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Abstract

IMPORTANCE The role of pesticide exposure from golf courses in Parkinson disease (PD) risk
remains unclear.

OBJECTIVE To assess whether proximity to golf courses is associated with increased PD risk and to
use information on groundwater vulnerability and municipal well locations to investigate drinking
water contamination as a potential route of exposure.

DESIGN, SETTING, AND PARTICIPANTS This case-control study included patients with incident PD
and matched controls from the Rochester Epidemiology Project from 1991 to 2015. Data were
analyzed between June and August 2024.

EXPOSURES Distance to golf courses, living in water service areas with a golf course, living

in water service areas in vulnerable groundwater regions, living in water service areas

with shallow municipal wells, and living in water service areas with a municipal well

on a golf course.

Key Points
Question Does living within proximity
to a golf course affect the risk of

Parkinson disease (PD)?

Findings This case-control study found
the greatest risk of PD within 1to 3 miles
of a golf course, and that this risk
generally decreased with distance.
Effect sizes were largest in water service
areas with a golf course in vulnerable
groundwater regions.

Meaning These findings suggest that
pesticides applied to golf courses may
play arole in the incidence PD for nearby
residents.

MAIN OUTCOME AND MEASURES Risk of incident PD. All models adjusted for age, sex, + supplemental content

race and ethnicity, year of index, median household income, and urban or rural category. Author affiliations and article information are
- listed at the end of this article.
RESULTS A total of 419 incident PD cases were identified (median [IQR] age, 73 [65-80] years;

257 male [61.3%)]) with 5113 matched controls (median [IQR] age, 72 [65-79] years; 3043 male

[59.5%]; 4504 White [88.1%]). After adjusting for patient demographics and neighborhood

characteristics, living within 1 mile of a golf course was associated with 126% increased odds of

developing PD compared with individuals living more than 6 miles away from a golf course

(adjusted odds ratio [aOR], 2.26; 95% Cl, 1.09-4.70). Individuals living within water service areas

with a golf course had nearly double the odds of PD compared with individuals in water service

areas without golf courses (aOR, 1.96; 95% Cl, 1.20-3.23) and 49% greater odds compared with

individuals with private wells (aOR, 1.49; 95% Cl, 1.05-2.13). Additionally, individuals living in water

service areas with a golf course in vulnerable groundwater regions had 82% greater odds of

developing PD compared with those in nonvulnerable groundwater regions (aOR, 1.82; 95% Cl,

1.09-3.03).

CONCLUSIONS AND RELEVANCE In this population-based case-control study, the greatest risk

of PD was found within 1to 3 miles of a golf course and risk generally decreased with distance.

Associations with the largest effect sizes were in water service areas with a golf course and in

vulnerable ground water regions.
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Introduction

Parkinson disease (PD) is a neurodegenerative disease likely caused by a complex interaction
between environmental factors' and genetic predisposition.*® Among the environmental risk
factors, pesticide exposure has been linked to increased risk of PD.”™ Golf courses are often treated
with pesticides to maintain the aesthetic standards for putting greens and fairways,” and in the US,
pesticide application to golf courses can be up to 15 times higher compared with countries in
Europe.™ One report anecdotally implicated proximity to golf courses as a risk factor for PD."®
Furthermore, pesticides applied to golf courses can leach into the groundwater and contaminate
drinking water.'®7

Despite the possible risks, research on pesticide exposure from golf courses and PD remains
sparce. For this reason, we conducted a population-based study using data from the Rochester
Epidemiology Project (REP) medical records-linkage system to explore the association between
incident PD and proximity to 139 golf courses within a 16 119 square mile multicounty study region in
southern Minnesota and Western Wisconsin. We hypothesized that individuals with addresses
history in proximity to golf courses would have greater risk of incident PD compared with those who
lived further away. Additionally, we hypothesized that we would observe greater risk of PD in
individuals living within water service areas: (1) with a golf course, (2) on vulnerable groundwater
regions, or (3) with shallow municipal wells.

Methods

A review waiver and exemption of informed consent was granted by the Mayo Clinic institutional
reviewer board, and use of medical records had Minnesota research authorization. Results conform
to Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) reporting
guideline.

Assessment of Parkinson Disease

We identified patients with PD in Olmstead County from 1991 to 2015 using codes from the
International Classification of Diseases, Ninth Revision (ICD-9) (332.0, 333.0, 331.82) and International
Statistical Classification of Diseases and Related Health Problems, Tenth Revision (ICD-10) (G20, G21,
G231, G23.2, G31.83) within the REP medical records-linkage system.'® The medical records of all
patients identified by ICD codes were reviewed by a movement disorder specialist (R.S.) to confirm
the diagnosis and determine date of motor symptom onset. Both motor and cognitive symptoms
were reviewed during diagnosis,’® and concordance between clinical and pathological diagnoses was
confirmed in a subset of patients who underwent brain autopsy.'® Although PD cases were required
to be living in Olmsted County at symptom onset, they were not required to have lived in Olmsted
County before that date. Controls were identified from the 27-county REP study region in Minnesota
and Wisconsin.2° Controls were matched to PD cases on sex and age at index date (date of PD
symptom onset for the matched case) using a 20:1 match because we expected controls to have less
residency information compared with PD cases given the prodromal period and the arbitrary nature
of the index date. All controls were required to not have any /CD codes for PD prior to the index date
or up to 5 years following.

Proximity to Golf Courses

Data on golf course locations in 2013 were collected from Esri Business Analyst?' for 139 golf courses
within the 27-county REP study region. We included golf courses beyond the perimeter of the study
area so that we could calculate accurate distance values for those living at the edge of our study
region. Golf course center points were converted to polygon boundaries outlining the course using
manual digitization and satellite imagery in ArcPro version 10.0 (Environmental Systems Research
Institute) (Figure 1). The distance in miles to the edge of the nearest golf course specific to each PD
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patient and control was identified based on the latitude and longitude of their home address of
residency (eFigure 1in Supplement 1). The home address 2 or 3 years prior to PD symptom onset (for
individuals with PD) or index date (controls) was used to calculate distance to allow for a delay
between potential environmental exposure and the development of PD motor symptoms.

