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Summary points

o Widespread use of organophosphate (OP) pesticides to control insects has resulted in
ubiquitous human exposures.

o High exposures to OP pesticides are responsible for poisonings and deaths, particularly
in developing countries.

« Compelling evidence indicates that prenatal exposure at low levels is putting children at
risk for cognitive and behavioral deficits and for neurodevelopmental disorders.

To protect children worldwide, we recommend the following:

» Governments phase out chlorpyrifos and other OP pesticides, monitor watersheds and
other sources of human exposures, promote use of integrated pest management (IPM)
through incentives and training in agroecology, and implement mandatory surveillance
of pesticide-related illness.

o Health professions implement curricula on the hazards from OP pesticides in nursing
and medical schools and in continuing medical education courses and educate their
patients and the public about these hazards.

o Agricultural entities accelerate the development of nontoxic approaches to pest control
through IPM and ensure the safety of workers through training and provision of protec-
tive equipment when toxic chemicals are to be used.
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Introduction

Organophosphate (OP) compounds were originally developed as human nerve gas agents dur-
ing the 1930s-1940s, and some were later adapted as insecticides at lower doses [1]. High
exposure to OP compounds leads to acute poisoning from the irreversible inhibition of the
enzyme acetylcholinesterase (AChE), resulting in cholinergic syndrome (including narrowed
pupils, excessive salivation, bronchoconstriction, mental confusion, convulsions or tremors,
and in some cases, death). Additionally, delayed polyneuropathy has been described in associa-
tion with high exposures [1].

In the United States, many OP pesticides—including malathion, dichlorvos, azinphos-
methyl, and chlorpyrifos—were licensed for insecticidal use before requirements to evaluate
human toxicity or ecologic effects were established [2]. Because OP pesticides rapidly degrade
in the environment, they were considered safer than persistent organochlorine insecticides
like DDT, aldrin, and dieldrin, but over 40 OP pesticides, including the most commonly used
ones, are now considered by the US Environmental Protection Agency (EPA) [3] and/or the
WHO Food and Agriculture Organization [4] to be moderately or highly hazardous to human
health.

The most comprehensive global database on recent pesticide use includes information
reported by 71 countries in five regions [5]. Annual use during 2010-2015 of OP pesticides in
agriculture averages 1,145 tonnes (i.e., metric tons) for 13 African countries, 4,342 tonnes for
11 Caribbean and Central American countries, 10,013 tonnes for 24 European countries,
13,404 tonnes for 6 South American countries, and 29,554 tonnes for 17 Asian countries, with
India dominating use. We additionally obtained data from the US [6] and have mapped total
annual agricultural OP use by country (Fig 1) and total annual agricultural use by country per
1,000 square km (S1 Fig). Widespread use of OP pesticides in agriculture—as well as in homes,
parks, schools, and hospitals and on golf courses, right-of-ways, and other public spaces—has
led to ubiquitous human exposure.

OP pesticides present a range of health hazards. Here we review the scientific evidence of
OP impacts on child neurodevelopment. In addition, we discuss inadequacies in current OP
pesticide regulations and present recommendations for urgently needed policy change.

Neurodevelopmental effects of OP pesticides

Systematic reviews and multiple epidemiologic studies in the US and other countries, span-
ning diverse populations in both urban and agricultural settings, have linked OP exposures
during fetal development with poorer cognitive, behavioral, and social development in chil-
dren [7-11]. Generally, levels of exposure in these studies are too low to induce measurable
depression of cholinesterase in adults. In one review, adverse effects of OP pesticide exposure
on neurodevelopment were seen in all but one of the 27 studies evaluated; the strongest associ-
ations occurred following prenatal exposures [9]. Outcomes associated with OP pesticide
exposure to the fetus include abnormal primitive reflexes in newborns; mental and motor
delays among preschoolers; and decreases in working and visual memory, processing speed,
verbal comprehension, perceptual reasoning, and IQ among elementary school-age children.
Prenatal exposures also elevated risks for symptoms or diagnoses of attention-deficit/hyperac-
tivity disorder (ADHD) and autism spectrum disorder (ASD).

Consistent with the wide range of outcomes reported in human studies, the toxicity of
early-life OP pesticides on neurodevelopmental end points has been confirmed in experimen-
tal animal studies. Parallel with epidemiologic findings, effects on cognition, motor activity,
and social behaviors were repeatedly demonstrated in rodents dosed in early life with concen-
trations of OPs eliciting little to no inhibition of AChE in the brain [10,12]. The timing of
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exposure played a critical role in the biochemical and anatomic targets affected, as well as in
the specific behavioral and developmental alterations evoked [12].

Since publication of the epidemiologic reviews, a higher likelihood of an ASD diagnosis was
observed for children born to women residing within (versus beyond) 1.5 km of OP pesticide
applications on agricultural fields; the strongest associations were for chlorpyrifos [13].
Another recent study showed that higher OP pesticide metabolite concentrations in maternal
urine during pregnancy were associated with ASD traits identified in adolescence [14]. Other
research teams reported residential proximity to agricultural OP use during fetal development
to be associated with reduction in child’s IQ at age 7 years [15] and higher umbilical cord
blood concentrations of chlorpyrifos with mild to moderate arm tremors in children at
approximately age 11 years [16]. Risks for impaired neurodevelopment were greater among
children of farmworkers, who experience higher exposures [17], and children with genetic sus-
ceptibility factors that reduce capacity to detoxify OP pesticides [7]. In the same study that
examined ASD, moderate to severe developmental delay was associated with nearby applica-
tions of carbamates, similar to OP pesticides, but not with OP pesticides [13]. Two other stud-
ies, both conducted in urban cohorts of higher social and economic status, found no
associations of OP pesticide metabolites with scores on intelligence tests [18,19]. Still, the
weight of evidence clearly indicates that OP exposures during prenatal development are likely
detrimental to brain function.

Accurate measurement of exposure is critical in environmental health studies. The OP pes-
ticide studies determined exposure in various ways, ranging from quantification of OP metab-
olites in maternal urine collected during pregnancy and direct measurement of chlorpyrifos in
umbilical cord blood to quantifying nearby pesticide use by geographically linking residential
addresses with California’s database of commercial pesticide applications [20,21]. The Califor-
nia Pesticide Use Report Database, which contains specific pesticide quantity and the date and
location of each application, has been validated by two exposure assessment studies, which
showed that the amount applied within a few days to a week correlates highly with measured
ambient air concentrations in nearby locations [22,23]. In the vast majority of studies
reviewed, objective measures (both biologic markers and validated application data) were gen-
erated according to scientifically established protocols and obtained independently of the
child’s outcome.

Concerns at both high and low OP exposures

Critical to understanding the influences on early child neurodevelopment is the distinction
between acute effects after high-level exposures versus sequelae from chronic lower exposures.
As noted above, by inhibiting the enzyme AChE, high-level OPs cause acute, in some cases
fatal, effects in humans [2]. Indeed, internationally, pesticide poisonings take a heavy toll, esti-
mated at 200,000 deaths per year [24], with approximately 99% occurring in developing coun-
tries [25]. About 110,000 pesticide self-poisoning deaths occur each year globally, which
represents an average across the reporting countries of 13.7% of all suicides [26], with a wide
range from 0.9% in low- and middle-income European countries to 48.3% for low- and mid-
dle-income countries of the Western Pacific region.

