 5 domains (Attention and Inhibitory control, and
Memory and Learning), in which older children had lower scores than younger children.
Considering the growing body of scientific evidence showing that pesticide exposures in
early childhood can have long-lasting neurobehavioral impact in children, we can speculate
that the basal neurobehavioral levels in these two domains may be lower in this study
population due to chronic pesticide exposures. Although we did not observe significant
short-term effects of time after Mother's Day with the Memory and Learning domain, we did
observe previously strong positive associations with AChE activity (Suarez-Lopez et al.,
2013). This may also reflect some deficiencies of using non-Ecuadorian normative samples,
although we consider this less likely as this was not observed across all domains, and the
NEPSY has been found to be relatively unaffected by language and culture (Garratt and
Kelly, 2008; Kofman et al., 2006; Mulenga et al., 2001).

This study lacks neurobehavioral assessments in the same individuals at more than one point
in time (e.g. both during and after the heightened exposure period), which does not allow us
to assess change in neurobehavioral performance within individuals. This is an important
limitation. The ESPINA study was not specifically designed to assess neurobehavioral
performance change in relation to a peak pesticide exposure period. The present analyses are
only possible due to the short examination window achieved in ESPINA, which occurred at
a time relatively soon after Mother's Day. However, our study findings may have been more
informative had we examined participants in a wider window of time. Nonetheless, the
present examination window coupled with the relatively large sample size of our study
allowed us to estimate associations from examinations conducted at 20 points in time with
an average of 15 participants per time point. This allowed us to have a much smoother
modeling of associations across time (although cross-sectionally) than previous studies
which estimated associations using comparisons between 2 and 4 time periods.

Our cross-sectional design which compared neurobehavioral performance across children
examined at different points in time avoids the psychometric biases (measurement and
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predictive) associated with re-testing participants using psychometric tests (Lievens et al.,
2007). These biases are related to the ability of participants to change or improve their
performance after repeat testing.

It is worth noting that the findings of this investigation may be reflecting the influence of a
composite of various classes of insecticides, fungicides and herbicides used concomitantly in
floriculture. A lack of measures of different classes of pesticides is a limitation. However,
the described positive associations between time after Mother's Day harvest and AChE
activity (Table 1) is an indication that cholinesterase inhibitors (organophosphates and
carbamates) are used, and are reaching children in sufficient amounts to induce a
physiological change.

Conclusions

Among non-worker children living in agricultural communities in Ecuador, we observed a
direct association between time after the end of a period of heightened pesticide usage
(Mother's Day flower harvest) and neurobehavioral performance with cross-sectional data.
Although our study design does not allow us to assess change in performance, our findings
are consistent with the concept that a peak pesticide use period may transiently affect
neurobehavioral performance. These associations were observed for the domains of
Attention and Inhibitory Control, Sensorimotor and Visuospatial processing. Our findings
need to be replicated in studies of children with assessments conducted before, during and
after peak exposure periods where possible.

Children living in areas with long agricultural seasons may have alterations in
neurobehavioral performance during most of the year, which may affect their short- and
long-term learning abilities, cognition, social interactions and overall well-being. Added
precaution is advised.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Little is known about acute neurobehavior change related to pesticide spray
periods

. Ecuador's Mother's Day (MD) flower production is a period of high pesticide

use

. We examined 308 non-worker children aged 4-9y, once between 63-100 days
after MD

. Neurobehavioral scores were worse in children examined sooner (vs later)
after MD

. Associations were strongest with attention/inhibition, visuospatial, and

sensorimotor

Neurotoxicology. Author manuscript; available in PMC 2018 May 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Suarez-Lopez et al.

Page 17

Total Neurobehavior Attention and Inhibitory Control” Visuospatial Processing

n=308 i Girls, n=147 n=302 Gitls, n=150 =308

5]

—t— All e All

o
n
©

n
g

=@ Boys, pT155 ~—&— Boys, n=158.

©
© i
=

a1 @ a3 a1 as

Summary Score
©
©
Summary Score
%

n
Summary Score
©
l;

~
n
*

~
)
o o L

a @ a3 a1 as gl @ o oo
60 70 80 90 100 60 70 80 90 100 60 70 80 90 100
Days after Mother's Day Harvest Days after Mother's Day Harvest Days after Mother's Day Harvest

Neurobehavioral score difference (95% CI) per SD°¢ of time after Mother’s Day harvest

Minimal® Fulll  +AChE, Hgb' Minimal® Fulll  +AChE, Hgb' Minimal® Fulll  +AChE, Hgb'
0.16 0.26 0.28 Al 0.29 038 0.44 Al 047 0.60 0.55
(-0.02,0.34)  (0.08,0.44)  (0.10,0.47) (0.03,0.55) (0.10,0.65)  (0.16,0.73) (0.13,0.81) (0.25,095)  (0.19,0.91)

o 0.65 0.71 0.83 Girls 064 0.74 0.70
18 0.30,0.99) (0.35,1.07)F  (0.48, 1.18) IS 016, 1.11) (0.25,1.22)  (0.20, 1.21)
B 0.02 0.19 0.13 036 0.47 0.43
0¥ (:0.42,037) (-0.25,0.63) (-0.33,0.59) OYS (:0.14,0.85) (-0.07,1.01)  (-0.14, 1.00)

Sensorimotor Memory and Learning Language

i1 n=304 105 n=305 8 n=307
@ 105 o 10 e 75
e = -
3 S o5 S
f, 10 : 9 & 7 T
£ o9s £ o9 E’as
E £ N E
E o £ 85 - . e E 6
& 2 E

85 S @55

PR @ a3 a4 @ 75 L@ @ o s as 5 a @ a3 as as

60 70 80 90 100 60 70 80 90 100 60 70 80 90 100

Days after Mother's Day Harvest Days after Mother's Day Harvest Days after Mother's Day Harvest

Neurobehavioral score difference (95% CI) per SD°® of time after Mother’s Day harvest

Minimal® Full® +AChE, Hgb' Minimal? Full® +AChE, Hgb' Minimal? Full® +AChE, Hgb'
0.35 .43 0.49 0.02 0.06 0.07 -0.24 -0.12 -0.09
(0.02,0.67) (0.10, 0.77)" (0.14, 0.83) (-0.22,025)  (-0.19,0.30)  (-0.18,0.32) (-0.51,0.03)  (-0.39,0.16)'  (-0.37,0.20)
Figure 1.

Children's neurobehavioral domain scores in relation to days after Mother's Day harvest?
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d Minimal adjustment model: age, sex, race and examiner. Quadratic associations are not
shown.
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f Full adjustment model plus hemoglobin and acetylcholinesterase activity. Quadratic
associations are not shown.
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Suarez-Lopez et al.

Age-standardized neurobehavioral domain summary score means

Table 2

Mean (SD) | Percentiles: 25t 75th
Total neurobehavior (n=308) 8.6 (1.6) 75,98
Attention and Inhibitory Control domain (N=302) 8.5(2.5) 7,10
Memory and learning domain (N=305) 8.8(2.1) 7.3,10
Visuospatial processing domain (N=308) 9.6 (3.1) 75,115
Language domain (N=307) 6.6 (2.4) 5,8
Sensorimotor domain (N=304) 9.9(3.3) 7,12
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