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Abstract

Objective—This study describes associations of ozone and fine particulate matter with
Parkinson’s disease observed among farmers in North Carolina and lowa.

Methods—We used logistic regression to determine the associations of these pollutants with
self-reported, doctor-diagnosed Parkinson’s disease. Daily predicted pollutant concentrations were
used to derive surrogates of long-term exposure and link them to study participants’ geocoded
addresses.
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Results—We observed positive associations of Parkinson’s disease with ozone (OR=1.39; 95%
Cl: 0.98, 1.98) and fine particulate matter (OR=1.34; 95% CI: 0.93, 1.93) in North Carolina but
not in lowa.

Conclusion—The plausibility of an effect of ambient concentrations of these pollutants on
Parkinson’s disease risk is supported by experimental data demonstrating damage to dopaminergic
neurons at relevant concentrations. Additional studies are needed to address uncertainties related
to confounding and to examine temporal aspects of the associations we observed.

Introduction

Parkinson’s disease (PD) is a progressive neurodegenerative disorder affecting over one
million people in the United States. Because PD risk is strongly associated with older age,
its prevalence is expected to increase as the population ages [1]. PD involves loss of the
dopaminergic neurons of the substantia nigra as well as injury to dopaminergic neurons in
other brain regions and to neuronal populations using other neurotransmitters [2]. PD affects
both motor and non-motor function, the latter including abnormalities of sleep, cognition,
mood, autonomic function and olfaction [3]. Oxidative stress is a likely mechanism
underlying neurodegenerative disease, and the substantia nigra may be particularly sensitive
to oxidative stress for several reasons, including the fact that dopamine metabolism is itself
an oxidative process [4].

Air pollution is known to have significant effects on respiratory and cardiovascular health.
More recently, evidence has linked air pollution to neurologic dysfunction [5]. For example,
human studies have found associations of air pollution with cognitive dysfunction [6-13],
and neuropathological findings in brains of individuals living in urban areas with high air
pollution were similar to those of individuals with PD or Alzheimer’s disease [14]. The only
epidemiologic study of air pollution and PD reported a null association between nitrogen
dioxide (NO,), a marker of traffic pollution, and physician diagnosed PD; however,
manganese in total suspended particulates was associated with PD in one of the two
Canadian cities studied [15].

Findings from human studies are supported by toxicological investigations in rodents
exposed to ozone and PM, 5 concentrations that are near ambient levels [37, 38]. Studies of
ozone and particulate matter are particularly interesting because both pollutants have been
linked to brain disease and both contribute to oxidative stress [5, 16]. Studies involving
exposure to concentrated ambient particulate matter have demonstrated microglial activation
and other signs of inflammation, increased levels of alpha-synuclein in midbrain, and loss of
dopaminergic neurons in the substantia nigra [17-21]. Studies of rodents examining the
effects of long-term exposure to relatively low levels of ozone have demonstrated
progressive damage in various brain regions in conjunction with altered behaviour and
changes in microglial activation, changes in cell morphology in the substantia nigra and
striatum, and loss of nigral dopaminergic neurons [22—26]. These changes are similar to
those found in brains of PD patients.

Our objective was to investigate the associations of PD with exposure to ambient
concentrations of ozone and fine particulate matter (PM5 5 — particulate matter with an
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aerodynamic diameter < 2.5 microns). We selected these pollutants for study because they
both cause oxidative damage in the brains of experimental animals at or near ambient
exposure concentrations. Our study population was composed of farmers and their spouses
enrolled in the Agricultural Health Study (AHS). To date, few studies of air pollution health
effects have been designed to include non-urban participants [27-30]. One such study
reported an association between PM, 5 exposure and cardiovascular mortality among men
enrolled in the AHS cohort [27]. This finding indicates a need to examine the health effects
of air pollution in rural populations. The AHS provides an excellent population to perform
such an evaluation.

Materials and Methods

Study population (Figure 1)

The AHS cohort was established between 1993 and 1997 in IA and NC [31]. Applicants for
certification to use restricted-use pesticides were enrolled in the study. At enroliment,
52,394 private applicators (84% of those eligible) completed a self-administered
questionnaire. Enrolled private pesticide applicators who were married (83%), were
requested to ask their spouses to participate and 32,345 (74%) of the spouses agreed to
participate in the study and completed self-administered or telephone questionnaires. Thus,
the cohort included 84,739 private applicators and spouses. Questionnaires completed by
applicators and spouses obtained information on pesticide use, demographic factors, lifestyle
and medical history, including information on PD.

