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A B S T R A C T   

Background: Long-term exposure to ambient air pollution has been linked with all-cause mortality and cardio
vascular and respiratory diseases. Suggestive associations between ambient air pollutants and neurodegeneration 
have also been reported, but due to the small effect and relatively rare outcomes evidence is yet inconclusive. 
Our aim was to investigate the associations between long-term air pollution exposure and mortality from 
neurodegenerative diseases. 
Methods: A Dutch national cohort of 10.8 million adults aged ≥30 years was followed from 2013 until 2019. 
Annual average concentrations of air pollutants (ultra-fine particles (UFP), nitrogen dioxide (NO2), fine particles 
(PM2.5 and PM10) and elemental carbon (EC)) were estimated at the home address at baseline, using land-use 
regression models. The outcome variables were mortality due to amyotrophic lateral sclerosis (ALS), Parkin
son’s disease, non-vascular dementia, Alzheimer’s disease, and multiple sclerosis (MS). Hazard ratios (HR) were 
estimated using Cox models, adjusting for individual and area-level socio-economic status covariates. 
Results: We had a follow-up of 71 million person-years. The adjusted HRs for non-vascular dementia were 
significantly increased for NO2 (1.03; 95% confidence interval (CI) 1.02–1.05) and PM2.5 (1.02; 95%CI 
1.01–1.03) per interquartile range (IQR; 6.52 and 1.47 μg/m3, respectively). The association with PM2.5 was also 
positive for ALS (1.02; 95%CI 0.97–1.07). These associations remained positive in sensitivity analyses and two- 
pollutant models. UFP was not associated with any outcome. No association with air pollution was found for 
Parkinson’s disease and MS. Inverse associations were found for Alzheimer’s disease. 
Conclusion: Our findings, using a cohort of more than 10 million people, provide further support for associations 
between long-term exposure to air pollutants (PM2.5 and particularly NO2) and mortality of non-vascular de
mentia. No associations were found for Parkinson and MS and an inverse association was observed for Alz
heimer’s disease.   

1. Introduction 

Research on the long-term effects of exposure to ambient air pollu
tion has been largely focused on outcomes of all-cause mortality and 
cardiovascular and respiratory diseases (Hoek et al., 2013; Chen and 
Hoek, 2020; Cohen et al., 2017). Specifically, traffic-related air pollut
ants, such as nitrogen dioxide (NO2), and particulate matter (PM) have 
been associated with cardiorespiratory mortality (Hoek et al., 2013). 
The World Health Organization therefore recommended new air quality 
levels in 2021 to decrease the global health burden resulting from 
exposure to air pollution (WHO, 2021). 

The global number of people living with neurodegenerative diseases 
has increased substantially between 1990 and 2016 (GBD Dementia 
Collaborators, 2019a; Collaborators GBDPsD, 2018; GBD Motor Neuron 
Disease Collaborators, 2018; GBD Multiple Sclerosis Collaborators, 
2019b) and associations with ambient air pollution have been sug
gested, although findings are not consistent. For dementia, for example, 
associations with exposures to NO2, nitrogen oxides (NOx), and PM have 
been suggested in the literature (Wilker et al., 2023; Livingston et al., 
2020). A systematic review and meta-analysis on ambient air pollutants 
and Parkinson’s disease indicated possible adverse associations between 
long-term exposure to PM2.5, NO2, ozon (O3) and carbon monoxide (CO) 
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and the risk of Parkinson, as well as short-term exposure to PM2.5 
increasing the aggravation of Parkinson (Kasdagli et al., 2019). Het
erogeneity across the studies, however, was high. In a large Korean 
cohort study, a significant association was observed between NO2 
exposure and Parkinson’s disease, but not for the other air pollutants, 
(Jo et al., 2021) whereas a US study reported significant associations 
with exposure to PM2.5 (Shi et al., 2020). A Dutch case-control study, on 
the other hand, observed no associations between ambient air pollution 
and risk of Parkinson (Toro et al., 2019). Interestingly, exposure to PM2.5 
and NOx was found to be associated with olfactory decline in older 
adults in Sweden, which may be an early sign of Parkinson’s disease or 
dementia (Ekstrom et al., 2022). 

