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a b s t r a c t

Recent studies suggested that long-term exposure to fine particulate matter (PM2.5) was related to a
higher risk of dementia incidence or hospitalizations in western populations, but the evidence is limited
in Asian cities. Here we explored the link between long-term PM2.5 exposure and dementia incidence in
the Hong Kong population and whether it varied by population sub-group. We utilized a Hong Kong
Chinese cohort of 66,820 people aged �65 years who were voluntarily enrolled during 1998e2001 and
were followed up to 2011. Prevalent dementia cases were excluded based on the face-to-face interview at
baseline. We ascertained the first occurrence of hospitalization for all-cause dementia and major sub-
types during the follow-up period. We assessed PM2.5 concentrations using a satellite data-based model
with a 1 � 1 km2 resolution on the residential address. Cox proportional hazards models were adopted to
estimate associations of annual mean PM2.5 exposure with dementia incidence, adjusting for potential
confounders. We identified 1183 incident cases of all-cause dementia during the follow-up period, of
which 655 (55.4%) were cases of Alzheimer’s disease, and 334 (28.2%) were those of vascular dementia.
We found a positive association between annual mean PM2.5 exposure and all-cause dementia incidence
in the fully adjusted model. The estimated hazard ratio was 1.06 (95% confidence interval (CI): 1.00, 1.13)
per every 3.8 mg/m3 increase in annual mean PM2.5 exposure. And the estimated HRs for Alzheimer’s
disease and vascular dementia were 1.03 (95% CI: 0.94, 1.12) and 1.09 (95% CI: 0.98, 1.22), respectively. We
did not find effect modifications by age, sex, BMI, hypertension, diabetes, or heart disease on the asso-
ciations. Results suggest that long-term exposure to PM2.5 is associated with a higher risk of dementia
incidence in the Asian population.

© 2020 Elsevier Ltd. All rights reserved.
1. Introduction

Dementia is a syndrome characterized by a deterioration in
memory, thinking, behavior, and the ability to perform daily ac-
tivities. Due to the increasing aging population, the global number
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of people living with dementia was about 43.8 million in 2016,
doubling from the number in 1990 (20.2 million), and is projected
to increase to 131.5 million in 2050 (Nichols et al., 2019; Prince
et al., 2015). Globally, 2.4 million deaths are attributed to demen-
tia, which ranks as the fifth leading cause of death, and accounted
for 28.8 million disability-adjusted life-years in 2016 (Nichols et al.,
2019). The cost of dementia was estimated at $818 billion world-
wide in 2015 and is likely to have been over a trillion dollars in 2018
(Prince et al., 2015). Since there is no effective treatment, preven-
tion is an attractive strategy to control the surge of dementia
incidence and prevalence.
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There has been increased interest in the etiological role of
ambient fine particulate matter (PM2.5, particulate matter with
aerodynamic diameter�2.5 mm) on neurodegeneration. The po-
tential biological mechanisms include oxidative stress and neuro-
inflammation, accompanied by disruption of the blood-brain
barrier (BBB) and microglia activation (Block et al., 2012; Block and
Calder�on-Garcidue~nas, 2009; Genc et al., 2012; Peters et al., 2019).
Epidemiological studies have found that long-term exposure to
PM2.5 is significantly related to cognitive decline, as well as inci-
dence and hospital admissions for Alzheimer’s disease (AD) or
other dementias in western populations (Ailshire and Crimmins,
2014; Carey et al., 2018; Chen et al., 2017a; Gatto et al., 2014;
Kioumourtzoglou et al., 2016; Lee et al., 2019; Oudin et al., 2018;
Tonne et al., 2014; Tzivian et al., 2016; Weuve et al., 2012), although
not always consistently so (Cerza et al., 2019; Cleary et al., 2018;
Loop et al., 2013).

Approximately half of the people living with dementia world-
wide are identified in Asian, imposing a heavy burden on the public
and health care systems (Prince et al., 2015). The association of
PM2.5 with dementia is poorly understood in Asian populations
since few studies have been performed in Asian cities (Jung et al.,
2015), even though Asian cities often have high levels of air
pollution (Clean Air Network, 2012). Hong Kong is a densely
populated large city located on China’s southern coast and has the
highest life expectancy around the world. The prevalence of de-
mentia among people aged over 65 was about 7.2% (95% confidence
interval (CI): 5.3%, 9.1%) until 2017, slightly higher than the preva-
lence in mainland China (5.3%, 95% CI: 4.3%, 6.3%) (Wu et al., 2018).
We hence took advantage of the Chinese Elderly Health Service
(EHS) Cohort to assess the association of long-term exposure to
PM2.5 with dementia incidence in the older Hong Kong population,
and whether the associations were more evident in specific sub-
groups. We also used admissions for fractures and injuries as a
control outcome, as there is no reason to think air pollution affects
fractures and injuries.
2. Methods

