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Abstract
Background: Paraquat dichloride is currently among the most widely used commercial herbicides in the USA. In the present study, we provide
epidemiological assessment of ambient paraquat exposure and Parkinson’s disease (PD) risk in a population-based study of PD in agricultural
regions of Central California.

Methods: Based on 829 PD patients and 824 community controls, we assessed associations between ambient paraquat dichloride exposure
and PD. We estimated residential and workplace proximity to commercial agricultural applications in three California counties since 1974 using
the CA pesticide use reporting (PUR) data and land use maps. We evaluated any, duration and average intensity [pounds (0.45 kilograms) per
acre per year] of exposure for paraquat in four time windows.

Results: Ambient paraquat exposure assessed at both residence and workplace was associated with PD, based on several different exposure
measures. The PD patients both lived and worked near agricultural facilities applying greater amounts of the herbicide than community controls.
For workplace proximity to commercial applications since 1974, working near paraquat applications every year in the window [odds ratio (OR) ¼
2.15, 95% confidence interval (CI) ¼ 1.46, 3.19] and a higher average intensity of exposure [per 10 pounds (4.54 kilograms), OR¼ 2.08, 95%
CI¼ 1.31, 3.38] were both associated with an increased odds of PD. Similar associations were observed for residential proximity (duration:
OR¼1.91, 95% CI¼1.30, 2.83; average intensity: OR¼ 1.72, 95% CI¼ 0.99, 3.04). Risk estimates were comparable for men and women, and
the strongest odds were observed for those diagnosed at �60 years of age.

Conclusion: This study provides further indication that paraquat dichloride exposure increases the risk of Parkinson’s disease.
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Introduction
Paraquat dichloride, commonly known as paraquat, is cur-
rently one of the most widely used commercial herbicides in
the USA.1 It is a quick-acting weed killer also used for desic-
cation purposes, which acts by killing green plant tissue on
contact through inhibiting photosynthesis with redox-cycling
activity inducing necrosis.2 Its strong redox-cycling potential
has been documented for nearly a century, an activity that is
also highly toxic to animals and humans.3 Paraquat can un-
dergo cyclic oxidation/reduction reactions, with each cycle
generating a highly reactive superoxide radical.4

Paraquat was initially scrutinized for its potential to cause
Parkinson’s disease (PD) due to its structural similarity to
MPPþ (1-methyl-4-phenylpyridinium), the toxic metabolite of
MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine), which
was found to induce parkinsonism in humans in 1983.5 This
was followed by an ecological study in Quebec in 1987, which
attributed differences in regional PD prevalence to soil and wa-
ter contamination from agricultural pesticides, with paraquat
being among those most prominently used.6 Since then, at least
10 epidemiological studies have linked exposure to PD and a
meta-analysis of 13 case-control studies with 3231 patients and

Key Messages
• This epidemiological study assessed ambient paraquat exposure based on historical pesticide application records and Parkinson’s

disease risk, using a population-based case-control approach in agricultural central California.

• We assessed associations between paraquat dichloride exposure, estimated based on residential and workplace proximity to

commercial agricultural applications in three California counties since 1974, and Parkinson’s disease.

• Higher levels of ambient paraquat exposure at either residence or workplace was associated with Parkinson’s disease risk, based on

several different exposure measures and exposure windows.

• This study provides further evidence that paraquat dichloride exposure increases the risk of Parkinson’s disease.
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4901 controls reported exposure to be associated with a 1.64-
fold increase in the risk of PD (95% CI¼ 1.27, 2.13).7

Epidemiological results, however, have not been unequivocal. A
recent report from the Agricultural Health Study (AHS) sug-
gested no association,8 contradicting positive associations previ-
ously reported in a nested case-control study from the
same cohort.9

Experimental research has shown that paraquat crosses the
blood-brain barrier10,11 and can enter and accumulate in do-
paminergic neurons,12 the cells lost in PD. Furthermore, stud-
ies have demonstrated that paraquat can directly cause and
exacerbate alpha-synuclein pathology13–17 and lead to degen-
eration of dopaminergic neurons,18 along with other toxic
mechanisms. Yet, even the first study (Barbeau 1987)6 impli-
cating paraquat in PD cautioned that it may not be necessary
for environmental agents to reach the substantia nigra to be
toxic to the dopaminergic system.

The current study provides a new and expanded epidemio-
logical assessment of ambient paraquat exposure and PD risk
in a large population-based case-control study in agricultural
central California.