Water Service Area, Groundwater Vulnerability, and Municipal Wells

Data on 224 water service areas in our 27-county REP study area were collected from the US
Geological Survey. Water service area data were categorized as either service areas where tap water
comes from (1) groundwater resources, (2) surface water resources, or (3) private wells, wherein
everyone living within the same water service area is often distributed water from the same shared
or community drinking water resource (groundwater or surface water) and everyone outside of
water service areas gets their drinking water from private wells. Water service areas were also
categorized as either containing a golf course or not containing a golf course. Additionally, we also
obtained high resolution data on groundwater vulnerability for the state of Minnesota from the
Minnesota Department of Agriculture wherein groundwater vulnerability was defined as regions with
coarse textured soils, shallow bedrock, or karst geology. Groundwater vulnerability is relevant to
drinking water sourced from groundwater and private wells. We assigned water service areas as
being either within a vulnerable groundwater region or within a nonvulnerable groundwater region
(eFigure 2 in Supplement 1). Finally, we obtained data on the locations of 711 municipal wells in
southeastern Minnesota from the Minnesota Geospatial Information Office and assigned water
service areas as having either no municipal wells on golf courses or at least 1 municipal well on a golf
course; and water service areas containing deep municipal wells (100 ft or deeper) or at least 1
shallow municipal well (less than 100 ft deep).

Statistical Analysis

In our case-control study, we modeled the exposure (distance to nearest golf course) as a continuous
variable (in miles). The association between risk of PD and proximity to nearest golf course was
evaluated using piecewise linear splines to account for differences in the association at closer or
farther distances.?? The placement of an intersection knot between linear splines was determined

Figure 1. Overhead Satellite Image of Golf Course Map With Polygon Boundaries

® Golf course
center point
—— Polygon
boundary

Golf course center points were converted to polygon
boundaries outlining the course using manual
digitization and satellite imagery for the year 2022
from ESRI, Maxar, and Earthstar Geographics. Imagery
from Esri, Maxar, Earthstar Geographics, and the GIS
User Community, 2024.
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using bootstrap resampling®® optimized on the out-of-bag area under the receiver operating
characteristics (ROC) curve. Candidate knots were considered at all half-mile intervals. Additionally,
we also modeled the distance to the nearest golf course as a categorical variable (less than1,1to 2, 2
to 3, 3to 6, and over 6 miles) to allow our results to be more easily compared with other studies.

Logistic regression was used with PD as the outcome and distance to nearest golf course as the
exposure variable, adjusting for age, sex, race, ethnicity, year of index, block group-level median house-
hold income in 2010,%* residency Rural Urban Commuting Area (RUCA) from 2010,%° and health care
utilization. RUCA designation was categorized as urban (coded as 1), suburban (2 to 6), and rural (7 to
10). Health care utilization prior to the index date was defined as the mean number of days per year
with at least ICD-9 or ICD-10 code recorded in the medical record, averaged over the 5 years prior to the
index date. Results were reported as adjusted odds ratios (aORs) with 95% Cls. Secondary analysis
evaluated the association between water service area characteristics and risk of developing PD. The
primary water service area characteristics were type of water service area (groundwater with a golf
course, groundwater without a golf course, and private well), groundwater vulnerability (vulnerable
groundwater with a golf course, vulnerable groundwater without a golf course, nonvulnerable ground-
water with a golf course, and nonvulnerable groundwater without a golf course), minimum well depth
in the water service area (shallow [less than 100 ft] or deep [100 ft or deeper]), and location of munici-
pal wells (at least 1well on a golf course vs no wells on a golf course). As a sensitivity analysis, we re-
peated our analysis after stratifying by RUCA (comparing our results with results of those living in urban
areas). A secondary sensitivity analysis was performed which restricted to controls selected from Olm-
stead County. Analysis was conducted with R version 4.2.2 (R Project for Statistical Computing). All
tests were 2-sided with a threshold of significance of P < .05.

Results

Characteristics of Incident Cases

There were 450 incident cases of PD from Olmsted County identified from 1991 to 2015 with 9000
controls matched by age and sex. After excluding PD cases and controls for incomplete residency
data prior to the index date (6.9% of cases and 39.0% of controls), there were 419 individuals with
PD (median [IQR] age at diagnosis, 73 [65-80] years; 257 male [61.3%]) and 5113 controls (median
[IQR] age at index, 72 [65-79] years; 3043 male [59.5%]) included for analysis (Table 1). Although all
PD cases had an Olmstead County address at the time of symptom onset, address history data
revealed PD cases with previous addresses in 22 of the 27 counties in the study region. The median
(IQR) number of addresses recorded in the medical record was 1(1-2) and the median (IQR) time lived
at these addresses was 18.5 (6.0-43.1) years, suggesting that our population was relatively stable in
terms of their mobility.