Large quantities of highly hazardous OP pesticides are imported into developing countries.
For example, OP pesticides ranked fourth among 24 chemical groups of pesticides imported
into Central American countries [27], for which the two OP pesticides imported in the greatest
quantity (terbufos and methamidophos) have been targeted for phaseout by the Rotterdam
Convention, an international trade agreement on hazardous chemicals aimed at protecting
human health and the environment [4,28]. Pesticide poisoning affects agricultural workers
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Fig 1. Average annual tonnes of OP pesticides used in agriculture, by country, 2010-2015. Darker shading indicates greater usage. Gray shading indicates that no
data were available during that time period. For countries with data available for some but not all years during 2010-2015, the available data within that period were
used. Source for US data was [6]; and for all other countries, [5]. Map created with mapchart.net. OP, organophosphate.

https://doi.org/10.1371/journal.pmed.1002671.9001

who often receive little or no instruction on the use of hazardous substances, are not provided
with personal protective equipment, and/or operate application equipment that is not properly
maintained. Additionally, overuse, misuse, and accidents have led to deaths of schoolchildren,
e.g., in India in 2013, China in 2014, and Bangladesh in 2015, from consumption of meals with
high levels of OP pesticides [4,24,29,30].

As tragic as these acute poisonings are, an OP pesticide exposure in the absence of overt
poisoning does not imply that neurologic damage has not occurred—for both children and
adults [31]). The US EPA concluded in 2016 that the existing epidemiologic literature pro-
vided “sufficient evidence that there are neurodevelopmental effects occurring at chlorpyrifos
exposure levels below that required to cause acetylcholinesterase inhibition” [11]. Such
chronic, low-level exposures are often overlooked or dismissed as benign because neither the
pregnant woman nor the fetus shows clinically visible signs or symptoms. Furthermore, the
developmental deficits do not manifest until months or years later. Indeed, the scientific con-
sensus is that AChE inhibition is uninformative with regard to neurodevelopmental effects in
children and that the toxic effects from chronic, low-level exposure occur at concentrations
too low to inhibit cholinesterase [1,9]. The evidence thus indicates that OP pesticides can inter-
fere with brain development at levels previously thought to be safe or inconsequential.

Hence, AChE inhibition cannot be used as a biomarker to identify neurodevelopmentally
harmful OP pesticide exposures. Reliance on AChE inhibition for regulatory purposes
obscures the serious threat that OP pesticides pose to early brain development and represents
an unscientific and inadequate approach to health risk assessment. In fact, other effects appear
likely to mediate the OP toxicity to neuronal systems that is foundational for childhood behav-
ioral and cognitive deficits. Toxicologic evidence implicates OP pesticides in neuroinflamma-
tion, protein-kinase C receptor signaling, insulin resistance, dopaminergic and glutamatergic
neurotransmission, and interference with DNA synthesis and nuclear transcription factor
functioning, mechanisms highly relevant for brain development [12,32-34].
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Indeed, as-yet-undiscovered harm may emerge from further follow-up of those exposed in
early life. Outcomes from fetal exposures appear to be persistent, with associations observed
into mid- and late childhood. One cohort repeatedly showed deficits in memory, IQ, and
attention deficits or ADHD at ages 2, 3, 5, and 7 years, whereas another exhibited deficits in
mental development and reasoning in infancy and at ages 6-9 years (reviewed in [8]). Children
with high versus low chlorpyrifos concentrations in their umbilical cord blood had differences
in brain volume in regions responsible for attention, receptive language processing, social cog-
nition, and regulation of inhibition [35]. These neuroanatomic alterations, which potentially
constitute a pathway from pesticide exposure to the associated behavioral and cognitive defi-
cits, may be permanent.

Pesticide regulation

Pesticide regulations vary widely across the globe. As with pesticide usage, no database has
consolidated this information for all countries. Table 1 shows available data on 47 OP insecti-
cides [36] banned by one or more countries, as well as the level of health hazard and the num-
ber of countries that have banned each OP pesticide. The most comprehensive database
available on current governmental regulation of pesticides provides data covering 39 of these
47 OP insecticides, obtained from 106 countries outside the US [37]. Included in this database
are total bans, along with denials of approval, but not restrictions. Of the 106 countries, 81%
have regulated one or more of the 39 OP insecticides [37]. The 28 countries of the European
Union have taken action on the most OP pesticides (33). Additional countries that have
banned more than 10 include the US (26), Cambodia (15), China (15), Saudi Arabia (15),
Guinea (12), Korea (12), Mauritania (12), and Thailand (12). Notably, having regulations in
place does not necessarily mean that they are enforced. Furthermore, some of the most toxic
OP pesticides that are banned across dozens of countries are exported elsewhere, often to
developing countries and sometimes in large quantities, for example, to Costa Rica and Guate-
mala [27]. In Mexico, at least a dozen OP pesticides that are classified as highly hazardous by
the WHO Food and Agriculture Organization are used [38].

Within the US, the EPA regulates pesticides under two overlapping statutes—the Federal
Food, Drug, and Cosmetic Act (FFDCA) and the Federal Insecticide, Fungicide, and Rodenti-
cide Act (FIFRA). Many of the insecticides banned in the US were initially licensed prior to
1970, when required health and safety assessment was minimal and before the US EPA was
formed. As a result of legislation in the 1970s requiring increased health and safety studies, vol-
untary agreements were reached between manufacturers and the EPA to cancel or phase out
registrations for some pesticides, including 18 OP insecticides.

In 1996, the Food Quality Protection Act (FQPA) amended FIFRA and FFDCA by
requiring the EPA to include additional safety factors to protect children because of their
greater exposures and heightened susceptibility [39]. Children have larger body burdens
of pesticides because of greater intake of food, water, and air than adults, per unit of their
body weight; they explore the world through mouthing behaviors; and they frequently
crawl or play on floors where pesticides and other toxic chemicals settle. Heightened sus-
ceptibility during early years arises in part from immature detoxifying enzyme systems,
including paraoxonase 1 (PON1) [7,40,41]. Under the FQPA, the EPA must show that
there is reasonable certainty that no harm will result from aggregate exposure to the pesti-
cide, including all anticipated dietary exposures and all other exposures for which there is
reliable information.

After passage of the FQPA, OP pesticide use across all market sectors declined by over 70%,
from 70 million pounds per year (Ibs/yr) in 2000 to about 20 million lbs/yr in 2012 (the most
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Table 1. OP insecticides, hazard levels, and number of countries banning them.

Compound' Hazard level Number of countries (outside US) Banned OPs in US designated by X. All other OPs on list are
that have banned it* currently registered for use in the US®
Us FAO-WHO® | PAN?
EPA*

1 | Acephate M M H 31
2 | Azinphos-methyl H H H 39 X
3 | Cadusafos * H H 31
4 | Chlorethoxyphos * E H 29
5 | Chlorfenvinphos H H H 35 X
6 | Chlorpyrifos M M H 2
7 | Chlorpyrifos-methyl | ** S H 1
8 | Chlorthiophos®’ H * ** * X
9 | Coumaphos H H 30
10 | Dichlorfos M H H 32

(dichlorvos)
11 | Dialifor/dialifos” - - o X
12 | Diazinon M M H 30
13 | Dicrotophos H H H 34
14 | Dimethoate * M H 4
15 | Dioxathion®” H ** * o X
16 | Disulfoton H E H 38 X
17 | Ethion M M — 30 X
18 | Ethoprop M E H 8