Residential addresses at the time of enrollment were available for all 1A participants and
98.6% of NC participants (408 individuals were excluded because they were missing an
address). Address records were geocoded using automated batch matching with Geographic
Data Technology’s MatchMaker SDK software and street database (Professional Version
4.3 October 2002) to obtain latitudes and longitudes. Approximately 75% of addresses in 1A
were matched to the street address or nearest intersection whereas approximately 65% of
addresses in NC were matched with this level of accuracy. The remaining addresses were
matched at the ZIP code centroid level.

Case status was based on self-reports of PD collected at enroliment and in two follow-up
interviews in 1999-2003 and 2005-2010. Approximately 73% of the original cohort
members (n=62,347) participated in one or more follow-up interviews. At each contact,
participants were asked whether they had ever been diagnosed with PD by a doctor or other
health professional. As shown in Figure 1, we excluded 1,398 participants with missing or
contradictory information on case status (e.g. participants responding yes to doctor
diagnosed PD at enrollment but not at follow-up) leaving a total of 83,343 eligible
participants. There were 301 cases of PD eligible for this study, 104 in NC and 195 in 1A.
Cases were compared to participants who did not report PD, 29,612 in NC and 53,024 in IA.

Exposure assessment

We assigned annual averages of daily predicted pollutant concentrations for 12 by 12
kilometer grids covering NC and IA to the individuals in this study using their geocoded
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addresses. These predicted concentrations were determined using a hierarchical bayesian
model that combines monitoring data from the U.S. Environmental Protection Agency’s
(EPA) Air Quality System (AQS) with numerical output from EPA’s Community Multiscale
Air Quality Model (CMAQ) [32]. This approach weights air monitoring data more heavily
than CMAQ model output where monitoring data exists. The model predicts pollutant
concentrations using CMAQ input parameters including emissions and meteorological
condition data and is useful in providing predicted concentrations for areas in these states
where monitoring data are not available. Monitor coverage is more extensive in NC than in
IA. Approximately two to three times more counties in NC (30-35%) than in IA (11-15%)
have at least one monitor to measure ozone and/or PM5 5. In both states, only a small
proportion of study participants resided in grid cells that also contained a monitor
(approximately 4—-6% in NC and 1% in IA ). Predicted concentrations were available for the
years 2002-2006 with 2006 being the most recent year that quality assured emissions data
were available for input into CMAQ.

We used daily pollutant concentration predictions to compute several exposure metrics,
which were designed to capture the spatial exposure gradients of 0zone and PM> 5. These
metrics included the annual average concentration (2005) and the 4-year average
concentration (2002-2005). Such exposure metrics are typically considered surrogates of
long-term exposure in residentially stable populations. They were derived from the 8-hour
daily maximum concentrations for ozone and the 24-hour average concentrations for PM 5.
For ozone, we also computed annual and 4-year seasonal average concentrations (April —
October) because average ozone concentrations are higher in the warm months compared to
year-round averages.

Data analysis

We used logistic regression models to estimate odds ratios (ORs) and 95% confidence
intervals (CIs) for the associations of air pollutant concentrations with PD. We modelled this
relationship for participants from NC and IA separately because monitoring coverage is less
extensive and the spatial variability in pollutant concentration as well as the absolute
concentrations are both lower in 1A. Ozone and PM, 5 concentrations were modelled as
linear terms and ORs are presented per interquartile range (IQR) increase in pollutant
concentration.