Risk of Parkinson Disease

The proximity to the nearest golf course prior to the index date was a median (IQR) distance of 1.72
(1.21-2.27) miles among individuals with PD and 1.98 (1.19-4.28) miles among controls (Wilcoxon rank-
sum, P < .001). When modeled linearly, the odds for PD decreased by 9% (aOR, 0.91; 95% Cl, 0.85-
0.98) for every 1-mile increase in distance from a golf course up to 18 miles. The nonlinear association
between odds of PD and proximity to a golf course is shown in Figure 2. The odds of PD were
relatively constant within close proximity to a golf course and decreased linearly as distance
increased; individuals living farther from a golf course had reduced odds of PD, decreasing relative to
the distance from the nearest golf course. This was characterized by using linear splines with a
regression knot optimized at 3 miles. The odds of PD were not associated with distance from the
nearest golf course for those with a pre-index address within 3 miles (per-mile increase: aOR, 0.98;
95% Cl, 0.84-1.11) whereas for those farther than 3 miles from a golf course, each additional mile
farther from a golf course reduced the odds of PD by 13% (per-mile increase: aOR, 0.87; 95% Cl, 0.77-
0.98). A likelihood ratio test comparing the spline model with a linear model favored the nonlinear
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spline for modeling risk of PD (P < .001). There was also positive association between living in
proximity to golf course and risk of PD when proximity was modeled as a categorical variable,
wherein living within 1 mile of a golf course was associated with 126% increased odds of PD
compared with those living farther than 6 miles away from a golf course (aOR, 2.26; 95% Cl, 1.09-
4.70) (Table 2). There was a modest dose response wherein the odds of PD increased by 198% at 1to
2 miles (aOR, 2.98; 95% Cl, 1.46-6.06), 121% at 2 to 3 miles (aOR, 2.21; 95% Cl, 1.06-4.59), and 92%
at 3 to 6 miles (aOR, 1.92; 95% Cl, 0.91-4.04) when compared with those living farther than 6 miles
away. Our fully adjusted model demonstrated good model fit (Hosmer-Lemeshow P = .12) and very
good calibration (Brier score = 0.060) (eFigure 3 in Supplement 1). As a sensitivity analysis, we also
repeated our primary analysis after stratifying by RUCA and found that the association between
proximity to golf course and PD were stronger in urban areas (eTable 1in Supplement 1). In our
secondary sensitivity analysis, in which we used controls selected from Olmstead County, we found
that results remained consistent (eTables 2-3 in Supplement 1).

Individuals getting their tap water from groundwater water service areas with a golf course had
nearly doubled odds of PD compared with individuals getting tap water from groundwater water
service areas without golf courses (aOR, 1.96; 95% Cl, 1.20-3.23) and 49% greater odds of PD
compared with individuals getting drinking water from private wells (aOR, 1.49; 95% Cl, 1.05-2.13)
(Table 3). Our analysis using data on groundwater vulnerability revealed that individuals getting their

Table 1. Characteristics of Incident Parkinson Disease (PD) Cases and Controls

Individuals, No. (%)

Characteristics PD cases (n = 419) Controls (n = 5113)
Age at index, median (IQR), y 73 (65-80) 72 (65-79)
Sex
Female 162 (38.7) 2070 (40.5)
Male 257 (61.3) 3043 (59.5)
Race
American Indian or Alaskan Native 1(0.2) 9(0.2)
Asian 6 (1.4) 54 (1.1)
Black or African American 5(1.2) 29 (0.6)
Hawaiian or Pacific Islander 1(0.2) 1(<0.1)
White 403 (96.2) 4504 (88.1)
Other? or multiple races 5(0.7) 77 (1.3)
Unknown or did not disclose 0 449 (8.9)
Ethnicity
Hispanic or Latino 7(1.7) 46 (0.9)
Not Hispanic or Latino 412 (83) 4621 (90.4)
Unknown or did not disclose 0 446 (8.7)
Median household income, median (IQR), 63.4(51.4-83.4) 55.6 (46.2-68.0)
thousands $
RUCA classification
Urban 337(80.4) 1557 (30.5)
Suburban 77 (18.4) 2329 (45.6)
Rural 5(1.2) 1227 (24.0)
Water source
Groundwater 363 (86.6) 3913 (76.5)
Surface water 0 56 (1.1)
Private well water 56 (13.4) 1144 (22.4)
Pre-index health care utilization, 8.4 (4.0-15.1) 0.6 (0.0-4.8)
median (IQR), d Abbreviation: RUCA, Rural Urban Commuting Area.
Distance to nearest golf course, 1.72 (1.21-2.27) 1.98 (1.19-4.28) 2 Other was reported directly in medical record and
median (IQR), miles not otherwise defined.
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tap water from water service areas with a golf course in vulnerable groundwater regions had 82%
greater odds of PD compared with those in nonvulnerable water service areas with a golf course
(aOR, 1.82; 95% Cl, 1.09-3.03) and 92% greater odds of PD compared with individuals living in
water service areas without a golf course (aOR, 1.92; 95% Cl, 1.06-3.45) (Table 3). Additionally,
after adding an adjustment for proximity to golf course (as a categorical variable), individuals in
vulnerable water service areas had nearly twice the odds for PD compared with individuals getting
water from nonvulnerable service areas (aOR, 1.99; 95% Cl, 1.30-3.04; P = .001). Similar results
were found when adjusting for proximity to golf course as linear splines (vulnerable water:

aOR, 2.02; 95% Cl, 1.33-3.09; P = .001). Finally, our analysis of municipal wells revealed no
association between PD risk and living in water service areas with a shallow municipal well (aOR,
0.63; 95% Cl, 0.24-1.64) or with a municipal well on a golf course (aOR, 0.56; 95% Cl, 0.21-1.50)
(eTable 4 in Supplement 1).

Figure 2. Nonlinear Association Between Odds of Parkinson Disease (PD) and Proximity to a Golf Course

4

PD, aOR

R Cubic spline fit for the relative risk of Parkinson Disease
by proximity to nearest golf course, adjusted for age,
sex, race, ethnicity, median household income, rural or

o1 ‘ ‘ . ‘ ‘ ‘ . ‘ ‘ ' ' urban classification, and health care utilization. aOR

0 1 2 3 4 5 6 7 8 9 10 indicates adjusted odds ratio; shaded areas represent
Distance to the nearest golf course, mi 95% Cls.

Table 2. Association Between Proximity to Golf Courses and Risk of Parkinson Disease (PD) Compared With Those Living Farthest Away in the 27-County Rochester
Epidemiology Project Study Region

Further adjusted for region Further adjusted for vulnerable
All patients, No. (%)* Adjusted for patient demographics® characteristics® groundwater®

Proximity to golf PD Controls

course, miles (n=419) (n=5113) aOoR (95% Cl) P value a0R (95% Cl) P value a0R (95% Cl) P value

Categorical

>6 9(1.1) 807 (98.9) 1 [Reference] NA 1 [Reference] NA 1 [Reference] NA

<1 78(7.3) 987 (92.7) 7.23(3.60-14.51) <.001 2.26 (1.09-4.70) .03 2.43(1.16-5.09) .02

1-2 207 (11.4) 1605 (88.6) 12.38 (6.31-24.27) <.001 2.98 (1.46-6.06) .003 2.62(1.28-5.39) .01