(ethoprophos)
19 | Ethyl parathion’ H ** * o X
20 | Fenamiphos H H H 6 X
21 | Fenitrothion M M H 28
22 | Fenthion M M H 30 X
23 | Fonofos (fenophos)6 H o — 33 X
24 | Isazophos®” ok wox o *x X
25 | Isofenphos® H * — 29 X
26 | Malathion M S H 2
27 | Methamidophos H H H 49 X
28 | Methidathion H H H 34 X
29 | Methyl parathion H E H 59 X
30 | Mevinphos H E H 37 X
31 | Monocrotophos H H H 60 X
32 | Naled M M H 28
33 | Oxydemeton-methyl | M H H 30 X
34 | Phorate H E H 37
35 | Phosalone M M — 29 X
36 | Phosmet” M M - .
37 | Phosphamidon H E H 49 X
38 | Phostebupirim” o * o *
39 | Pirimiphos-methyl’” | M M o *
40 | Profenofos M M H 29 X
41 | Propetamphos M H H 28 X
42 | Sulfotepp H E H 32 X
43 | Sulprofos®’ M o o * X

(Continued)
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Table 1. (Continued)

Compound' Hazard level Number of countries (outside US) Banned OPs in US designated by X. All other OPs on list are
that have banned it* currently registered for use in the US®
Us FAO-WHO® | PAN?
EPA*
44 | Temephos M S H 28 X
45 | Terbufos H E H 34
46 | Tetrachlorvinphos M * H 28
47 | Trichlorfon M M H 32

Level of hazard: E, extreme; H, high; M, moderate; S, slight

**_not classified;—, not H (PAN® ranking); X, banned in the US.

! This list of OP insecticides is taken from the US EPA Office of Pesticide Programs “Organophosphorus Cumulative Risk Assessment, 2006 Update” [36] (Table ES-1,
p- 16 “OP Pesticides Considered in the 2006 Update of the Cumulative Risk Assessment”), from which we have excluded those pesticides that are not insecticides.

? Hazard Ranking and number of countries that banned: from PAN International Consolidated List of Banned Pesticides [37] (http://pan-international.org/pan-
international-consolidated-list-of-banned-pesticides/). Methods and sources for collection of these data are described in the Explanatory Notes: (http://pan-
international.org/wp-content/uploads/Consolidated-List-of-Bans-Explanatory-2017April.pdf). This list does not include restrictions, only bans or decisions to not
approve.

* A "banned" pesticide in the US is defined as a pesticide for which all registered uses have been prohibited by final EPA action and includes pesticides that have been
withdrawn through voluntary agreements between industry and the US EPA. Status of OPs that are either banned or registered for use in the US provided in personal
communication from Yu-Ting Guilaran (Director, Pesticide Re-evaluation Division, Office of Pesticide Programs, US EPA) to JBS, July 12, 13, and 23, 2018.

4 Hazard ranking [3].

® Hazard ranking [4]: The concept of and criteria for “Highly Hazardous Pesticides” was initially described in the JMPM second report in 2008, Report of the 2nd FAO/
WHO Joint Meeting on Pesticide Management” (last accessed July 2018) (http://www.fao.org/fileadmin/templates/agphome/documents/Pests_Pesticides/ Code/Report.
pdf). As scientific understanding of mechanisms for pesticide toxicity has advanced, these have been included, as described in the 2016 publication of “International
Code of Conduct on Pesticide Management Guidelines on Highly Hazardous Pesticides” (http://apps.who.int/iris/bitstream/handle/10665/205561/9789241510417_eng.
pdf;jsessionid=D3B3CCA5B28692A5F3D437B2CF7F0AA0?sequence=1). The FAO-WHO JMPM defined banned pesticides thus: “Banned pesticide means a pesticide
all uses of which have been prohibited by final regulatory action, in order to protect human health or the environment. It includes a pesticide that has been refused
approval for first-time use, or has been withdrawn by industry either from the domestic market or from further consideration in the domestic approval process, and
where there is clear evidence that such action has been taken in order to protect human health or the environment.”

¢ Considered to be obsolete or no longer used as a pesticide, according to the WHO Recommended Classification of Pesticide Hazards, 2010.

7 Not included in the PAN database.

Abbreviations: EPA, Environmental Protection Agency; FAO-WHO, WHO Food and Agriculture Organization; JMPM, Joint FAO/WHO Meeting on Pesticide
Management; OP, organophosphate; PAN, Pesticide Action Network.

https://doi.org/10.1371/journal.pmed.1002671.t001

recent available data) [6]. By 2002, most nonagricultural uses were phased out by agreements
between the EPA and the pesticide manufacturers, based on results of EPA risk assessments
for chlorpyrifos and diazinon showing unacceptably high risks to residents, particularly chil-
dren, from residential pest control [42,43]. The volume of OP pesticides used on foods com-
monly consumed by children, such as fruits, decreased by 57% between 1994 and 2004, from
28 to 12 million pounds (12,701 to 5,443 metric tonnes) of active ingredient applied annually
[44]. This action resulted in dramatic reductions in blood and urine concentrations of OPs
among the US population [45]. However, agricultural OP pesticide use continues to contribute
to exposures for farmworkers, their families [15], and residents in homes, children in schools,
and other bystanders near farmlands [23], as well as to food and drinking water contamination
that affects a broader population.

In 2016, the EPA concluded that exposure to chlorpyrifos—the most commonly used OP
insecticide in the US—from either food or drinking water alone could lead to unacceptably
high population exposures and determined that some reproductive-aged women, infants, and
children consumed levels of chlorpyrifos substantially above the acceptable level for these
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vulnerable life stages [11]. The EPA also identified numerous scenarios that could result in
unsafe exposures for agricultural workers and bystanders. For these reasons, as required by
law, the EPA proposed to revoke all standards (called tolerances) that permit residues of chlor-
pyrifos on food. Revocation of these tolerances would essentially ban this OP on food crops
[11]. However, in March 2017, despite overwhelming evidence of harm and contrary to the
EPA’s own risk assessments, the Trump administration EPA announced that “the science
addressing neurodevelopmental effects remains unresolved, and that further evaluation of the
science . .. [therefore] is warranted to achieve greater certainty as to whether the potential
exists for adverse neurodevelopmental effects to occur from current human exposures to
chlorpyrifos,” concluding that the EPA would not cancel any uses of chlorpyrifos [46]. This
action would delay potential regulatory action until October 2022. However, on August 9,
2018, the US Court of Appeals for the Ninth Circuit ordered the EPA to finalize the ban on
chlorpyrifos within 60 days, including a ban on all US sales and a prohibition of food contami-
nated by the insecticide from reaching the US market. The court based its decision on the
EPA’s 2016 findings that the pesticide fails to meet federal safety standards and is particularly
harmful to infants and children. In September 2018, the EPA filed a petition for a rehearing of
the chlorpyrifos case.

Recommendations

In 2014, the American Academy of Pediatrics called for pediatricians and governments to rec-
ognize and reduce pesticide exposures through education, pesticide labeling, public health sur-
veillance, and regulatory action [47]. In 2016, an independent group of scientists and health
professionals published the Project TENDR Consensus Statement as a national call to action to
significantly reduce exposures to chemicals—including OP pesticides—that have been identi-
fied as putting children in the US, and likely throughout the world, at increased risk of neuro-
developmental disorders [48]. Project TENDR concluded that the evidence of significant risks
to children’s neurodevelopment from OP pesticide exposure warrants strong regulatory
action. In 2017, a United Nations report on the Right to Food called for changes to agricultural
practices to ensure food that is safe, free from pesticides, and qualitatively adequate [24]. To
achieve the goal of reducing exposures to OP insecticides, we therefore propose an action plan
for governments, public health and medical institutions or organizations, and agricultural
entities. Our recommendations are detailed in Box 1. These steps would markedly reduce pre-
natal and childhood exposures to OP pesticides.