Methods
Study population
To re-assess paraquat and PD associations, we used the
Parkinson’s Environment and Genes (PEG) study (n¼829
PD patients; n¼824 controls). PEG is a population-based
case-control study conducted in three agricultural counties in
central California (Kern, Fresno and Tulare).19 Participants
were recruited in two waves: Wave 1 (PEG1): 2000–07,
n¼ 357 patients, n¼ 400 population-based controls; and
Wave 2 (PEG2): 2009–15, n¼472 patients, n¼424
population-based controls. Patients were enrolled early in
disease course [mean PD duration at baseline, 3.0 years
(SD¼2.6)] and all were seen by University of California, Los
Angeles (UCLA) movement disorder specialists for in-person
neurological examinations, many on multiple occasions, and
confirmed as having probable idiopathic PD.20,21 More infor-
mation on subject recruitment and PD diagnosis can be found
in the Supplementary Material, available as Supplementary
data at IJE online.

As shown in Table 1, PD patients were on average slightly
older than controls and a higher proportion were men, had
European ancestry, and were never smokers.

Paraquat exposure assessment
We estimated ambient exposure due to living or working
near agricultural paraquat dichloride application, using pesti-
cide use report (PUR) pesticide application data within a geo-
graphical information system (GIS)-based model.22

Since 1972, California law mandates the recording of com-
mercial pesticide use in a database maintained by the
California Department of Pesticide Regulation (CA-DPR)
that includes all commercial agricultural pesticide use by pest
control operators and all restricted pesticide use until 1989,
and afterwards (1990–current) all commercial agricultural
pesticide use. This database records the location of applica-
tions, which can be linked to the Public Land Survey System
(PLSS), and the poundage, type of crop, and acreage a pesti-
cide has been applied on, as well as the method and date of
application. Figure 1 shows all PUR-reported paraquat appli-
cation across California and in the tri-county study area
since 1974.
We combined the PUR with maps of land use and crop

cover, providing a digital representation of historical land
use, to determine pesticide applications at specific agricul-
tural sites.23 PEG participants provided lifetime residential
and workplace address information, which we geocoded in a
multi-step process.24

For each pesticide active ingredient, including paraquat
dichloride (CA-DPR ChemCode 1601), as well as glyphosate
isopropylamine salt (1855), chlorpyrifos (253), diazinon
(198), diquat (229) and dithiocarbamates (see Supplementary
Material, available as Supplementary data at IJE online), we
determined the pounds of pesticide active ingredient (AI) ap-
plied per acre within a 500-m buffer of the latitude and longi-
tude representing each residential and workplace address per
year since 1974, weighting the total poundage by the propor-
tion of acreage treated (lbs/acre). For our study participants,
this resulted in 57 435 annual records for residential and
44 138 for occupational site paraquat exposure. After we
identified and removed several extreme outliers (values
>99th percentile of the distribution; Supplementary Figure
S1, available as Supplementary data at IJE online), the

Table 1. Study population characteristics

Variable Patients with
PD (n¼829)

Controls
(n¼824)

Age, years, mean (SD) 67.7 (10.6) 65.9 (11.6)
Male sex 524 (63.2%) 383 (46.5%)
Years of education, mean (SD) 14 (4.6) 14 (4.0)
European ancestry 634 (76.5%) 569 (69.2%)
Non-European ancestry 195 (23.5%) 253 (30.8%)
White 631 (76.5%) 569 (69.0%)
Latino 137 (16.6%) 155 (18.8%)
Asian 22 (2.7%) 26 (3.2%)
Other 39 (4.7%) 74 (9.0%)
Never smoker 449 (54.4%) 397 (48.2%)
Former smoker 345 (41.8%) 331 (40.2%)
Current smoker 31 (3.8%) 96 (11.7%)

PD, Parkinson’s disease.
Figure 1. Pesticide Use Report (PUR)-based paraquat application since

1974 by pounds applied. CA, California
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resulting data ranged from 0 to 41.47 lbs/acre (18.81 kg/
acre). Figure 2 shows a scatter plot of the data (Figure 2a)
and smoothed trend lines based on local regres-
sion (Figure 2b).

We report on the following exposure measures for both
residential and workplace addresses:

i) any pesticide application within 500 m of the address
within the exposure time window (yes/no);

ii) duration of exposure: the number of years participants
lived or worked within 500 m of agricultural applica-
tions as a proportion of the time covered by the window
(i.e. no. of years with any application in buffer/no. of
years in window);

iii) average exposure intensity: yearly average pounds of active
ingredient applied per acre in the time window (i.e. ½Pt

y
lbs AI applied per acrewithin500m� =#of years in window
where AI ¼ active ingredient, y ¼ the first year in the
window, and t ¼ last year in the window).

