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Abstract

Background Long-term exposure to air pollution has been found to contribute to the development of cognitive
decline. Our study aimed to assess the association between various air pollutants and cognitive impairment and
dementia. Additionally, explore the modification effects of lifestyle and genetic predisposition.

Methods The exposure levels to various air pollutants, including particulate matter (PM) with diameters <2.5 (PM, ),
<10 (PM,,), and between 2.5 and 10 pm (PM, 5_,,) and nitrogen oxides (NO and NO,) were identified. An air pollution
score (APS) was calculated to evaluate the combined exposure to these five air pollutants. A genetic risk estimate and
healthy lifestyle score (HLS) were also generated. The Cox regression model adjusted by potential confounders was
adopted to access the association between pollution exposure and cognitive decline, and several sensitivity analyses
were additionally conducted to test the robustness.

Results The combined exposure to air pollutants was associated with an increased risk of incident cognitive decline.
Compared with the low exposure group, the hazard ratio (HR) and 95% confidence interval (Cl) for all-cause dementia,
Alzheimer’s dementia, vascular dementia, and mild cognitive impairment (MCl) in those exposed to the highest levels
of air pollutants were respectively 1.07 (95% Cl: 1.04 to 1.09), 1.08 (95% Cl: 1.04 to 1.12), 1.07 (95% Cl: 1.02 to 1.13), and
1.19 (95% Cl: 1.12 to 1.27). However, the modification effects from genetic predisposition were not widely observed,
while on the contrary for the healthy lifestyle. Our findings were proven to be reliable and robust based on the results
of sensitivity analyses.

Conclusions Exposure to air pollution was found to be a significant contributing factor to cognitive impairment and
dementia, and this association was not easily modified by an individual's genetic predisposition. However, adopting a
healthy lifestyle may help to manage the risk of cognitive decline related to air pollution.

fHongpeng Sun and Jie Chang equally supervised this study and
should be regarded as co-corresponding authors.

*Correspondence:
Hongpeng Sun
hpsun@suda.edu.cn
Jie Chang
Jchang@suda.edu.cn

Full list of author information is available at the end of the article

©The Author(s) 2024. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which permits use,
sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the original author(s) and
the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or other third party material in this

article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/. The
Creative Commons Public Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available
in this article, unless otherwise stated in a credit line to the data.


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s12889-024-17702-y&domain=pdf&date_stamp=2024-1-10

Ge et al. BMC Public Health (2024) 24:179

Page 2 of 13

[Keywords Cognitive impairment, Dementia, Air Pollution, Lifestyle, Gene, UK Biobank ]

Introduction

Ambient air pollution, as a complex mixture of particu-
late matter (PM), gases, organic compounds, and met-
als [1], has become the largest environmental cause of
disease and premature death in the world today [2]. The
data from the Lancet Commission showed that air pol-
lution was responsible for approximately 9 million origi-
nally avoidable cases of premature death in 2015 alone,
causing three times more deaths than that from acquired
immune deficiency syndrome (AIDS), tuberculosis, and
malaria combined [2], suggesting that air pollution is a
current and ongoing threat to the public health around
the world.

Cognitive impairment generally refers to a certain
degree of cognitive dysfunction caused by various fac-
tors, ranging from mild cognitive impairment (MCI) to
severe dementia. Nowadays, cognitive impairment has
become a worldwide health issue, leading to grave dis-
ability for patients and placing a heavy burden on their
family caregivers. According to the estimation [3], there
were about 35.6 million people suffering from dementia
around the world in 2010, with its number almost dou-
bling every 20 years, which means nearly 115.4 million
people might have to live with dementia by 2050.

In recent years, growing evidence from publications
[4, 5] concerning the association between air pollu-
tion and brain function indicated the ability of air pol-
lutants to cast adverse effects on the central nervous
system, causing various neurodegenerative diseases.
Additionally, both lifestyle [6] and genetic predisposi-
tion [7] were reported to be related to the incidence of
cognitive impairment. Yet unfortunately, although for-
mer researchers have confirmed air pollution exposure,
lifestyle, and genetic predisposition could independently
influence an individual’s cognitive level, whether lifestyle
and genetic predisposition may modify the air pollution-
induced cognitive impairment remained unclear. There-
fore, in pursuit of filling this academic gap, our research
team aimed to fully analyse and describe the association
of both combined and single exposure to various air pol-
lutants with cognitive impairment and dementia, and
further explore the potential modification effects caused
by lifestyle and genetic predisposition.

This current study was completely based on the com-
prehensive data on ambient air pollutants, lifestyle, and
genetic variety provided by the UK Biobank. Using an air
pollution score (APS), which was the result of the joint
assessment of five different pollutants, including PM with
diameters<2.5 (PM, 5), <10 (PM,,), and between 2.5 and
10 um (PM,;5_;,) and nitrogen oxides (NO and NO,),
researchers were able to perform a systematic analysis in

quintiles. Meanwhile, the population attributable fraction
(PAF) was also calculated to explicate the proportion of
cognitive decline patients that could be attributed to air
pollution, making our study more accurate and rigorous.

