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ABSTRACT
Background  Recent evidence suggests brain-first 
Parkinson’s disease (PD) may start from the olfactory 
system, indicating potential inhalational exposure to 
causal agents. We investigated the impact of long-term 
exposure to various air pollutants on PD incidence using 
both single- and multi-pollutant models to account for 
interactions between pollutants.
Methods  This retrospective population study used 
data from Taiwan’s National Health Insurance Research 
Database (2006 and 2018) and included individuals 
aged 40–65 without PD. Personal exposure levels to 
various air pollutants, including PM2.5, PM10, NO2, O3, SO2 
and CO, were calculated using the hybrid Kriging/land-
use regression method. Cox regression models were used 
to analyse the association between pollutants and PD 
incidence, adjusting for covariates.
Results  A total of 5 113 322 individuals without PD 
(mean age 50.1±6.9 years, 47.3% men) were followed 
for an average of 11.2±2.4 years, during which 20 694 
incident cases of PD were identified. In the single-
pollutant model, exposure to PM2.5 (HR 2.65 (95% CI 
2.59 to 2.72)), PM10 (HR 3.13 (3.04 to 3.22)), NO2 (HR 
1.74 (1.68 to 1.80)) and SO2 (HR 1.68 (1.65 to 1.71)) 
was associated with an increased risk of PD. These 
associations remained robust in the multipollutant 
model. A positive association between exposure to O3 
and an increased risk of PD (HR 1.29 (1.25–1.33)) was 
observed after adjusting for co-pollutants.
Conclusions  This nationwide cohort study employing 
multiple-pollutant models for considering the interaction 
effects revealed an association between exposure to 
multiple air pollutants and the risk of PD, emphasising 
the need for early prevention strategies.

INTRODUCTION
Parkinson’s disease (PD) is a common and heteroge-
neous neurodegenerative disorder with rising global 
prevalence.1 Its aetiology involves a complex inter-
play of ageing, genetics and environmental factors.1 
Recent evidence suggests that the pathological hall-
mark of PD, neuronal α-synuclein aggregations, 
may originate in the olfactory bulb or gastroin-
testinal tract, supporting the brain- and body-first 
models of PD.2 Research suggests that altered gut 
microbiota may trigger body-first PD via the gut-
brain axis, while inhaled toxicants could induce 
α-synuclein pathology in the olfactory system, 
leading to a brain-first subtype of PD. Identifying 

harmful environmental triggers offers an opportu-
nity to mitigate PD risks and potentially prevent its 
onset and progression.

Air pollution is currently the largest environ-
mental risk for premature death in the world.3 
It comprises a complex mixture of hazardous 
substances, mainly consisting of fine particulate 
matter (PM), oxides of sulphur and nitrogen, and 
ground-level ozone (O3).

3 In vivo mouse studies 
show that inhaling air pollutants promotes α-sy-
nuclein pathology in the olfactory bulb, spreading 
to PD-vulnerable regions.4 However, studies on 
the link between air pollutants and PD incidence 
have yielded conflicting results. Exposure to traffic-
related pollutants, including nitrogen dioxide 
(NO2), carbon monoxide (CO) and PM with an 
aerodynamic diameter <2.5 µm (PM2.5) and 10 µm 
(PM10), has been reported to correlate with higher 
risk of PD,5–8 whereas large studies performed in 
the USA have found no such association.9 A recent 
study in Seoul found that exposure to NO2,8 but 
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not other pollutants, is linked to increased PD risk, contrasting 
with findings from other studies.5–7 These discrepancies are 
likely attributed to variations in the study sample size, trans-
portation patterns, exposure to air pollutants and geographic 
distribution.10 11 The air pollution levels are worse in Asia than 
in Europe or North America.12 Local sources of air pollution, 
such as automobiles, account for the majority of pollution emis-
sions in Asia.13 Few studies have considered the potential inter-
action between each air pollutant. SO2 and NO2 are precursors 
of the formation of sulfate and nitrate PM in the atmosphere and 
secondary water-soluble ions, which constitute a major portion 
of PM2.5 in Asia.14 Therefore, PM2.5 and the gaseous pollutants 
SO2 and NO2 coexist in the atmosphere and may interact with 
each other in the process of secondary aerosol pollution. A syner-
gistic interaction between PM2.5 and O3 has been observed via 
inflammatory pathways.15 Here, we analysed the effects of six 
major air pollutants (PM2.5, PM10, NO2, CO, SO2 and O3) using 
a large population cohort under long-term follow-up in Taiwan. 
We employed both single-pollutant and multipollutant models to 
account for the confounding and interactive effects arising from 
the complex interaction between multiple air pollutants.