2-3 82(9.3) 801 (90.7) 9.53(4.75-19.12) <.001 2.21(1.06-4.59) .03 2.06 (0.97-4.35) .06

3-6 43 (4.5) 913 (95.5) 4.38(2.12-9.04) <.001 1.92(0.91-4.04) .09 2.01(0.96-4.21) .07

Cubic splines

0-3 367(9.8) 3393 (90.2) 1.05(0.92-1.19) .49 0.98(0.84-1.11) .63 0.97(0.77-1.22) .79

>3¢ 52(2.9) 1720(97.1) 0.62 (0.54-0.71) <.001 0.87(0.77-0.98) .03 0.87(0.77-0.99) .03
Abbreviations: aOR, adjusted odds ratio; NA, not applicable. ¢ Excludes populations outside of Minnesota.
2 Percentages were calculated row-wise. 9 aORs for 0-3 miles represent the change in odds for PD per 1-mile increase in distance
b Demographic variables included age, sex, race, and ethnicity. Region characteristics to a golf course within 3 miles.

included median household income, Rural Urban Commuting Area classification, € aORs for more than 3 miles represent the change in odds for PD per 1-mile increase in

and health care utilization. distance to a golf course beyond 3 miles.
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Discussion

In this population-based case-control study, living close to a golf course was associated with an
increased risk of developing PD. We observed that risk of developing PD was greatest for those living
within 1to 3 miles of a golf course and that the risk of PD generally decreased with increasing distance
from a golf course. We also found that individuals getting their drinking water from water service
areas with a golf course had nearly double the odds of PD compared with individuals getting drinking
water from water service areas without a golf course. Additionally, the largest effect sizes were for
the association of living within a water service area with a golf course in a vulnerable

groundwater region.

For years pesticides including organophosphates,2® chlorpyrifos,?”
methylchlorophenoxypropionic acid (MCPP),?® 2 4-dichlorophenoxyacetic acid (2,4-D),?® maneb,?®
and organochlorines,?® known to be associated with the development of PD, have been used to treat
golf courses. Some studies have identified a link between golf courses and increased risk of adverse
health outcomes.?®°3" Pesticides such as paraquat and rotenone have been shown to induce
Parkinson-like neurodegeneration in the substantia nigra, primarily through mechanisms involving
oxidative stress, mitochondrial dysfunction, and dopaminergic neuron apoptosis.'®>2 However,
despite the biological plausibility, very few studies have explored the role of pesticide exposure from
golf courses on risk of PD. One study of golf course superintendents found a pattern of pesticide
related cancers with a small portion of participants (2 individuals) developing PD.3° Another report
provided anecdotal evidence of the possible role of golf courses in the development of PD, finding
that 19 of 26 patients with PD in a study cohort lived within 2 miles of a golf course."

In our study, after adjusting for socioeconomic and demographic characteristics, the risk of PD
was greatest near golf courses. However, there was no difference in PD risk within 3 miles and
decreasing levels of risk beyond 3 miles. One possible explanation for the lack of an association within
3 miles was a possible ceiling effect at the higher levels of exposure. Another possible explanation
was that exposure may occur through the consumption of a shared, contaminated, groundwater
resource in a water service area. Groundwater collected from municipal wells is sent to a water tower
where it is treated, pressurized, stored, and distributed to all the residents within the water service
area. In our study, 90% of individuals living within 3 miles of a golf course also lived within the

Table 3. Association Between Living Within a Water Service Area With and Without Golf Courses on Vulnerable and Nonvulnerable Groundwater Regions and Risk
of Parkinson Disease (PD) in Southern Minnesota

All patients, No. (%) Adjusted for patient demographics®® Further adjusted for region characteristics©”
PD patients Controls
Water service area type (n=418) (n =3996) a0R (95% Cl) P value a0R (95% Cl) P value
Groundwater with golf course? 342 (13.3) 2227 (86.7) 1 [Reference] NA 1 [Reference] NA
Groundwater without golf course 20(2.1) 948 (97.9) 0.13 (0.08-0.20) <.001 0.51(0.31-0.83) .01
Private well 56 (6.4) 821(93.6) 0.41(0.31-0.55) <.001 0.67 (0.47-0.95) .02
Groundwater vulnerability
Total, No. 362 3175 NA NA NA NA
Vulnerable groundwater 319 (16.4) 1629 (83.6) 1 [Reference] NA 1 [Reference] NA
with golf course
Vulnerable groundwater 14 (2.8) 484 (97.2) 0.14 (0.08-0.23) <.001 0.74 (0.43-1.27) .28
with no golf course
Nonvulnerable groundwater 23(3.7) 598 (96.3) 0.18(0.12-0.29) <.001 0.55(0.33-0.92) .02
with golf course
Nonvulnerable groundwater 6(1.3) 464 (98.7) 0.10 (0.06-0.16) <.001 0.52(0.29-0.94) .03

with no golf course

Abbreviations: aOR, adjusted odds ratio; NA, not applicable.
@ Percentages were calculated row-wise.
b Excludes populations outside of Minnesota.

< Demographics included age, sex, race, and ethnicity. Region characteristics included median household income, Rural Urban Commuting Area classification, and health care
utilization.

9 aORs are reported using the exposed group as the reference in this table and reported for the exposed group in the text (inverse).
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boundaries of a water service area serviced with groundwater. Thus, individuals living within the
same water service area usually rely on a shared groundwater resource and would therefore receive
the same exposure. Nevertheless, we acknowledge that the complexity of the water distribution
process varies from city to city and therefore it is possible that not all individuals within the same
water service area share the same water resource (eg, in the case of a water service area with
multiple water towers). Our study area reflects rural, suburban, and relatively slow-growing major
metropolitan cores; thus, we expect the water distribution process to be less complex compared
with that of faster growing cities.

Several studies have provided evidence of the ability for pesticides applied to golf courses to
leach into the ground and contaminate drinking water supplies.'®1”333# For instance, 1study'® found
that the groundwater under 4 different golf courses in Cape Cod was contaminated with 7 different
pesticides, including chlorpyrifos and 2,4-D among others. In this study, 1 pesticide was present in the
drinking water at levels more than 200 times greater than the health guidance level. In our study.
77.3% of our patient population (86.6% of cases and 76.5% of controls) lived in water service areas
that relied on groundwater resources.