Exemplary actions at various governmental levels have been taken. At the multinational
level the EU chose to not approve close to 200 pesticides, of which over 20 are OPs, and multi-
ple individual countries have instituted bans on OPs such as dichlorvos, methamidophos, and
methyl parathion [37]. In the US, California has taken steps to limit agricultural use of pesti-
cides near schools and childcare facilities when children are present [50], and Hawaii recently
banned the distribution, sale, transport, and use of any pesticide containing chlorpyrifos as an
active ingredient [51].

In reducing OP pesticide usage, toxic effects from substitute or replacement chemicals
require scrutiny. Pyrethroid pesticides have replaced OPs as the main class of insecticides in
residential pest control products, but recent rodent laboratory studies and epidemiologic stud-
ies suggest that prenatal pyrethroid pesticide exposures may also increase the risk of adverse
neurodevelopment and behaviors and negative emotions [13,52-54]. Neonicotinoid pesticides
are now the fastest-growing class of insecticides used on crops in the US [55]; they are persis-
tent in plants, soil, and water and highly toxic to invertebrates, including endangered aquatic
species, bees, and other beneficial insects [56]. Moreover, the impacts of broad and systemic
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Box 1. Recommendations to move towards elimination of human
exposures to OP pesticides

We recommend the following actions by governments:

« National and state or provincial governments, globally: phase out use of all OPs in
agriculture;

National and state or provincial governments, globally: ban nonagricultural use of all
OPs, including household products;

 US EPA: revoke all food tolerances for chlorpyrifos, as the agency previously
proposed;

« US EPA and state governments: phase out the use of all other OPs in agriculture;

« US EPA: ban nonagricultural pest control uses of the few remaining OPs;

In the interim, national, state, and local agencies: take steps to reduce human exposure
(e.g., require advance notification to nearby residents and schools before applications
of OP pesticides; implement restrictions on application methods such as aerial spray-
ing and air blast to reduce drift exposures and to protect water and sensitive sites such
as homes and schools);

National, state, and local agencies: conduct regular monitoring of watersheds to ensure
OPs do not continue to pollute lakes, rivers, and streams, including those that are
sources of drinking water, and implement targeted monitoring of drinking water;

National and state agencies: establish an effective comprehensive pesticide use and ill-
ness reporting program either nationally or through coordinated statewide programs.

We recommend that medical schools, public health programs, and healthcare
associations:

« organize continuing medical education courses to educate healthcare providers on
both acute and chronic effects of exposures to toxic chemicals, including how to recog-
nize and treat children who received high OP exposures; how to advise pregnant
women and parents of young children on steps they can take to avoid pesticide expo-
sures from lice, flea, and tick treatments [49], lawn and garden products, and applica-
tions in nearby agricultural land, golf courses, schools, and shopping malls; and how
properly to clean potential pesticide residues from fruits and vegetables and to identify
which produce contain the highest levels;

educate health providers on the necessary reporting of pesticide poisonings to state
surveillance;

encourage schools of nursing and medicine to incorporate curricula on environmental
hazards that include pesticides and medical boards to include environmental health in
their examinations.

We recommend that agricultural entities:

« provide enhanced training for workers, in the most appropriate languages and at rele-
vant educational levels, on the handling and application of pesticides and on the
worker protection standards. In the US, this means EPA Worker Protection Standards
training at the required frequency;
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« educate workers on how to avoid take-home exposures to their families;

« institute environmentally friendly approaches to control pests—integrated pest man-
agement (IPM)—with a goal to eliminate or minimize toxic chemicals in our food
sources.

pesticide use are well documented to have had significant negative ecological consequences
affecting terrestrial, aquatic, wetland, marine, and benthic habitats and posing risks to ecosys-
tem functioning and resilience.

What are the alternatives, if synthetic pesticides other than OPs are also neurotoxic?

Agriculture represents the vast majority of OP pesticide use, which includes both crop and
livestock production. Widespread implementation of IPM is needed to reduce this use. IPM is
areduced-risk pest management strategy that emphasizes inspection, monitoring, prevention,
and pest control using the least toxic methods including (agri)cultural practices such as inter-
cropping (growing two or more crops in close proximity, which can reduce susceptibility to
disease and pests), crop rotation, and cover crops (to reduce soil erosion and improve soil
health); physical controls such as traps or bug vacuums; habitat management that encourages
beneficial insects; and biological control, such as the release of parasitic wasps to control
aphids, with pesticides used only as a last resort. When used, least-toxic pesticides are chosen
first, such as materials approved for organic farming (e.g., Bacillus thuringiensis to control Lep-
idoptera) [57].

While IPM strategies do not, in principle, forbid the use of OP and other neurotoxic pesti-
cides, these higher-risk materials serve as a last resort and should be applied in a way that pro-
tects human and environmental health. That most crops produced with OP pesticides are also
produced organically provides compelling evidence that OP pesticides are not essential [58].
Some recalcitrant pests may be difficult to manage with less toxic pesticides, which in some
instances may result in lower yields or higher production costs, reducing competitiveness.
Recent research, however, indicates that crop yields from organic and other alternative pro-
duction systems are increasing and in some cases match conventional yields [59]; these
approaches additionally would likely reduce external costs to public health and the environ-
ment [60]. To ensure that farmers are not threatened with rising costs and thinner profit mar-
gins, many agricultural trade and policy organizations recommend increased government
support for extension research and outreach needed to support transitions to less toxic materi-
als [61].

Public health, a second use of OP pesticides, represents a small fraction of their applications.
For example, OP pesticides are used for mosquito and other vector control to prevent vector-
borne diseases such as Zika virus or West Nile virus. We do not recommend abrupt changes in
pest management that would increase the risk of exposure to these viruses. We do advocate
increased funding for better understanding of the ecology and biology of these and other vec-
tors and the diseases they spread and alternative methods to control them without the use of
OP or other neurotoxic pesticides. The historical example of the Mediterranean fruit fly in Cal-
ifornia, a serious invasive agricultural pest, provides a model for application to disease vectors.
In the early 1990s, state officials used helicopters to spray malathion over residential areas
where over 2 million people resided [62]. Subsequent concerns [63] resulted in development
of a comprehensive sterile fruit fly release program that, combined with spot treatments often

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002671 October 24, 2018 10/15


https://doi.org/10.1371/journal.pmed.1002671

@’PLOS ‘ MEDICINE

using organically approved pesticides, has successfully controlled infestations without the need
for OP pesticide applications over wide swaths of residential areas [64,65]. Similar strategies
should also be considered for new invasive species, such as the spotted lanternfly, currently
threatening eastern US ecosystems and agriculture. Integrated vector management would
favor using least-toxic options.

Structural, indoor, and landscape pesticide applications, the third category of OP uses, can
result in high exposures. Dichlorvos, an OP already banned in many countries, is still permit-
ted indoors by the US government for flying insects. Similarly, malathion is still sold for land-
scape and garden use. Given risks of adverse health effects due to chronic, low-level exposures
and reported acute poisoning of consumers in the US [66], we recommend that all remaining
structural, indoor, and landscape use of OPs be phased out immediately, especially in environ-
ments where children are present. Basic IPM principles should be applied in these environ-
ments, including pest exclusion (i.e., screens) and traps.