METHODS
Data source
We used population-based data extracted from Taiwan’s National 
Health Insurance Research Database (NHIRD), which is sourced 
from the claims data of beneficiaries enrolled in the National 
Health Insurance (NHI) programme established in 1995. This 
programme is a mandatory social insurance scheme that provides 
coverage to up to 99.99% of the Taiwanese population (approxi-
mately 23 million people).16 All records, including demographic 
characteristics, clinic visits, hospitalisation and disease diag-
noses, made by clinical physicians and coded according to the 

International Classification of Diseases (ICD) 9 and 10 between 
January 2000 and December 2018 were obtained retrospectively.

Study population
A cross-comparison of demographic information between 
data extracted from the NHIRD and National Cause of Death 
Registry was conducted to exclude individuals who had passed 
away before the reference year of 2006, as well as records with 
mismatched sex or year of birth. Among 11 630 373 individ-
uals in the NHIRD who were between 20 and 65 years of age 
and resided in the western part of Taiwan in 2006, we excluded 
those age less than 40 years (n=5 306 939) and selected those 
who were aged between 40 and 65 years (figure  1). This age 
group was selected because PD typically begins between 60 
and 65 years, and prodromal symptoms like constipation, sleep 
disorders and olfactory dysfunction can appear up to 20 years 
before motor symptoms.17 The western part of Taiwan was 
selected because it has a high population density and retains the 
measurement data for each air pollutant in all towns (figure 2). 
We also excluded participants diagnosed before 2006 with PD 
(n=3401), and those with major depression, dementia, stroke, 
head injury or catastrophic illness, including myocardial infarc-
tion, cancer, systemic lupus erythematous, rheumatoid arthritis 
and AIDS, due to the potential for secondary parkinsonism (n=1 
206 254). Additionally, we excluded patients diagnosed with 
PD or censored within 1 year of 2006 (n=457), as an exposure 
period of less than 1 year is unlikely to contribute to the devel-
opment of PD. To enhance the specificity of disease diagnosis, 
each condition was defined by having three or more outpatient 
visits or one hospitalisation with the relevant diagnostic code 
within 1 year.18 The ICD code for each disease is recorded in 
online supplemental table 1.

Figure 1  Flowchart of study enrollment and follow-up. MI, myocardial infarction; NHIRD, National Health Insurance Research Database; PD, Parkinson’s 
disease; RA, rheumatoid arthritis; SLE, systemic lupus erythematous.

https://dx.doi.org/10.1136/jnnp-2024-334825
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Standard protocol approval, registration and patient consent
The study was approved by the Institutional Review Board 
of National Taiwan University Hospital (202002093RIND, 
202405076W) and the National Health Research Institute 
(EC1070901-E). Data from the NHIRD were encrypted to 
protect privacy, waiving the need for written informed consent. 
The study adheres to the Strengthening the Reporting of Obser-
vational Studies in Epidemiology guidelines.

Exposure to air pollution
The Taiwan Environmental Protection Administration (TEPA) 
provides hourly monitored data on PM2.5, PM10, NO2, O3, CO 
and SO2 from 73 fixed-site air quality monitoring stations across 
western Taiwan (figure 2). Hourly concentrations of PM2.5 and 
PM10 were measured by ß-ray attenuation, CO level by nondis-
persive infrared, NO2 by chemiluminescence, SO2 by ultraviolet 
fluorescence and O3 by ultraviolet absorption as described previ-
ously.18 The personal exposure level to each air pollutant was 
determined as described previously.18 The average daily concen-
tration of each pollutant was calculated based on at least 16 
measures per day and used for further spatial interpolation at 

a resolution of 50×50 metres using the hybrid Kriging/land-use 
regression method.19 The average interpolated pollutant concen-
trations were calculated at the township level and linked to each 
participant’s annually updated residential address, estimating 
their exposure dose during follow-up.18