2.1. Study population

The EHS cohort is a prospective cohort with 66,820 residents
aged �65 years enrolled during 1998e2001, accounting for nearly
9% of the aged population (65þ years) in Hong Kong (Schooling
et al., 2016). The EHS cohort was set to explore the role of Hong
Kong as a sentinel for understanding aging in a non-Western
context. The individuals voluntarily enrolled in the cohort during
1998e2001 and were followed up till the end of 2011. At baseline
(1998e2001), individual information was collected by a face-to-
face interview, including demographic characteristics, socioeco-
nomic status (SES), lifestyle, and pre-existing chronic conditions.
The interviews were carried out by nurses and doctors using a
standardized and structured questionnaire. Informed consents
from all participants were obtained during enrollment. Details have
been published elsewhere (Ran et al., 2020a, 2020b; Sun et al.,
2019). Ethics approval was obtained from the ethics committee of
the Department of Health and the Institutional Review Board of the
University of Hong Kong/Hospital Authority Hong Kong West
Cluster.
2.2. Prospective follow-up

Participants were followed from the date of enrollment to date
of death or the end of 2011, whichever came first. We obtained
dementia incidence during the follow-up period from
2

hospitalization records, obtained from the electronic health record
system, administrated by the Hospital Authority. Discharge di-
agnoses for each patient were coded with ICD-9 (the International
Classification of Diseases, 9th version). We identified the incident
cases of all-cause dementia, Alzheimer’s disease, and vascular de-
mentia based on the principal diagnosis code at discharge referring
to a previous study (Frain et al., 2017). Specifically, the classification
was: all-cause dementia (ICD-9: 290.0e290.9, 291.2, 294.1, 294.2,
331.0e331.9), Alzheimer’s disease (ICD-9: 290.0, 290.2, 290.3,
331.0), and vascular dementia (ICD-9: 290.4). We also used the
emergency hospitalizations for fractures and injuries (ICD-9:
800.0e869.1) as a negative control outcome to detect possible bias
that may lead to spurious causal inference (Lipsitch et al., 2010).

2.3. Estimation of residential exposure to PM2.5

Details about satellite-based PM2.5 assessment are given in
previous studies (Qiu et al., 2017; Wong et al., 2015). Briefly, we
estimated spatiotemporal PM2.5 concentrations using aerosol op-
tical depth (AOD) recordings and data from general monitoring
stations. AOD, which can indicate troposphere-level PM2.5 expo-
sure, was retrieved from US National Aeronautics and Space
Administration satellites. It was refined into a resolution of
1 � 1 km2 after adjusting for rainy days and humidity (Li et al.,
2005). We regressed annual surface extinction coefficients (SEC),
for measuring AOD, on corresponding annual mean PM2.5 con-
centrations from four general monitoring, which measured the
pollutant in the period 1998e2011. For each year, annual PM2.5
exposures at the geographical locations of residential address for
each participant were estimated using the same regression equa-
tion, with the annual SEC as the explanatory variable. The satellite-
based PM2.5 assessment was validated and widely utilized to esti-
mate the morbidity or mortality risks of long-term PM2.5 exposure
in Hong Kong (Qiu et al., 2017; Ran et al., 2020a, 2020b; Sun et al.,
2019; Wong et al., 2015). Baseline mean PM2.5 concentrations
(time-independent) during 1998e2001 was selected as a proxy for
long-term PM2.5 exposure.

2.4. Covariates

We selected a priori the accepted or suspected confounders from
the literature, including demographic variables (age, sex, and body
mass index (BMI)), SES (education and monthly expenses), behav-
ioral factors (smoking status, drinking, exercise per week), social
contact factors (had a regular caregiver, had regular contact with
others, participated in any social activities, and had subjective
feeling of social isolated), and pre-existing chronic conditions
(hypertension, diabetes, heart disease, stroke, and mental illness)
(Johansson et al., 2010; Norton et al., 2014; Reitz et al., 2011; Tomata
et al., 2020). The types of exercise include walking slowly,
stretching exercise, traditional Chinese exercise (Tai Chi, Luk Tung
Kuen, Pak Tuen Kam), and aerobic exercise (jogging, swimming,
cycling, walking uphill, etc.). Relationships of regular caregiver with
our participants included spouse, relatives or family members,
neighbors or close friends, volunteers, health or social welfare
personnel, etc. Healthcare access for participants in the cohort was
probably equitable because the public healthcare system in Hong
Kong is virtually free and acts as a safety net for the whole city. We
controlled for different sets of potential confounders in the analysis.
Model 1 was a univariate model. Model 2 adjusted for age, sex, BMI,
education, and monthly expenses. Model 3 was the fully adjusted
model, additionally adjusting for smoking status, drinking, exercise,
social contact factors, hypertension, diabetes, heart disease, stroke,
and mental illness (especially depression and anxiety), based on
model 2. All confounders were reported at baseline and considered



Fig. 1. Description of the inclusion process for the dementia cohort in the analysis.
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as time-independent.

