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Abstract

Background: Environmental exposures are implicated in the etiology of amyotrophic lateral
sclerosis (ALS). Application of insecticides, herbicides, and fungicides with neurotoxic properties
to crops is permitted in the U. S., however reporting of the quantities is government mandated.

Obijective: To identify pesticides that may be associated with ALS etiology for future study.

Methods: We geospatially estimated exposure to crop-applied pesticides as risk factors for ALS
in a large de-identified medical claims database, the SYMPHONY Integrated Dataverse®. We
extracted residence at diagnosis of ~26,000 nationally distributed ALS patients, and matched
non-ALS controls. We mapped county-level U. S. Geological Survey data on applications of 423
pesticides to estimate local residential exposure. We randomly broke the SYMPHONY dataset into
two groups to form independent discovery and validation cohorts, then confirmed top hits using
residential history information from a study of NH, VT, and OH.

"Corresponding author at: Geisel School of Medicine at Dartmouth, One Medical Center Drive, 7936 Rubin Building, Lebanon, NH,
03756, United States. Angeline.Andrew@dartmouth.edu (A. Andrew).

CRediT authorship contribution statement
Angeline Andrew: Conceptualization, Formal analysis, Funding acquisition, Supervision, Validation, Writing — original draft. Jie

Zhou: Formal analysis, Methodology. Jiang Gui: Methodology. Antoinette Harrison: Conceptualization, Funding acquisition. Xun

Shi: Methodology. Meifang Li: Formal analysis, Methodology. Bart Guetti: Data curation, Visualization. Ramaa Nathan: Data
curation. Maeve Tischbein: Data curation, Project administration. Erik P. Pioro: Funding acquisition. Elijah Stommel: Funding
acquisition, Writing — review & editing. Walter Bradley: Conceptualization, Funding acquisition, Writing — review & editing.

Declaration of Competing Interest
The authors report no declarations of interest.

Appendix A. Supplementary data
Supplementary material related to this article can be found, in the online version, at doi:https://doi.org/10.1016/j.neur0.2021.09.004.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Andrew et al.

Page 2

Results: Pesticides with the largest positive statistically significant associations in both the
discovery and the validation studies and evidence of neurotoxicity in the literature were the
herbicides 2,4-D (OR 1.25 95 % CI 1.17-1.34) and glyphosate (OR 1.29 95 %Cl 1.19-1.39),
and the insecticides carbaryl (OR 1.32 95 %ClI 1.23-1.42) and chlorpyrifos (OR 1.25 95 %ClI
1.17-1.33).

Significance: Our geospatial analysis results support potential neurotoxic pesticide exposures as
risk factors for sporadic ALS. Focused studies to assess these identified potential relationships are

warranted.
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1. Introduction

The progressive loss of both upper and lower motor neurons and muscle atrophy are
hallmarks of amyotrophic lateral sclerosis (ALS). Respiratory failure and death usually
occurs over a 3-5 year period after diagnosis. Only 10 % of the ALS cases can be attributed
to a familial trait or gene (Mathis et al., 2019). Identifying etiologic factors could help to
prevent ALS and focus studies of interventions to block progression.

With its origins in John Snow’s investigations of the Cholera epidemic of the 1850’s

and the era of “shoe-leather epidemiology” place of residence has had enduring utility in
understanding the spread of disease (Snow, 1855). Beyond infectious disease, this approach
has also proven useful for linking environmental contaminants to chronic illnesses, such

as cancer. Trichloroethylene was classified by the U.S. National Toxicology Program

as a “known” kidney carcinogen based primarily on animal and occupational human
evidence (NTP, 2015). The trichloroethylene groundwater plume from the Lockformer
metal-fabricating facility in Lisle, IL extended into residential wells 2.5 miles from the site
point source and the kidney cancer incidence rate was statistically higher in that local zip
code (Health, 2005). In addition, kidney cancer mortality correlates with trichloroethylene
discharges from industrial sites by county (Alanee et al., 2015). These studies demonstrate
the potential for geospatial approaches to identify exposure-chronic disease relationships.