Study outcome
Each participant was followed up annually from 2006 to 2018. 
The outcome of interest was defined as having any hospital 
discharge diagnosis or having at least three outpatient diagnoses 
of PD (ICD-9-CM code 332 or ICD-10 code G20). To evaluate 
the accuracy of the PD diagnostic criteria in our study, a valida-
tion study performed at National Taiwan University Hospital, 
a tertiary referral centre, found that the criteria specificity was 
94%.20 Participants who were lost to follow-up (less than 1% of 
the NHI database)20 or died were censored from the analysis.

Covariates
We incorporated individual-level covariates, including age, 
sex, degree of urbanisation, insured amount and pre-existing 

Figure 2  Study area and geographic distribution of air monitoring stations and photochemical monitoring stations.
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medical comorbidities. The degree of urbanisation was classi-
fied into four levels, with level one being the highest urbanised 
level.18 The classification was based on population density, the 
proportion of residents with at least a college-level education, 
the number of residents >65 years old, the population ratio of 
agriculture workers and the number of physicians per 100 000 
people.18 Socioeconomic status was evaluated using the insured 
amount from the NHI and classified into three levels. Pre-
existing medical comorbidities including hypertension, diabetes 
mellitus and viral hepatitis were defined as having at least three 
outpatient visits or one hospitalisation with relevant diagnostic 
codes within 1 year. We included viral hepatitis, particularly 
hepatitis B virus and hepatitis C virus, as potential risk covariates 
due to their prevalence in Asia and established links to increased 
PD risk in the population.21 Ambient temperature and relative 
humidity data from TEPA air quality stations were included 
in the analysis, as these factors have been shown to impact PD 
incidence.22

Statistical analysis
All continuous variables are presented as means and SD, and 
nominal variables as numbers and percentages. A Cox propor-
tional hazards regression model was applied to estimate the HR 
for PD associated with each IQR increment in the levels of air 
pollutants. Covariates, including age, sex, degree of urbanisation, 
insured amount and pre-existing comorbidities, were adjusted in 
the analysis. Relationships between different air pollutants and 
environmental factors, including temperature, were assessed 
using Spearman’s correlation test. We employed multipollutant 
models to address the potential confounding and interaction 
effects between each pollutant.23 In the sensitivity analyses, we 
measured the potential influences of age, sex and pre-existing 
medical comorbidities on the associations between air pollutants 
and PD risk, adjusting for the aforementioned covariates. All 
statistical analyses were performed using SAS (V.9.4; SAS Insti-
tute Inc., Cary, NC, USA).

RESULTS
A total of 5 113 322 participants were included in this study 
(figure 1). The baseline characteristics showed that the mean age 
at enrolment was 50.1±6.9 years and 47.3% of enrolled patients 
were male. Over a mean follow-up of 11.2±2.4 years (totaling 
57 508 733 person-years), 20 694 individuals (0.4%) developed 
incident PD, resulting in an incidence rate of 35.98 per 100 000 
person-years. The yearly incident PD cases during follow-up is 
shown in online supplemental table 2. Elderly age (HR 5.30 
(95% CI 5.11 to 5.49) for those ≥50 years old compared with 
those <50 years old), male sex (HR 1.05 (1.02–1.08) compared 
with females), rural town inhabitants (HR 1.24 (1.19–1.29) 
compared with highly urbanised habitants) and pre-existing 
medical comorbidities were associated with an increased risk 
of PD (table 1). A higher insured amount was associated with 
reduced PD risk compared with less medical insurance (HR 0.63 
(0.61–0.66)).

During the mean follow-up of 11.2 years, the annual mean 
concentrations of PM2.5, PM10 and SO2 were highest in 2009 and 
gradually decreased until 2018. The annual mean concentration 
of O3 continuously increased during the study period, whereas 
NO2 and CO levels remained relatively stable (figure  3). The 
median concentrations of PM and NO2 were above the WHO 
air quality guidelines (15.0 µg/m3 for PM2.5, 45.0 µg/m3 for 
PM10, 13.30 ppb for NO2).