Methods

Study population

UK Biobank, as a large population-based, nationwide, and
open-access prospective study, recruited over 500,000
individuals in conjunction with 22 assessment centres
across the UK. Through self-completed touch-screen
questionnaires, computer-assisted interviews, physi-
cal and functional measurements, and samples of blood,
urine, and saliva, it successfully collected a large variety
of health-related information, consisting of sociodemo-
graphic characteristics, diseases phenotypic, lifestyle, and
genetic variants [8, 9]. More details of the study design
and methodology have been thoroughly described by
former researchers [8]. UK Biobank is operating under
the approval of North-West Multicentre Research Eth-
ics Committee to ensure its ethical robustness. All par-
ticipants provided their consent for regular blood, urine,
and saliva sampling and more accurate data on their life-
styles. Furthermore, the dataset also promised to be ano-
nymized to protect the privacy of participants.

In the present study, the inclusion and exclusion cri-
teria were set as follows. Inclusion: (1) participants who
gave written consent to participate; (2) participants who
have completed the follow-up. Exclusion: (1) participants
who had a history of cognitive impairment or demen-
tia on the basis of self-report or medical records at the
baseline visit; (2) participants with missing air pollu-
tion exposure information; (3) participants with missing
genetic data; (4) participants with missing lifestyle infor-
mation. For the duration of follow-up, according to the
UK Biobank, the recruitment of participants was carried
out between 2006 and 2010, while the end date of follow-
up was December 31, 2019. As a result, we excluded
those with MCI or any form of dementia at the baseline.
After the screening, a total of 502,149 participants were
included for consideration. However, 41,277 of them
were found to lack the necessary information about air
pollution exposure and were eventually excluded, leaving
a total of 460,872 eligible participants for the final analy-
sis. The flow chart of study participants was displayed in
Supplementary Fig. S1.

Assessment of outcomes

All patients were diagnosed in accordance with the cri-
teria of the International Classification of Diseases,
10th revision (ICD-10). The ICD-10 codes of all-cause
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dementia included G30, FO1, G20. The ICD-10 codes of
Alzheimer’s dementia, vascular dementia, and MCI were
set as G30, FO1, and F06.7 respectively. More detailed
information was shown in Supplementary Table S1.

Air pollution score (APS)

With its ability to consider different types of land-use
variables in the assessment of target pollutants, land-use
regression has now become an effective means to depict
intra-urban air pollution concentration variation in fine
spatial-temporal resolution globally [10]. Therefore, the
UK Biobank Study adopted a land-use regression model
based on the European Study of Cohorts for Air Pollution
Effects (ESCAPE) project [11, 12] to estimate the annual
average concentrations of PM,s, PM;,, PM,_;,, NO,,
and NO, which can be found at https://biobank.ndph.
ox.ac.uk/showcase/label.cgi?id=114. While the land-use
regression models calculate the annual moving average
concentrations of air pollutants using the predictor vari-
ables retrieved from the GIS variables, including land
use, traffic, and topography by a 100 m X 100 m resolu-
tion. Participants’ ambient air pollution concentrations
were then assigned according to their residential coordi-
nates in the 100 m x 100 m grid cells. The exposure levels
of five air pollutants that mentioned above were all col-
lected in 2010.

In order to further assess the combined exposure of
five different ambient air pollutants, we calculated an
APS [13] by summarizing the concentrations of PM,,
PM,y, PM,5_;0 NO,, and NO, weighted by the multivari-
able-adjusted risk estimates (B coefficients) on cognitive
impairment in the current study. The equation was:

Air pollution score
= (Bparzs X PMas + Beano X PMig + Bparzs-10 X PMas-10 + Byo, X NOs
+6v0 X NO) x (5 + sum of the 3 coefficients)

The APS ranged from 39.22 to 157.77. A greater score
indicated a higher level of combined exposure to various
air pollutants. All participants were categorized as five
groups according to the quintiles of the APS level.

Evaluation of genetic risk

The genetic association of dementia has been widely con-
firmed by evidence from mounting publications based
on genome-wide association study (GWAS) [14-19].
In the UK Biobank project, research team conducted
the genotyping, imputation, and quality control of the
genetic data, providing a critical route to further investi-
gation into the heredity-related dementia. More specific
descriptions were available elsewhere [20].

According to the previous studies [21, 22], the
expression of polymorphisms in the apolipoprotein
E gene (APOE) was recognized as a strong genetic
risk factor for Alzheimer’s dementia and several other
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neurodegenerative diseases, including vascular demen-
tia and Lewy body dementia. Therefore, in the present
study, the APOE status recorded in the genetic database
of UK Biobank were fully utilized by researchers to evalu-
ate the genetic risk for cognitive impairment among par-
ticipants. The population was divided into three groups
of low, intermediate, and high genetic risk of cognitive
impairment based on their APOE gene carrying status
for the convenience of subsequent statistical analysis.

Healthy lifestyle score (HLS)
A healthy lifestyle score (HLS) was generated based on
7 variables: physical activity, body mass index (BMI),
alcohol consumption, smoke status, waist-to-hip ratio
(WHR), sedentary time (hours/day), and vegetable and
fruit intake (servings/day).