Airborne exposure to pesticides may also drive the relationship between PD risk and proximity
to golf courses. In our study, we found that the association between proximity to golf course and PD
remained (for those living within 1to 2 miles) after adjusting for groundwater vulnerability. Moreover,
we found larger effect sizes for the association between distance to golf course and PD risk in the
urban areas, and thus we speculate that greater city density surrounding golf courses in urban areas
may lead to higher levels of airborne pollutant exposure for the nearby residences. Taken together,
our study complements, and expands on, the limited research on golf courses as a risk factor for PD
and further suggests that both vulnerable drinking water and airborne pollutant exposure may
contribute to risk for developing PD near golf courses. Public health policies to reduce the risk of
groundwater contamination and airborne exposure from pesticides on golf courses may help reduce
risk of PD in nearby neighborhoods.

Strengths and Limitations
Our study has several strengths. First, we used population-based incidence data, which allows us to
better answer questions of PD etiology. Second, rather than relying on ICD codes alone, all identified
cases were screened by a movement disorder specialist to confirm the onset and diagnosis of PD.
Third, our study used address-level data to assign exposure, which provides more accurate distance-
to-exposure values compared with studies using less precise location information (eg, zip code
centers). Fourth, we digitized and screened our golf course data manually to confirm the correct
placement of the golf course boundaries in 2013. Fifth, we integrated data on water service areas,
which enabled us to determine whether an individual received drinking water from a groundwater
resource, surface water, or a private well.

Our study also has limitations. Our population-based dataset had a limited geographical extent.
However, the REP captures data from patients for all health systems within our study area, making
it a comprehensive population-based dataset.?° Our study was limited in that the population is
predominantly White given the demographics of the study region and therefore might limit the
generalizability of our results. However, our REP data well replicates other PD-exposure relationships
found in diverse cohorts such as the US Medicare population.! Additionally, we acknowledge that
requiring PD cases to have an Olmsted County residence at the time of diagnosis is a limitation in our
study design. Despite this constraint, our sensitivity analysis, which used controls selected from
Olmstead County, provided consistent results. We did not have information on occupational history,
thus results may be vulnerable to exposure misclassification errors (ie, for patients who spend more
time at locations other than their home address). Our study did not consider other relevant PD risk
factors (eg, head trauma, genetic predisposition). Due to the long prodromal period of PD,3> we
obtained data on golf course locations for the earliest possible year of data available (2013). Although
this year of exposure data provided a minimal exposure window, we speculate that most of the golf
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courses identified in our study existed for many years prior to 2013. Notably, given the long
prodromal period of PD, our study uses distance as a proxy to estimate exposure to pesticides
occurring many decades ago, which may not reflect the same pesticides applied on these golf
courses in recent years. Nevertheless, even if golf courses were present decades earlier, our results
were based on home address information 2 to 3 years prior to symptom onset, which does not
capture the complete prodromal period. Our population was relatively stable, living at their address
for approximately 6 to over 43 years. We were unable to extend address history back further than 3
years because residency data becomes more incomplete the further we move back in time due to
lack of interaction with the health care system.

Conclusions

This population-based case-control study provides evidence in support of an association between
living within proximity to golf courses and the risk of developing PD. Shorter distances from golf
courses were associated with an increased risk of PD compared with those living farther away.
Associations with the largest increase in odds was found in individuals living within water service
areas with a golf course and in vulnerable ground water regions.

ARTICLE INFORMATION
Accepted for Publication: February 27, 2025.

Published: May 8, 2025. doi:10.1001/jamanetworkopen.2025.9198

Open Access: This is an open access article distributed under the terms of the CC-BY License. © 2025
Krzyzanowski B et al. JAMA Network Open.

Corresponding Author: Brittany Krzyzanowski, PhD, Neuroscience Publications, Barrow Neurological Institute, O
W Thomas Rd, Phoenix, AZ 85013 (brittany.krzyzanowski@barrowneuro.org).

Author Affiliations: Department of Neurology, Barrow Neurological Institute, Phoenix, Arizona (Krzyzanowski,
Chirag); Department of Neurology, Mayo Clinic, Rochester, Minnesota (Mullan, Turcano, Bower, Savica);
Department of Neurology, Center for Health + Technology, University of Rochester Medical Center, Rochester,
New York (Dorsey); Department of Neurology, University of Kansas Medical Center, Kansas City, Kansas
(Camerucci); Department of Quantitative Health Sciences, Mayo Clinic, Rochester, Minnesota (Mullan).

Author Contributions: Dr Krzyzanowski and Mr Mullan had full access to all of the data in the study and take
responsibility for the integrity of the data and the accuracy of the data analysis.

Concept and design: Krzyzanowski, Mullan, Dorsey, Turcano, Savica.

Acquisition, analysis, or interpretation of data: Krzyzanowski, Mullan, Chirag, Camerucci, Bower, Savica.
Drafting of the manuscript: Krzyzanowski, Mullan, Savica.

Critical review of the manuscript for important intellectual content: All authors.

Statistical analysis: Krzyzanowski, Mullan, Chirag.

Supervision: Turcano, Camerucci, Bower, Savica.