24 The median exposure to each 
air pollutant was 30.0 (IQR 9.5) µg/m3 for PM2.5, 49.5 (IQR 
20.0) µg/m3 for PM10, 0.46 (IQR 0.21) ppm for CO, 16.8 (IQR 
7.4) ppb for NO2, 3.6 (IQR 1.0) ppb for SO2 and 30.1 (IQR 
4.3) ppb for O3. Spearman’s correlation analysis showed posi-
tive associations between the PM2.5 and PM10 concentrations 
(ρ=0.914; p<0.05), as well as between the levels of NO2 and 
CO (ρ=0.893; p<0.05). Conversely, the concentration of O3 
had an inverse relationship with all other pollutants, particu-
larly CO (ρ=−0.838; p<0.05) and NO2 (ρ=−0.699; p<0.05, 
figure  4). Furthermore, ambient temperature showed positive 
associations with all pollutants, except O3, which exhibited an 
inverse pattern (ρ=−0.377; p<0.05).

Table 1  The demographic distribution of the study population, incidence and crude HR of Parkinson’s disease

Number Person-years Incident PD Incidence (per 100 000 pyrs) HR (95% CI)

Total 5 113 322 57 508 733.3 20 694 35.98

Male 2 420 417 26 855 549.8 9854 36.69 1.05 (1.02 to 1.08)

Age (year)

 � < 50 2 602 847 30 511 661.5 3737 12.25 1 (reference)

 � ≥ 50 2 510 475 26 997 071.8 16 957 62.81 5.3 (5.11 to 5.49)

Degree of urbanisation

 � 1 (highly urbanised) 1 504 569 16 964 687.7 6028 35.53 1 (reference)

 � 2 (intermediately urbanised) 1 710 499 19 292 904.2 6708 34.77 0.98 (0.95 to 1.01)

 � 3 (emerging towns) 942 648 10 745 085.1 3371 31.37 0.88 (0.85 to 0.92)

 � 4 (rural towns) 955 606 10 506 056.3 4587 43.66 1.24 (1.19 to 1.29)

Insured amount (USD/year)

 � < $7380 1 118 006 11 784 429.2 5462 46.35 1 (reference)

 � $7380–$12 924 2 625 359 29 864 036.7 10 475 35.08 0.74 (0.72 to 0.77)

 � ≥ $12 924 1 369 957 15 860 267.4 4757 29.99 0.63 (0.61 to 0.66)

Comorbidity

 � Diabetes mellitus 1 148 523 12 753 518.9 5963 46.76 1.44 (1.40 to 1.48)

 � Hypertension 2 014 080 22 392 863.2 10 436 46.60 1.62 (1.57 to 1.66)

 � Viral hepatitis A, B or C 430 307 4 799 653.8 1820 37.92 1.07 (1.02 to 1.12)

PD, Parkinson’s disease; Pyr, person-years.

https://dx.doi.org/10.1136/jnnp-2024-334825
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After adjusting for covariates, the single-pollutant model 
showed that exposure to higher concentrations of PM2.5 (HR 
2.65 (95% CI 2.59 to 2.72) per IQR increment), PM10 (HR 3.13 
(3.04–3.22) per IQR increment), CO (HR 1.82 (1.75–1.89) per 
IQR increment), NO2 (HR 1.74 (1.68–1.80) per IQR increment) 
and SO2 (HR 1.68 (1.65–1.71) per IQR increment) is associated 
with an increased risk of PD, whereas elevated O3 levels were 
associated with a lower incidence of PD (HR 0.77 (0.75–0.79) 
per IQR increment; table  2). Considering the mutual interac-
tions between each air pollutant,14 25 we examined the effect of 
each pollutant, adjusting for other multiple air pollutants. In the 
two-pollutant model, PM2.5 (HR 2.29–2.74), NO2 (HR 1.29–
1.97) and SO2 (HR 1.32–1.61) remained positively associated 
with increased PD risk after adjusting for each other. The associ-
ation of PM10 (HR 1.76–3.07), CO (HR 1.34–1.79) and O3 (HR 
0.81–0.93) with PD risk remained significant after adjusting for 
PM2.5, NO2 and SO2, respectively (table 2). In the multipollutant 
model, after concomitantly adjusting for the levels of PM2.5, NO2 
and SO2, we observed that exposure to PM2.5 (HR 2.51 (95% 
CI 2.45 to 2.58)), NO2 (HR 1.76 (1.70–1.83)), PM10 (HR 1.25 
(1.18–1.33)) and SO2 (HR 1.15 (1.13–1.18)) was positively asso-
ciated with a higher incidence of PD. However, the association 