The BMI was calculated as weight divided by height
squared (kg/m?). On the basis of multiple meta-analy-
ses [23-27] on BMlI-related all-cause mortality, healthy
weight was defined as the BMI values in a normal range
(18.5~24.9); As regards the physical activity estima-
tion of an individual, the International Physical Activity
Questionnaire (IPAQ) guideline [28, 29] was adopted for
metabolic equivalent task (MET) calculation. A physi-
cal activity guideline [30] was also used to determine
whether the MET values were appropriate for the bene-
fits of participants’ health; The WHR was defined as waist
circumference (WC) divided by hip circumference (HC),
which was a strong indicator of central obesity. Accord-
ing to the recommendation from IPAQ guideline [28],
the WHR was identified as healthy when it was <0.85 for
females, and <0.90 for males; The time spent using the
computer and watching television for recreational pur-
poses was calculated as sedentary time. Participants were
classified as unhealthy if they failed to keep the daily sed-
entary time less than 3 h [31]; The participants reported
their dietary arrangements at the baseline visit for the
calculation of the total fruits and vegetables intake, with
26 servings/day categorized as healthy diet [32]; In terms
of alcohol and tobacco consumption, the population was
divided into three groups of never, previous, and current,
among which that currently smoking or drinking was
identified as unhealthy living habit.

Participants scored 1 point for each of these health-
related behaviours once they met the criteria mentioned
above. The HLS ranged from 0 to 7 theoretically. After
the scoring was completed, participants were split up
into three groups as unfavourable (0, 1), intermediate (2,
3), and favourable (>4) in accordance with their HLSs.

Measurements of other potential covariates

Research team collected age, sex, ethnicity, Townsend
deprivation index (TDI) [33], blood pressure level,
employment status, education background, income
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bracket, and history of hypertension, diabetes, cardiovas-
cular disease (CVD), coronary artery disease (CAD), and
stroke as potential modification factors.

During the initial baseline visit, both systolic blood
pressure (SBP) and diastolic blood pressure (DBP) were
measured by trained clinical workers to ascertain the
blood pressure level. In addition, the income bracket
evaluation was based on the average total household
income (<£18,000, £18,000~£52,000, £52,000~£100,000,
and >£100,000). The data on education duration was
used for the assessment of education background (<7
years, 8~10 years, 11~15 years, and =16 years).

Statistical analysis

The follow-up time was measured from the recruitment
date to the first diagnosis of any form of cognitive impair-
ment or dementia, lost to follow-up, death, or end of the
current follow-up, whichever came first. Our research
team adopted Cox proportional hazards models to eval-
uate the hazard ratio (HR) and 95% confidence interval
(CI) for the incident cognitive impairment and demen-
tia related to single air pollutants and the APS. Other
potential confounders, including age (continuous), sex
(male, female), ethnicity (white, non-white), SBP (con-
tinuous), BMI (kg/m? continuous), employment status
(yes, no), physical activity (MET, continuous), education
background (<7 years, 8~10 years, 11~15 years, and
216 years), income bracket (<£18,000, £18,000~£52,000,
£52,000~£100,000, and >£100,000), alcohol consumption
status (never, previous, and current), tobacco consump-
tion status (never, previous, and current), hypertension
history (yes, no), diabetes history (yes, no), and CVD his-
tory (yes, no) were adjusted in those models that men-
tioned above.

Several sensitivity analyses were also performed to
test the robustness of our outcomes. First, in order to
reduce the impact of the missed diagnosis at the baseline
visit on the effectiveness of analysis as much as possible,
researchers excluded those cases which reported the cog-
nitive impairment diagnosis in the first 2 years of follow-
up. Second, an analysis of participants who have lived in
the current address for at least 5 years was also conducted
by the research team to estimate the long-term effect of
air pollution exposure on cognitive impairment. Finally,
researchers brought other mixed covariates, for example,
age, sex, ethnicity, and so on, into consideration to mini-
mize their potential influences during the follow-up.

Besides, given that not all participants diagnosed with
cognitive impairment or dementia were necessarily
attributed to air pollution exposure, our research team
adopted Levin’s formula [34] to estimate the proportion
of patients that could be prevented if the risk factor was
eliminated. In the current study, the HRs were used as
the risk ratios (RRs) for the calculation [35].
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Population Attributable Fraction (PAF) = %

Where P, was the representation of risk factor prevalence
and RR, was the relative risk because of the factor, com-
paring the incidence of cognitive decline in the exposed
and unexposed groups. However, participants may not
only face a single risk factor. As a result, it was important
to calculate the weighted PAF adjusted for the correlation
to further account for the existence of multiple risk fac-
tors [36]. The formula [37] was shown as follows, where
communality was the sum of the square of all factor load-
ings and the w was 1 minus communality.

w =1 — communality

Weighted PAF =1—]][1 - (w x PAF)]

Meanwhile, the restricted cubic spline analysis was also
used to examine whether there was a dose-response rela-
tionship between single air pollutants or the APS with
the incidence of cognitive impairment and dementia. We
additionally conducted the stratified analysis on potential
confounders to further explore the possible relevance of
the genetic predisposition, sociodemographic character-
istics, lifestyle, and prevalent disease with air pollution-
induced cognitive impairment.

All statistical analyses were performed with SAS soft-
ware. All P-values were based on the two-sided test, and
P-values<0.05 were considered statistically significant.
The figures in the current article were generated with R
software, GraphPad Prism software (version 9.4.1), and
Adobe Illustrator software.