The denominator (no. of years in the exposure window)
represents the number of years for which the participant pro-
vided an address that could be geocoded and linked to the
pesticide exposure model (i.e. years with exposure informa-
tion). We also log transformed the average exposure

estimates, offset by one. We present associations for the aver-
age exposure intensity with and without log transformation.
Duration of exposure is presented as a proportion.
We considered four exposure windows for risk assessment:

(i) 1974 to index date (PD diagnosis for cases or interview for
controls); (ii) 1974 to 10 years prior to index date, i.e. lagged
10 years; (iii) 20 years to 10 years prior to index date; (iv)
10 years prior to index date. By design, the exposure win-
dows covered a very similar length and calendar period on
average for patients and controls of each wave
(Supplementary Table S1, available as Supplementary data at
IJE online). The exposure windows ranged from 8.3 years on
average (SD¼2.4) to 31.3 years (SD¼5.2). There was some
correlation between exposures across these windows
(Supplementary Figure S2, available as Supplementary data
at IJE online). Thus, we present 1974–index year exposure
results; the 1974–index year with 10-y lag window results are
shown in the Supplement only.

Statistical methods
To assess exposure associations, we conducted univariate,
unconditional logistic regression to calculate odds ratios
(ORs) and 95% confidence intervals (CIs) for PD and esti-
mated paraquat exposure for each time window and each lo-
cation separately. We controlled for age, gender, race/
ethnicity, study wave and index year (year of diagnosis or in-
terview) to account for temporal trends in pesticide use. We
also estimated associations stratified by gender (men and
women) and index age (�60 and >60 years at diagnosis for
cases or interview for controls).
We conducted sensitivity analyses to adjust for potential

co-exposures. As most participants did not solely live or
work near facilities solely applying paraquat, we also con-
trolled for exposure to chlorpyrifos, glyphosate isopropyl-
amine salt and diazinon (yearly average lbs/acre). These
pesticides were selected for their widespread agricultural use
and/or because the PEG study has associated them with PD.
We also controlled for occupational use of pesticides and co-
adjusted for ambient workplace paraquat exposures in the
residential models and residential exposures in the workplace
models. We additionally provide results from sensitivity anal-
yses both controlling for and stratifying by smoking status,
county, dithiocarbamate exposure, diquat exposure, house-
hold pesticide use based on self-report, and results stratifying
by study wave.

Results
We observed positive associations between paraquat and PD
across exposure measures and time windows (Table 2). For
example, for paraquat exposure assessed at residential
addresses between 1974 and index year (a 31.3-year expo-
sure window on average), living near paraquat applications
every year in the exposure window was associated with an
91% increase in the odds of PD (95% CI¼ 1.30, 2.83) and a
yearly average exposure intensity of 10 pounds (4.54 kilo-
grams) of paraquat applied per acre per year increased the
odds by 72% (OR¼1.72, 95% CI¼0.99, 3.04; log trans-
formed average exposure, OR¼1.23, 95% CI¼1.04, 1.46).
Somewhat stronger associations were observed for workplace
proximity to paraquat applications, with higher duration of
exposure (exposed every year in exposure window,

Figure 2. Pounds of agriculturally applied paraquat active ingredient per

acre, per subject 1974–2007. (a) Scatter plot of pounds active ingredient

applied per acre for each participant each year within 500m of residential

address and workplace address. (b) Smoothed trend line from loess local

regression based on data shown in plots above. Lb, pounds; LOESS,

locally estimated scatterplot smoothing
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Table 2. ORs (95% CI) for paraquat exposure and Parkinson’s disease estimated with logistic regression, according to type of exposure assessment

Exposure assessment and
time window

Patients with PD Controls OR (95% CI) P Patients with PD Controls OR (95% CI) P

n (%) or mean (SD) n (%) or mean (SD)

Application near Residence Workplace

Any application, yes
1974–index year 591 (71.7) 577 (70.3) 1.10 (0.88, 1.37) 0.41 551 (68.9) 500 (63.9) 1.23 (0.99, 1.53) 0.06
20y–10y prior to index year 423 (51.6) 363 (44.4) 1.40 (1.14, 1.72) 0.001 382 (49.9) 305 (42.8) 1.38 (1.11, 1.72) 0.004
10 y prior to index year 347 (42.3) 290 (35.5) 1.37 (1.11, 1.69) 0.003 230 (34.2) 201 (33.8) 1.14 (0.89, 1.46) 0.48