between exposure to CO and the incidence of PD became insig-
nificant after adjusting for multiple air pollutants. Notably, after 
adjusting for co-pollutants, higher concentrations of O3 were 
associated with an increased risk of PD (HR 1.29 (1.25–1.33)).

In sensitivity analyses, we found that traffic-related pollut-
ants NO2 and CO had a greater impact on younger individuals, 
males and those without pre-existing medical comorbidities. The 
associations between PM2.5, PM10 and PD risk were stronger in 
participants without chronic disorders. Specifically, PM2.5 was 
more strongly associated with PD risk in individuals under 50 
compared with those over 50 (online supplemental table 3).

DISCUSSION
Using a national population cohort with longitudinal follow-up 
data, our findings revealed that long-term exposure to air pollut-
ants, including PM2.5, PM10, NO2, SO2 and O3, is associated with 
an increased risk of incident PD. Notably, these associations 
remained robust after mutual adjustment for the potential inter-
actions of other co-pollutants in the multipollutant model. The 
sensitivity analysis showed that the adverse impacts of air pollut-
ants on PD risk are particularly significant among populations 

Figure 3  Mean annual concentrations of six studied air pollutants in the western part of Taiwan.

https://dx.doi.org/10.1136/jnnp-2024-334825
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that are younger, male or residents without chronic systemic 
diseases.

We observed a significant association between the exposure 
levels to PM, both PM2.5 and PM10, and an increased risk of 
PD, with these effects persisting in both two-pollutant or multi-
pollutant model analyses. PM is a major pollutant that poses 
a significant threat to human health, including PD.3 Our find-
ings align with previous studies conducted in China, North 
America, and the UK, demonstrating that long-term exposure 
to higher levels of PM2.5 is linked to an increased incidence of 
PD, whereas results from other regions, such as Finland, Italy, 
the Netherlands, Australia, Israel and South Korea have yielded 

no obvious association (online supplemental table 4).8 Notably, 
the risk of PD is not increased in Seoul,8 which is geograph-
ically near to our region. The median concentration of PM2.5 
(30.0 μg/m3) was higher in in the current study than in Seoul 
(26.5 μg/m3), which may be attributed to the main sources of 
PM2.5 in our population being traffic emissions and coal combus-
tion. Consistently, given that motorcycles are the main transpor-
tation system in our region,26 the transportation system could 
partially explain why the sensitivity analysis revealed that the 
adverse impacts of air pollutants on PD risk are particularly 
significant among populations that are younger, male or resi-
dents without chronic diseases. Additionally, the most influential 

Figure 4  Spearman’s correlation analysis of the relationships between different air pollutants and environmental factors, including temperature and 
humidity. RH, relative humidity; TEMP, ambient temperature.

Table 2  The adjusted HR of PD for each IQR increment in air pollutant levels

Air pollutant

Single pollutant model

Two-pollutant model

Multiple pollutants model*
Model 1
(adjusted for PM2.5)

Model 2
(adjusted for NO2)

Model 3
(adjusted for SO2)

HR, 95% CI HR, 95% CI HR, 95% CI HR, 95% CI HR, 95% CI

PM2.5 2.65 (2.59 to 2.72) – 2.74 (2.67 to 2.80) 2.29 (2.23 to 2.35) 2.51 (2.45 to 2.58)

PM10 3.13 (3.04 to 3.22) 1.76 (1.66 to 1.87) 3.07 (2.99 to 3.16) 2.65 (2.56 to 2.73) 1.25 (1.18 to 1.33)

CO 1.82 (1.75 to 1.89) 1.79 (1.72 to 1.86) 1.34 (1.26 to 1.42) 1.47 (1.42 to 1.54) 1.05 (0.99 to 1.11)