Results

Descriptive analysis

Among 460,872 cohort participants without cognitive
impairment and dementia at baseline and completed
the measurements of potential covariates during the fol-
low-up, a total of 7,840 patients diagnosed as cognitive
impairment or dementia were identified at the end of the
study, where 6,996 (89.23%) patients were attributed to
all-cause dementia, 2,927 (37.33%) patients were attrib-
uted to Alzheimer’s dementia, 1,544 (19.69%) patients
were attributed to vascular dementia, and 844 (10.77%)
patients were attributed to MCI. The baseline charac-
teristics of the all-cause dementia group in accordance
with the quintiles of the APS were available in Table 1.
The baseline characteristics of other three cognitive
impairment and dementia subtypes were shown in Sup-
plementary Table S2, S3, and S4 respectively. The study
population was subsequently divided into five groups
according to their APSs, ranging from 39.22 to 49.82,
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Table 1 Baseline characteristics of the UK Biobank participants (N=460,872) with all-cause dementia in accordance with the quintiles
of air pollution score

Air Pollution Score
Q1(39.22,49.82) Q2(49.82,54.61) Q3 (49.82,54.61) Q4 (58.38,63.09) Q5 (63.09,157.77)

Follow-up duration, years 125(1.7) 125(1.8) 124(1.8)  124(1.9 124 (2)
Age, years 57.8(7.8) 57.6(8) 573(8.1) 56.7(82) 56 (8.3)
Sex, n (%)
Male 41,958 (45.5) 41,927 (45.5) 41,992 (45.6) 41,999 (45.6) 42,611 (46.2)
Female 50,217 (54.5) 50,247 (54.5) 50,183 (54.4) 50,175 (54.4) 49,563 (53.8)
Ethnicity, n (%)
White 90,489 (98.2) 89,140 (96.7) 87,659 (95.1) 84,528 (91.7) 80,639 (87.5)
Non-white 1,686 (1.8) 3,034 (3.3) 4,516 (4.9 7,646 (8.3) 11,535 (12.5)
TDI -29(2) -24(2.5) -18(27) -08(28) 2(33)
BMI, kg/m2 27.1 (4.5) 27.4(4.7) 27.5(4.8) 276(49) 27.6(5.1)
MET 2711.2(2725.6) 2643.5 (2681.8) 2664.6 (2723.2) 2679.8 (2757.2) 2639.9 (2724)
Waist-to-hip ratio 0.9 (041) 0.9 (0.1) 09(0.1) 09(0.1) 0.9(0.1)
SBP, mmHg 1403 (21.3) 139.8(21.2) 139.5(21.3) 139.3(21.9) 1383 (22.5)
DBP, mmHg 83.6(13) 834 (13) 834(13.1) 83.6(13.7) 83.6(14.5)
NO, ug/m3 27 (4.6) 364 (4.1) 423 (4.1)  486(4.7) 65.8 (17.3)
NO,, ug/m? 17.2(2.7) 22.7 (2.3) 263(24) 2995 372(63)
PM, s, pg/m’ 87(04) 95(03) 99(03) 104(04) 5(09)
PM,q, pg/m? 143 (1.6) 15.8(1.3) 164(1.3)  169(1.5 8(1.8)
PM, 610, Ug/m? 6.2(0.8) 6.2(0.8) 63(08) 6.5(09) 6.9 ( )
Air Pollution Score 454 (3.1) 524(1.4) 56.5(1.1)  60.5(1.3) 69.7 (7.1)
Employment, n (%)
Yes 51,544 (55.9) 51,653 (56) 52,611 (57.1) 54,419 (59) 55,579 (60.3)
No 40,631 (44.1) 40,521 (44) 39,564 (42.9) 37,755 (41) 36,595 (39.7)
Education, n (%)
<7 years 12,286 (13.3) 15,254 (16.5) 16,975 (18.4) 17,504 (19) 17,728 (19.2)
8~10 years 15,380 (16.7) 16,755 (18.2) 16,897 (18.3) 16,333 (17.7) 14,575 (15.8)
11~15years 18,122 (19.7) 17,222 (18.7) 16,250 (17.6) 15,391 (16.7) 14,285 (15.5)
>16 years 46,387 (50.3) 42,943 (46.6) 42,053 (45.6) 42,946 (46.6) 45,586 (49.5)
Income, n (%)
<£18,000 16,289 (17.7) 20,688 (22.4) 23,730 (25.7) 25,607 (27.8) 29,222 (31.7)
£18,000~£52,000 48,135 (52.2) 48,790 (52.9) 48,031 (52.1) 46,472 (50.4) 42,733 (46.4)
£52,000~£100,000 21,389 (23.2) 18,359 (19.9) 16,859 (18.3) 16,296 (17.7) 15,040 (16.3)
>£100,000 6,362 (6.9) 4,337 (4.7) 3,555 (3.9) 3,799 (4.1) 5,179 (5.6)
Smoke, n (%)
Never 53,418 (58) 52,007 (56.4) 50,760 (55.1) 49,659 (53.9) 46,580 (50.5)
Previous 31,956 (34.7) 32,267 (35) 32,088 (34.8) 31,825 (34.5) 32,245 (35)
Current 6,801 (7.4) 7,900 (8.6) 9,327 (10.1) 10,690 (11.6) 13,349 (14.5)
Drink, n (%)
Never 2,737 (3) 3,510(3.8) 4,215 (4.6) 4,957 (5.4) 6,048 (6.6)
Previous 2,524 (2.7) 2,878 (3.1) 3,278 (3.6) 3,548 (3.8) 4,285 (4.6)
Current 86,914 (94.3) 85,786 (93.1) 84,682 (91.9) 83,669 (90.8) 81,841 (88.8)
Hypertension, n (%) 23,728 (25.7) 25210 (27.4) 25,650 (27.8) 25,800 (28) 25,727 (27.9)
Diabetes, n (%) 3,697 (4) 4,483 (4.9) 4,785 (5.2) 5,194 (5.6) 5,659 (6.1)
CVD, n (%) 12,740 (13.8) 13,850 (15) 14,274 (15.5) 14,477 (15.7) 14,642 (15.9)
CAD, n (%) 10,375 (11.3) 11,476 (12.5) 11,822 (12.8) 12,025 (13) 12,026 (13)
Stroke, n (%) 3,281 (3.6) 3,517 (3.8) 3,636 (3.9) 3,658 (4) 3,932 (4.3)