Information on demographic and lifestyle factors was obtained from questionnaires
completed by participants at the time of enrollment. We included factors in the logistic
regression models that we hypothesized could potentially confound the association of PD
with air pollution, specifically age, sex, smoking status, and pesticide use, and present
adjusted estimates for the associations of covariates with PD (Table 1). The associations of
PD with cumulative pesticide exposure and exposure to fifteen specific pesticides known to
cause mitochondrial dysfunction or oxidative stress, modes of action associated with PD or
clinical features of parkinsonism, have been evaluated among AHS participants [33,34].
Because associations of incident PD with cumulative lifetime days of pesticide use [33], and
with rotenone (a mitochondrial toxicant) and paraquat (an oxidative stressor) [34], were
observed in some analyses of AHS data, we considered the potential for these variables to
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confound the association between PD and pollutant concentration. Cumulative lifetime days
of pesticide use reported at enrollment was specified as a 4-level categorical variable as in
Kamel et al. (2007) [33], and variables to indicate ever using paraquat or rotenone at
enrollment were also defined. We considered several alternative approaches for modeling
age to allow for the non-linear association of age with PD that was previously observed in
these data [33]. Because our results did not differ depending on how we specified the term
for age, we adjusted our final models for age using the set of indicator variables in Table 1
(referent age category 51-60 years). Smoking was specified as a binary variable to indicate
ever smoking. Spouses and applicators were considered in the same models. Because most
applicators were male and most spouses were female we opted to adjust models for sex
rather than applicator status. We evaluated multicollinearity between variables included in
the final models by computing variance inflation factors.

We present results by state for all participants as well findings from sensitivity analyses of
various subsets of participants. The objective of these sensitivity analyses was to evaluate
the possible impact of omitting these factors from consideration in the analysis. The
rationale for each of our sensitivity analyses is described below.

First, we evaluated our assumption of residential stability by computing the proportion of
participants who reported changing their residence between enrollment and follow-up. Our
estimate of the proportion of movers was conservative in that those whose rural route was
updated to a street address were counted as movers even though their physical address did
not in fact change. We also conducted a sensitivity analysis of the association between PD
and air pollution among those with geocoded addresses that were matched with the highest
level of accuracy (exact street address or closest intersection).

Because applicators and spouses are likely to have different air pollution exposures due to
their different time and activity patterns, we conducted analyses to determine whether the
association of PM, 5 and ozone with PD were different depending on status as an applicator
or a spouse. Because predicted pollutant concentrations were not available prior to 2002, we
assumed that the correlation between annual and multiyear average over time was high, as
has been consistently shown in other datasets [35-36]. We tested this assumption by
conducting a sensitivity analysis excluding cases diagnosed prior to 2002. To evaluate
whether differential loss to follow-up influenced our results we also conducted a sensitivity
analysis of the association between self-reported PD and air pollution among those
participating in the second follow-up interview conducted between 2005 and 2010.

Since the distributions of o0zone and PM, 5 typically show a strong geographic pattern, we
anticipated potentially strong correlations between type of farming, pesticides used, and
pollutant concentrations. To evaluate these correlations we developed predictive models
using logistic regression to determine the association of predicted PM, 5 and ozone
concentrations with pesticide use variables. We also conducted analyses restricting the data
to those with relatively low reported cumulative days of pesticide use (at the 75th percentile
of the distribution or lower), or to those who did not report that they had ever used paraquat
or rotenone to address concern about possible confounding of the air pollution — PD
relationship by pesticides.
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The institutional review boards (IRBs) of the National Institutes of Health and its contractors
approved the AHS. At enrollment, the study was explained to potential participants, who
indicated consent by returning questionnaires. Additional approval specific to the analyses
described here, which involve the use of geocoded addresses, was obtained through the IRB
of the University of North Carolina on behalf of the U.S. Environmental Protection Agency
(EPA).

The associations of PD with demographic and lifestyle characteristics are summarized in
Table 1. The risk of PD increased with increasing age and was lower in women, in residents
of NC compared to 1A, and in ever compared to never smokers. Other covariates, including
education, were not significantly associated with PD nor did inclusion of these variables in
logistic regression models change the observed association between PD and ozone or PM; .

The concentrations of 4-year average predicted ozone and PM, 5 concentration in 1A and
NC are shown in Figures 2a—2d. The distributions for each of the exposure metrics
examined are further described in Table 2. The absolute concentrations and the
concentration gradients of both ozone and PM>, 5 were greater in NC than in IA. For
example, the maximum of the 4-year average predicted ozone concentration assigned to an
| A participant was 48 ppb compared to 54 ppb in NC. The IA maximum is below the
median warm season average concentration for the U.S. of 49 ppb while the NC maximum
is approximately comparable to the 70th percentile concentration for the U.S [37]. The
maximum of the 4 year average predicted PM, 5 concentration assigned to an lowa
participant was 11.5 pg/m3 compared to 17.7 pg/m3 in NC. The NC maximum is
approximately comparable to the 75th percentile of nationwide concentration distribution for
2005 [38].