To preserve health and sustainability, both indoor and outdoor pest management must ulti-
mately rely on nontoxic or less toxic alternatives; simultaneously, agriculture needs stronger
support to move towards a systems approach that minimizes use of neurotoxic pesticides
while providing healthy food and economic sustainability for farmers. The Report on the
Right to Food by the Special Rapporteur to the UN General Assembly articulates a similar phi-
losophy: in order to successfully reduce or eliminate use of hazardous pesticides, the interna-
tional community’s efforts will need to address the ecologic, social, and economic factors
currently embedded in agricultural policies. At the national level, this will require challenging
agrochemical-dependent farming to restructure and seek the safest feasible alternatives [24].
We join the American Academy of Pediatrics and the UN in recommending close surveillance
of pesticide poisonings, incentives for nonchemical approaches to pest control, monitoring of
water and food sources of pesticides, and enforcement of the public’s right to know through
full disclosure, labeling, and further communications for pesticide formulations and for resi-
dues in food, water, and elsewhere. Finally, we believe it is an ethical and social responsibility
for civil society, for the medical profession, and for the agricultural industry to disseminate
widely to the general public what is known about the sources of pesticide exposures and their
adverse impacts on health and to develop training programs in agroecology in order to achieve
a paradigm shift in food production.

Supporting information

S1 Fig. Average annual tonnes of OP pesticides used in agriculture per 1,000 square km, by
country, 2010-2015. Darker shading indicates greater usage per 1,000 square km. Gray shad-
ing indicates that no data were available during that time period. For countries with data avail-
able for some but not all years during 2010-2015, the available data within that period were
used. Source for US data was [6]; and for all other countries, [5]. Map created with mapchart.
net. OP, organophosphate.

(TIF)

S1 Text. Spanish translation of full article.
(DOCX)

S2 Text. Chinese translation of full article.
(DOCX)

S3 Text. French translation of summary bullet points.
(DOCX)

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002671 October 24, 2018 11/15


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002671.s001
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002671.s002
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002671.s003
http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002671.s004
https://doi.org/10.1371/journal.pmed.1002671

@’PLOS ‘ MEDICINE

$4 Text. Italian translation of summary bullet points.
(DOCX)

Acknowledgments

We are grateful for the support from Maureen Swanson and the entire Project TENDR
membership.

References

1.

10.

11.

12

13.

14.

15.

Costa LG. Organophosphorus Compounds at 80: Some Old and New Issues. Toxicol Sci. 2018; 162
(1):24-35. Epub 2017/12/12. https://doi.org/10.1093/toxsci/kix266 PMID: 29228398.

Soltaninejad K, Shadnia S. History of the Use and Epidemiology of Organophosphorus Poisoning. In:
Basic and Clinical Toxicology of Organophosphorus Compounds Editors: Mahdi Balali-Mood, Moham-
mad Abdollahi, Springer. London, 2014.

Roberts J, Reigart J. Chapter 5. Organophosphates. Recognition and Management of Pesticide Poison-
ings. Sixth ed. Washington, D.C.: U.S. ENvironmental Protection Agency, Office of Pesticide Pro-
grams; 2013. Available from: http://www2.epa.gov/pesticide-worker-safety

World Health Organization International Programme on Chemical Safety. The WHO Recommended Clas-
sification of Pesticides by Hazard and Guidelines to Classification 2009. Geneva, Switzerland: 2009 [cited
2018 Sep 1]. Available from: http://www.who.int/ipcs/publications/pesticides_hazard_2009.pdf?ua=1

Pesticides Use Data [Internet]. 2017 [cited June 28, 2018]. Available from: http://www.fao.org/faostat/
en/#data/RP.

U.S. EPA. Report of Pesticide Industry Sales and Usage, 2008—-2012 Market Estimates. United States
Environmental Protection Agency, Washington, DC; 2017 [cited July 11, 2018]. Available from: https://
www.epa.gov/sites/production/files/2017-01/documents/pesticides-industry-sales-usage-2016_0.pdf

Gonzalez-Alzaga B, Lacasana M, Aguilar-Garduno C, Rodriguez-Barranco M, Ballester F, Rebagliato
M, et al. A systematic review of neurodevelopmental effects of prenatal and postnatal organophosphate
pesticide exposure. Toxicol Lett. 2014; 230(2):104—21. https://doi.org/10.1016/j.toxlet.2013.11.019
PMID: 24291036.

Koureas M, Tsakalof A, Tsatsakis A, Hadjichristodoulou C. Systematic review of biomonitoring studies
to determine the association between exposure to organophosphorus and pyrethroid insecticides and
human health outcomes. Toxicol Lett. 2012; 210(2):155-68. https://doi.org/10.1016/j.toxlet.2011.10.
007 PMID: 22020228.

Munoz-Quezada MT, Lucero BA, Barr DB, Steenland K, Levy K, Ryan PB, et al. Neurodevelopmental
effects in children associated with exposure to organophosphate pesticides: a systematic review. Neu-
rotoxicology. 2013; 39:158-68. https://doi.org/10.1016/j.neuro.2013.09.003 PMID: 24121005; PubMed
Central PMCID: PMC3899350.

U.S. EPA. EPA Revised Human Health Risk Assessment on Chlorpyrifos. December 2014. Docket ID
EPA-HQ-OPP-2008-0850. Available from: http://www.epa.gov/ingredients-used-pesticide-products/
revised-human-health-risk-assessment-chlorpyrifos

U.S. EPA. Chlorpyrifos: Revised Human Health Risk Assessment for Registration Review. US Environ-
mental Protection Agency Washington, DC; 2016. Document ID: EPA-HQ-2015-0653-0454. Available
from: https://www.regulations.gov/document?D=EPA-HQ-OPP-2015-0653-0454.

Abreu-Villaca Y, Levin ED. Developmental neurotoxicity of succeeding generations of insecticides.
Environ Int. 2017; 99:55—-77. Epub 2016/12/03. https://doi.org/10.1016/j.envint.2016.11.019 PMID:
27908457; PubMed Central PMCID: PMC5285268.

Shelton JF, Geraghty EM, Tancredi DJ, Delwiche LD, Schmidt RJ, Ritz B, et al. Neurodevelopmental
disorders and prenatal residential proximity to agricultural pesticides: the CHARGE study. Environ
Health Perspect. 2014; 122(10):1103-9. https://doi.org/10.1289/ehp.1307044 PMID: 24954055;
PubMed Central PMCID: PMC4181917.

Sagiv SK, Harris MH, Gunier RB, Kogut KR, Harley KG, Deardorff J, et al. Prenatal Organophosphate
Pesticide Exposure and Traits Related to Autism Spectrum Disorders in a Population Living in Proximity
to Agriculture. Environ Health Perspect. 2018; 126(4):047012. Epub 2018/04/28. https://doi.org/10.
1289/EHP2580 PMID: 29701446.