Duration of exposure, per one (equivalent to living near paraquat application within buffer every year in window)
1974–index year 0.23 (0.28) 0.19 (0.24) 1.91 (1.30, 2.83) 0.001 0.24 (0.29) 0.18 (0.24) 2.15 (1.46, 3.19) 1.3E-04
20y–10y prior to index year 0.25 (0.33) 0.19 (0.30) 1.83 (1.32, 2.53) 3.0E-04 0.25 (0.34) 0.18 (0.29) 2.15 (1.53, 3.06) 1.5E-05
10y prior to index year 0.20 (0.31) 0.15 (0.28) 1.67 (1.18, 2.36) 0.004 0.19 (0.33) 0.14 (0.27) 1.86 (1.27, 2.77) 0.002

Average exposure, per 10 pounds paraquat active ingredient applied per acre per year within buffera

1974–index year 1.02 (1.92) 0.83 (1.72) 1.72 (0.99, 3.04) 0.06 1.25 (2.52) 0.88 (2.01) 2.08 (1.31, 3.38) 0.002
20y–10y prior to index year 1.20 (2.70) 0.90 (2.36) 1.61 (1.07, 2.44) 0.02 1.51 (3.52) 0.90 (2.56) 1.96 (1.54, 2.89) 5.2E-04
10y prior to index year 1.20 (3.00) 0.91 (2.55) 1.35 (0.94, 1.97) 0.11 1.61 (4.26) 1.08 (3.64) 1.49 (1.11, 2.05) 0.01

Average exposure, log transformed, per oneb

1974–index year 0.46 (0.62) 0.39 (0.56) 1.23 (1.04, 1.46) 0.02 0.49 (0.69) 0.37 (0.60) 1.32 (1.12, 1.55) 8.6E-04
20y–10y prior to index year 0.44 (0.71) 0.35 (0.62) 1.24 (1.07, 1.45) 0.006 0.48 (0.78) 0.32 (0.64) 1.37 (1.18, 1.60) 6.6E-05
10y prior to index year 0.40 (0.72) 0.32 (0.65) 1.19 (1.03, 1.38) 0.02 0.42 (0.83) 0.30 (0.69) 1.27 (1.09, 1.49) 0.003

Models control for age, race/ethnicity, sex, index year and study wave.
PD, Parkinson’s disease; CI, confidence interval; OR, odds ratio; y, years.

a After outlier removal, the pounds of paraquat applied per acre in any given year ranged from 0 to 41.47 (Figure 2).
b Average exposure (year average paraquat applied per acre exposure assessment) was offset by 1 and log transformed. Values ranged from 0 to 3.4.
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OR¼2.15, 95% CI¼1.46, 3.19) and exposure intensity
(OR¼2.08 per 10 lbs/acre, 95% CI¼1.31, 3.38; log trans-
formed exposure, OR¼ 1.32, 95% CI¼1.12, 1.55) also in-
creasing the odds of PD.

Overall, most of the study population lived and worked
within 500m of at least one paraquat application since 1974
(residence: 72% of patients and 70% of controls; workplace:
69% of patients and 64% of controls; Table 2). The differ-
ence in the proportion of patients who lived near agricultural
paraquat applications versus controls was greater in the
10 years prior to index (42% versus 36%; OR¼1.37, 95%
CI¼ 1.11, 1.69) and between 20 and 10 years prior to index
(52% versus 44%; OR¼1.40, 95% CI¼1.14, 1.72). Also, a
higher proportion of patients worked near paraquat applica-
tions than controls in all windows except the 10 years prior
to diagnosis. This includes the period 20 to 10 years prior to
diagnosis (50% versus 43%; OR¼1.38, 95% CI¼ 1.11,
1.72). Over this time window, patients lived near agricultural
fields or facilities applying paraquat for 25% of the years on
average compared with the controls’ 19%. Living near para-
quat applications every year in the exposure window was as-
sociated with an 83% increase in the odds of PD (95%
CI¼ 1.32, 2.53; Table 2). Similar results were observed based
on workplace exposure assessments for other time windows
and for average exposure intensity (pounds applied per acre).