49.82 to 54.61, 54.61 to 58.38, 58.38 to 63.09, and 63.09  [33]. Meanwhile, compared with low exposure group,
to 157.77 respectively. As the score rose, participants participants in high exposure group were more likely to
tended to be younger and had greater TDI, indicating be current smokers, with a greater possibility of prevalent
they were facing a higher level of deprivation and poverty
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disease history, and less likely to perform physical activ-
ity, leading to a slight increase in BMI level.

Based on the Pearson correlation analysis, all single
air pollutants (PM,s;, PM;, PM,: ;,, NO,, and NO)
were found to be positively correlated with each other
(Pearson correlation coefficients ranged from 0.20205 to
0.92211, all P-values<0.0001). The highest correlation
was detected between NO, and NO (Pearson correlation
coefficient=0.92211, P-value<0.0001). More detailed
information was shown in Supplementary Table S5.

Association between air pollution and cognitive decline

In terms of the association between single air pollutants
and cognitive impairment, the impact of single PM, ;_,,
exposure on cognitive decline was inconspicuous. While
on the contrary, NO, NO,, PM,;, and PM,, exposure
were considered as significantly correlated with all-cause
dementia, Alzheimer’s dementia, and MCI respectively.
With the APS rising from 39.22 to 157.77, the most pro-
nounced association was detected between single NO
exposure and MCI as the HR being 1.62 (95% CI: 1.3 to
1.63). However, we also found that, compared with other
subtypes of cognitive impairment and dementia, vascu-
lar dementia only appeared to be influenced by NO and
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NO, exposure, the HRs of which in the last quintile were
1.22 (95% CI: 1.03 to 1.45) and 1.23 (95% CI: 1.04 to 1.46)
respectively. The detailed outcomes were available in
Supplementary Table Sé6.

When it comes to the combined exposure to various
air pollutants, compared with participants in the first
quintile, the HRs of those in the last quintile for the air
pollution-related cognitive impairments and demen-
tia, including all-cause dementia, Alzheimer’s dementia,
vascular dementia, and MCI, were 1.07 (95% CI: 1.04 to
1.09), 1.08 (95% CI: 1.04 to 1.12), 1.07 (95% CI: 1.02 to
1.13), and 1.19 (95% CI: 1.12 to 1.27) respectively. The
detailed results were shown in Table 2.

Although all four subtypes of cognitive impairment and
dementia were proven to be statistically associated with
combined air pollution exposure, yet only the incidence
of Alzheimer’s dementia showed a significant linear-
ity with the APS (P for nonlinear=0.7628). The results
were presented in Fig. 1. Regarding the single air pol-
lutant exposure, the outcomes of which became diverse.
Several linear relationships were found between the inci-
dent MCI and the exposure of NO,, PM,;, PM,,, and
PM,:_0 as well as the incident Alzheimer’s dementia
and the exposure of NO, NO,, and PM, ;. However, with

Table 2 The HRs and 95% Cls for the association between combined air pollutants exposure and the risk of incident cognitive

impairment and dementia, adjusted by potential confounders

Q1(39.22, Q2 (49.82, Q3 (54.61, Q4 (58.38, Q5 (63.09, HR, std P for trend
49.82) 54.61) 58.38) 63.09) 157.77)

All-cause dementia

Case/person-years 1230/1,154,625 1384/1,150,136 1465/1,144,651  1459/1,142,135 1458/1,147,265

Model1 Reference 1.15 (1.06-1.24) 126 (1.17-1.36) 1.34(1.24-1.44) 145 (1.34-1.56) 1.13(1.1-1.15)  2.71295E-25

Model2 Reference 1.08 (1-1.17) 1.15(1.06-1.24) 1.19(1.1-1.29) 1.26 (1.17-1.36) 1.08 (1.05-1.11) 246186E-10

Model3 Reference 1.07 (0.99-1.15) 1.13(1.05-1.22) 1.16(1.08-1.25) 121 (1.12-1.31) 1.07 (1.04-1.09) 1.02076E-07
Alzheimer’s dementia

Case/person-years 530/1,156,231  598/1,151,669 581/1,146,771  590/1,144,482 628/1,149,591

Model1 Reference 1.15(1.02-1.29) 1.16(1.03-1.3)  1.26(1.12-1.41) 145 (1.29-1.63) 1.12(1.09-1.16) 2.31653E-10