NO2 1.74 (1.68 to 1.80) 1.97 (1.91 to 2.04) – 1.29 (1.25 to 1.34) 1.76 (1.70 to 1.83)

SO2 1.68 (1.65 to 1.71) 1.32 (1.29 to 1.34) 1.61 (1.58 to 1.64) – 1.15 (1.13 to 1.18)

O3 0.77 (0.75 to 0.79) 0.93 (0.90 to 0.95) 0.91 (0.89 to 0.94) 0.81 (0.79 to 0.83) 1.29 (1.25 to 1.33)

Single-pollutant model: adjusted for sex; age; degree of urbanisation; insured amount; diabetes mellitus; hypertension; viral hepatitis A, B or C; ambient temperature; and relative 
humidity.
Two-pollutant model: covariates including sex, age, degree of urbanisation, insured amount, diabetes mellitus, hypertension, viral hepatitis, ambient temperature and relative 
humidity were adjusted in all the models.
Model 1: adjusted for covariates and PM2.5. Model 2: adjusted for covariates and NO2. Model 3: adjusted for covariates and SO2.

*Multiple-pollutant model: single-pollutant model plus co-pollutants. For PM2.5, adjustments are made for NO2 and SO2. For NO2, adjustments are made for PM2.5 and SO2. For 
SO2, adjustments are made for PM2.5 and NO2. For PM10, CO, and O3, adjustments are made for PM2.5, NO2, and SO2.
PD, Parkinson’s disease.

https://dx.doi.org/10.1136/jnnp-2024-334825
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climate factors on PM2.5 are temperature and rainfall. The higher 
mean temperature and humidity in our region compared with 
Seoul may also explain the difference in our results. The ultra-
fine particles (≤0.1 µm) included among PM2.5 could cross the 
blood-brain barrier in humans. PM2.5 can contain heavy metals, 
including arsenic and manganese, which have been implicated in 
the pathogenesis of basal ganglia degeneration.27 Other specific 
components of PM2.5, particularly nitrate and organic matter, are 
positively associated with PD progression.28 Furthermore, PD 
experimental models have demonstrated that PM2.5 can trigger 
the formation of toxic α-synuclein fibrils, impair mitochondrial 
function and disrupt autophagy, and activate microglia through 
the NF-κB pathway and the NLRP3 inflammasome, leading 
to neurodegeneration.4 29 We found a significant association 
between PM10 and increased PD risk, even after adjusting for 
other pollutants. Associations between PM10 and risk of PD have 
been reported in a large cohort in China but was not observed 
in studies conducted in other regions. 8 10 11 As PM10 are course 
particles that cannot cross the blood-brain barrier, studies have 
shown that PM10 induces endothelial dysfunction and neuroin-
flammation in in vivo models.30 Furthermore, the genetic back-
ground in various ethnicities provides different susceptibilities to 
PM for PD development, which may strengthen the detrimental 
effect of PM10 on PD risk.10

NO2, primarily from road traffic, was found to increase PD 
risk in this study, consistent with findings from South Korea, 
Canada, Israel and most European countries (online supple-
mental table 4).8 Animal studies show that NO2 causes brain 
toxicity, leading to mitochondrial dysfunction, microglial acti-
vation, amyloid and τ accumulation, synaptic dysfunction and 
neuronal degeneration.31 CO, a traffic-related pollutant, was 
positively associated with PD risk in the single-pollutant model, 
but this association became non-significant after adjusting for 
other pollutants. Although higher concentrations of CO inter-
fere with oxygen capacity, mitochondrial impairment and subse-
quent neurotoxicity, physiological levels of CO act as a signalling 
gas that modulates immune function and exerts a neuroprotec-
tive effect through upregulating the Nrf2 pathway.32–34 Over the 
past decade, pollutant levels have generally decreased (except 
ozone), with no significant changes in concentrations between 
2006 and 2018. SO2, primarily from power plants and industrial 
facilities, has decreased due to air pollution control programmes 
and changes in traffic patterns, including bus electrification and 
the phase-out of heavy-duty diesel vehicles. We first showed that 
long-term SO2 exposure increases the risk of PD, while previous 
studies in South Korea and Israel found no significant associa-
tion between ambient SO2 levels and PD risk.8 35 SO2 in ambient 
air primarily originates from the burning of fossil fuels, such as 
coal or oil, and the major sources of SO2 in Taiwan are coal-
fired power plants and industrial activities.13 Inhalation of SO2 
has been found to promote peripheral inflammatory responses 
and trigger oxidative stress, ultimately leading to neuronal loss 
in the brain.36 In rodent models, simultaneous exposure to SO2 
and PM2.5 leads to τ pathology and subsequent cortical neuronal 
degeneration, a phenomenon that does not occur with exposure 
to either pollutant alone.37 Our results indicate that the harmful 
influence of ambient air SO2 on PD should not be overlooked.