Gunier RB, Bradman A, Harley KG, Kogut K, Eskenazi B. Prenatal Residential Proximity to Agricultural
Pesticide Use and 1Q in 7-Year-Old Children. Environ Health Perspect. 2017; 125(5):057002. https:/
doi.org/10.1289/EHP504 PMID: 28557711.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002671 October 24, 2018 12/15


http://journals.plos.org/plosmedicine/article/asset?unique&id=info:doi/10.1371/journal.pmed.1002671.s005
https://doi.org/10.1093/toxsci/kfx266
http://www.ncbi.nlm.nih.gov/pubmed/29228398
http://www2.epa.gov/pesticide-worker-safety
http://www.who.int/ipcs/publications/pesticides_hazard_2009.pdf?ua=1
http://www.fao.org/faostat/en/#data/RP
http://www.fao.org/faostat/en/#data/RP
https://www.epa.gov/sites/production/files/2017-01/documents/pesticides-industry-sales-usage-2016_0.pdf
https://www.epa.gov/sites/production/files/2017-01/documents/pesticides-industry-sales-usage-2016_0.pdf
https://doi.org/10.1016/j.toxlet.2013.11.019
http://www.ncbi.nlm.nih.gov/pubmed/24291036
https://doi.org/10.1016/j.toxlet.2011.10.007
https://doi.org/10.1016/j.toxlet.2011.10.007
http://www.ncbi.nlm.nih.gov/pubmed/22020228
https://doi.org/10.1016/j.neuro.2013.09.003
http://www.ncbi.nlm.nih.gov/pubmed/24121005
http://www.epa.gov/ingredients-used-pesticide-products/revised-human-health-risk-assessment-chlorpyrifos
http://www.epa.gov/ingredients-used-pesticide-products/revised-human-health-risk-assessment-chlorpyrifos
https://www.regulations.gov/document?D=EPA-HQ-OPP-2015-0653-0454
https://doi.org/10.1016/j.envint.2016.11.019
http://www.ncbi.nlm.nih.gov/pubmed/27908457
https://doi.org/10.1289/ehp.1307044
http://www.ncbi.nlm.nih.gov/pubmed/24954055
https://doi.org/10.1289/EHP2580
https://doi.org/10.1289/EHP2580
http://www.ncbi.nlm.nih.gov/pubmed/29701446
https://doi.org/10.1289/EHP504
https://doi.org/10.1289/EHP504
http://www.ncbi.nlm.nih.gov/pubmed/28557711
https://doi.org/10.1371/journal.pmed.1002671

@'PLOS ‘ MEDICINE

16.

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Rauh VA, Garcia WE, Whyatt RM, Horton MK, Barr DB, Louis ED. Prenatal exposure to the organo-
phosphate pesticide chlorpyrifos and childhood tremor. Neurotoxicology. 2015; 51:80-6. https://doi.org/
10.1016/j.neuro.2015.09.004 PMID: 26385760.

Engel SM, Bradman A, Wolff MS, Rauh VA, Harley KG, Yang JH, et al. Prenatal Organophosphorus
Pesticide Exposure and Child Neurodevelopment at 24 Months: An Analysis of Four Birth Cohorts.
Environ Health Perspect. 2016; 124(6):822—30. https://doi.org/10.1289/ehp.1409474 PMID: 26418669;
PubMed Central PMCID: PMC4892910.

Cartier C, Warembourg C, Le Maner-Idrissi G, Lacroix A, Rouget F, Monfort C, et al. Organophosphate
Insecticide Metabolites in Prenatal and Childhood Urine Samples and Intelligence Scores at 6 Years of
Age: Results from the Mother-Child PELAGIE Cohort (France). Environ Health Persp. 2016; 124
(5):674-80. https://doi.org/10.1289/ehp.1409472 PubMed PMID: WOS:000377077000025. PMID:
26394442

Donauer S, Altaye M, Xu Y, Sucharew H, Succop P, Calafat AM, et al. An Observational Study to Evalu-
ate Associations Between Low-Level Gestational Exposure to Organophosphate Pesticides and Cogni-
tion During Early Childhood. Am J Epidemiol. 2016; 184(5):410-8. Epub 2016/08/20. https://doi.org/10.
1093/aje/kwv447 PMID: 27539379; PubMed Central PMCID: PMC5013882.

California Department of Pesticide Regulation. Pesticide Use Reporting (PUR) (Home Page) [cited
August 2017]. Available from: https://www.cdpr.ca.gov/docs/pur/purmain.htm

California Department of Pesticide Regulation. Overview of Pesticide Use Reporting (PUR). Available
from: https://www.cdpr.ca.gov/docs/pur/purovrvw/tabofcon.htm

Harnly M, McLaughlin R, Bradman A, Anderson M, Gunier R. Correlating agricultural use of organo-
phosphates with outdoor air concentrations: a particular concern for children. Environ Health Perspect.
2005; 113(9):1184-9. Epub 2005/09/06. https://doi.org/10.1289/ehp.7493 PMID: 16140625; PubMed
Central PMCID: PMC1280399.

Wofford P, Segawa R, Schreider J, Federighi V, Neal R, Brattesani M. Community air monitoring for
pesticides. Part 3: using health-based screening levels to evaluate results collected for a year. Environ
Monit Assess. 2014; 186(3):1355-70. https://doi.org/10.1007/s10661-013-3394-x PMID: 24370859.

United Nations. Report of the U.N. Special Rapporteur on the Right to Food. Human Rights Council
34th Session; 2017.

Goldman LR. Childhood Pesticide Poisoning: Information for Advocacy and Action. Geneva, Switzer-
land: United Nations Environment Programme and WHO, 2004.

Mew EJ, Padmanathan P, Konradsen F, Eddleston M, Chang SS, Phillips MR, et al. The global burden
of fatal self-poisoning with pesticides 2006—15: Systematic review. J Affect Disord. 2017; 219:93—104.
Epub 2017/05/24. https://doi.org/10.1016/j.jad.2017.05.002 PMID: 28535450.

Bravo V, Rodriguez T, van Wendel de Joode B, Canto N, Calderon GR, Turcios M, et al. Monitoring pes-
ticide use and associated health hazards in Central America. Int J Occup Environ Health. 2011; 17
(3):258-69. Epub 2011/09/13. https://doi.org/10.1179/107735211799041896 PMID: 21905395.

Rotterdam Convention on the Prior Informed Consent Procedure for Certain Hazardous Chemicals and
Pesticides in International Trade, (2004, Revised 2015).

Reuters. Pesticide Found in Meals That Killed Indian Children, Official Says. New York Times, 2013 Jul.
Available from: https://www.nytimes.com/2013/07/22/world/asia/pesticide-found-in-meals-that-killed-
india-children-official-says.html

Roy P, Karmakar K. Pesticide in litchi kills kids, again. The Daily Star, 2015 Jun. https://www.
thedailystar.net/frontpage/pesticide-litchi-kills-kids-again-103651

Starks SE, Hoppin JA, Kamel F, Lynch CF, Jones MP, Alavanja MC, et al. Peripheral nervous system
function and organophosphate pesticide use among licensed pesticide applicators in the Agricultural
Health Study. Environ Health Perspect. 2012; 120(4):515-20. Epub 2012/01/21. https://doi.org/10.
1289/ehp.1103944 PMID: 22262687; PubMed Central PMCID: PMC3339452.

Banks CN, Lein PJ. A review of experimental evidence linking neurotoxic organophosphorus com-
pounds and inflammation. Neurotoxicology. 2012; 33(3):575-84. https://doi.org/10.1016/j.neuro.2012.
02.002 PMID: 22342984; PubMed Central PMCID: PMC3358519.

Bjorling-Poulsen M, Andersen HR, Grandjean P. Potential developmental neurotoxicity of pesticides
used in Europe. Environ Health. 2008; 7:50. https://doi.org/10.1186/1476-069X-7-50 PMID: 18945337;
PubMed Central PMCID: PMC2577708.

Lasram MM, Dhouib IB, Annabi A, El Fazaa S, Gharbi N. A review on the molecular mechanisms
involved in insulin resistance induced by organophosphorus pesticides. Toxicology. 2014; 322:1-13.
https://doi.org/10.1016/j.tox.2014.04.009 PMID: 24801903.