Model2 Reference 1.09(097-122)  1.07(0.95-1.2) 1.14(1.01-1.28)  1.3(1.15-146) 1.09 (1.05-1.13) 2.88284E-05

Model3 Reference 1.09(0.97-1.22) 1.06(095-1.2)  1.13(1-1.27) 1.28 (1.14-1.44) 1.08 (1.04-1.12) 8.42853E-05
Vascular dementia

Case/person-years 244/1,156,781  313/1,152,836 328/1,147,997  321/1,145,401 338/1,149,376

Model1 Reference 1.3 (1.1-1.53) 143 (1.21-1.69) 1.48(1.26-1.75) 1.68 (1.43-1.98) 1.16 (1.11-1.22) 3.39876E-10

Model2 Reference 121(1.02-143)  127(1.07-1.5)  129(1.09-1.52) 141 (1.19-1.66)  1.1(1.05-1.16)  0.000113222

Model3 Reference 1.18(0.99-139)  1.22(1.04-145) 1.21(1.03-144) 1.3(1.1-1.54) 1.07 (1.02-1.13) 0.004549959
MclI

Case/person-years 126/1,156,762  143/1,152,707 153/1,148,090  192/1,145912 230/1,149,732

Model1 Reference 1.15(091-1.46) 128 (1.01-1.62) 1.69(1.35-2.11) 2.13(1.72-2.65) 126 (1.19-1.34) 4.45858E-15

Model2 Reference 1.09 (0.86-1.39) 1.16 (0.92-1.47) 1.49(1.19-1.88) 1.79 (1.44-2.24) 1.21(1.13-1.28) 1.63128E-09

Model3 Reference 1.07 (0.84-1.36) 1.14 (0.9-144 144 (1.15-1.81) 71 (1.37-2.14) 1.19(1.12-1.27) 2.34471E-08

Model1 was adjusted for age and sex

Model2 was further adjusted for ethnicity (white/non-white), education (0-7 years, 8-10 years, 11-15 years, or 16- years), income(continuous), work(employed/
unemployed), drinking status (never/past/current), and smoking status (never/past/current)

Model3 was additionally adjusted for BMI (continuous), SBP (continuous), and physical activity (MET-min/week).
Abbreviations: HR, hazard ratio; Cl, confidence interval; Q1, the first quartile; Q2, the second quartile; Q3, the third quartile; Q4, the fourth quartile; Q5, the final

quartile
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Fig. 1 The restricted cubic spline curves of air pollution exposure and cognitive impairment. (A) All-cause dementia. (B) Alzheimer's dementia. (C) Vascu-
lar dementia. (D) Mild cognitive impairment (MCI). Blue bars represent the distribution of the exposure levels in the entire population. The red solid line

indicates HR and the shaded area indicates a 95% confidence interval

only NO, and PM,, exposure being linear with pollu-
tion-induced all-cause dementia and vascular dementia
respectively, the linearities of which were considered to
be less pronounced compared with other two subtypes of
cognitive impairment and dementia. The detailed results
were displayed in Supplementary Figure S2, S3, S4, and
S5.

Effect modification by genetic predisposition

In the current study, we did not observe significant inter-
actions between the genetic risk and the air pollutants
exposure on the incidence of cognitive decline. The out-
comes suggested that the association between air pollu-
tion and cognitive impairment was stable and not likely
to be influenced by participants’ genetic predisposition.
However, researchers still noticed that participants in
high genetic predisposition group might face a greater
risk of air pollution induced cognitive impairment in gen-
eral, particularly all-cause dementia, although the results
were proven to be statistically insignificant. The detailed
outcomes of combined exposure were presented in Fig. 2,
while those of single air pollutant exposure were available
in Supplementary Table S7.

Effect modification by healthy lifestyle

In the aspect of healthy lifestyle, researchers found that it
was likely to be a favourable factor in reducing the risk of
air pollution-induced all-cause dementia and Alzheimer’s
dementia, the HRs of which dropped from 1.34 (95% CI:
1.2 to 1.49) in the second quintile to 0.99 (95% CI: 0.84
to 1.17) in the last quintile and from 1.37 (95% CI: 1.16
to 1.63) in the second quintile to 1.07 (95% CI: 0.85 to
1.36) in the last quintile respectively. However, a healthy
lifestyle was unable to effectively stop the development
of vascular dementia caused by exposure to various air
pollutants, regardless of combined or single. As for the
incident MCI, we found that a healthy lifestyle was only
statistically positive under the circumstances of single
NO, exposure, as the HR declined from 1.84 (95% CI:
1.34 to 2.52) in the second quintile to 1.45 (95% CIL: 0.92
to 2.29) in the last quintile.