Observational studies have noted pesticides among the environmental exposures with
evidence of increasing risk of ALS (reviewed in (Baltazar et al., 2014; Gunnarsson and
Bodin, 2018; Kang et al., 2014; McKay et al., 2021; Qureshi et al., 2006; Wang et al.,
2017)), with a number of studies linking self-reported pesticide exposures (Andrew et al.,
2017; Das et al., 2012; Malek et al., 2014; Morahan and Pamphlett, 2006; Pamphlett, 2012).
An excess of incident cases identified in northern Italy in 1964-1988 was associated with
agricultural work (Govoni et al., 2005), and an age- and sex-matched questionnaire study of
residents of that region found occupational pesticide exposure in 32 % of cases compared
to 13 % of controls (Bonvicini et al., 2010), and increased risk for >10 years employment

in the agricultural sector (Filippini et al., 2020). In Washington State, U.S., ALS diagnosis
1990-1994 was associated with job histories coded for exposure to agricultural chemicals
among men (OR 2.8 95 %Cl 1.3-6.1 for high vs. no exposure) (McGuire et al., 1997).
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While the occupational connections between these herbicide / pesticide exposures and ALS
are substantial, there is much less evidence for risk associated with residence in areas

with agricultural pesticide use. According to an National ALS Registry comparison among
regions of the U.S., the prevalence of ALS was highest in the Midwest at 5.5 cases per
100,000, which is also the region with the highest proportion of cropland (Mehta et al.,
2018). Rural residence itself was not associated with risk of ALS in a study of n = 108
sporadic ALS cases and n = 122 matched controls in Brittany, while farming activities
increased risk 2.9-fold (p = 0.01) (Furby et al., 2010). In n = 703 Italian cases and n = 2737
controls, no association was found between ALS and living near agricultural land, though
exposure to citrus orchards and olive groves was associated with increased ALS risk (Vinceti
etal., 2017). A comparison of the population rate of ALS diagnoses among the provinces
of Southern Spain (n = 519 cases) did not find an association with agriculture (Fuenmayor
et al., 2021). However, the hectacres of plastic greenhouses in each province was used as a
surrogate for overall pesticide exposure, yet we suspect that these structures may reduce the
spread of pesticide to nearby residences.

The individual pesticide types that cause neurodegenerative disease and the etiologic
period for these exposures also remain unclear. Plausible relationships have been linked

to organophosphate compounds (Sanchez-Santed et al., 2016), and military exposure to
Agent Orange (McKay et al., 2021). Although the causal events are unclear, ALS incidence
was higher for a 10-year window following deployment for the first Gulf War, compared to
those not deployed to the Gulf (Horner et al., 2008, 2003). The Agricultural Health Study
of professional pesticide applicators found ALS risk associated with the use of general
categories of organochlorine insecticides, herbicides, pyrethroids, and fumigants, but was
unable to link individual types of pesticides (Kamel et al., 2012).

To fill these gaps, the objective of the current study is to assess potential risks of ALS
associated with individual crop-applied pesticides based on the location of residence. We
sought to identify the individual pesticides associated with ALS risk using the power of a
large, nationally distributed and de-identified healthcare claims dataset, complemented by
cohorts tracking residential history over time. The U.S. Geological Survey compiles annual
estimates of the amount of each herbicide or pesticide applied to crops nationwide. Our
study used residential location to estimate pesticide exposure, and a phased, ‘discovery’ and
‘validation’ cohort approach to assess ALS risk in relation to these applications.

2. Materials and methods

We used a large de-identified healthcare claims dataset from the SYMPHONY Integrated
Dataverse® (herein referred to as SYMPHONY) 2013-2019 as the study cohort. ALS
patient inclusion criteria were a) minimum of two 1CD-9/10 codes for ALS at least 3
calendar months apart, b) minimum of 6 months’ enrollment in the database prior to first
ALS ICD code, c) age at first ALS ICD code =18 yr. Requiring enrollment prior to the first
diagnostic code helps ensure that we included incident rather than prevalent ALS cases. We
restricted to adult ALS cases since the disease is very rare in children and may have different
etiology.
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We randomly selected individuals in the overall SYMPHONY network who were similar

to the ALS patient cases on age, gender, and length of database history as controls. We
excluded patients >80 years old due to low coverage in the network, and those with
ICD-9/10 codes for neurodegenerative diseases other than ALS, such as Alzheimer’s and
Parkinson’s, as they may share etiologic factors. We used the R-package “Matchlt” to
perform propensity score matching with a 3:1 ratio to select a subset of controls as the
comparison group, with the nearest age and same gender as the ALS cases (Ho et al., 2007).
The controls showed a similar national distribution to the cases, based on the coverage of the
SYMPHONY network.