There seem to be more consistent findings for amyotrophic lateral 
sclerosis (ALS), with several case-control studies reporting on associa
tions with long-term exposure to traffic-related air pollution (including 
NO2, PM2.5, and elemental carbon (EC)), (Povedano et al., 2018; Seelen 
et al., 2017; Yu et al., 2021; Parks et al., 2022; Nunez et al., 2023) 
although evidence is yet limited. Few cohort studies have been pub
lished on (adult onset) multiple sclerosis (MS) and ambient air pollution, 
in which no associations were observed (Bai et al., 2018; Chen et al., 
2017; Palacios et al., 2017). 

Effects of particulate matter on the central nervous system, which 
include oxidative stress and neuro-inflammation, are possible explana
tions for the mechanism underlying the observed associations (Block 
et al., 2009; Costa et al., 2020). Furthermore, exposure to air pollution 
has been associated with increased expression of alpha-synuclein and 
beta-amyloid, as well as damage to the blood-brain barrier (Block et al., 
2009; Costa et al., 2020). 

Overall, suggestive associations between ambient air pollutants and 
neurodegeneration have been reported in the literature, but due to the 
small effect and relatively rare outcomes further large studies are needed 
to evaluate these associations. We therefore aimed to investigate the 
associations between long-term air pollution exposure and mortality 
from neurodegenerative diseases in a Dutch general population cohort 
of over 10 million people. 

2. Methods 

2.1. Study population, covariate and outcome variables 

We created an administrative cohort consisting of 10.8 million adults 
in the Netherlands, aged 30 years and older on January 1st, 2013. 
Several databases from Statistics Netherlands (CBS), including the 
mortality, population, and tax registries, were used to create and follow 
the cohort. Methods have been described in more detail in previous air 
pollution analyses in this cohort (Bouma et al., 2023). Area-level in
dicators of socio-economic status (SES) (including mean income; per
centage non-Western immigrants; unemployment rate; social assistance; 
and percentage of low education) were assessed for 2012 at both the 
neighbourhood level (n=11,900, representing on average approxi
mately 600 addresses) and the regional level (Nomenclature of Terri
torial Units for Statistics (NUTS) level 3, n = 40). When the indicator was 
not available at the neighbourhood level, for example due to privacy 
concerns related to small numbers, the indicator at the district level 
(n=2,600, representing about 2900 addresses) was assigned to the 
specific neighbourhood. 

Mortality based on the International Classification of Diseases 10th 
Revision (ICD-10) codes was followed-up from 1 January 2013 until 31 
December 2019. We considered deaths from the following neurode
generative diseases: ALS (G12.2), Parkinson’s disease (G20), non- 
vascular dementia (G30; F03), Alzheimer’s disease (G30), and multi
ple sclerosis (G35). The code F00 used in some studies, is not used on 
Dutch death certificates. These diseases had to be listed on the death 
certificate as the primary cause of death. Since 2013, causes of death are 
automatically coded. To prevent potential bias due to the COVID-19 
pandemic, we ended follow-up in 2019. 

2.2. Exposure assessment 

The methods for assessing the exposure to air pollutants in this 
cohort have been described previously by Bouma et al. (2023) In brief, a 
nationwide land-use regression (LUR) model was used to predict the 
annual average outdoor UFP concentration at each residential address 
(Kerckhoffs et al., 2021). The model was based on a mobile monitoring 
of more than 14,000 road segments across the Netherlands in 
2016–2017, and three times 14-days average regional background 
measurements coinciding with the mobile monitoring campaign. 
Because of the lack of routine monitoring data of UFP across the country, 
external validation for the UFP model was not possible. The UFP model 
explained 60% of the variation of measured average UFP concentrations 
at 42 sites in the cities of Amsterdam and Utrecht combined (Kerckhoffs 
et al., 2021). Similarly, the annual average exposures to PM2.5, PM10, 
NO2, and EC in 2016 were estimated based on validated national 
dispersion models (Velders Gjmm et al., 2020; Wesseling et al., 2016). 
These models are based on nationwide and European regulatory emis
sion databases and first developed models for 1 by 1 km grid average 
concentrations were supplemented with fine resolution (25 by 25m) 
models including traffic line sources (separate for urban and highway 
traffic) and large industrial point sources. The models explained varia
tion of average concentrations measured in the national air quality 
monitoring network well, but the exact statistics are difficult to interpret 
because in earlier years dispersion models were calibrated to the mea
surements. Air pollution exposures were assigned to the residential 
address using the standard geo-coded database of buildings in the 
Netherlands. We did not have information on work address or time ac
tivity patterns in this administrative cohort. 