Rauh VA, Perera FP, Horton MK, Whyatt RM, Bansal R, Hao X, et al. Brain anomalies in children
exposed prenatally to a common organophosphate pesticide. Proc Natl Acad Sci U S A. 2012; 109

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002671 October 24, 2018 13/15


https://doi.org/10.1016/j.neuro.2015.09.004
https://doi.org/10.1016/j.neuro.2015.09.004
http://www.ncbi.nlm.nih.gov/pubmed/26385760
https://doi.org/10.1289/ehp.1409474
http://www.ncbi.nlm.nih.gov/pubmed/26418669
https://doi.org/10.1289/ehp.1409472
http://www.ncbi.nlm.nih.gov/pubmed/26394442
https://doi.org/10.1093/aje/kwv447
https://doi.org/10.1093/aje/kwv447
http://www.ncbi.nlm.nih.gov/pubmed/27539379
https://www.cdpr.ca.gov/docs/pur/purmain.htm
https://www.cdpr.ca.gov/docs/pur/purovrvw/tabofcon.htm
https://doi.org/10.1289/ehp.7493
http://www.ncbi.nlm.nih.gov/pubmed/16140625
https://doi.org/10.1007/s10661-013-3394-x
http://www.ncbi.nlm.nih.gov/pubmed/24370859
https://doi.org/10.1016/j.jad.2017.05.002
http://www.ncbi.nlm.nih.gov/pubmed/28535450
https://doi.org/10.1179/107735211799041896
http://www.ncbi.nlm.nih.gov/pubmed/21905395
https://www.nytimes.com/2013/07/22/world/asia/pesticide-found-in-meals-that-killed-india-children-official-says.html
https://www.nytimes.com/2013/07/22/world/asia/pesticide-found-in-meals-that-killed-india-children-official-says.html
https://www.thedailystar.net/frontpage/pesticide-litchi-kills-kids-again-103651
https://www.thedailystar.net/frontpage/pesticide-litchi-kills-kids-again-103651
https://doi.org/10.1289/ehp.1103944
https://doi.org/10.1289/ehp.1103944
http://www.ncbi.nlm.nih.gov/pubmed/22262687
https://doi.org/10.1016/j.neuro.2012.02.002
https://doi.org/10.1016/j.neuro.2012.02.002
http://www.ncbi.nlm.nih.gov/pubmed/22342984
https://doi.org/10.1186/1476-069X-7-50
http://www.ncbi.nlm.nih.gov/pubmed/18945337
https://doi.org/10.1016/j.tox.2014.04.009
http://www.ncbi.nlm.nih.gov/pubmed/24801903
https://doi.org/10.1371/journal.pmed.1002671

@’PLOS ‘ MEDICINE

36.

37.

38.

39.

40.

M,

42,
43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

(20):7871-6. https://doi.org/10.1073/pnas.1203396109 PMID: 22547821; PubMed Central PMCID:
PMC3356641.

U.S. EPA Office of Pesticide Programs. Organophosphorus Cumulative Risk Assessment, 2006
Update. 2006. p. 522 (190 without the appendices).

Pesticide Action Network. International Consolidated List of Banned Pesticides 2017 [Accessed July 6,
2018]. Available from: http://pan-international.org/pan-international-consolidated-list-of-banned-
pesticides/

Bejarano Gonzales F, editor. Highly Hazardous Pesticides in Mexico. 1st English Edition. RAPAM);
2018. Texcoco, Mexico. Available from: http://www.academia.edu/36923833/Highly_Hazardous_
Pesticides_in_MexicoO1.pdf

Food Quality Protection Act of 1996, Pub. L. No. 104-170, 1996. 104th Congress. 110 STAT. 1489.
Available from: http://frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi?dbname=104_cong_public_
laws&docid=f:publ170.104

Engel SM, Wetmur J, Chen J, Zhu C, Barr DB, Canfield RL, et al. Prenatal exposure to organophos-
phates, paraoxonase 1, and cognitive development in childhood. Environ Health Perspect. 2011; 119
(8):1182-8. https://doi.org/10.1289/ehp.1003183 PMID: 21507778; PubMed Central PMCID:
PMC3237356.

Huen K, Harley K, Brooks J, Hubbard A, Bradman A, Eskenazi B, et al. Developmental changes in
PON1 enzyme activity in young children and effects of PON1 polymorphisms. Environ Health Perspect.
2009; 117(10):1632-8. Epub 2009/12/19. https://doi.org/10.1289/ehp.0900870 PMID: 20019917;
PubMed Central PMCID: PMC2790521.

U.S. EPA. Diazinon Revised Risk Assessment and Agreement with Registrants; 2001.

U.S. EPA. Chlorpyrifos Revised Risk Assessment and Agreement with Registrants. Environmental Pro-
tection Agency, Washington, DC; 2001. Available from: http://www.ibiblio.org/london/NAFEX/message-
archives/old/pdf00000.pdf

Edwards D, U.S. EPA. Reregistration and Tolerance Reassessment. U.S. Environmental Protection
Agency; 2006.

Clune AL, Ryan PB, Barr DB. Have regulatory efforts to reduce organophosphorus insecticide expo-
sures been effective? Environ Health Perspect. 2012; 120(4):521-5. https://doi.org/10.1289/ehp.
1104323 PMID: 22251442; PubMed Central PMCID: PMC3339465.

U. S. EPA. Federal Register for Wednesday, April 5, 2017 (FR 16581) (FRL-9960-77) EPA-HQ—
OPP-2007-1005; Chlorpyrifos; Order Denying PANNA and NRDC'’s Petition To Revoke Tolerances.
US Environmental Protection Agency. Washington, DC; 2017. Docket ID EPA-HQ-OPP-2007-1005-
0100. Available from: https://www.regulations.gov/document?D=EPA-HQ-OPP-2007-1005-0100

Roberts JR, Karr CJ, Council On Environmental H. Pesticide exposure in children. Pediatrics. 2012;
130(6):e1765-88. Epub 2012/11/28. https://doi.org/10.1542/peds.2012-2758 PMID: 23184105;
PubMed Central PMCID: PMC5813803.

Bennett D, Bellinger DC, Birnbaum LS, Bradman A, Chen A, Cory-Slechta DA, et al. Project TENDR:
Targeting Environmental Neuro-Developmental Risks The TENDR Consensus Statement. Environ
Health Perspect. 2016; 124(7):A118-22. https://doi.org/10.1289/EHP358 PMID: 27479987; PubMed
Central PMCID: PMC4937840.

Centers for Disease Control and Prevention. Head Lice—General Guidelines. Centers for Disease Con-
trol and Prevention. Atlanta, Georgia; 2016. Available from: http://www.cdc.gov/parasites/lice/head/
treatment.html

Regulation to Address Pesticides Used Near Schools and Child Day Care Facilities, California Code of
Regulations, Title 3. Sect. Sections 6690—6692 (2018).

Reese D. Hawaii Becomes First State to Ban Popular Pesticide; 2018. Available from: https://www.
courthousenews.com/hawaii-becomes-first-state-to-ban-popular-pesticide/

Eskenazi B, An S, Rauch SA, Coker ES, Maphula A, Obida M, et al. Prenatal Exposure to DDT and
Pyrethroids for Malaria Control and Child Neurodevelopment: The VHEMBE Cohort, South Africa. Envi-
ron Health Perspect. 2018; 126(4):047004. Epub 2018/04/13. https://doi.org/10.1289/EHP2129 PMID:
29648420.