Risk estimates stratified by gender were generally similar,
with somewhat stronger associations for workplace expo-
sures in men (Table 3). Risk estimates were higher among
those �60 than >60 years of age at index date. For example,
living near paraquat applications every year from 1974 to in-
dex year increased the odds 3.78-fold among those �60
(95% CI¼1.52, 9.56) and 1.68-fold among those >60 years
(95% CI¼ 1.09, 2.60). Such differences were also observed
for other exposure measures and time windows (Table 3).
Supplementary Table S2, available as Supplementary data at
IJE online, shows results for the lagged exposure
time window.

Associations were generally robust to including other pesti-
cide exposures in the models, including adding an indicator
for occupational pesticide use, adjusting for residential or
workplace proximity to chlorpyrifos, diazinon and glypho-
sate applications and co-adjusting for ambient workplace
paraquat exposures in the residential models and residential
exposures in the workplace models, though estimates showed
some variability (Table 4). There was an attenuation of resi-
dential paraquat exposure odds ratios when including ambi-
ent workplace exposures in the model; for residential average
exposure estimates when adjusting for proximity to chlorpyr-
ifos, diazinon and glyphosate applications; and for work-
place, but not residential, exposure estimates when adjusting
for dithiocarbamate exposure (Supplementary Table S3,
available as Supplementary data at IJE online).

Results were also generally similar when controlling for
smoking and across strata of smoking status (Supplementary
Table S4), study waves (Supplementary Table S5), when con-
trolling for county of residence (Supplementary Table S6), di-
quat pesticide exposure (Supplementary Table S7) or
household pesticide use (Supplementary Table S8, all
Supplementary tables available as Supplementary data at
IJE online).

Figure 3 shows the log odds for the duration of paraquat
exposure and PD across all time windows, including all

sensitivity analyses to visualize similarities to and differences
from results shown in Table 2.

Discussion
In this population-based case-control study of Parkinson’s
disease, we investigated ambient paraquat exposure esti-
mated via residential and workplace proximity to agricultural
paraquat application. Paraquat was associated with an in-
creased risk of PD for multiple exposure assessment measures
(any exposure, duration of exposure and average exposure
intensity) and across multiple exposure windows, ranging
from 8 to 31 years on average. Overall, relative to controls, a
higher proportion of PD patients either lived and/or worked
near commercial paraquat application, which was predomi-
nantly related to agriculture in our study region. Applications
near patients’ addresses were on average greater in terms of
the amount applied (pounds of active ingredient applied per
acre) and took place for a longer duration (proportion of
years in the time windows with exposure) than controls.
Exposure associations were strongest for younger-onset
patients (�60 at diagnosis, replicating previous results seen in
the PEG1 study with data from the PEG2 study wave).25

Furthermore, while risks were increased in all exposure win-
dows, exposures in the decades prior to diagnosis, including
the period 10–20 years prior, were associated with the stron-
gest risks, perhaps suggesting this is a relevant time period in
exposure-related PD pathogenesis.
We performed additional sensitivity analyses, such as con-

trolling for pesticide co-exposures and occupational or
household pesticide use. Across the time windows and expo-
sure measures we considered, there were some fluctuations
from attenuation to strengthening, but overall minimal
change in most effect estimates. We have previously reported
positive associations between diquat exposure and PD,26 and
we find both bipyridyl herbicides (diquat and paraquat) to be
independently associated with PD in this population.
This research adds to an existing body of literature that has

connected paraquat to PD. Since initial scrutiny due to struc-
tural similarity to MPPþ, which was found to induce parkin-
sonism in humans in 19835 and the Quebec ecological study
linking agricultural use to PD,6 at least 13 case-control stud-
ies and one prospective cohort have investigated paraquat ex-
posure. A recent systematic review and meta-analysis
reported a summary estimate for PD and paraquat of
OR¼1.64 (95% CI¼ 1.27, 2.13) in the 13 case-control stud-
ies.7 At the same time, experimental research has linked ex-
posure to dopaminergic neuron toxicity and a-synuclein
related biology among other mechanisms.10–18 Still, epidemi-
ological results have not been unanimous and a recent report
from the longitudinal Agricultural Health Study (AHS) has
suggested no association.8 Loss to follow-up, however, may
have affected the AHS results, as identification of PD cases
mainly depended on self-report or death records (known for
under-reporting PD) and only 46% of initially enrolled male
farmers had not dropped out by the end of follow-up.8 The
AHS cohort study results also contradict strongly positive
associations reported for paraquat and PD by the Farming
and Movement Evaluation study (FAME) PD case-control
study nested within the AHS,9 leaving open questions about
accurate self-reporting of pesticide use and selection bias.
Our study makes use of agricultural pesticide application

records with use of reporting required by law in California to
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Table 3. ORs (95% CI) for paraquat exposure and Parkinson’s disease estimated with logistic regression, stratified by sex and age