2.5. Statistical analysis

We applied Cox proportional hazards to estimate associations of
the incidence of all-cause dementia, Alzheimer’s disease, and
vascular dementia according to annual mean PM2.5 exposure and
baseline mean PM2.5 exposure. Follow-up time was used as the
underlying time scale. The proportional hazards assumption was
verified by plots of the scaled Schoenfeld residuals before analysis.
Potential confounders were adjusted for, including demographic
variables, SES, behavioral factors, social contact factors, and pre-
existing chronic conditions, as mentioned above. We estimated
the hazard ratios (HRs) with the corresponding 95% confidence
intervals (95% CI) per interquartile-range (IQR) increase in PM2.5
concentrations. The exposure-response relationships of the PM2.5
exposure with the three dementia outcomes were generated using
a natural cubic spline with three degrees of freedom for the
exposure term in Model 3 based on the minimized Akaike infor-
mation criterion (AIC). Subgroup analyses were conducted to esti-
mate potential effect modifications by age (�75 and > 75), sex
(male and female), BMI (under/normal weight and overweight/
obese), hypertension (yes and no), diabetes (yes and no), and heart
disease (yes and no). The statistical significance across the potential
effect modifiers was tested by the p-value for the interaction term
in model 3.

We performed sensitivity analyses to check the robustness of
results by the following strategies. First, we used attained age
rather than follow-up time as the time scale. Second, we excluded
participants who were diagnosed as incident dementia in the first
year or the first three years after enrollment. Third, we excluded
participants with baseline mean PM2.5 exposure less than 29.70 mg/
m3 (<1% of baseline mean PM2.5) and over 42.54 mg/m3 (>99% of
baseline mean PM2.5). The two-tail p-value < 0.05 was considered
as the result of statistical significance. Statistical analyses were
conducted in R environment version 3.6.1 with the ‘survival’
package for survival analysis.

3. Results

A total of 59,349 participants were followed up after excluding
7126 individuals without accurate geo-coding, covariate, and
exposure information, as well as 345 individuals diagnosed with
dementia when enrolling. The mean follow-up time is about 10.4
years. Cloud cover problems, usually occurring from February to
May, caused partial missing SEC data and then resulted in missing
PM2.5 estimates (Qiu et al., 2017; Wong et al., 2015). There were
1183 participants newly diagnosed dementia during the follow-up
period, accounting for 2.0% of the included participants (59,349). Of
the 1183 participants with all-cause dementia, we identified 655
and 334 individuals respectively with the incident Alzheimer’s
disease and vascular dementia, accounting for 55.4% and 28.2% of
the total number of dementia patients (Fig. 1). Fig. 2 shows the
spatial distribution of the dementia incident cases and non-
dementia participants with varying long-term PM2.5 exposure. .

Of those included (59,349 people) at baseline, 2.8% were 85
years or older, 65.6% were women, and 51.8% were overweight or
obese. The majority were non-smoker (71.0%), non-drinker (72.2%),
and exercised almost every day (72.1%). In terms of social contact,
76% had a regular caregiver, and 97.3% had regular social contacts,
including family members, relatives, volunteers, friends, or others.
59.6% participated in any social activities, and only 5.9% had sub-
jective feelings of social isolation. There were 36.0%, 12.3%, 12.3%,
2.9%, and 3.2% individuals with pre-existing hypertension, diabetes,
heart disease, stroke, and mental illness at baseline, respectively
3

(Table 1). The newly diagnosed patients with all-cause dementia,
Alzheimer’s disease, or vascular dementia were more likely to be
older, women, and have low education, higher monthly expense, as
well as to be smokers or drinkers. They might also take less exercise
and felt more isolated. They were also more likely to have had a
stroke or mental disease compared with those without the inci-
dence of dementia in the cohort (Table 1 and Table S1). The annual
mean PM2.5 concentrations for participants were significantly
correlated with the incidence of all-cause dementia, Alzheimer’s
disease, and vascular dementia (Table S2).