Pesticide exposure estimates —

We downloaded pesticide-use estimates for 423 individual pesticides from the U.S.
Geological Survey (USGS). The pesticide use rate per harvested-crop acre was first
calculated for each crop by year using U.S. Department of Agriculture surveys of farm
operations linked to their county annual harvested-crop acres Censuses of Agriculture (Ag
Census), and their County Agricultural Production Survey (CAPS). The USGS applied the
crop-specific pesticide use rate to the county-level harvested acres for that crop to estimate
the pesticide use in each county. For crops in counties with unreported pesticide data,

they used pesticide-by-crop use rates from neighboring crop reporting districts to impute
pesticide use levels (Baker and Stone, 2015). We obtained these county-level pesticide use
estimates for each year of the period 2002-2012, which represents the 10-years prior to the
diagnostic period of the ALS cases. For each pesticide, we averaged the annual crop-applied
pesticide use estimates over this 10-year period for each county.

We then used these pesticide application data to estimate potential residential exposure level
at the most recent zip3 location, as this was the only spatiotemporal information available
for the SYMPHONY cohort. The zip3 location is a geographic polygon that includes all zip
codes within a local region that have the same three digit prefix.

Statistical analysis —

The ALS patients and controls in the SYMPHONY Integrated Dataverse® were randomly
broken into two groups, a ‘discovery cohort’, and a “validation cohort’, based on their zip3
region of residence. The “discovery’ cohort included residents of 500 randomly selected zip3
regions nationwide, which we used to identify pesticides associated with ALS risk. We then
performed “validation’ of these top-hit pesticides in the other independent cohort comprised
of residents of the remaining 363 zip3 regions. Logistic regression analysis assessed the
association between the log-transformed level of each pesticide (kilograms per square mile)
and ALS risk. Odds ratios (OR) reflect the change in ALS risk associated with an increase

in the level of a pesticide, using the natural log of 1.0 as the unit. We used False Discovery
Rate (FDR) correction to account for multiple comparisons, using a significance threshold of
<0.05.

We also evaluated combinations of pesticides associated with ALS, testing all combinations
with main effect FDR < 0.1. In addition, we used the ‘gene set analysis (GSA)’ package
to identify mechanistically related groups of pesticides that are enriched with respect
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to ALS (Efron and Tibshirani, 2007). We grouped the pesticides into classes based

on their mechanism of action using categories assigned by the Insecticide Resistance
Action Committee (https://irac-online.org/modes-of-action/ ), the Herbicide Resistance
Action Committee (https://www.hracglobal.com/), or the Fungicides Resistance Action
Committee (https://www.frac.info/). These analyses were all performed using R: A
Language and Environment for Statistical Computing, version 4.0.2 (R Foundation for
Statistical Computing, Vienna, Austria).

Residential history analysis —

We then used residential history data from an ALS case-control study that we conducted

in New Hampshire, Vermont, and Ohio for a confirmatory analysis. We obtained mortality
records attributed to “‘motor neuron disease’ using ICD-10 code G12.2 from these states, for
the years that were available: New Hampshire (2009-2018 n = 337), Vermont (2008-2016 n
= 216), and Ohio (2016-2019 n = 799). From among the same catchment counties, controls
were identified as residents of New Hampshire / Vermont (n = 762), or Ohio (n = 1336)
using the U.S. Postal Service Delivery Sequence file licensed to Marketing Systems Group
(Horsham, PA). The sampling algorithm was designed to randomly sample individuals in
the population based on the expected demographic distribution of the ALS cases, with
over-sampling of 50-75 year-olds and males.

For this project, we restricted our analysis to participants with a diagnosis or index year
on or after 2013 (n = 500 ALS cases, n = 1949 controls). We obtained the geocodes

of addresses held by each subject over the 5-year period prior to the index date from

a query to the commercial financial marketing database LexisNexis (Dayton, Ohio). To
estimate the exposure in each year prior to diagnosis, we read the pesticide amount from
the USGS pesticide database in each year based on the county of residence. We then
calculated the mean exposure to each pesticide across his/her multiple residences in the
epoch representing the 5-year period prior to the index year (i.e. for a case diagnosed

in 2016, we compiled estimated exposures for residences 2011-2015). We chose to use
the mean value rather than the cumulative value to avoid introducing bias due to missing
residences. Chi-square tests assessed the univariate difference in proportion of cases and
controls using a median cutpoint, followed by logistic regression analysis that adjusted for
age and gender. These analyses were all performed using R: A Language and Environment
for Statistical Computing, version 4.0.2 (R Foundation for Statistical Computing, Vienna,
Austria).