Men Women Age at index �60 years Age at index >60 years

Exposure assessment and time window Patients with
PD (n¼519)

Controls
(n¼380)

Patients with
PD (n¼301)

Controls
(n¼437)

Patients with
PD (n¼195)

Controls
(n¼260)

Patients with
PD (n¼625)

Controls
(n¼557)

OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Application near Residence

Any application, yes
1974–index year 1.00 (0.74, 1.35) 1.22 (0.88, 1.71) 1.58 (0.99, 2.55) 1.01 (0.78, 1.30)
20y–10y prior to index year 1.33 (1.02, 1.76) 1.48 (1.09, 2.02) 1.72 (1.13, 2.62) 1.34 (1.06, 1.70)
10y prior to index year 1.27 (0.96, 1.68) 1.54 (1.12, 2.12) 2.17 (1.42, 3.35) 1.18 (0.92, 1.50)

Duration of exposure, per one unit (equivalent to living near paraquat application within buffer every year in window)
1974–index year 1.76 (1.07, 2.92) 2.26 (1.20, 4.26) 3.78 (1.52, 9.56) 1.68 (1.09, 2.60)
20y–10y prior to index year 1.78 (1.16, 2.74) 1.96 (1.17, 3.30) 2.46 (1.18, 5.18) 1.71 (1.19, 2.49)
10y prior to index year 1.55 (1.00, 2.41) 1.98 (1.11, 3.54) 2.99 (1.43, 6.36) 1.44 (0.97, 2.16)

Average exposure, per 10 pounds on average paraquat active ingredient applied per acre per year within buffer
1974–index year 1.79 (0.90, 3.68) 1.73 (0.65, 4.59) 4.29 (1.15, 16.71) 1.49 (0.81, 2.79)
20y–10y prior to index year 1.58 (0.94, 2.73) 1.77 (0.90, 3.50) 2.83 (1.21, 6.92) 1.44 (0.91, 2.32)
10y prior to index year 1.48 (0.96, 2.36) 1.11 (0.55, 2.23) 3.29 (1.38, 8.76) 1.13 (0.75, 1.71)

Average exposure, log transformed, per one unit
1974–index year 1.21 (0.97, 1.51) 1.29 (0.97, 1.72) 1.49 (1.03, 2.18) 1.18 (0.97, 1.44)
20y–10 y prior to index year 1.22 (1.00, 1.49) 1.32 (1.03, 1.69) 1.36 (0.99, 1.88) 1.22 (1.02, 1.46)
10y prior to index year 1.19 (0.99, 1.44) 1.20 (0.94, 1.54) 1.54 (1.13, 2.13) 1.11 (0.94, 1.32)

Application near Workplace

Any application, yes
1974–index year 1.27 (0.94, 1.70) 1.19 (0.86, 1.66) 1.44 (0.92, 2.27) 1.14 (0.88, 1.47)
20y–10y prior to index year 1.45 (1.09, 1.94) 1.31 (0.94, 1.85) 1.39 (0.90, 2.14) 1.33 (1.02, 1.72)
10y prior to index year 1.37 (0.99, 1.96) 0.91 (0.61, 1.35) 1.08 (0.70, 1.68) 1.24 (0.91, 1.69)

Duration of exposure, per one unit (equivalent to living near paraquat application within buffer every year in window)
1974–index year 2.45 (1.47, 4.11) 1.84 (0.99, 3.43) 3.61 (1.42, 9.39) 1.84 (1.19, 2.86)
20y–10y prior to index year 2.43 (1.56, 3.87) 1.92 (1.10, 3.35) 3.84 (1.83, 8.23) 1.77 (1.19, 2.64)
10y prior to index year 2.33 (1.40, 3.95) 1.38 (0.74, 2.58) 1.96 (0.92, 4.21) 1.92 (1.21, 3.09)

Average exposure, per 10 pounds on average paraquat active ingredient applied per acre per year within buffer
1974–index year 2.42 (1.33, 4.58) 1.78 (0.82, 3.93) 3.92 (1.43, 11.46) 1.71 (1.01, 2.99)
20y–10y prior to index year 2.01 (1.27, 3.32) 1.96 (1.04, 3.81) 4.06 (1.84, 9.85) 1.57 (1.04, 2.45)
10y prior to index year 1.86 (1.21, 3.00) 1.24 (0.80, 1.94) 1.63 (0.96, 2.86) 1.49 (1.02, 2.22)