Conflict of Interest Disclosures: Dr Dorsey reported receiving honoraria from Adivo Associates France, American
Neurological Association, Dartmouth College, Elsevier, HMP Education, International Parkinson and Movement
Disorder Society, Massachusetts Medical Society, Michael J. Fox Foundation, National Institutes of Health, National
Multiple Sclerosis Society, Northwestern University, Patient-Centered Outcomes Research Institute, Philadelphia
Neurological Society, Stanford University, Stony Brook University, Sutter Health, Texas Neurological Society, and
University of Toronto; he reported receiving consulting fees Abbott, Abbvie, Acadia, Acorda Therapeutics,
Advarra, Aspen Neuroscience Inc, Bial Pharmaceuticals, Biogen, Biohaven Pharmaceuticals, BioSensics,
Boehringer Ingelheim, Caraway Therapeutics, Cerevance, CuraSen, DConsult2, Denali Therapeutics, Eli Lilly,
Genentech, HanAll BioPharma, Health & Wellness Partners, HMP Education, Kairos Cinema LLC (PBS), Karger, KOL
Groups, Life Sciences Consultant, Mediflix, Medrhythms, Merck, Mitsubishi Tanabe Pharma America Inc, MJH
Holdings, NACCME, Novartis, Otsuka, Praxis Medicine, Remepy, Sanofi, Seelos Therapeutics, Spark Therapeutics,
Springer Healthcare, Theravance Biopharmaceuticals, VivoSense, WebMD; he reported receiving grants from
Averitas Pharma, Biogen, Burroughs Wellcome Fund, Michael J. Fox Foundation, National Institutes of Health,

[5 JAMA Network Open. 2025;8(5):€259198. doi:10.1001/jamanetworkopen.2025.9198 May 8,2025 9/12

Downloaded from jamanetwork.com by guest on 01/20/2026


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.9198&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.9198
https://jamanetwork.com/pages/cc-by-license-permissions/?utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.9198
mailto:brittany.krzyzanowski@barrowneuro.org

JAMA Network Open | Neurology Proximity to Golf Courses and Risk of Parkinson Disease

Pfizer, Photopharmics, and Roche, Safra Foundation; and he reported ownership interests in Included Health,
Mediflix, SemCap, and Synapticure outside the submitted work. Dr Bower reported grants from Novartis and
Amylyx Pharmaceuticals outside the submitted work. No other disclosures were reported.

Funding/Support: Dr Savica received support from the National Institute on Aging, the National Institute of
Neurological Disorders and Stroke, the Parkinson’s Disease Foundation, Acadia Pharmaceuticals, and Michael J.
Fox Foundation. Design and conduct of the study and the collection, management, analysis, and interpretation of
the data was made possible using the resources of the Rochester Epidemiology Project, which is supported by the
National Institute on Aging of the National Institutes of Health (Award No. ROTAG034676).

Role of the Funder/Sponsor: The funders had no role in the design and conduct of the study; collection,
management, analysis, and interpretation of the data; preparation, review, or approval of the manuscript; and
decision to submit the manuscript for publication.

Data Sharing Statement: See Supplement 2.

Additional Contributions: We thank the staff of Neuroscience Publications at Barrow Neurological Institute for
assistance with manuscript preparation. We also acknowledge Carol Luukkonen, PhD, Richard Niswonger, PhD,
and Cheryl Dieter, MS, of the United States Geological Survey (USGS) as well as Jordan Mayer, MS, at MnGEO and
University of Minnesota for their assistance with obtaining data.

REFERENCES
1. Krzyzanowski B, Searles Nielsen S, Turner JR, Racette BA. Fine particulate matter and Parkinson disease risk
among Medicare beneficiaries. Neurology. 2023;101(21):e2058-e2067. doi:10.1212/WNL.O000000000207871

2. Goldman SM. Environmental Exposures and the Impact of Trichloroethylene on Parkinson Disease: Samuel M.
Goldman, MD, MPH. Neurology Live. May 27, 2023. Accessed November 19, 2024. https://www.neurologylive.com/
view/environmental-exposures-impact-trichloroethylene-parkinson-disease-samuel-goldman

3. Krzyzanowski B, Mullan AF, Turcano P, Camerucci E, Bower JH, Savica R. Air pollution and Parkinson disease in
a population-based study. JAMA Netw Open. 2024;7(9):e2433602. doi:10.1001/jamanetworkopen.2024.33602

4. Ritz BR, Manthripragada AD, Costello S, et al. Dopamine transporter genetic variants and pesticides in
Parkinson's disease. Environ Health Perspect. 2009;117(6):964-969. doi:10.1289/ehp.0800277

5. Dulski J, Uitti RJ, Ross OA, Wszolek ZK. Genetic architecture of Parkinson’s disease subtypes—review of the
literature. Front Aging Neurosci. 2022;14:1023574. doi:10.3389/fnagi.2022.1023574

6. Klein C, Westenberger A. Genetics of Parkinson's disease. Cold Spring Harb Perspect Med. 2012;2(1):a008888.
doi:10.1101/cshperspect.a008888

7. Sule RO, Condon L, Gomes AV. A common feature of pesticides: oxidative stress—the role of oxidative stress in
pesticide-induced toxicity. Oxid Med Cell Longev. 2022;5563759. doi:10.1155/2022/5563759

8. Cresto N, Forner-Piquer |, Baig A, et al. Pesticides at brain borders: Impact on the blood-brain barrier,
neuroinflammation, and neurological risk trajectories. Chemosphere. 2023;324:138251. doi:10.1016/j.
chemosphere.2023.138251

9. Innos J, Hickey MA. Using rotenone to model Parkinson's disease in mice: a review of the role of
pharmacokinetics. Chem Res Toxicol. 2021;34(5):1223-1239. doi:10.1021/acs.chemrestox.0c00522

10. Tanner CM, Kamel F, Ross GW, et al. Rotenone, paraquat, and Parkinson’s disease. Environmental Health
Perspectives. 2011;119(6):866-872. doi:10.1289/ehp.1002839

11. LiS, Ritz B, Gong Y, et al. Proximity to residential and workplace pesticides application and the risk of
progression of Parkinson's diseases in Central California. Sci Total Environ. 2023;864(160851):160851. doi:10.
1016/j.scitotenv.2022.160851

12. Furlong MA, Paul KC, Yan Q, et al. An epigenome-wide association study of ambient pyrethroid pesticide
exposures in California's central valley. Int J Hyg Environ Health. 2020;229:113569. doi:10.1016/].ijheh.2020.
113569

13. Cook T. Cosmetic standards on golf courses. J Pestic Reform. 1991;11(3):5-7. Accessed November 19, 2024. https://
pesticidetruths.com/wp-content/uploads/2018/08/Reference-NO-Golf-Exception-Northwest-Coalition-For-
Alternatives-To-Pesticides-Cosmetic-Standards-On-Golf-Courses.pdf