2.3. Data analysis 

We evaluated associations between air pollution exposure and 
mortality from neurodegenerative diseases with Cox proportional haz
ards models. Our analytical procedures followed previous analyses in 
this and other cohorts (Bouma et al., 2023; Stafoggia et al., 2022; Strak 
et al., 2021). Age was used as the time scale to limit possible con
founding by age and the models were stratified by sex because of pre
vious observations of non-proportional hazards. Following our previous 
studies, we a priori developed three confounder models. Model 1 only 
included age (time axis) and sex (strata). In model 2, we additionally 
adjusted for covariates at the individual level (marital status, region of 
origin (including Dutch, Western, Non-Western) and standardized 
household income), that were available in registries, including the 
population and tax registries. In model 3, we additionally adjusted for 
area-level (neighbourhood and region) SES variables. These area-level 
variables included mean income per income recipient, unemployment 
rate, social assistance, percentage non-Western immigrants, and per
centage of low education level on the neighbourhood and regional level 
(Table S1). Model 3 was considered our main model. Following previous 
analyses, we preferred to address area-level confounding by including 
indicators of SES at neighbourhood and regional scale in the main model 
as these are more directly linked to health than urbanicity. 

As sensitivity analyses, we additionally adjusted for urbanicity (five 
categories), limited the analyses to subjects who had lived at their 
baseline address for five years or more, limited the analyses to subjects 
who were 60 years or older at baseline, and applied the indirect 
adjustment method for smoking (Bouma et al., 2023; Stafoggia et al., 
2022). Exposure was entered as a static variable, specifically for the year 
2016. Given the short follow-up period and previous documentation of 
stable spatial contrasts of outdoor air pollution, we did not specify 
time-varying exposure analyses. Two-pollutant models were applied to 
assess potential mutual confounding. 

We conducted all statistical analyses in R (https://www.R-project. 
org/), version 3.6.2. 
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3. Results 

The mean age of the cohort at baseline was 54.3 years and most 
subjects were of Dutch origin (Table 1). Area-level characteristics are 
presented in Table S1. During 7,008,209 person-years of follow-up of 
10,735,734 subjects, 3300 ALS deaths were recorded, 11,410 cases of 
Parkinson mortality, 88,822 cases of non-vascular dementia mortality 
(of whom 25,236 cases of Alzheimer’s disease mortality) and 1756 cases 
of MS mortality (Table 2). 

Interquartile ranges (IQRs) for the exposure estimates were 2723 
particles/cm3 UFP; 6.52 μg/m3 NO2; 2.06 μg/m3 PM10; 1.47 μg/m3 

PM2.5; and 0.24 μg/m3 EC (Table S2). PM10 and PM2.5 were highly 
correlated (Pearson’s R = 0.92), as was EC with both NO2 (R = 0.93) and 
PM2.5 (R = 0.90) (Table S3). 

The individual- and area-level adjusted HRs for non-vascular de
mentia were significantly increased for NO2 (1.03; 95% confidence in
terval (CI) 1.02–1.05), PM10 (1.02 (1.00–1.03)), PM2.5 (1.02; 95%CI 
1.01–1.03) and EC 1.02 (1.01–1.03)) (Table 3). These associations 
remained positive for NO2 and PM2.5 in the sensitivity analyses 
(Table S4), including further adjustment for urbanicity. For ALS, the 
associations were non-significantly positive with UFP (1.01 
(0.96–1.06)), NO2 (1.01 (0.94–1.09)), PM2.5 (1.02; 95%CI 0.97–1.07), 
and EC (1.01 (0.94–1.07) (Table 3). In two-pollutant models for non- 
vascular dementia, associations were most consistent for NO2, whereas 
the associations for the other pollutants were mostly attenuated towards 
unity (Table 4). There was no indication for an increased risk of Par
kinson’s disease, Alzheimer’s disease or MS with any of the air pollut
ants (Table 3), with most HRs being non-significantly below unity. For 
Alzheimer’s disease, HRs for NO2, PM2.5, and EC were significantly 
below unity, which effects remained for PM2.5 and EC in the two- 
pollutant models (Table 4). Also for MS, HRs were signicanly lower 
than 1 for some pollutants. 