In the univariate model, an IQR increase (3.8 mg/m3) in annual
mean PM2.5 concentrations was positively associated with the
incidence of all-cause dementia, Alzheimer’s disease, and vascular
disease with HRs of 1.11 (95% CI: 1.04, 1.17), 1.09 (95% CI: 1.00, 1.18),
and 1.12 (95% CI: 1.01, 1.24), respectively. After fully adjustment for
demographic variables, SES, behavioral factors, and pre-existing
chronic conditions, the HR was 1.06 (95% CI: 1.00, 1.13) for all-
cause dementia, 1.03 (95% CI: 0.94, 1.12) for Alzheimer’s disease,
and 1.09 (95% CI: 0.98, 1.12) for vascular dementia per every 3.8 mg/
m3 increase in annual mean PM2.5 concentrations. The results using
the baseline mean PM2.5 were comparable (Table 2). The total
number of newly diagnosed cases was 1147 for all-cause dementia,
632 for Alzheimer’s disease, and 324 for vascular dementia, after
excluding those with incident dementia in the first three years. In
this scenario, the observed HRs were 1.07 (95% CI: 1.01, 1.14) for all-
cause dementia, 1.04 (95% CI: 0.95, 1.13) for Alzheimer’s disease,
and 1.09 (95% CI: 0.98, 1.22) for vascular dementia in the fully
adjusted model (Table 3). In sensitivity analyses, results were
robust when selecting attained age as the time scale and removing
participants with baseline mean PM2.5 exposure less than 29.53 mg/
m3 (<1% of baseline mean PM2.5) (Table S3 and Table S4). After
excluding those with baseline mean PM2.5 exposure over 44.87 mg/
m3 (>99% of baseline mean PM2.5), associations with all-cause de-
mentia and vascular dementia were still observed but the associ-
ation with Alzheimer’s disease mildly waned (Table S5). We found
no association of long-term exposure to PM2.5 concentration with
fractures and injuries in the same statistical framework (Table S6).
The exposure-response relationships of dementia HRs with annual



Fig. 2. Spatial distribution of the dementia incident cases and non-dementia participants with varying long-term PM2.5 exposure. a) shows the spatial distribution of 1183 dementia
incident cases and their corresponding baseline mean PM2.5 exposure. b) shows the distribution of 58,116 non-dementia participants.
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mean PM2.5 exposure were close to linear (Fig. 4 and Figure S3).
We found that HRs of all-cause dementia incidence associated

with PM2.5 exposure were 1.07 (95% CI: 1.01, 1.15) and 0.97 (95% CI:
0.79, 1.19) in the subgroup living with or without diabetes,
respectively. No clear interaction of diabetes on the associations
was identified (p-interaction: 0.506) (Fig. 3). A comparable result
was observed in the subgroup analyses of Alzheimer’s disease
(Figure S1 and Figure S2). There was no compelling evidence sup-
porting any potential effect modifications by age, sex, BMI, hyper-
tension, or heart disease of the associations of long-term PM2.5

exposure with the dementia outcomes in subgroup analyses. When
conducting subgroup analyses by education levels and monthly
expense, we found individuals with below primary education had
higher incidence risk of all-cause dementia or Alzheimer’s disease
(Table S7).
4. Discussion

In a cohort study in Hong Kong, an IQR increase in PM2.5 con-
centrations was positively associated with the incident risk of all-
cause dementia after adjusting for demographic characteristics,
SES, behavioral factors, social contact, and pre-existing chronic
conditions. The association with vascular dementia was close to
statistical significance, which was consistent with a previous study
in Rome (Cerza et al., 2019). Referring to the p-value of model 3
(against its baseline linear version) in Figure S3, we found no
(statistical) evidence that the spline model outperformed the linear
model for the exposure-response relationship between long-term
PM2.5 exposure and the incidence of Alzheimer’s disease. As such,
we considered using a linear model as a proxy to capture the true
relationship. Since the HR for Alzheimer’s disease was estimated at
1.03 (95% CI: 0.94, 1.12) for the linear model (Table 2), we concluded
that the association was not of statistical significance although a
positive association was likely. Additionally, we found little evi-
dence of effect modifications by age, sex, BMI, hypertension, dia-
betes, and heart disease on the association.