Average exposure, log transformed, per one unit
1974–index year 1.40 (1.14, 1.72) 1.23 (0.94, 1.61) 1.47 (1.06, 2.05) 1.26 (1.05, 1.53)
20y–10y prior to index year 1.42 (1.17, 1.73) 1.32 (1.02, 1.72) 1.69 (1.24, 2.32) 1.26 (1.06, 1.51)
10y prior to index year 1.42 (1.16, 1.76) 1.10 (0.84, 1.42) 1.30 (0.99, 1.72) 1.29 (1.06, 1.57)

Models control for age, race/ethnicity, sex (except when sex stratified), index year and study wave.
PD, Parkinson’s disease; CI, confidence interval; OR, odds ratio; y, years.
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Table 4. ORs (95% CI) for paraquat exposure and Parkinson’s disease estimated with logistic regression, with different multi-pesticide co-exposure adjustments

Exposure assessment and time window Adjusted for any reported occupational
pesticide use

Adjusted for ambient chlorpyrifos, diazinon
and glyphosate

Mutually adjusted for paraquat co-exposure
at the other location

Residence Workplace Residence Workplace Residence Workplace
OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI) OR (95% CI)

Any application, yes
1974–index year 1.07 (0.85, 1.32) 1.19 (0.95, 1.48) 0.99 (0.78, 1.26) 1.12 (0.88, 1.42) 1.01 (0.79, 1.29) 1.21 (0.96, 1.53)
20y–10y prior to index year 1.36 (1.11, 1.67) 1.34 (1.08, 1.67) 1.31 (1.03, 1.67) 1.32 (1.01, 1.71) 1.36 (1.07, 1.73) 1.21 (0.95, 1.54)
10y prior to index year 1.32 (1.07, 1.64) 1.10 (0.85, 1.42) 1.28 (0.99, 1.64) 1.04 (0.78, 1.38) 1.46 (1.13, 1.89) 0.99 (0.76, 1.30)

Duration of exposure, per one unit
1974–index year 1.75 (1.18, 2.61) 1.98 (1.33, 2.97) 1.92 (1.10, 3.38) 2.24 (1.31, 3.88) 1.27 (0.77, 2.08) 1.85 (1.14, 3.03)
20y–10y prior to index year 1.72 (1.24, 2.40) 2.01 (1.41, 2.87) 1.82 (1.17, 2.85) 2.69 (1.66, 4.41) 1.33 (0.88, 2.02) 1.82 (1.21, 2.76)
10 y prior to index year 1.55 (1.09, 2.20) 1.74 (1.17, 2.60) 1.50 (0.97, 2.35) 1.96 (1.22, 3.20) 1.44 (0.95, 2.22) 1.62 (1.06, 2.50)

Average exposure, per 10 pounds
1974–index year 1.50 (0.85, 2.67) 1.95 (1.22, 3.19) 1.21 (0.60, 2.50) 1.89 (1.06, 3.43) 1.07 (0.56, 2.06) 2.03 (1.20, 3.50)
20 y–10y prior to index year 1.50 (1.00, 2.29) 1.85 (1.27, 2.74) 1.30 (0.80, 2.15) 2.06 (1.33, 3.30) 1.24 (0.77, 2.00) 1.83 (1.23, 2.77)
10y prior to index year 1.25 (0.87, 1.83) 1.43 (1.06, 1.97) 1.11 (0.72, 1.71) 1.47 (1.05, 2.08) 1.14 (0.75, 1.77) 1.46 (1.07, 2.04)

Average exposure, log transformed, per one unit
1974–index year 1.18 (0.99, 1.40) 1.28 (1.09, 1.51) 1.13 (0.89, 1.44) 1.30 (1.04, 1.63) 1.05 (0.86, 1.29) 1.29 (1.07, 1.55)
20y–10y prior to index year 1.21 (1.04, 1.41) 1.33 (1.14, 1.56) 1.17 (0.96, 1.43) 1.47 (1.20, 1.81) 1.10 (0.92, 1.32) 1.31 (1.11, 1.56)
10y prior to index year 1.15 (0.99, 1.34) 1.24 (1.05, 1.45) 1.10 (0.92, 1.32) 1.28 (1.06, 1.54) 1.10 (0.92, 1.31) 1.24 (1.05, 1.47)

Models control for age, race/ethnicity, sex, index year and study wave.
CI, confidence interval; OR, odds ratio; y, years.
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determine the amount of paraquat active ingredient applied
within 500m of participants’ lifetime reported residential
and workplace addresses. This allowed us to assess exposures
as far back as 1974 without relying on participant recall.