3. Results

Table 1 shows that the age- and gender-distribution of the n = 26,199 ALS cases we
identified is similar to that of the controls sampled from the SYMPHONY network. The
majority (63 %) of the cases and controls were 5575 years of age and approximately 57 %
were male, as expected based on ALS literature (McCombe and Henderson, 2010).

Of the 423 pesticides assessed, 181 met the FDR cutoff <0.1 from our nationwide
SYMPHONY database ‘discovery phase’ and went into the ‘validation phase’ of analysis.
Supplemental Table 1 contains the list 84 of those pesticides met an FDR < 0.05 cutoff
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in both the “discovery’ and ‘validation’ sub-cohorts, ranked by statistical significance. The
volcano plot in Fig. 1 depicts the logistic regression results of those consistent pesticides.
Among these, some pesticides are notable due to substantial effect sizes as risks for ALS,
including the following herbicides: 2,4-D (OR 1.25 95 % CI 1.17-1.34), glyphosate (OR
1.29 95 %ClI 1.19-1.39), MCPB [4-(2-methyl-4-chlorophenoxy) butyric acid] (OR 1.18 95
%ClI 1.13-1.23), and terbacil (OR 1.16 95 %CI 1.13-1.23); insecticides: carbaryl (OR 1.32
95 %Cl 1.23-1.42), chlorpyrifos (OR 1.25 95 %Cl 1.17-1.33), and permethrin (OR 1.15 95
%CI 1.09-1.22); fungicides: hymexazol (OR 2.22 95 %Cl 1.09-1.37), mancozeb (OR 1.18
95 %ClI 1.10-1.26), chlorothalonil (OR 1.22 95 %Cl 1.14-1.30), and captan (OR 1.21 95
%Cl 1.13-1.29) (Supplemental Table 1).

Figs. 2 & 3 show maps of the average levels of several of these pesticides across counties
nationwide for the pre-diagnostic period 2002-2012. The distribution of pesticides and
herbicides across the country is non-random, with the herbicides 2,4-D and glyphosate used
heavily in the Midwest (Fig. 2), while the highest levels of the insecticides carbaryl and
chlorpyrifos occurred in California, Washington, and Florida (Fig. 3). Maps showing the
national distribution of additional pesticides: hymexazol, terbacil, captan, chlorothalonil, and
MCPB, as well as magnified areas with high glyphosate levels can be found in Supplemental
Figs. 1-6.

To complement the SYMPHONY dataset, we also obtained residential history data from
New Hampshire, Vermont, and Ohio residents who died of ALS and regional controls to
assess the risk of ALS associated with exposure estimates from 5-years of prior residences.
Table 2 shows statistically significant, positive odds ratios associated with 5-year residential
history based pesticide exposure estimates for a number of the pesticides identified as

ALS risk factors from the SYMPHONY analysis, including MCPB, terbacil, carbaryl,
chlorpyrifos, 2,4-D, glyphosate, permethrin, and paraquat.

We also assessed land use categories using the USGS National Land Cover data for 2014.
Fig. 4 shows the ALS rates in the Symphony dataset overlaid with land use categories,
which does not suggest a general relationship between cultivated crops and ALS. Similarly,
for NH, VT, and OH mortality datasets, we assessed the land use category assigned to the
pixel at the place of residence in the index year. The proportion living on cropland was
similar for ALS cases (1.1 %) as it was for controls (1.2 %) (p = 0.86).

We then evaluated the risks for development of ALS from estimated exposure to
combinations of the pesticides in the SYMPHONY dataset using a pairwise interaction-
effects model. A positive interaction coefficient quantifies the increased risk of ALS
associated with exposure to a pair of pesticides in combination, beyond the risk associated
with each pesticide considered alone. After testing 450 pairs of pesticides, we did not
identify any pairs with positive interaction coefficients that met our FDR < 0.05 threshold.
Supplemental Table 2 shows the results for the top 20 pairs of pesticides in SYMPHONY
ranked by the largest pesticidel*pesticide2 interaction coefficient in the validation cohort, to
identify combinations of pesticides that may have greater-than-additive effects.
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In addition, we grouped the pesticides according to their mechanism of action and assessed
which groups had more pesticides related to increased risk of ALS than would be expected
by chance. Table 3 shows statistically significant enrichment for several groups, meaning
that these groups have more pesticides positively associated with ALS risk than expected
by chance, given the size of the groups. Enriched groups include the Dithiocarbamate,
Anilino-Pyrimidine, Benzimidazole, and Phosonate fungicides, as well as the herbicide
group Pyridinium.