Furlong MA, Barr DB, Wolff MS, Engel SM. Prenatal exposure to pyrethroid pesticides and childhood
behavior and executive functioning. Neurotoxicology. 2017; 62:231-8. Epub 2017/08/16. https://doi.
org/10.1016/j.neuro.2017.08.005 PMID: 28811173; PubMed Central PMCID: PMC5623638.

Richardson JR, Taylor MM, Shalat SL, Guillot TS 3rd, Caudle WM, Hossain MM, et al. Developmental
pesticide exposure reproduces features of attention deficit hyperactivity disorder. FASEB J. 2015; 29
(5):1960—72. https://doi.org/10.1096/fj.14-260901 PMID: 25630971; PubMed Central PMCID:
PMC4415012.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002671 October 24, 2018 14/15


https://doi.org/10.1073/pnas.1203396109
http://www.ncbi.nlm.nih.gov/pubmed/22547821
http://pan-international.org/pan-international-consolidated-list-of-banned-pesticides/
http://pan-international.org/pan-international-consolidated-list-of-banned-pesticides/
http://www.academia.edu/36923833/Highly_Hazardous_Pesticides_in_Mexico01.pdf
http://www.academia.edu/36923833/Highly_Hazardous_Pesticides_in_Mexico01.pdf
http://frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi?dbname=104_cong_public_laws&amp;docid=f:publ170.104
http://frwebgate.access.gpo.gov/cgi-bin/getdoc.cgi?dbname=104_cong_public_laws&amp;docid=f:publ170.104
https://doi.org/10.1289/ehp.1003183
http://www.ncbi.nlm.nih.gov/pubmed/21507778
https://doi.org/10.1289/ehp.0900870
http://www.ncbi.nlm.nih.gov/pubmed/20019917
http://www.ibiblio.org/london/NAFEX/message-archives/old/pdf00000.pdf
http://www.ibiblio.org/london/NAFEX/message-archives/old/pdf00000.pdf
https://doi.org/10.1289/ehp.1104323
https://doi.org/10.1289/ehp.1104323
http://www.ncbi.nlm.nih.gov/pubmed/22251442
https://www.regulations.gov/document?D=EPA-HQ-OPP-2007-1005-0100
https://doi.org/10.1542/peds.2012-2758
http://www.ncbi.nlm.nih.gov/pubmed/23184105
https://doi.org/10.1289/EHP358
http://www.ncbi.nlm.nih.gov/pubmed/27479987
http://www.cdc.gov/parasites/lice/head/treatment.html
http://www.cdc.gov/parasites/lice/head/treatment.html
https://www.courthousenews.com/hawaii-becomes-first-state-to-ban-popular-pesticide/
https://www.courthousenews.com/hawaii-becomes-first-state-to-ban-popular-pesticide/
https://doi.org/10.1289/EHP2129
http://www.ncbi.nlm.nih.gov/pubmed/29648420
https://doi.org/10.1016/j.neuro.2017.08.005
https://doi.org/10.1016/j.neuro.2017.08.005
http://www.ncbi.nlm.nih.gov/pubmed/28811173
https://doi.org/10.1096/fj.14-260901
http://www.ncbi.nlm.nih.gov/pubmed/25630971
https://doi.org/10.1371/journal.pmed.1002671

@'PLOS ‘ MEDICINE

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Jeschke P, Nauen R, Schindler M, Elbert A. Overview of the status and global strategy for neonicoti-
noids. J Agric Food Chem. 2011; 59(7):2897—-908. https://doi.org/10.1021/jf101303g PMID: 20565065.

The Task Force on Systemic Pesticides (TFSP). Worldwide Integrated Assessment of the Impacts of
Systemic Pesticides on Biodiversity and Ecosystems; 2015. Available from: http://www.tfsp.info/
worldwide-integrated-assessment/

Organic Materials Review Institute (OMRI). OMRI Products LIst Eugene, OR [6/27/18]. Available from:
https://www.omri.org/omri-lists

National Agricultural Statistics Service. Certified Organic Survey 2016 Summary. Washington, D.C.:
U.S. Department of Agriculture; 2017.

Ponisio LC, M’Gonigle LK, Mace KC, Palomino J, de Valpine P, Kremen C. Diversification practices
reduce organic to conventional yield gap. Proc Biol Sci. 2015; 282(1799):20141396. Epub 2015/01/27.
https://doi.org/10.1098/rspb.2014.1396 PMID: 25621333; PubMed Central PMCID: PMC4286047.

Bellinger DC. A strategy for comparing the contributions of environmental chemicals and other risk fac-
tors to neurodevelopment of children. Environ Health Perspect. 2012; 120(4):501-7. Epub 2011/12/21.
https://doi.org/10.1289/ehp.1104170 PMID: 22182676; PubMed Central PMCID: PMC3339460.

Organic Trade Association and The Organic Center applaud bipartisan bill to invest in organic ag
research [Internet]. Organic Trade Association; 2017. Available from: https://www.ota.com/news/press-
releases/19672

Bradman MA, Harnly ME, Goldman LR, Marty MA, Dawson SV, Dibartolomeis MJ. Malathion and
malaoxon environmental levels used for exposure assessment and risk characterization of aerial appli-
cations to residential areas of southern California, 1989-1990. J Expo Anal Environ Epidemiol. 1994; 4
(1):49-63. Epub 1994/01/01. PMID: 7894268.

Thomas DC, Petitti DB, Goldhaber M, Swan SH, Rappaport EB, Hertz-Picciotto |. Reproductive out-
comes in relation to malathion spraying in the San Francisco Bay Area, 1981-1982. Epidemiology.
1992; 3(1):32-9. Epub 1992/01/01. PMID: 1554808.

California Department of Food and Agriculture. Notice of Treatment for the Mediterranean Fruit Fly. Offi-
cial Notice for the City of Half Moon Bay. Sacramento, CA: State of California; 2017.

Plant Health and Pest Prevention Services. Mediterranean Fruit Fly Preventive Release Program CA.
gov California Department of Food and Agriculture website; 2014 [updated 2014 Aug 25; cited 2018 Jun
27]. Available from: https://www.cdfa.ca.gov/plant/PDEP/prpinfo/

Tsai RJ, Sievert J, Prado J, Buhl K, Stone DL, Forrester M, et al. Acute illness associated with use of
pest strips—seven U.S. States and Canada, 2000—2013. MMWR Morb Mortal Wkly Rep. 2014; 63
(2):42-3. Epub 2014/01/17. PMID: 24430101; PubMed Central PMCID: PMC4584652.

PLOS Medicine | https://doi.org/10.1371/journal.pmed.1002671 October 24, 2018 15/15


https://doi.org/10.1021/jf101303g
http://www.ncbi.nlm.nih.gov/pubmed/20565065
http://www.tfsp.info/worldwide-integrated-assessment/
http://www.tfsp.info/worldwide-integrated-assessment/
https://www.omri.org/omri-lists
https://doi.org/10.1098/rspb.2014.1396
http://www.ncbi.nlm.nih.gov/pubmed/25621333
https://doi.org/10.1289/ehp.1104170
http://www.ncbi.nlm.nih.gov/pubmed/22182676
https://www.ota.com/news/press-releases/19672
https://www.ota.com/news/press-releases/19672
http://www.ncbi.nlm.nih.gov/pubmed/7894268
http://www.ncbi.nlm.nih.gov/pubmed/1554808
http://CA.gov
http://CA.gov
https://www.cdfa.ca.gov/plant/PDEP/prpinfo/
http://www.ncbi.nlm.nih.gov/pubmed/24430101
https://doi.org/10.1371/journal.pmed.1002671