This is one of few cohort studies exploring the association of
long-term PM2.5 exposure with dementia incidence in the Asian
population, although many epidemiological studies have been
conducted in western populations (Table S8). Two cohort studies in
London observed that high exposure to PM2.5 concentrations might
4

result in a decline of cognitive function and an increase in incident
dementia (Carey et al., 2018; Tonne et al., 2014). They are consistent
with a longitudinal study in Northern Sweden, where a 1 mg/m3

increase in wood-burning PM2.5 was related to dementia incidence
with an HR of 1.55 (95% CI: 1.00, 2.41) (Oudin et al., 2016). The
findings were partially consistent with another cross-sectional
study in the Ruhr region of Germany, where every 1.43 mg/m3 in-
crease in PM2.5 was related to an odds ratio (OR) of 1.16 (95% CI:
1.05, 1.27) for mild cognitive impairment (Tzivian et al., 2016). A
population-based cohort study in Ontario, Canada, where the local
air pollution levels are at the lowest around the world, also
observed a positive association between long-term exposure to
PM2.5 concentrations and increased risk of dementia incidence,
with an HR of 1.04 (95% CI: 1.03, 1.05) (Chen et al., 2017a). A study of
350,844 Rome residents found that PM2.5 exposure was positively
related to vascular dementia but negatively associated with Alz-
heimer’s disease (Cerza et al., 2019). Mixed results were observed in
the US concerning the association of PM2.5 exposure with demen-
tia. Two cohort and two cross-sectional studies reported that PM2.5
exposure was significantly related to more cognitive decline and
dementia hospitalizations in the US population (Ailshire and
Crimmins, 2014; Gatto et al., 2014; Kioumourtzoglou et al., 2016;
Lee et al., 2019; Weuve et al., 2012). Studies further found that
airborne PM2.5 exposure might contribute to white matter loss in
older women and might promote pathological brain aging with
potentially a more significant impact in ε4 carriers (an APOE allele)
(Cacciottolo et al., 2017; Chen et al., 2015). However, it was also
observed that PM2.5 exposure was not reliably associated with
cognitive impairment and decline in another two studies. One
utilized a cohort of 30,239 participants from the 48 contiguous
United States recruited between 2003 and 2007, and the other was
a longitudinal study compiled by the University of Washington’s
National Alzheimer’s Coordinating Center (NACC) (Cleary et al.,
2018; Loop et al., 2013).

To our knowledge, there was only one study conducted in an
Asian city. Jung et al. followed a prospective cohort study with
95,690 elderly individuals in Taiwan and found that a 138% (HR:
2.38; 95% CI: 2.21, 2.56) increased risk of Alzheimer’s disease per
every 4.34 mg/m3 increase in ambient PM2.5 concentrations after
adjusting for age, sex, income, and multiple comorbid conditions
(Jung et al., 2015). The association is stronger than our results in



Table 1
Baseline characteristics of the included participants by the incidence of all-cause dementia.

All participants Incidence of all-cause dementia p-value

Yes No

(n ¼ 59,349) (n ¼ 1183) (n ¼ 58,166)