This is particularly important for PD, where exposures deca-
des prior to diagnosis are likely relevant. Although paraquat
was introduced in the 1960s, we did not extrapolate back-
wards past 1974 due to concerns about generating exposure

Figure 3. Results of all sensitivity analyses across all time windows and locations (residence or workplace) with paraquat exposure duration and

Parkinson’s disease (PD) risk. PQ, paraquat; PD, Parkinson’s disease; PEG, Parkinson’s Environment & Genes Study; y, year
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misclassification and relying on unfounded assumptions
about application patterns in the 1960s. With our record-
based exposure assessment, we were able to greatly minimize
recall bias and differential exposure misclassification, while
still investigating historical exposures. Furthermore, PD is a
commonly misdiagnosed disorder with estimates of misdiag-
nosis ranging 20–30%.27 All our patients were seen in person
by the same UCLA movement disorder specialists to confirm
diagnosis through clinical characteristics, thus minimizing
outcome misclassification which is more common when rely-
ing on self-report of PD or medical records.

Historically, paraquat has been applied by ground, aerial
and backpack sprayer methods. It is persistent in the soil en-
vironment, with field studies reporting a half-life ranging
from 1.4 to 7.2 years.28 It also strongly binds to certain soils,
which limits the threat of groundwater contamination.28

However, this property may also increase the risk of contami-
nated soil being blown or tracked to nearby locations, such
as homes. Furthermore, prior to any recent United States
Environmental Protection Agency restrictions of aerial appli-
cations and during the exposure windows of interest for the
PEG study, paraquat has been detected in airborne samples
up to 1600m from single field aerial applications in the San
Joaquin Valley in California.29,30 Other studies of paraquat
drift have demonstrated foliage damage extending over a 805 m
(0.5 mile) from fields into a neighbouring community.31 Our
exposure buffer was limited to 500m. We previously con-
ducted a validation study demonstrating that PUR model-
derived organochlorine estimates of exposure within 500m
of homes had high specificity in predicting blood-measured
DDE (dichlorodiphenyldichloroethylene) levels.32 Pesticide
air monitoring studies conducted by California
Environmental Protection Agency in a small community over
a 1-year period have also shown very high overlap between
the PUR reported poundage applied for several different pes-
ticides and the concurrently measured values obtained from
monitors placed on the rooftops of elementary schools in
these communities.33

Still, it should be noted that our exposure assessment
method did not account for potentially relevant factors, such
as wind patterns at the time of application, geographical fea-
tures that may influence pesticide drift, or type of residence
or workplace. Our method also assumes that the participant
was at the recorded location during the exposure relevant
time or that the agent was still active and exposed residents
after application had occurred. Exposure misclassification
would likely be non-differential to case status, however, and
the resulting bias moves estimates towards the null.

Additionally, the reality of commercial agriculture is that
many different pesticides are applied on the same fields in
seasonal patterns year after year. Thus, participants with resi-
dential or workplace proximity to paraquat application also
lived and worked in proximity to other pesticide applications.
We performed a series of co-adjustments for; (i) other com-
monly applied pesticides, including chlorpyrifos, diazinon
and glyphosate; (ii) pesticides previously related to PD risk
(dithiocarbamates); (iii) diquat, another bipyridyl herbicide
belonging to quaternary ammonium compounds and struc-
turally similar34; (iv) occupational pesticide use; and (v)
household pesticide use. Although there was some attenua-
tion of risk estimates, particularly for some residential expo-
sures with chlorpyrifos, diazinon and glyphosate, and
ambient workplace exposures with dithiocarbamate

exposure, paraquat was consistently positively associated
with Parkinson’s disease for different exposure measures and
windows. In fact, duration and average intensity of ambient
exposure at workplaces even showed stronger associations in
multi-pesticide adjusted models. There are several possibili-
ties which may lead to attenuation of estimates aside from
confounding, including a reduced ability to estimate single
exposure effects due to strong collinearity, a concern here as
the correlation between paraquat and other pesticides was of-
ten >0.5, and sample size-related random fluctuation of esti-
mates when adding covariates. As real-world co-exposures
are the norm and not the exception, due to intensive and
changing agricultural pesticide use, co-exposure mixtures
should be investigated to evaluate their toxicity as a part of
policy and regulation.

Conclusion
Overall, this study provides further evidence that paraquat
exposure increases the risk of Parkinson’s disease.
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