In both NC and 1A, annual average predicted concentrations assigned to study participants
were highly correlated with 4-year average predicted concentrations for both ozone and
PM, 5 (r values = 0.97, p-values < 0.01). Because of these high correlations, associations of
PD with annual average and 4-year average concentrations were not meaningfully different,
and only the results for associations with 4 year average concentrations are presented.
Predicted PM, 5 concentrations were not highly correlated with the predicted ozone
concentrations assigned to study participants. The correlations between ozone and PM; g
concentrations in NC ranged from a weak inverse correlation (r=—0.15, p<0.01) to a small
positive correlation (r=0.06, p<0.01), depending on the exposure metric. In 1A we observed
weak positive correlations (r=0.23, p < 0.01) to moderate negative correlations (r=-0.43,
p<0.01) between ozone and PM> 5 concentrations.

The associations of air pollution exposures metrics with PD, including findings from
sensitivity analyses, are presented in Table 3. Results from models that are adjusted for age,
sex and smoking status (Model A) as well as models adjusted for these covariates plus
cumulative days of pesticide use (Model B) are presented for NC and IA separately. Despite
the link between pesticide use and ozone and PM,, 5 levels, the associations between PD and
predicted pollutant concentrations were not changed in either state after adjustment for
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cumulative days of pesticide use. Similarly, sensitivity analyses restricting the population to
those with low cumulative days of pesticide use, or never reporting use of rotenone or
paraquat did not explain the associations of air pollution with PD.

After adjustment for age, sex, and smoking, and pesticide use we observed positive
associations between ozone and PD among NC participants, (e.g., Odds Ratio [OR] =1.39,
95% Confidence Interval [CI]: 0.98, 1.98 per IQR increase in four-year warm season
average ozone concentration) (Table 3). We also observed non-significant positive
associations of PM> 5 with elevated PD risk in NC (e.g. OR=1.34, 95% CI: 0.93, 1.93 per
IQR increase in 4-year average PM> 5 concentration). The associations of PD with ozone
were stronger after restricting the population to non-movers, while the associations of PD
with PM, 5 were attenuated (Table 3). Associations were similar after restricting the analysis
to those with geocoded addresses matched with the highest level of accuracy. Analyses of
the NC participants that were stratified by applicator status (applicator vs. spouse) showed
that the association of ozone with PD was stronger among the applicators (OR=1.49 [95%ClI
1.02, 2.26]) and substantially attenuated among the spouses (OR=1.09 [95%CI 0.52, 2.31].
The associations of PD with PM, 5 remained positive but lost precision for both applicators
(OR=1.24 [95% CI 0.82, 1.85]) and spouses (OR=1.84 [95% CI: 0.79, 4.28]). The
associations of both PM5 5 and ozone with PD in NC were generally robust in the other
sensitivity analyses.

In 1A, null associations or relatively weak (compared to NC) inverse associations of PD with
both ozone and PM,, 5 concentrations were observed (Table 3). After restricting the
population to non-movers, inverse associations of PD with ozone were strengthened while
the association with PM> 5 became positive. After restricting the analysis to those with
geocoded addresses matched with the highest level of accuracy, the inverse associations
observed in 1A were closer to the null value. The associations of both PM, 5 and 0zone with
PD were generally robust or closer to the null in the other sensitivity analyses.

We evaluated the associations of air pollution with pesticide use in predictive models
because both show considerable geographic variation. Ozone and PM; 5 were strong
independent predictors of pesticide use. After adjusting for age, sex, and smoking status,
cumulative lifetime days of pesticide use, ever using paraquat, and ever using rotenone were
all positively and significantly associated with 4-year average PM5 5 concentrations in NC
(data not shown). In contrast, we observed significant inverse associations of 4-year warm
season average ozone concentrations with cumulative lifetime days of pesticide use and ever
using paraquat but not with ever using rotenone in NC (data not shown). In 1A, we observed
a similar pattern of associations.