Annual mean PM2.5, mg/m3 35.2 (3.2) 35.7 (4.1) 35.2 (3.2) <0.001
Baseline mean PM2.5, mg/m3 33.5 (2.9) 33.7 (3.7) 33.5 (2.9) 0.034
Age, yr, n (%) <0.001
65e74 42605 (71.8%) 564 (47.7%) 42041 (72.3%)
75e84 15105 (25.5%) 526 (44.5%) 14579 (25.1%)
�85 1639 (2.8%) 93 (7.9%) 1546 (2.7%)
Sex, n (%) 0.038
Female 38931 (65.6%) 810 (68.5%) 38121 (65.5%)
Male 20418 (34.4%) 373 (31.5%) 20045 (34.5%)
BMI, kg/m2, n (%) <0.001
<18.5 3110 (5.2%) 96 (8.1%) 3014 (5.2%)
18.5e23.9 25517 (43.0%) 562 (47.5%) 24955 (42.9%)
24.0e26.9 18036 (30.4%) 326 (27.6%) 17710 (30.4%)
�27.0 12686 (21.4%) 199 (16.8%) 12487 (21.5%)
Education, n (%) <0.001
Below primary 26906 (45.3%) 642 (54.3%) 26264 (45.2%)
Primary 22137 (37.3%) 397 (33.6%) 21740 (37.4%)
Secondary or above 10306 (17.4%) 144 (12.2%) 10162 (17.5%)
Monthly expenses, n (%) <0.001
<1000 HKD 9738 (16.4%) 152 (12.8%) 9586 (16.5%)
1000e1999 HKD 40894 (68.9%) 811 (68.6%) 40083 (68.9%)
�2000 HKD 8717 (14.7%) 220 (18.6%) 8497 (14.6%)
Smoking status, n (%) 0.013
Never 42161 (71.0%) 819 (69.2%) 41342 (71.1%)
Quit 11448 (19.3%) 265 (22.4%) 11183 (19.2%)
Current 5740 (9.7%) 99 (8.4%) 5641 (9.7%)
Drinking, n (%) 0.003
Never 42864 (72.2%) 870 (73.5%) 41994 (72.2%)
Quit 5776 (9.73%) 140 (11.8%) 5636 (9.69%)
Social 8333 (14.0%) 134 (11.3%) 8199 (14.1%)
Regular 2376 (4.0%) 39 (3.3%) 2337 (4.0%)
Exercise per week, n (%) 0.001
<1 day 9047 (15.2%) 224 (18.9%) 8823 (15.2%)
1e6 days 7533 (12.7%) 156 (13.2%) 7377 (12.7%)
�7 days 42769 (72.1%) 803 (67.9%) 41966 (72.1%)
Social contact, n (%)
Had a regular caregiver 45077 (76.0%) 866 (73.2%) 44211 (76.0%) 0.028
Had regular contact with others 57734 (97.3%) 1117 (94.4%) 56617 (97.3%) <0.001
Participated in any social activities 35373 (59.6%) 752 (63.6%) 34621 (59.5%) 0.005
Subjective feelings of social isolation 3498 (5.9%) 113 (9.6%) 3385 (5.8%) <0.001
Pre-existing chronic conditions, n (%)
Hypertension 21348 (36.0%) 446 (37.7%) 20902 (35.9%) 0.213
Diabetes 7280 (12.3%) 167 (14.1%) 7113 (12.2%) 0.054
Heart disease 7323 (12.3%) 165 (14.0%) 7158 (12.3%) 0.096
Stroke 1727 (2.9%) 64 (5.4%) 1663 (2.9%) <0.001
Mental illness 1917 (3.2%) 87 (7.4%) 1830 (3.2%) <0.001

Abbreviations: PM2.5, particulate matter with an aerodynamic diameter less than 2.5 mm; BMI, body mass index.

Table 2
Associations of the incidence of all-cause dementia, Alzheimer’s disease, and vascular dementia per IQR increase in annual mean PM2.5 and baseline mean PM2.5

concentrations.

All-cause dementia Alzheimer’s disease Vascular dementia

No. HR (95% CI) No. HR (95% CI) No. HR (95% CI)

Annual mean PM2.5

Model 1 1183 1.11 (1.04, 1.17) 655 1.09 (1.00, 1.18) 334 1.12 (1.01, 1.24)
Model 2 1183 1.07 (1.01, 1.14) 655 1.04 (0.96, 1.13) 334 1.10 (0.99, 1.22)
Model 3 1183 1.06 (1.00, 1.13) 655 1.03 (0.94, 1.12) 334 1.09 (0.98, 1.22)
Baseline mean PM2.5

Model 1 1183 1.08 (1.03, 1.13) 655 1.06 (1.00, 1.13) 334 1.10 (1.01, 1.19)
Model 2 1183 1.05 (1.01, 1.10) 655 1.03 (0.96, 1.10) 334 1.08 (1.00, 1.17)
Model 3 1183 1.05 (1.00, 1.10) 655 1.02 (0.95, 1.09) 334 1.08 (0.99, 1.17)

Abbreviations: IQR, interquartile range; HR, hazard ratio; CI, confidence interval.
Model 1, univariate model; Model 2, adjusted for age, sex, BMI, education, and monthly expenses; Model 3, adjusted for age, sex, BMI, education, monthly expenses, smoking
status, drinking, exercise, had a regular caregiver, had regular contact with others, participated in any social activities, subjective feelings of social isolation, hypertension,
diabetes, heart disease, stroke, and mental illness.
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Table 3
Sensitivity analysis for associations of the incidence of all-cause dementia, Alzheimer’s disease, and vascular dementia with every IQR increase in annual PM2.5 concentrations
by excluding participants with incident dementia in the first year and first three years after enrolling.