4. Discussion

The etiology of sporadic ALS (SALS) remains unexplained in many cases and observational
studies by others have suggested that pesticide exposure may be a risk factor. The
Agricultural Health Study cohort (1993-2010) of pesticide applicators and their spouses
identified n = 41 cases who died with ALS, and the meta-analysis including six case-
control studies found a statistically significant OR of 1.8 for pesticide overall use (Kamel
etal., 2012). Due to power limitations, that project was unable to identify significant
associations with particular pesticides. The objective of our study was to use USGS
pesticide crop-application data to estimate potential exposure to specific insecticides,
herbicides and fungicides at residential locations using a large, nationally distributed and de-
identified healthcare claims dataset. We confirmed some of these findings using residential
history data from a study of ALS mortality in NH, VT, and OH. Uniquely, across two

large SYMPHONY sub-cohorts and the additional residential history study, we observed
consistent positive associations for a number of pesticides.

While the incidence of ALS is highest in the Midwest region of the U. S. (Mehta et al.,
2018), a region with an abundance of agricultural land, our land use assessment did not find
generically higher rates of ALS for those living near cultivated crops. This is consistent with
prior studies that did not find general associations with residence near agriculture in either
Italy (Vinceti et al., 2017) or Southern Spain (Fuenmayor et al., 2021). Our data are more
consistent with the hypothesis that certain chemical pesticides have neurotoxic effects that
increase risk of neurodegenerative disease.

Several of the specific pesticides that we identified as associated with residential risk of
ALS in our comprehensive assessment of 423 pesticides are notable due to prior links to
ALS in the literature. A cohort of chemical company employees exposed to the herbicide
2,4-dicholorophenoxyacetic acid (2,4-D) between 1945-1994 had a 3-fold increased risk of
death from ALS compared to other company employees (Burns et al., 2001). The 2-fold
increase in ALS linked to Agent Orange is complicated because it contained 2,4-D, and
also another herbicide (2,4, 5-T), which was contaminated with dioxin that caused cancer
and other health issues (Beard et al., 2017; Yi et al., 2013). The mechanism of inhibited
neurite extension and fragmented Golgi apparatus observed /n vitro with 2,4-D exposure
may involve blockage of microtubule assembly, which is also the mechanism used by the
fungicide thiophanate-methyl linked to ALS risk in our study (Rosso et al., 2000). In vivo,
rats chronically exposed to 2,4-D, both oral and inhaled, have increased expression of
pro-apoptotic BAX protein, neurodegeneration, and behavioral changes in locomotion and
anxiety (Ueda et al., 2021).
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In terms of effect magnitude, the highest ranking pesticide in our study was another phenoxy
herbicide, MCPB (4-(2-methyl-4-chlorophenoxy) butyric acid) used in only a few regions

of the U.S. MCPB is applied to pea plants before flowering and used for weed control,

and a metabolite of this compound had documented neurotoxic effects (USEPA, 2006).
Terbacil is a uracil herbicide used to control broadleaf weeds on food crops and hay. The
mobile and persistent properties of this chemical suggest potential to contaminate surface
and groundwater; it is worth noting that the publically available literature does not contain
results of extensive neurotoxicity testing (USEPA, 1998, 2013).

Glyphosate is another broadleaf herbicide that is widely used on crops in the U.S. (Fig. 1B).
Glyphosate treatment caused GABAergic and dopaminergic neurodegeneration in C. elegans
(Negga et al., 2012). The mechanism of toxicity of glyphosate involves mitochondrial
Complex Il (succinate dehydrogenase) inhibition, decreased ATP levels, and production of
hydrogen peroxide (Burchfield et al., 2019). We also observed an increased risk of ALS
associated with the herbicide paraquat, which induces extranuclear cytoplasmic inclusions
of the TAR DNA-binding protein (TDP-43) in SH-SY5Y human neuroblastoma cells via
induction of oxidative stress (Lei et al., 2018). Paraquat generates reactive oxygen species
and impairs muscle function in transgenic mice with the human Cu/Zn superoxide dismutase
mutation (Peled-Kamar et al., 1997). Paraquat and diquat both kill plants by interfering with
photosystem I, accepting electrons in place of NADP+, which generates reactive superoxide
and causes widespread damage to the cells (Markwell et al., 2000).