Discussion

We found positive associations between PD and predicted ambient ozone and PM 5
concentrations in NC. In IA, associations were generally weakly inverse or null.
Concentrations of ozone and PM, 5 in IA were low relative to the national average
concentrations and generally lower and less variable than those observed in NC. The low
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variation in exposure may have limited the ability to detect associations with air pollution in
1A

Because air quality monitors are usually located in densely populated areas where exposures
are typically higher, air pollution studies have typically focused on urban or semi-urban
populations. However, an association between PM, 5 exposure and cardiovascular mortality,
which is well documented in the literature, was reported among members of the AHS [26],
demonstrating the value of studies of rural populations. In our study, we used concentration
predictions for 12 by 12 kilometer grid cells covering the entire surfaces of NC and IA so
that we could examine associations of air pollution with PD among the rural population
enrolled in the AHS. PD status was reported at enrollment in 1993 or during follow-up
through 2010, but daily predicted air pollutant concentrations were available only for the
period from 2002 to 2005. Therefore, we used the annual average and 4-year average (2002—
2005) pollutant concentrations as surrogates for long term exposure in our analyses. This
was justified because high correlations among year to year pollutant levels are consistently
reported in the literature [35-36], and using annual or multi-year average concentrations as
surrogates for long-term air pollutant exposure is common practice in epidemiologic studies.
However, because ambient pollutant concentration data were not available to test the
correlations among annual average concentrations during the AHS follow-up period from
1993 to 2010, we conducted a sensitivity analysis to evaluate whether our associations
would persist if we limited our data to include only cases diagnosed from 2002 onward. We
found that the associations of 0zone and PM, 5 with PD in NC persisted after restricting the
data in this manner, suggesting that annual and 4-year average concentrations are useful
surrogates for long-term exposure in this as in other studies.

In studies of air pollution, geographic movement of individuals can theoretically introduce a
considerable amount of exposure misclassification. Farmers in general, and AHS study
participants in particular, are a residentially stable population. Approximately 62% of
participants were still at their enroliment address through the end of follow-up. This is a
conservative estimate of the proportion of participants that had moved because changes in
mailing address that occur with no change in physical address were counted as “movers”. In
NC, analyses restricted to non-movers, the associations of ozone concentration with PD
were stronger and more precise, although the association of PM5 5 with PD was somewhat
attenuated. Thus, using data from 2002—2005 as a surrogate for longer-term exposure most
likely results in minimal misclassification due either to air pollution levels changing or to
participants moving during the follow-up period in NC. In 1A, inverse associations were
strengthened in non-movers.

There is human and animal evidence suggesting mechanisms through which air pollution
could contribute to the development of PD. A study of children and young adults who died
suddenly in Mexico City found that those residing in highly polluted urban areas, compared
to those residing in less polluted areas, showed increased neuroinflammation indicated by
the presence of activated microglia and the accumulation of proteins including alpha-
synuclein and amyloid p42 (Ap42) [14]. Uptake of particles to the brain was detected in this
study [14] and in another study of dogs exposed to urban air pollution in Mexico City [16].
Respiratory inflammation, capillary pathology in the olfactory bulb and frontal cortex, and
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evidence that this damage caused breaching of the blood brain barrier was also found in the
dogs [16]. Further, a gradient in the accumulation of metals with the highest concentrations
in the olfactory mucosa, lower concentrations in the olfactory bulb and the lowest
concentrations in the frontal cortex was demonstrated in these dogs [39]. These findings are
notable given olfactory involvement in early PD pathophysiology [3].

Several toxicology studies found that ozone and PM exposure to the brain is associated with
progressive, cumulative damage in the brains of rodents [22-26], with two studies
demonstrating loss of dopaminergic neurons in the substantia nigra [22, 26]. In addition, a
recent inhalation study demonstrated the loss of dopaminergic neurons in the substantia
nigra of mice with chronic exposure to fine concentrated ambient particles [21], and another
study found generalized and mid-brain specific neuroinflammation with an increase in alpha
synuclein and AB42 in rats exposed via inhalation to diesel exhaust [19, 20]. One
epidemiologic study of air pollution and PD reported that PD was not associated with traffic
generated NO,, although the manganese component of PM was associated with PD risk in
one of the cities studied [15]. There is also evidence from studies of animals and children
that the endotoxin component of air pollution can lead to chronic brain inflammation, which
is mechanistically linked to the development of PD [40, 41].