All-cause dementia Alzheimer’s disease Vascular dementia

No. HR (95% CI) No. HR (95% CI) No. HR (95% CI)

Excluding participants with incident dementia in the first year
Model 1 1163 1.10 (1.03, 1.16) 640 1.09 (1.01, 1.18) 330 1.08 (0.96, 1.21)
Model 2 1163 1.06 (1.00, 1.13) 640 1.05 (0.96, 1.14) 330 1.06 (0.94, 1.19)
Model 3 1163 1.05 (0.99, 1.12) 640 1.04 (0.95, 1.13) 330 1.05 (0.93, 1.19)
Excluding participants with incident dementia in the first three years
Model 1 1147 1.11 (1.05, 1.18) 632 1.09 (1.01, 1.19) 324 1.12 (1.01, 1.25)
Model 2 1147 1.08 (1.02, 1.14) 632 1.05 (0.96, 1.14) 324 1.10 (0.99, 1.23)
Model 3 1147 1.07 (1.01, 1.14) 632 1.04 (0.95, 1.13) 324 1.09 (0.98, 1.22)

Abbreviations: IQR, interquartile range; HR, hazard ratio; CI, confidence interval.
Model 1, univariate model; Model 2, adjusted for age, sex, BMI, education, and monthly expenses; Model 3, adjusted for age, sex, BMI, education, monthly expenses, smoking
status, drinking, exercise, had a regular caregiver, had regular contact with others, participated in any social activities, subjective feelings of social isolation, hypertension,
diabetes, heart disease, stroke, and mental illness.

Fig. 3. Associations of all-cause dementia with annual mean PM2.5 concentrations in different subgroups (stratified by age, sex, BMI, hypertension, diabetes, and heart disease) in
the fully adjusted model (adjusting for age, sex, BMI, education, monthly expenses, smoking status, drinking, exercise, had a regular caregiver, had regular contact with others,
participated in any social activities, subjective feelings of social isolation, hypertension, diabetes, heart disease, stroke, and mental illness). The p interaction indicates the result of
the interaction effect on the multiplicative scale.
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Hong Kong, where we observed the estimated HR was 1.06 (95% CI:
1.00, 1.13) for all-cause dementia and 1.03 (95% CI: 0.94, 1.12) for
Alzheimer’s disease per every 3.8 mg/m3 increase in PM2.5 con-
centrations, probably because the included individuals in our
cohort were more health-conscious (71.0% and 72.2% had no
smoking and drinking habits, respectively, and 72.1% took daily
exercise) and so perhaps less susceptible to the detrimental im-
pacts of air pollution. We could underestimate the true effects of
PM2.5 exposure in the general elderly population in Hong Kong.

PM2.5 can contribute to neuroinflammation and neuro-
degeneration through indirect and direct pathways (Block and
Calder�on-Garcidue~nas, 2009). Effects of PM2.5 can cross from the
periphery to the brain partially through systemic inflammation.
6

PM2.5 exposure causes pro-inflammatory signals originating in
peripheral systems and stimulating a systemic-induced cytokine
response, which transfers inflammation to the brain (L. Calder�on-
Garcidue~nas et al., 2008; Lilian Calder�on-Garcidue~nas et al.,
2008a). PM2.5 inhalation elevates and mobilizes plasma cytokines
into circulation. The circulating cytokines produced in systemic
inflammation, especially IL-1b and TNFa, are well known to cause
neuroinflammation and neurotoxicity (Perry et al., 2007). However,
the effect of cytokines on AD still remains controversial. In addition
to neuronal damage, pollutant-induced systemic inflammation
may contribute to deteriorating the blood-brain barrier (BBB),
enhancing access to the brain (Calderon-Garciduenas et al., 2002).
Direct effects of PM2.5 on neurodegeneration may be generated



Fig. 4. Exposure-response relationship of the hazard ratio of the all-cause dementia
incidence with annual mean PM2.5 concentrations in the univariate model and fully
adjusted model (adjusting for age, sex, BMI, education, monthly expenses, smoking
status, drinking, exercise, had a regular caregiver, had regular contact with others,
participated in any social activities, subjective feelings of social isolation, hypertension,
diabetes, heart disease, stroke, and mental illness). The red line indicates the curve in
model 1 (univariate model), and the blue line shows the result in model 3 (fully
adjusted model). The p-value shows the result of the linearity test, and p-value > 0.05
suggests that the relationship is close to linear.
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based on the particles and absorbed toxic compounds. An animal
model observed the translocation of the particles into the brain
after inhalation and nasal instillation of particles (Oberd€orster et al.,
2004). Particles, especially ultrafine particulate matter (UFPM), are
proposed as an ideal vehicle to transport transition metals and li-
popolysaccharides into neurons since they can easily penetrate cell
membranes (Geiser et al., 2005). Numerous compounds are
neurotoxic, such as manganese and aluminum. Studies found that
exposure to manganese and aluminum particles might result in
dopaminergic neurotoxicity or BBB damage (Burton and Guilarte,
2009; Chen et al., 2008).