Literature searches did not identify other specific prior studies of ALS in relation

to exposure to the insecticides that we identified, such as carbaryl, chlorpyrifos, and
permethrin, however we found other evidence of neurotoxicity for these compounds.
Carbaryl is a carbamate insecticide demonstrated to inhibit nicotinic acetylcholine receptors,
as well as acetylcholinesterase in Xenopus oocytes (Smulders et al., 2003), though it did not
cause mitochondrial fragmentation in SH-SY5Y cells (Chen et al., 2017).

Chlorpyrifos is an organophosphate insecticide that inhibits acetylcholinesterase and induces
acute cholinergic overstimulation and subacute motor polyneuropathy (Moretto and Lotti,
1998). Chlorpyrifos contamination of private wells was associated geospatially with
increased risk for Parkinson’s disease (Gatto et al., 2009), and epidemiologic studies have
consistently reaffirmed that link (Freire and Koifman, 2012). Nicaraguan men acutely
poisoned with chlorpyrifos showed motor impairment and long term reductions in grip

and pinch-strength, compared to unexposed controls (Miranda et al., 2002). A chlorpyrifos
metabolite inhibited axonal growth of primary and secondary motoneurons in zebrafish and
impaired their touch-induced swimming behavior (Yang et al., 2011). In mice, chlorpyrifos
induced glial fibrillary acidic protein (GFAP) immunoreactivity in the motor cortex and

an increase in basal ganglia acetylcholine levels (Ojo et al., 2014). A case-report detected
substantial levels of organophosphate and organochlorine (DDT) metabolites in hair of an
ALS patient with a history of exposure to chlorpyrifos (Kanavouras et al., 2011).

Gulf War veterans have documented a high incidence of ALS, which has been ascribed
to many factors including heavy use of the pyrethroid insecticide Permethrin, however
the associations remain unclear given the multitudes of physical and chemical exposures
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experienced by veterans (McKay et al., 2021; Ojo et al., 2014). In rats, early life permethrin
exposure led to neuropathological hallmarks of Parkinson’s disease, including later onset of
motor coordination defects in adulthood (Nasuti et al., 2017). Permethrin disrupts voltage-
gated sodium channels, causing repetitive firing in cultured spinal neurons (Shafer et al.,
2008).

Mancozeb (manganese zinc ethylene-bis-dithiocarbamate (Mn/Zn-EBDC) is a commonly
used commercial fungicide in the U.S., particularly since the withdrawal of the closely
related Mn-DBDC (maneb) is linked to Parkinson’s disease (Baltazar et al., 2014). Exposure
is associated with increased manganese levels in the blood of subjects living near banana
plantations (Mora et al., 2018). The compound may induce neurotoxicity via oxidative
stress and damaging mitochondrial function (Domico et al., 2007; lorio et al., 2015). These
fungicides are classified as dithiocarbamates, generating carbon disulfide as an intermediate,
and have been shown to cause degeneration of spinal nerve tissue in animal studies (USEPA,
2001).

We observed some negative relationships between estimated exposures and ALS risk (Fig.
1), and while these were not anticipated a priori, there is consistency in the direction of
the associations across both the ‘discovery’ and ‘validation’ cohorts in our study. Some
such negative associations suggest interesting mechanisms that could be pursued in search
of new strategies to prevent and treat neurodegenerative diseases. For example, one such
negative association was that exposure to sulfoxaflor was associated with a reduced risk of
developing ALS; sulfoxaflor increases neuronal dopamine release by acting as a nicotinic
acetylcholine receptor agonist (Rasoulpour et al., 2014).