Although healthy lifestyle failed to show its statisti-
cal significance in most cognitive decline cases, with the
HLS rising, research team did observe an uptrend in the
incidence of cognitive dysfunction associated with air
pollution exposure. The results of combined exposure
were presented in Fig. 3, while those of single air pollut-
ant exposure were in available Supplementary Table S8.
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Fig. 2 The associations between the genetic risk and cognitive impairment and dementia. (A) All-cause dementia. (B) Alzheimer’s dementia. (C) Vascular

dementia. (D) Mild cognitive impairment (MCl)

Effect modification by other potential confounders

We found that participants with the previous history of
CVD had a higher incidence of air pollution-induced
Alzheimer’s dementia, the HR of which was 1.3 (95% CI:
0.95 to 1.79). In addition, combined with air pollutants,
both younger age (<60 years) and the previous history of
hypertension turned into risk factors for the development
of MCI, and the HRs were 1.7 (95% CI: 1.04 to 2.78) and
2.32 (95% CI: 1.59 to 3.39) respectively. Detailed results
were provided in Supplementary Table S9.

Sensitivity analysis

After excluding diagnosed cases within the first 2 years
of follow-up, HRs of which were similar in magnitude to
those obtained in the main results using the fully adjusted
models. Another sensitivity analysis by restricting the
participants’ follow-up durations to at least 5 years was

also conducted. The outcomes showed only the associa-
tion between joint air pollution exposure and vascular
dementia became statistically insignificant with HR being
1.06 (95% CI: 1 to 1.12), suggesting that the short-term
air pollution observation might interfere with the assess-
ment of air pollution-induced vascular dementia. More-
over, the possibility that the results might be influenced
by other mixed confounders, including age, sex, ethnic-
ity, etc., was also excluded. The HRs were basically in line
with those from the main results using the fully adjusted
models. Overall, except the air pollution observation for
less than 5 years may cast its influence on the long-term
evaluation between air pollution and vascular dementia,
all other results were confirmed to be robust and reliable.
The details were presented in Supplementary Table S10,
S11, and S12.
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Table 3 The PAF for cognitive impairment risk factors in the UK

Biobank

Exposure PAF Communality  Weighted PAF
NO, 12.22 88.59 2.1

NO 1235 90.76 212

PMq 9.51 80.24 163

PM, 5 14.15 90.33 243

PM,s 1o 459 2129 0.79
Combined exposure 4297 - -

Overall weighted - - 9.07

Population attributable fraction (PAF)

The results of PAF showed that if the single air pollutant
(NO,, NO, PM,,, PM, 5, and PM, ;_,,) exposed category
were shifted into an unexposed category, 2.1%, 2.12%,
1.63%, 2.43%, and 0.79% of cognitive decline cases might
be preventable, respectively. In another word, approxi-
mate 9.07% of which were potentially evitable if they

were not under the combined exposure to various air
pollutants. The outcomes were available in Table 3.

Discussion

In this study based on the data from the UK Biobank
prospective cohort, the long-term combined exposure to
air pollutants consisting of PM, s, PM;y, PM,s_;0, NO,,
and NO, which was presented in the form of an APS,
was found to be associated with the increase in the inci-
dence of cognitive impairment and dementia. In terms of
the combined air pollution exposure, compared with the
participants in the low exposure group, the risks of devel-
oping all-cause dementia, Alzheimer’s dementia, vascu-
lar dementia, and MCI in those exposed to the highest
level of pollution rose by 7%, 8%, 7%, and 19% respec-
tively, suggesting the existence of a synergistic effect
between five individual air pollutants. When it comes to
single pollutant exposure, except PM,:_;,, all other four
individual air pollutants showed their connections with
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cognitive dysfunction. Moreover, our research team dis-
covered that previous well-documented risk factors, such
as genetic predisposition, turned out to be basically irrel-
evant to cognitive impairments caused by air pollution,
while to which younger age, hypertension, and CVD were
proven to be contributing factors. In terms of a healthy
lifestyle, its ability to fight against the development of
air pollution-induced cognitive decline was relatively
limited.

Air pollution, as the largest environmental threat to
today’s worldwide public health, has been strongly urged
to be addressed through global collaboration [38]. In
recent years, with mounting studies from low-income
and middle-income countries being published, the
research that focused on air pollution not only obtained
an increase in quality but was also becoming more inclu-
sive [39]. As a result, the ability of various ambient air
pollutants to cast adverse effects on cognitive function
was widely confirmed by researchers around the world.
The findings of our current study were also consistent
with previous investigations, that combined exposure
to various air pollutants was responsible for cognitive
decline in the general population. However, in terms of
single air pollutant exposure, the outcomes of PM, ;_,,
were not in line with the previous study [40], which
might be the consequence of the lack of participants at
that moment.

Hypotheses were proposed by several previous studies
to explain the exact mechanism lying behind the asso-
ciation between air pollution exposure and cognitive
decline. Animal experiments [41-43] found that inhaled
PM, especially PM,;, may directly reach the cerebrum
by penetrating into the olfactory bulb, the frontal corti-
cal, and subcortical areas, causing oxidative stress and
inflammation. Further autopsy studies [44, 45] based on
children and young adults living in Mexico City also sup-
ported this theory, pointing out the existence of connec-
tions between urban air pollution exposure, particulate
deposition, and inflammation already present within the
brain. In addition, air pollutant was also believed to place
a burden on the cerebral proteostasis network, eventu-
ally leading to its collapse, disrupting the health of the
proteome, and causing cell death and neurodegenerative
disease [46]. However, in terms of the underlying mecha-
nism between nitrogen oxides and cognitive impairment,
it remained a complicated question. In fact, an early
investigation [47] based on ischemic stroke mice mod-
els has already suggested that exposure to NO, might act
as a potential risk factor for the development of vascu-
lar dementia by inhibiting the expression of synaptophy-
sin and postsynaptic density protein 95, two structural
markers of synapses. Moreover, several recent studies
[48, 49] also observed that NO, exposure was associated
with higher levels of brain dementia-related amyloid-p
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deposition and AD-like cortical atrophy in cognitively
unimpaired individuals, causing poorer cognitive func-
tion among dementia-free population.