Microglia activation and BBB disruption are documented as
cellular mechanisms of neuroinflammation (Block and Calder�on-
Garcidue~nas, 2009; Peters et al., 2019). Microglia can be activated
by particle-induced cytokines, endogenous disease proteins
(accumulation of Amyloid b-42 and a-Synuclein), and neuronal
death (Block et al., 2007; Lilian Calder�on-Garcidue~nas et al., 2008b).
Microglia activation can be a chronic source of pro-inflammatory
molecules (TNFa, IL-1b, and IFNg) and oxidative stress through
dopaminergic neurotoxicity and the upregulation of mRNA of pro-
inflammatory cytokines, which drives neurodegenerative progress
in the brain (Block et al., 2007). Particles have been identified in
brain capillaries and parenchyma, suggesting a capacity to interact
with and pass through the BBB (Lilian Calder�on-Garcidue~nas et al.,
2008b). Particle-induced ROS and cytokines can reduce the viability
of brain microvascular endothelial cells and the expression of tight
junction proteins, which enhance access to the brain and further
impinge upon neuropathology (Chen et al., 2008; Hartz et al.,
2008).

We found little evidence of effect modification by age, sex, BMI,
hypertension, diabetes, and heart disease in the PM2.5-related de-
mentia risks, possibly due to their heightened baseline risk profile
7

that would mask the multiplicative effect from PM2.5 exposure. We
observed a potentially higher PM2.5-related incident risk of de-
mentia among participants without diabetes (HR: 1.07; 95% CI: 1.01,
1.15) than that among counterparts (HR: 0.97; 95% CI: 0.79, 1.19)
though no clear effect modification was identified (p-interaction:
0.506). While in the study of Chen et al. the estimated risk of
incident dementia was significantly higher in the subgroup living
without diabetes (p-interaction: 0.030) (Chen et al., 2017a). One
possible explanation is the selection bias, that is, people with dia-
betes may die before they have a chance to get dementia. However,
more studies were warranted to explore the multifaceted reasons
from other aspects, such as medication or nutrition.

Caution should be exercised when interpreting our results. First,
participants in the EHS cohort are not the whole Hong Kong elderly
population though the number of included participants accounted
for approximately 9% of older people in Hong Kong (Schooling et al.,
2016). The enrolled participants were more health-conscious
because they voluntarily enrolled in the cohort. The volunteer se-
lection bias might bias our results to null. Second, yearly residential
PM2.5 exposure was estimated using a satellite data-based model
with 1 � 1 km2 resolution. The model has been validated and has
been used in previous studies (Qiu et al., 2017; Ran et al., 2020a,
2020b; Sun et al., 2019; Wong et al., 2015). Exposure measurement
error is possible and would bias towards the null. Third, undiag-
nosed dementia might exist because only the principal diagnosis
code at discharge was used. However, missing diagnosis is likely
independent of PM2.5 exposure given universal healthcare in Hong
Kong. This nondifferential misclassification would underestimate
the true health effects of air pollution. Fourth, due to data un-
availability, we cannot test surrogate effects or interaction effects
with other prevalent environmental factors, especially other pol-
lutants from transportation (Chen et al., 2017b), green space
(Dadvand et al., 2015; Gascon et al., 2015), or UFPM. The UFPM
would also be a determinator responsible for neuroinflammation
since it has a large surface-to-volume ratio and easily penetrates
cell membranes (Block and Calder�on-Garcidue~nas, 2009; Peters
et al., 2019). Fifth, we only obtained long-term exposure to PM2.5
concentration by a satellite data-based model. The exposure as-
sessments for other pollutants, such as nitrogen dioxide or ozone,
were not available up to now. Further study would focus on the
multiple-pollutant model for fitting associations of more air pol-
lutants with the incidence of dementia when data are available.
Additionally, we did not evaluate the cognitive function of each
participant at baseline. Their baseline cognitive functions were not
controlled in models in our analyses. More studies were warranted
to explore further the potential mediation effect of cognitive
decline on the pathway from long-term PM2.5 exposure to the de-
mentia incidence. And we did not have the information about the
time of residence in the participants before enrollment. Therefore,
we could not evaluate the previous PM2.5 exposure before enroll-
ment for each participant. Last but not the least, we cannot rule out
potential selection bias and residual confounding by unmeasured
aspects of SES. However, it would unlikely substantially bias our
estimates because our negative control gave no association.
5. Conclusions

We observed that long-term exposure to PM2.5 concentrations
was positively related to the incidence of all-cause dementia in a
large population-based cohort in Hong Kong. We observed no ev-
idence of effect modifications by age, sex, BMI, hypertension, dia-
betes, and heart disease on the association. Our findings may
contribute to the evidence of PM2.5-induced risks on neuro-
degeneration in the Asian population.
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