PD can be definitively confirmed only after death through a pathological exam. Clinical
diagnoses of PD range in accuracy depending on the training of the clinician performing
those diagnoses. Schrag et al. (2008) reported that 83% of cases diagnosed as PD by general
practitioners could be confirmed by experts trained to distinguish various parkinson-like
movement disorders [42]. Although doctor-diagnosed PD was self-reported in our study, the
resulting misclassification is not likely to be large. Tanner et al. found that 84% of AHS
self-reports were confirmed following evaluation of in-person exams and medical records by
movement disorder specialists [34]. Similar findings are reported in other cohorts. For
example, upward of 85% of self-reported doctor-diagnosed PD cases were confirmed by the
treating neurologist (and further validated through a medical record review) among
participants of the Health Professionals Follow-up and Nurses” Health Studies [43] and
among participants in the American Association of Retired Persons Diet and Health Study
[44] Additionally, we observed the associations of self-reported doctor-diagnosed PD with
age, smoking and sex that are well established in the literature [1], further suggesting that
misclassification of case status is likely to be minimal.

Another issue regarding our PD case group should also be considered. We included
prevalent PD in some analyses to maximize the number of cases available for analysis.
Consequently, the composition of the case group reflects survival as well as incidence.
However, the observed associations persisted when we restricted the analysis to cases
diagnosed after 2002, alleviating this concern.

Approximately 27% of those initially enrolled in the AHS did not participate in follow-up
interviews. If a higher proportion of individuals destined to become PD cases than controls
dropped out of the study, and loss to follow-up was also differential with respect to air
pollution, this could bias our estimates of relative risk. However, we found that after
restricting the data set to those participating in the second follow-up interview the
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association of 4-year average warm season 0zone was robust despite a loss of precision.
Further, a previous study found that in the AHS loss to follow-up was not associated with
either pesticide exposures or health outcomes [44]. The association of loss to follow-up with
air pollution has not been specifically evaluated, however.

Misclassification of case status could be different depending upon air pollution
concentration if access to specialty medical care is associated with exposure to air pollution
in this cohort. The fact that associations between both ozone and PM,, 5 concentration are
observed in NC despite the different spatial patterns that these pollutants exhibit (Figures 2a
and 2b), argues against this possibility, however.

Cumulative days of pesticide use generally as well as specific pesticides (i.e. rotenone and
paraquat) are associated with the occurrence of PD among participants in the AHS [33-34].
In addition, the spatial distributions of ozone and PM5 5 concentration were correlated with
pesticide use. Specifically, both pollutants were significant predictors of the pesticide use
variables evaluated as potential confounders in this analysis but the direction of the
associations was not consistent (e.g. PM2.5 was positively associated with several pesticide
use metrics while ozone was inversely associated the same metrics). Despite the potential
for confounding by pesticide use to occur, the associations of PM, 5 and 0zone with PD
observed in both states were robust to adjustment for cumulative days of pesticide use.
Further, sensitivity analyses indicated that high cumulative days of pesticide use, using
paraquat or using rotenone did not explain the associations of PD with ozone concentration
observed in these data. However, we found differences in air pollution associations
depending on status as an applicator or spouse. Time spent outside is associated with
exposure to ambient pollution and may also be associated with being an applicator or a
spouse as well as exposure to other sources of PM exposure (e.g. farm equipment exhaust.
Therefore, we cannot exclude the possibility of residual confounding by pesticide exposure
or confounding by other occupational risk factors for PD that are different in applicators and
spouses.

Major strengths of the AHS are its large size and the detailed information collected on
potential confounders. Moreover, use of an internal comparison group minimizes the
possibility of confounding by lifestyle or other factors. In addition, our exposure assessment
approach allowed high spatial and temporal resolution of predicted air pollutant
concentration estimates in rural areas across NC and IA. The cohort of outdoor workers
studied is likely to spend a relatively large proportion of time working outside close to their
homes compared to the general population. Homes of farmers enrolled in the AHS are
typically located on the land that they work, while the average travel time to work among
the U.S. population is approximately twenty-five minutes according to the Census Bureau
[46]. Therefore, exposure misclassification stemming from the assignment of exposure
based on residential address is potentially reduced.