Unadjusted and individual-level adjusted models are shown in 
Table S4. In general, differences in HRs between the models were 
modest. For non-vascular dementia, HRs increased after adjustment for 
individual level covariates and decreased after adjustment for area-level 
confounders. For Alzheimer disease, HRs were generally significantly 
increased in the crude and individual models, but below unity in the 
main model further adjusting for area-level variables. Indirect adjust
ment for smoking resulted in associations that were very similar to the 
main model associations. Two-pollutant models for all diseases are 

presented in Table S5. 

4. Discussion 

In this population-based cohort study, we observed an increased risk 
of mortality from non-vascular dementia associated with long-term 
exposure to air pollutants, specifically NO2 and PM2.5. Associations 
with NO2 remained positive in two-pollutant models and sensitivity 
analyses. No associations were found for Parkinson and MS and inverse 
associations were observed for Alzheimer’s disease. For ALS mortality, a 
non-significant positive association was observed with PM2.5. 

4.1. Non-vascular-dementia and Alzheimer’s disease 

Our findings for non-vascular dementia are in line with previous 
studies, which also indicated PM2.5 and NO2 to be associated with de
mentia (Shi et al., 2020; Delgado-Saborit et al., 2021). Remarkably, we 
did not see the same associations when limited to Alzheimer’s disease, 
which comprised about 30% of all non-vascular dementia deaths. 
Instead, we observed an inverse association between NO2, PM2.5 and EC 
and Alzheimer’s disease. We do not have a clear explanation for the 
negative associations with Alzheimer’s disease, but note these associa
tions appeared in the fully adjusted model. Overadjustment could be an 
explanation, though we never observed this with other outcomes 
(Bouma et al., 2023; Stafoggia et al., 2022). Another speculation is un
defined differences in coding of type of dementia across the country. 

This observation may indicate that the observed positive associations 
for NO2 and PM2.5 were mainly with the other dementias, but case 
ascertainment on death certificates has its limitations. Specificity is 
typically high and reporting of dementia has improved over time, but a 
recent study in England and Wales showed that still less than half of 
dementia cases were reported on death certificates (Gao et al., 2018). 
Dementia as (underlying) cause of death is more often recorded when it 
is severe, or when death occurred in a long-term care facility. When an 
individual died in a hospital, dementia was less likely to be recorded 
(Gao et al., 2018). Furthermore, the vast majority of dementia deaths 
recorded are unspecified (±70%), (Gao et al., 2018) which is similar to 
what we observed in our study, while Alzheimer’s disease is the most 
common type of dementia that may account for 60–70% of all cases 
(WHO, 2023). Hence, cautiousness is warranted in drawing conclusions 
regarding associations between exposure to ambient air pollutants and 
type of dementia based on death certificates. 

4.2. Amyotrophic lateral sclerosis 

We observed a positive, though non-significant, association between 
PM2.5 and ALS in our cohort, which has also been reported in a Danish 
population-based case-control study (Nunez et al., 2023). In other ALS 
studies, however, associations with NO2 (Seelen et al., 2017; Yu et al., 
2021), PM2.5 absorbance, (Seelen et al., 2017) and EC (Parks et al., 
2022) were reported based on multi-pollutant models. We did not 

Table 1 
Characteristics of the study population at baseline.    