14. Bekken MAH, Soldat DJ, Koch PL, et al. Analyzing golf course pesticide risk across the US and Europe—the
importance of regulatory environment. Sci Total Environ. 2023;874:162498. doi:10.1016/j.scitotenv.2023.162498

15. Parrish ML, Gardner RE. Is living downwind of a golf course a risk factor for parkinsonism? Ann Neurol. 2012;72
(6):984-984. doi:10.1002/ana.23782

[5 JAMA Network Open. 2025;8(5):€259198. doi:10.1001/jamanetworkopen.2025.9198 May 8,2025 10/12

Downloaded from jamanetwork.com by guest on 01/20/2026


https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2025.9198&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.9198
https://dx.doi.org/10.1212/WNL.0000000000207871
https://www.neurologylive.com/view/environmental-exposures-impact-trichloroethylene-parkinson-disease-samuel-goldman
https://www.neurologylive.com/view/environmental-exposures-impact-trichloroethylene-parkinson-disease-samuel-goldman
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamanetworkopen.2024.33602&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.9198
https://dx.doi.org/10.1289/ehp.0800277
https://dx.doi.org/10.3389/fnagi.2022.1023574
https://dx.doi.org/10.1101/cshperspect.a008888
https://dx.doi.org/10.1155/2022/5563759
https://dx.doi.org/10.1016/j.chemosphere.2023.138251
https://dx.doi.org/10.1016/j.chemosphere.2023.138251
https://dx.doi.org/10.1021/acs.chemrestox.0c00522
https://dx.doi.org/10.1289/ehp.1002839
https://dx.doi.org/10.1016/j.scitotenv.2022.160851
https://dx.doi.org/10.1016/j.scitotenv.2022.160851
https://dx.doi.org/10.1016/j.ijheh.2020.113569
https://dx.doi.org/10.1016/j.ijheh.2020.113569
https://pesticidetruths.com/wp-content/uploads/2018/08/Reference-NO-Golf-Exception-Northwest-Coalition-For-Alternatives-To-Pesticides-Cosmetic-Standards-On-Golf-Courses.pdf
https://pesticidetruths.com/wp-content/uploads/2018/08/Reference-NO-Golf-Exception-Northwest-Coalition-For-Alternatives-To-Pesticides-Cosmetic-Standards-On-Golf-Courses.pdf
https://pesticidetruths.com/wp-content/uploads/2018/08/Reference-NO-Golf-Exception-Northwest-Coalition-For-Alternatives-To-Pesticides-Cosmetic-Standards-On-Golf-Courses.pdf
https://dx.doi.org/10.1016/j.scitotenv.2023.162498
https://dx.doi.org/10.1002/ana.23782

JAMA Network Open | Neurology Proximity to Golf Courses and Risk of Parkinson Disease

16. Cohen SZ, Nickerson S, Maxey R, Jr AD, Senita JA. A ground water monitoring study for pesticides and nitrates
associated with golf courses on Cape Cod. Ground Water Monit Remediat. 1990;10(1):160-160. doi:10.1111/j.1745-
6592.1990.tb00333.x

17. Abrams R. Toxic fairways: Risking groundwater contamination from pesticides on Long Island golf courses. New
York State Department of Law, Environmental Protection Bureau; 1991.

18. Savica R, Grossardt BR, Bower JH, Ahlskog JE, Rocca WA. Incidence and pathology of synucleinopathies and
tauopathies related to parkinsonism. JAMA Neurol. 2013;70(7):859-866. doi:10.1001/jamaneurol.2013.114.

19. Turcano P, Mielke MM, Josephs KA, et al. Clinicopathologic discrepancies in a population-based incidence
study of parkinsonism in Olmsted County: 1991-2010. Mov Disord. 2017;32(10):1439-1446. doi:10.1002/mds.27125

20. Rocca WA, Grossardt BR, Brue SM, et al. Data Resource profile: expansion of the Rochester Epidemiology
Project medical records-linkage system (E-REP). Int J Epidemiol. 2018;47(2):368-368j. doi:10.1093/ije/dyx268

21. Esri. ArcGIS Business Analyst. Accessed November 19, 2024. https://www.esri.com/en-us/arcgis/products/arcgis-
business-analyst/overview

22. Desquilbet L, Mariotti F. Dose-response analyses using restricted cubic spline functions in public health
research. Stat Med. 2010;29(9):1037-1057. doi:10.1002/sim.3841

23. Tsamardinos |, Greasidou E, Borboudakis G. Bootstrapping the out-of-sample predictions for efficient and
accurate cross-validation. Mach Learn. 2018;107(12):1895-1922. doi:10.1007/s10994-018-5714-4

24. US Census Bureau. Median household income in the past 12 months (in 2010 inflation-adjusted dollars). 2010.
Accessed November 19, 2024. https://data.census.gov/table/ACSDT5Y2010.B19013G

25. US Department of Agriculture Economic Research Service. Rural-Urban Commuting Area (RUCA) Codes
[revised July 3, 2019]. Reviewed January 6, 2025. Accessed November 19, 2024. https://www.ers.usda.gov/data-
products/rural-urban-commuting-area-codes/documentation

26. Cox C. Pesticides on golf courses: mixing toxins with play. J Pestic Reform. 1991;11(3):2-4. Accessed November
19, 2024. https://edocs.deq.nc.gov/WasteManagement/O/edoc/1240464/FA-1215_22760_M_MISC_19980526.pdf

27. Burdge RB. Songbirds, Pesticides, and Golf Courses: Exposure and Effects. Dissertation. College of William and
Mary; 2009. Accessed November 19, 2024. https://scholarworks.wm.edu/cgi/viewcontent.cgi?article=6217&
context=etd

28. Kriner RE. Final report on the results of a national survey of pesticide usage on golf courses in the US
conducted in July-September 1982. US Environmental Protection Agency; 1985. https://nepis.epa.gov/Exe/ZyPDF.
€gi/910107Y0.PDF?Dockey=910107Y0.PDF