Conclusions

We observed positive yet imprecise associations of ozone and PM 5 concentrations with PD
in NC while generally weak inverse or null associations were observed in 1A, where the
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spatial exposure gradient is far less pronounced. Results from our sensitivity analyses
increased our confidence that the associations we observed in NC were not due to exposure
misclassification or selection bias. Further, the plausibility of an association of ambient
concentrations of these pollutants with PD is supported by experimental data demonstrating
that long-term exposure to PM 5 and 0zone can damage dopaminergic neurons and lead to
chronic brain inflammation. However, additional studies are needed to address uncertainties
in our analysis related to potential confounding by pesticide use and by correlated air
toxicants such as endotoxin. In addition, research designed to examine the temporal aspects
of observed associations is needed to further our understanding of relevant windows of
exposure involved in the development of PD, including those during childhood.
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N=29,716 N=53,219
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Figure 1.

AHS cohort members included in the final logistic regression analyses of the association of
Parkinson’s disease (PD) with Ozone and PM, s.
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Figure 2.
(concentrations are shown only for grid cells in which AHS participants reside). (A)

Predicted 4-year average PM2.5 concentrations in North Carolina during the period
2002-2005 (B) Predicted 4-year average ozone concentrations in North Carolina during the
period 2002-2005. (C) Predicted 4-year average PM2.5 concentrations in lowa during the
period 2002-2005. (D) Predicted 4-year average ozone concentrations in lowa during the
period 2002-2005.
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Table 1

Demographic and lifestyle characteristics of Parkinson’s disease (PD) cases and controls, Agricultural Health

Study 1993-2010.

Cases (n=301) Controls (n=83042)

No. %  No. % orl 95%cCI
Characteristic
Age (years) at Enrollment
12-50 36 12 51017 61 0.1 0.1,0.2
51-60 96 32 18115 22 1.0 Referent
61-70 125 42 10901 13 2.1 1.6,2.8
71-92 44 15 3009 4 2.7 19,40
Sex
Male 218 72 50049 60 1.0 Referent
Female 83 28 32993 40 0.5 0.4,0.7
State
lowa 195 65 53024 64 1.0 Referent
North Carolina 106 35 30018 36 0.7 0.6,0.9
Type of Participant
Applicator 210 73 51149 62 1.0 Referent
Spouse 82 27 31893 38 0.6 0.4,0.8
Race/ethnicity
White, non-Hispanic 272 90 75986 92 1.0 Referent
Other 24 8 5546 7 1.0 0.6,1.6
Missing 5 2 1510 2
Education
<=High School 192 64 41409 50 1.0 Referent
> High School 92 31 35578 43 1.0 0.8,1.3
Missing 17 6 6055 7
Smoking Status at Enrollment
Never Smoker 175 58 48309 58 1.0 Referent
Ever Smoker 122 41 33795 41 0.7 0.6,0.9
Missing 4 1 938 1
Pack-years
non-smoker 180 60 48431 58 1.0 Referent
>0-10 45 15 14694 18 0.8 05,1.1
10-30 42 14 10689 13 0.8 0511
>30 19 6 4876 6 0.5 0.3,0.9
missing 15 5 4352 5
Cumulative days of pesticide use reported at enroliment
0-64 118 39 36594 44 1.0 Referent
65-200 43 14 12404 15 0.8 05,11
201-396 61 20 13986 17 1.0 07,14
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Cases (n=301) Controls (n=83042)

No. % No. % oRl 95%cClI
397-7000 64 21 14516 18 09 07,13
missing 15 5 5542 7

1 . . .
All Models included age, sex, smoking status, smoking pack-years and state
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Table 2

Page 19

Distribution of predicted ozone and PM 5 concentrations assigned to Agricultural Health Study participants in

North Carolina and lowa.