Mean (sd) or N (%) 

Age  54.3 (15.0) 
Sex Male 5,227,876 (48.7%) 

Female 5,507,858 (51.3%) 
Marital status Married 6,554,479 (61.1%) 

Widowed 852,964 (7.9%) 
Divorced 1,174,803 (10.9%) 
Single 2,153,488 (20.1%) 

Region of origin Dutch 8,732,131 (81.3%) 
Western 1,055,828 (9.8%) 
Other non-Western 319,633 (3.0%) 
Suriname 200,271 (1.9%) 
Turkey 197,419 (1.8%) 
Morocco 163,338 (1.5%) 
Antilles Netherlands 67,114 (0.6%) 

Standardized household income <1% 141,753 (1.3%) 
1–5% 192,802 (1.8%) 
5–10% 347,895 (3.2%) 
10–25% 1,306,536 (12.2%) 
25–50% 2,610,783 (24.3%) 
50–75% 2,920,752 (27.2%) 
75–90% 1,894,331 (17.6%) 
90–95% 657,075 (6.1%) 
95–99% 532,320 (5.0%) 
>99% 131,487 (1.2%)  

Table 2 
Description of mortality outcomes (persons at risk n = 10,735,734; person-years 
at risk n = 71,008,209).  

Disease group ICD-10 Deaths 
(n) 

Median age 
at death 

Male 
(n) 

Female 
(n) 

Amyotrophic 
Lateral Sclerosis 

G12.2 3300 70.6 1800 1500 

Parkinson’s 
Disease 

G20 11,410 82.2 6689 4721 

Non-vascular 
dementia 

G30, 
F03 

88,822 87.5 27,574 61,248 

Alzheimer’s 
Disease 

G30 25,236 86.7 7993 17,243 

Multiple sclerosis G35 1756 64.7 660 1096  
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observe these in our population, as any suggestion of these associations 
attenuated to unity when adjusted for PM2.5 (Table 3). The association 
with PM2.5 is also supported by a US study on ALS aggravation, which 
further suggested that organic matter in PM2.5 was the most relevant 
component (Nunez et al., 2022). The Danish study further indicated that 
PM2.5 exposure within six years before diagnosis represented the critical 
time window for ALS (Nunez et al., 2023). Since ALS has a poor prog
nosis, with a median survival of about 30 months after the first symp
toms, (Kiernan et al., 2011) we have captured this period in our models. 
Moreover, the registration of ALS mortality in the Netherlands appeared 
to be representative of the clinically diagnosed cases (de Jongh et al., 
2021). 

4.3. Parkinson’s disease 

Although previous studies reported on suggestive associations be
tween various air pollutants and the risk of Parkinson’s disease (Kasdagli 
et al., 2019; Jo et al., 2021; Shi et al., 2020; Cole-Hunter et al., 2023; 
Lomme et al., 2023; Krzyzanowski et al., 2023), none of these associa
tions was confirmed in our study. One explanation may be that we relied 
on mortality data, whereas mean duration from Parkinson diagnosis 
until death ranges between 7 and 14 years and before the diagnosis there 
is typically a prodromal phase of many years, (Macleod et al., 2014; 
Siderowf and Lang, 2012) so that we did not capture the most relevant 
exposure period. Furthermore, Parkinson will be underreported on 
death certificates, although the number of false positives will be low 
(Phillips et al., 1999). Finally, we were not able to adjust for individual 
lifestyle factors, such as smoking, which is inversely associated with risk 
of Parkinson’s disease (Gallo et al., 2019). In an earlier Dutch 
case-control study where we were able to adjust for lifestyle factors, 

however, we also did not observe any association with air pollutants 
(Toro et al., 2019). The evidence for associations between ambient air 
pollution and the risk of Parkinson is therefore still insufficient. 

4.4. Multiple sclerosis 

For MS, our null-findings confirmed the previous reports from 
population-based cohorts from the US and Canada (Bai et al., 2018; 
Palacios et al., 2017). We identified MS cases via mortality records, 
however, which may have resulted in an underestimation of the number 
of cases. We may also not have captured the most relevant exposure 
period, since the median survival time for MS is 38 years from symptom 
onset (Hirst et al., 2008). 