29. Lewis MA, Foss SS, Harris PS, Stanley RS, Moore JC. Sediment chemical contamination and toxicity associated
with a coastal golf course complex. Environ Toxicol Chem. 2001;20(7):1390-1398. doi:10.1002/etc.5620200702

30. Kross BC, Burmeister LF, Ogilvie LK, Fuortes LJ, Fu CM. Proportionate mortality study of golf course
superintendents. Am J Ind Med. 1996;29(5):501-506. doi:10.1002/(SIC1)1097-0274(199605)29:5<501::AlD-
AJIM8>3.0.C0;2-0

31. Hodoh OB. Comparison of a point estimate and probabilistic risk assessment of a military golf course slated for
base closure. Dissertation. University of Georgia; 2002. Accessed November 19, 2024. https://openscholar.uga.edu/
record/9772?In=en&v=pdf

32. Betarbet R, Sherer TB, MacKenzie G, Garcia-Osuna M, Panov AV, Greenamyre JT. Chronic systemic pesticide
exposure reproduces features of Parkinson's disease. Nature Neuroscience. 2000;3(12):1301-1306. doi:10.
1038/81834

33. Petrovic A. Impact of golf courses on ground water quality. In: Cochran AJ, Farrally M, eds. Science and Golf Il.
Taylor & Francis; 2002:598-605.

34. Gannon TW. Leaching potential and efficacy of select herbicides in turfgrass environments. Dissertation.
North Carolina State University; 2011. Accessed November 19, 2024. https://repository.lib.ncsu.edu/server/api/core/
bitstreams/d19acc50-1dea-4596-81c1-87f09a355760/content

35. Searles Nielsen S, Warden MN, Camacho-Soto A, Willis AW, Wright BA, Racette BA. A predictive model to
identify Parkinson disease from administrative claims data. Neurology. 2017;89(14):1448-1456. doi:10.1212/WNL.
0000000000004536

SUPPLEMENT 1.

eTable 1. Sensitivity Analysis for RUCA

eTable 2. Differences Between Olmsted and Non-Olmsted Controls
eTable 3. Primary Analysis With Olmsted Controls

[5 JAMA Network Open. 2025;8(5):€259198. doi:10.1001/jamanetworkopen.2025.9198 May 8,2025 1/12

Downloaded from jamanetwork.com by guest on 01/20/2026


https://dx.doi.org/10.1111/j.1745-6592.1990.tb00333.x
https://dx.doi.org/10.1111/j.1745-6592.1990.tb00333.x
https://jama.jamanetwork.com/article.aspx?doi=10.1001/jamaneurol.2013.114&utm_campaign=articlePDF%26utm_medium=articlePDFlink%26utm_source=articlePDF%26utm_content=jamanetworkopen.2025.9198
https://dx.doi.org/10.1002/mds.27125
https://dx.doi.org/10.1093/ije/dyx268
https://www.esri.com/en-us/arcgis/products/arcgis-business-analyst/overview
https://www.esri.com/en-us/arcgis/products/arcgis-business-analyst/overview
https://dx.doi.org/10.1002/sim.3841
https://dx.doi.org/10.1007/s10994-018-5714-4
https://data.census.gov/table/ACSDT5Y2010.B19013G
https://www.ers.usda.gov/data-products/rural-urban-commuting-area-codes/documentation
https://www.ers.usda.gov/data-products/rural-urban-commuting-area-codes/documentation
https://edocs.deq.nc.gov/WasteManagement/0/edoc/1240464/FA-1215_22760_M_MISC_19980526.pdf
https://scholarworks.wm.edu/cgi/viewcontent.cgi?article=6217&context=etd
https://scholarworks.wm.edu/cgi/viewcontent.cgi?article=6217&context=etd
https://nepis.epa.gov/Exe/ZyPDF.cgi/9101O7Y0.PDF?Dockey=9101O7Y0.PDF
https://nepis.epa.gov/Exe/ZyPDF.cgi/9101O7Y0.PDF?Dockey=9101O7Y0.PDF
https://dx.doi.org/10.1002/etc.5620200702
https://dx.doi.org/10.1002/(SICI)1097-0274(199605)29:5%3C501::AID-AJIM8%3E3.0.CO;2-O
https://dx.doi.org/10.1002/(SICI)1097-0274(199605)29:5%3C501::AID-AJIM8%3E3.0.CO;2-O
https://openscholar.uga.edu/record/9772?ln=en&v=pdf
https://openscholar.uga.edu/record/9772?ln=en&v=pdf
https://dx.doi.org/10.1038/81834
https://dx.doi.org/10.1038/81834
https://repository.lib.ncsu.edu/server/api/core/bitstreams/d19acc50-1dea-4596-81c1-87f09a355760/content
https://repository.lib.ncsu.edu/server/api/core/bitstreams/d19acc50-1dea-4596-81c1-87f09a355760/content
https://dx.doi.org/10.1212/WNL.0000000000004536
https://dx.doi.org/10.1212/WNL.0000000000004536

JAMA Network Open | Neurology Proximity to Golf Courses and Risk of Parkinson Disease

eTable 4. Association Between Minimum Municipal Well Depth Within a Water Service Area (WSA) and Risk of
Parkinson Disease and Association Between Presence of Municipal Well on a Golf Course and Risk of Parkinson
Disease in the 27-County Rochester Epidemiology Project Study Area

eFigure 1. A Contour Map Showing the Distance in Miles to the Edge of the Nearest Golf Course in Southeast
Minnesota and Northwest Wisconsin

eFigure 2. A Map of Water Service Areas and Golf Courses on Vulnerable and Non-Vulnerable Ground Water
eFigure 3. Standard Calibration Plot for Predicting Risk of PD Using Categorical Proximity to Golf Course, Patient
Demographics, and Region Characteristics (Brier Score 0.060)

SUPPLEMENT 2.
Data Sharing Statement

[5 JAMA Network Open. 2025;8(5):€259198. doi:10.1001/jamanetworkopen.2025.9198 May 8,2025 12/12

Downloaded from jamanetwork.com by guest on 01/20/2026