Advantages of our study include a large de-identified database with over 26,000 ALS
patients occurring in the nationally distributed SYMPHONY healthcare network-based
population. The geospatial data for SYMPHONY was limited to the zip3 location at
diagnosis. Situations that may introduce misclassification for this analysis include residence
time splits during the etiologic period, such as living portions of the week or year in

two different places and changes of residence. This misclassification would be likely

to bias our findings towards the null, and thus the true effect estimates may be higher

than those observed. The 5-year residential history exposure estimates for the top-ranking
pesticides were also associated with increased ALS risk in our independent mortality cohort
that did accommodate changes of residence (Table 2). We calculated the mean exposure

for multiple concurrent addresses. We had access to ALS study residential history data

for only three states, and future investigation of additional locations is encouraged. The
estimated amounts of pesticide applied to crops at the county-level were assessed based on
modeling. Furthermore, exposure to some of these pesticides may additionally occur through
personal applications, in the diet, or occupationally, but information on these behaviors was
not available. The potential for additional personal exposure is likely most prevalent for
pesticides widely sold over the counter. For example, glyphosate is marketed as “Round-up”
for control of yard weeds, and permethrin is used to treat lice under the brand name “Nix”. It
seems unlikely that these personal uses vary systematically by location substantially enough
to affect the observed geographic associations with ALS, however.
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This study has generated a short list of pesticides with geospatial evidence of association for
future intensive investigation. Detailed residential history studies centered in high exposure
areas would help elucidate the etiologic period. /n situ sampling at varying distances from
fields during various pesticide application events and weather conditions would aid exposure
estimation efforts. Additional approaches such as behavioral questionnaires and biosample
pesticide measurements in prospective longitudinal studies could provide a more complete
picture of pre-diagnostic exposures.

In summary, we identified pesticides applied to crops in the area of residences associated
with risk of ALS in a large healthcare claims network. Our analysis identified several
herbicides, insecticides, and fungicides that have been implicated in the literature as being
neurotoxic as potential ALS risk factors. Other less-studied pesticides that we identified also
may warrant further investigation in the laboratory to assess mechanisms, their potential as
etiologic contributors to sporadic ALS risk, and as targets for exposure mitigation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Logistic regression analysis identified 84 pesticides with consistent effects across the
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SYMPHONY ‘“discovery’ and ‘validation’ cohorts. The log (fold-change) is shown on the
x-axis, with positive values indicating increased ALS risk. The pesticides with the highest

level of statistical significance are shown at the top of the graph, with those above the

FDR = 0.05 line meeting our statistical significance threshold after adjustment for multiple

comparisons.
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Fig. 2. Distribution of herbicide application estimates 2002-2012.
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USGS Pesticides 2002-2012
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A) 2,4-D applied to crops by county (kg/yr). B) Glyphosate applied to crops by county

(kgtyr).
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Fig. 3. Distribution of insecticide application estimates 2002-2012.
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USGS Pesticides 2002-2012
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A) Carbaryl applied to crops by county (kg/yr). B) Chlorpyrifos applied to crops by county

(kalyr).
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Fig. 4. ALS rates overlaid with USGS Land Use categories.
Dark brown depicts “cultivated crops’. Dense cross-hatching shows zip3 regions with the

highest ALS rates for the Symphony cohort.
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SYMPHONY population characteristics.

Controls ALS patient
N=78597 (%) N=26199(%) p-value
Age <45 5823 (7.4) 1941 (7.4) 1
4555 12,816 (16.3) 4272 (16.3)
55-65 24,561 (31.2) 8187 (31.2)
65-75 25,269 (32.2) 8423 (32.2)
75-80 10,128 (12.9) 3376 (12.9)
Sex Female 33,264 (42.3) 11,286 (43.1) 0.033
Male 45328 (57.7) 14,912 (56.9)
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Table 3

Pesticide groups enriched with positive ALS association.

Page 21

Mechanism of action Score  P-value Pesticides associated with ALS risk
Fungicide Group
Dithiocarbamates multi-site contact activity 1.33 0.02 FERBAM, MANEB, METIRAM, THIRAM, ZINEB, ZIRAM
Anilino-Pyrimidines  methionine biosynthesis 1.73 0.035 CYPRODINIL, PYRIMETHANIL
Benzimidazoles B-tubulin assembly in mitosis 1.02 0.04 ,\BAEEI;I%MZL THIABENDAZOLE, THIOPHANATE-
Phosphonates host plant defense induction 1.58 0.04 FOSETYL-AL, PHOSPHOROUS ACID/SALTS
Herbicide Group
Pyridiniums Photosystem | Electron Diversion  0.98 0.045 DIQUAT, PARAQUAT

Neurotoxicology. Author manuscript; available in PMC 2023 December 29.



	Abstract
	Introduction
	Materials and methods
	Pesticide exposure estimates –
	Statistical analysis –
	Residential history analysis –

	Results
	Discussion
	References
	Fig. 1.
	Fig. 2.
	Fig. 3.
	Fig. 4.
	Table 1
	Table 2
	Table 3