4.5. Potential biases 

The inability of taking into account individual smoking could have 
affected our findings, as smoking has been associated with an increased 
risk of non-vascular dementia, Alzheimer’s disease, ALS and MS (Zhong 
et al., 2015; Peters et al., 2020; Ascherio and Munger, 2016). Earlier 
analyses within the Netherlands showed similar PM2.5 exposure levels 
across smoking strata, and mildly higher NO2 concentrations for current 
smokers compared with never smokers (Klompmaker et al., 2021). 
Sensitivity analyses using indirect adjustment methods for smoking 
showed virtually the same results as the main model (Table S4), sug
gesting that missing smoking data for the full cohort (the most important 
missing lifestyle factor), likely has not biased our associations. The small 
change in effect estimates is consistent with observations in the 
Netherlands from other outcomes (Bouma et al., 2023) and explained by 
the weak relationship between air pollution exposure and smoking. We 

Table 3 
Hazard ratios and 95% CIs of long-term exposure to air pollution and neurodegenerative mortality outcomes per IQR incrementa.   

ALS Parkinson’s disease Non-vascular dementia Alzheimer’s disease Multiple sclerosis 

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) 

UFP 1.01 (0.96–1.06) 0.99 (0.97–1.02) 0.99 (0.98–1.00) 1.00 (0.98–1.01) 1.00 (0.94–1.06) 
NO2 1.01 (0.94–1.09) 0.98 (0.94–1.02) 1.03 (1.02–1.05) 0.96 (0.94–0.99) 0.97 (0.87–1.07) 
PM10 0.99 (0.93–1.06) 0.99 (0.95–1.02) 1.02 (1.00–1.03) 0.98 (0.96–1.01) 0.89 (0.81–0.98) 
PM2.5 1.02 (0.97–1.07) 0.99 (0.96–1.02) 1.02 (1.01–1.03) 0.96 (0.94–0.98) 0.91 (0.84–0.97) 
EC 1.01 (0.94–1.07) 0.98 (0.95–1.02) 1.02 (1.01–1.03) 0.95 (0.93–0.97) 0.97 (0.89–1.06) 

Strata for sex, age as time axis and adjusted for individual-level covariates (marital status, region of origin, standardized household income), and area-level 
(neighbourhood and region) covariates (mean income, unemployment rate, social assistance, % non-Western immigrants, and % low education level). 

a IQRs for UFP 2723 particles/cm3; NO2 6.52 μg/m3; PM10 2.06 μg/m3; PM2.5 1.47 μg/m3; EC 0.24 μg/m.3. 

Table 4 
Two-pollutant models with the main effects of UFP, NO2, PM10, PM2.5, and EC for neurodegenerative mortality. HR per IQR increment, main model.   

Main model Adj. for UFP Adj. for NO2 Adj. for PM10 Adj. for PM2.5 Adj. for EC  

HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) HR (95% CI) 

ALS 
UFP 1.01 (0.96–1.06) – 1.01 (0.95–1.07) 1.01 (0.96–1.07) 1.00 (0.95–1.06) 1.01 (0.95–1.07) 
NO2 1.01 (0.94–1.09) 1.00 (0.91–1.11) – 1.03 (0.92–1.16) 0.98 (0.88–1.10) 1.01 (0.85–1.20)a 

PM10 0.99 (0.93–1.06) 0.98 (0.91–1.06) 0.97 (0.88–1.07) – 0.86 (0.73–1.01)a 0.96 (0.86–1.08) 
PM2.5 1.02 (0.97–1.07) 1.02 (0.96–1.08) 1.03 (0.95–1.11) 1.13 (1.00–1.28)a – 1.05 (0.95–1.17)a 

EC 1.01 (0.94–1.07) 1.00 (0.93–1.08) 1.00 (0.86–1.16)a 1.03 (0.93–1.157) 0.95 (0.84–1.09)a – 
Non-vascular dementia 
UFP 0.99 (0.98–1.00) – 0.97 (0.96–0.98) 0.98 (0.97–0.99) 0.98 (0.97–0.99) 0.97 (0.96–0.98) 
NO2 1.03 (1.02–1.05) 1.07 (1.05–1.09) – 1.04 (1.02–1.06) 1.03 (1.01–1.05) 1.05 (1.02–1.09)a 

PM10 1.02 (1.00–1.03) 1.03 (1.02–1.05) 0.99 (0.97–1.01) – 0.98 (0.95–1.01)a 1.00 (0.97–1.02) 
PM2.5 1.02 (1.01–1.03) 1.03 (1.02–1.04) 1.00 (0.99–1.02) 1.03 (1.01–1.06)a – 1.01 (0.99–1.03)a 