The global burden of ground-level O3 and its health impacts 
has steadily increased, especially in East Asia. While studies in 
Canada and Taiwan show a positive link between long-term O3 
exposure and PD incidence, others report null or even nega-
tive associations with PD risk or progression.8 11 13 Our study 
initially found a negative association between O3 levels and PD 
incidence in the single-pollutant model, which turned positive 

after adjusting for other pollutants. O3 is a secondary pollutant 
formed primarily from the chemical reaction between oxides of 
nitrogen and volatile organic compounds. Given that O3 interacts 
with multiple pollutants,15 38 our multipollutant model suggested 
a potential, long-term adverse effect of O3 on the incidence of 
PD. Experimental studies show that chronic O3 exposure causes 
oxidative stress, triggering neuroinflammation, altered synaptic 
plasticity and hippocampal neuronal loss.39 Clarifying the role 
of O₃ in PD pathogenesis remains an important area for future 
research.

The strength of this study lies in using data from a large, well-
characterised nationally representative cohort with long-term 
follow-up in Asia. Using this cohort, we were able to incor-
porate the annually updated information on residence, demo-
graphic characteristics and medical history in all participants. 
The novelty of this study is that we comprehensively evaluated 
six different types of air pollutants and used the multi-pollutant 
model for considering the interaction effects between each 
pollutant to validate the findings from the single-pollutant anal-
ysis. We also considered temperature and humidity as covariates, 
as global warming has been shown to worsen the air quality. 
However, our study has several limitations. First, a causal infer-
ence cannot be made because this is an observational study. 
Further experimental research is needed to clarify the mech-
anisms by which these pollutants contribute to PD pathogen-
esis. Second, the measurement of outcomes relied on diagnostic 
codes, which introduces the possibility of misclassification. To 
enhance the specificity of disease diagnosis, we incorporated the 
number of medical institution visits into the diagnostic criteria, 
which has been shown and validated to improve accuracy in 
diagnosing PD.26 Third, we did not adjust for several PD-as-
sociated protective or risk factors, such as smoking, exposure 
to pesticides, education level, occupations, physical activity, 
dietary habits, caffeine consumption and genetic variations, as 
this information was not accessible in the NHIRD. Additionally, 
much of western Taiwan is densely developed and populated, 
with areas combining metropolitan, residential and industrial 
zones, making it hard to distinguish between them. To mini-
mise environmental interference, we adjusted for urbanisation 
and socioeconomic status, which are linked to PD risk and may 
affect exposure to neurotoxic agents.40 Fourth, we were unable 
to examine the association between exposure duration and PD 
risk at the individual participant level. Additionally, this study 
did not examine the time trend effect of air pollutants on PD 
incidence due to sample size limitations and the need to avoid 
multiple comparisons, representing an important avenue for 
future research. Future studies should include more precise air 
pollutant measurements, along with personal factors like occu-
pational history, transportation patterns, lifestyle and interac-
tions between environmental PD risks.

In conclusion, our multipollutant models reveal significant 
associations between long-term exposure to PM2.5, PM10, NO2, 
SO2 and O3 and increased PD risk. These findings highlight the 
complex relationship between air pollution and PD, stressing the 
need for health policies to reduce pollution’s impact. Our results 
emphasise the importance of monitoring air quality in high-risk 
populations and incorporating air pollution exposure into PD 
risk assessments. Additionally, they support community-based 
strategies and patient counselling to minimise exposure, poten-
tially reducing PD incidence and progression.
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