lowa North Carolina
Exposure metric Mean (SD) Median 95t  Max IQR Mean(SD) Median 95t Max IQR
4-y Avg Ozone (2002-2005) 39.0(1.1) 38.8 412 415 165 40.6(1.6) 40.7 431 465 2.63
4-y Seasonal Avg Ozone (April-October, 45.6(1.0) 455 474 48.0 0.80 46.7(2.0) 47.2 495 536 345
2002-2005)
4-y Avg PM2.5 (2002-2005) 8.9(0.5) 8.7 99 115 071 126(24) 13.2 158 177 417

Ozone concentrations are reported in ppb and PM2 5 concentrations are reported in pg/m3.
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Table 3

Page 20

Odds Ratios (ORs) and 95% Confidence Intervals (Cls) for the association of Prevalent Parkinson’s disease
with Interquartile Range (IQR) 1 increase in pollutant concentration, among residents of North Carolina, lowa
and North Carolina and lowa Combined, 1993-2010

North Carolina lowa
Model A 2 Model B 3 Model A 2 Model B 3

Main Results
Air pollution exposure metric OR  95%CI OR  95%ClI

4-y Avg Ozone (2002-2005) 1.09 099,118 111 0.80,1.54 088 0.72,1.09 088 0.71,1.09

4-y Warm Season? Avg Ozone 134 099,118 139 0.98,1.98 093 083,1.03 094 084,105

4-y Avg PM2.5 (2002-2005) 132 093,188 134 093,193 090 0.751.09 091 0.75 111
Sensitivity Analyses
Sub-group examined
Non-movers

4-y Warm Season? Avg Ozone 142 091,221 152 096,242 086 0.75099 086 0.750.99

4-y Avg PM2.5 (2002-2005) 120 075191 119 074,191 112 089,141 115 091,145
Address matched with the highest level of accuracy (street address or closest intersection)

4-y Warm Season® Avg Ozone 130 082,205 140 087,225 092 082,103 092 082104

4-y Avg PM2.5 (2002-2005) 133 086,206 134 0.85209 089 0.72,111 092 0.74,1.14
Applicators

4-y Warm Season? Avg Ozone 152 102,226 149 100,223 097 0.85110 097 0.85 110

4-y Avg PM2.5 (2002-2005) 121 07519 124 083,35 090 0.72,1.13 090 0.72,1.13
Spouses

4-y Warm Season Avg Ozone 093 049,179 109 052,231 085 071,1.02 087 0.71,1.06

4-y Avg PM2.5 (2002-2005) 171 083,356 1.84 0.79,428 090 0.63,1.29 094 0.64,1.38
Diagnosed in 2002 or later

4-y Warm Season? Avg Ozone 146 091,233 154 094,253 093 0.82,1.06 095 0.83 1.09

4-y Avg PM2.5 (2002-2005) 139 092,209 141 092,215 093 0.74,116 095 0.76,1.19
Participated in the second follow-up interview

4-y Warm Season? Avg Ozone 128 085,193 132 083,204 098 085114 101 087,117

4-y Avg PM2.5 (2002-2005) 112 0.74,169 114 0.74,1.74 091 0.72,1.16 093 0.72,1.11
Never reporting use of rotenone/paraquat

132 087,198 138 0.89,2.13 091 0.81,1.02 093 0.83, 1.05

4-y Warm Season? Avg Ozone
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North Carolina lowa

Model A 2 Model B 3 Model A 2 Model B 3

4-y Avg PM2.5 (2002-2005)  1.35 0.89,2.04 1.38 090,213 085 069,105 0.86 0.69,1.06

Low cumulative pesticide use

4~y Warm Season® Avg Ozone 142 0.96,208 152 102,228 089 079,101 099 088,113
4y Avg PM25 (2002-2005) 136 092,201 137 092,201 082 066,103 083 066,104

Page 21

1NC: IQR 2.63 ppm, 4-y avg Ozone; 3.45 ppb 4-year warm season avg Ozone; 4.17 ug/m3 4-y avg PM2 5; lowa: IQR=1.65 ppb, 4-y avg ozone;

IQR=0.8 ppb, 4-y warm season avg ozone; IQR=0.7 ug/ms, 4-y avg PM2 5 ug/m3;
2 . .
adjusted for age, sex and smoking status
Sadjusted for age, sex, smoking status, cumulative days of pesticide use reported at enrollment

4
April — October
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