The genetic predisposition was widely recognized as
a risk factor for the occurrence of cognitive impairment
and dementia [14—19]. Former studies [50, 51], which
aimed to explore the potential relationship between gene
variants and the cognitive dysfunction associated with air
pollution, have confirmed that APOE-€4 carriers faced
a greater risk of cognitive impairment when they were
under exposure to ambient air pollutants. However, in
this paper, it was noticed by researchers that the genetic
risk, regardless of low, intermediate, or high, was basically
unrelated to the air pollution-induced cognitive decline.
Several conjectures were put forward by the research
team to explain the discrepancy between the results of
former and present studies. First, the participants of two
previous studies were recruited from Manhattan, Amer-
ica, and Ruhr, Germany respectively. But the participants
of the UK Biobank project were mainly living in the UK
during the follow-up. Therefore, we could not exclude the
possibility of inconsistent outcomes due to the difference
in the geographic regions of the cohort populations. Sec-
ond, similar to the explanation for discordant findings of
PM, s_;, exposure, the number of participants in previ-
ous studies was significantly smaller compared with that
in the present study, which might suggest an increase
in the risk of misjudgement caused by the limitation of
included study population. While genetic predisposition
might not influence the susceptibility to air pollution-
related cognitive decline, adopting a healthy lifestyle
could play a vital role in mitigating this risk.

A healthy lifestyle was found to be helpful in fighting
against the development of pollution-related cognitive
decline, although the correlations between them were
not statistically significant. This result was consistent
with that from previous studies [52, 53]. The reduction in
the risk of cognitive impairment and dementia might be
associated with the better prevention of hyperlipidaemia
and diabetes attributed to a healthier lifestyle. Moreover,
considering that the history of CVD and hypertension
were highly likely to bring damage to the cerebrovascu-
lar system, the negative impact on cognitive impairment
and dementia management caused by these two diseases
appeared to be understandable. Yet in terms of a younger
age may worsen the prevention of air pollution-related
cognitive decline, unfortunately, we could not provide a
specific explanation based on our current research find-
ing, and further investigations are desperately needed in
the future.

To our knowledge, this paper might be the first study
to fully analyse and describe the associations between
long-term air pollution exposure, genetic risk, lifestyle,
and incident cognitive decline by using the latest findings
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from the UK Biobank. The measurements of combined
air pollutants exposure and genetic predisposition were
presented in the form of an APS and the genetic risk level
for cognitive impairment, making the analysis more accu-
rate and easier to perform. Compared with other previ-
ous studies that used date from the same UK Biobank
database, our current work has included significantly
greater study population (#=460,872), and based on
which we successfully observed that both individual and
combined exposures to various air pollutants are haz-
ardous to the cognitive function in human-beings. More
interestingly, in addition to the association between air
pollution exposure and cognitive damage, we also further
explored the protentional modification effect by healthy
lifestyle and genetic factor, pointing out that adopting a
healthy and appropriate lifestyle can be used as a practical
and novel approach to better combating the increasing
and ongoing air pollution-related dementia and cognitive
impairment worldwide. However, several potential limi-
tations could not be ignored. First, most of the partici-
pants in the UK Biobank study were of European descent.
As a result, whether the findings of our present study
could be applied to other ethnicities across the world
remained unknown, which called for more thoughtful
investigations in the future. Second, despite the UK Bio-
bank providing detailed and comprehensive air pollution
information, other possible ambient air pollutants, such
as polycyclic aromatic hydrocarbons (PAHs), O;, and
SO,, were not included in this study. Meanwhile, given
that the air pollution exposure could be of multiple ori-
gins, but the data on indoor and traffic-related air pollut-
ants were unavailable. Third, only the APOE gene may be
insufficient to fully estimate the genetic risk of cognitive
decline, the results of which should be interpreted with
caution. Fourth, the data on air pollution exposure dur-
ing the follow-up were inaccessible to the research team.
Finally, although typical covariates and risk factors were
brought into consideration in this study, the risk of resid-
ual confounding still could not be completely excluded.

Conclusion

Overall, in the current study, researchers found that both
single and combined exposures to various air pollutants
were associated with greater risks of cognitive impair-
ment and dementia. However, the genetic predisposi-
tion, as a traditional and well-documented risk factor of
cognitive decline, was unable to significantly modify the
association between air pollution and cognitive impair-
ment and dementia. Meanwhile, a healthy lifestyle was
evaluated to be a partly effective means of lowering the
incidence of cognitive dysfunction caused by air pollu-
tion exposure, while to which other potential confound-
ers, including younger age, CVD, and hypertension, were
proven to be unfavourable. It’s important to note that
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while a healthy lifestyle might help lower the risk, it may
not entirely eliminate the impact of air pollution on cog-
nitive health. Therefore, comprehensive efforts to address
air pollution through environmental regulations and pol-
icies remain crucial for safeguarding cognitive well-being
across populations.
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