EC 1.02 (1.01–1.03) 1.04 (1.03–1.06) 0.98 (0.95–1.01)a 1.02 (1.00–1.05) 1.01 (0.98–1.03)a – 
Alzheimer’s disease 
UFP 1.00 (0.98–1.01) – 1.02 (1.00–1.04) 1.01 (0.99–1.02) 1.02 (1.00–1.04) 1.03 (1.01–1.05) 
NO2 0.96 (0.94–0.99) 0.94 (0.91–0.96) – 0.94 (0.91–0.98) 1.01 (0.97–1.05) 1.07 (1.01–1.15)a 

PM10 0.98 (0.96–1.01) 0.98 (0.95–1.01) 1.02 (0.96–1.06) – 1.19 (1.13–1.26)a 1.08 (1.03–1.12) 
PM2.5 0.96 (0.94–0.98) 0.95 (0.93–0.97) 0.95 (0.93–0.98) 0.85 (0.81–0.89)a – 0.97 (0.93–1.01)a 

EC 0.95 (0.93–0.97) 0.93 (0.91–0.96) 0.90 (0.85–0.95)a 0.90 (0.86–0.93) 0.99 (0.94–1.03)a –  

a These two-pollutant models are difficult to interpret because of high correlations (R=>0.90) between components (see Table S3). 
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further note that we adjusted in detail for SES at the individual, neigh
bourhood and regional level. We included multiple indicators of SES. 
This is important as relationships between air pollution and lifestyle 
factors, such as smoking, are likely mediated through SES. Despite all 
efforts, we cannot fully exclude residual confounding. 

UFP was not associated with any of the outcomes, in contrast to our 
findings for natural cause, cardiovascular, respiratory and lung cancer 
mortality (Bouma et al., 2023). UFP was hypothesized to be associated 
with neurodegenerative outcomes, because of experimental evidence 
including its ability to enter the bloodstream and pass the blood brain 
barrier (Block et al., 2009). For UFP, there was only a suggested asso
ciation with ALS, which was in line with findings from a case-control 
study in the Netherlands, (Yu et al., 2021) but this association attenu
ated when adjusting for PM2.5. Given our previous work in the same 
cohort on other outcomes (e.g., cardiovascular and respiratory mortality 
(Bouma et al., 2023; Klompmaker et al., 2021)) where we did observe 
clear associations with individual air pollutants (including UFP), the 
study design as well as the exposure assessment method have shown to 
perform as expected. Hence, if there was an association in this cohort, 
we would have been able to detect these. 

We assessed exposure for a single year (2016), because this was the 
only year for which UFP data were available. We thus assessed exposure 
in the middle of the follow-up period. Previous studies have documented 
that spatial contrasts in air pollution are stable for multiple years (Strak 
et al., 2021). We did not use time-varying exposure models because we 
were unable to assess UFP exposure for multiple years and because we 
hypothesized that the biologically relevant exposure is not exposure in 
the specific year of the event, but a prolonged period before the event. 

Because of high correlations between some pollutants (e.g., EC and 
NO2; Table S3), we were limited in our ability to separate assocoiations 
of all pollutants. Most two-pollutant models did not show substantial 
variance inflation, as indicated by similar width of the confidence in
tervals compared to single pollutant models, suggesting these models 
should be intepreted with caution. For a more detailed discussion, we 
refer to previous work (Strak et al., 2021). We interpreted both single 
and two-pollutant models and therefore conclude on associations be
tween air pollutants and non-vascualr dementia. 

We ended follow-up in 2019, because of concerns with potential bias 
related to the COVID-19 pandemic. Death certificates of people who 
died during the pandemic may be biased as neurodegeneration would 
not be listed as cause of death. Moreover, disproportional mortality of 
people with dementia during the COVID pandemic has been reported 
(Livingston et al., 2020). 

In conclusion, our study provides further support for possible asso
ciations between long-term exposure to air pollution (PM2.5 and espe
cially NO2) and mortality of non-vascular dementia. No associations 
were found for Parkinson and MS and an inverse association was 
observed for Alzheimer’s disease. 
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