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Correlation between air pollution s

and cognitive impairment among older
individuals: empirical evidence from China
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Abstract

Background Little information is available regarding the impact of air pollution on cognitive impairment in older
individuals in developing countries. This study empirically tested the impacts of the air quality index (AQI), air pollu-
tion intensity (quantified by the number of days of extreme air pollution in a year), and different pollutants on the
cognitive abilities of older Chinese individuals.

Methods A panel of 28,395 participants spanning 122 cities in 2015 and 2018 was used, based on 3-year follow-up
survey data from the China Health and Retirement Longitudinal Study (CHARLS) database. Data from the two phases
of the CHARLS microsurvey were combined with relevant statistical data on air pollution in each region in the current
year. These two surveys were used to investigate changes in basic health and macro-environmental indicators in
older individuals in China, and a mean difference test was conducted. We then reduced the sample selection error by
controlling for environmental migration and used two-way fixed and instrumental variable methods for endogenous
treatment to avoid the estimation error caused by missing variables.

Results Air pollution had a significantly negative effect on the cognitive abilities of older individuals (odds ratio [OR]:
1.4633; 95% confidence interval [95% Cl]: 1.20899-1.77116). Different pollution intensities(only AQI value is greater
than 200 or more) had apparent effects on cognitive impairment, with an OR of approximately 1.0. Sulfur dioxide had
significantly negative effects on cognitive ability, with OR of 1.3802 (95% Cl: 1.25779-1.51451). Furthermore, air pol-
lution impact analysis showed heterogeneous results in terms of age, sex, education, and regional economic devel-
opment level. In addition, social adaptability (calculated using social participation, learning, adaptability, and social
support) not only had a significant positive effect on the cognitive abilities of older individuals, but also regulated the
cognitive decline caused by air pollution.

Conclusions Air pollution affects cognitive impairment in older individuals, especially in those with lower education
levels, and living in economically underdeveloped areas. This effect is synchronous and has a peak at an AQI of > 200.
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Background

Air pollution has become a global issue that causes long-
term harm to physical and mental health. In terms of
effects on physical health, studies have demonstrated that
individuals who are exposed to air pollution for short
or long periods may experience acute or chronic health
problems [1]. Specifically, many studies have shown that
nitrogen dioxide (NO,) [2], sulfur dioxide (SO, [3, 4],
particulate matter (PM,, [5] and PM,; [6]), and other
air pollutants, have significant negative impacts on peo-
ple’s quality of life and mental health [7, 8]. Air pollution
also increases the incidence of symptoms of depression
[9]. Many studies on the health effects of air pollution
are available, but few focus on the older population, with
the majority focusing on the impact on the quality of life
and overall health of older people [10, 11]. More studies
are required to elucidate the impact of air pollution on
the physical and mental health of older individuals, to
improve the quality of life, and increase happiness in this
demographic, eventually promoting and coordinating the
development of an aging society and achieving the goal of
healthy aging. As an essential component of the health of
older individuals, cognitive impairment affects not only
the quality of life but also the overall social vitality of a
country or region. With the rapid aging of the population
seen in many developed countries, cognitive impairment
has become an increasingly serious health manifestation
[10]. Therefore, recognizing the association between cog-
nitive impairment in older individuals and air pollution
is of great practical significance [4, 12, 13]. The associa-
tion between cognitive impairment and air pollution has
both practical and policy implications for older Chinese
individuals.

According to the 2020 Global Environmental Perfor-
mance Index (EPI) report jointly released by the Center
for Environmental Law and Policy at Yale University
and the Center for International Earth Science Infor-
mation Network at Columbia University, China ranked
120th with a score of 37.3 among the 180 countries [14].
Air quality was the main factor that lowered the EPI in
China. In a separate evaluation of air quality, China
ranked 137th (with a score of 27.1), and its regional rank
was 21st in the Asia—Pacific region, higher only than
those of the Solomon Islands, Indonesia, Myanmar, and
Mongolia. The rapid development of an aging popula-
tion, as well as its large scale, underscore the prominence
and the challenge surrounding China’s elderly popula-
tion. For example, by the end of 2020, China’s population
aged > 65 years had reached 190 million, accounting for
13.5% of the total population [15].

Research on cognitive impairment in older individuals
has been conducted in developed countries; however, rel-
evant research in developing countries is insufficient. The
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existing research conclusions are relatively consistent —
namely, that air pollution worsens cognitive impairment
in older individuals, but the specific mechanism behind
this has not been agreed upon. In addition, few studies
have demonstrated the impacts of different pollution
intensities on cognitive impairment in older individuals,
and the impact of air pollution combined with the syn-
ergistic effects of natural and social environments has
hardly been considered.

Based on the existing research, this study attempted to
empirically test the impact of air pollution on the cogni-
tive abilities of Chinese older individuals by using survey
data from the China Health and Retirement Longitudinal
Study (CHARLS) in the year 2015 and 2018. Regional
macro-air pollution indicators and related pollutants
were matched to relevant meteorological data. Com-
pared to existing research, the main innovations of this
study are as follows: (1) This study focused on older indi-
viduals (aged 60 and above) in China and investigated the
impact of air pollution on cognitive levels in developing
countries, thus filling gaps in the current research land-
scape, as most existing research has focused on cognitive
impairment in older individuals only in developed coun-
tries; (2) this study not only investigated the impact of
air pollution on cognitive impairment in older individu-
als, but also investigated the impact of different pollution
intensities, as well as the internal mechanisms of air pol-
lution affecting the cognitive abilities of older individu-
als; (3) we analyzed the impact of social adaptability as
a proxy indicator of social environment, in order to test
the impact of air pollution and social adaptability on the
cognitive abilities of older individuals; and (4) in terms of
specific index selection and variable processing, we used
the air quality index (AQI) as a proxy index of air pollu-
tion, drawing on the experience of Sun and Gu (2008) and
Wen and Gu (2012), to define seven air pollution levels
using an air pollution index (API) [10, 11]. The number
of days with cumulative extreme AQI values was selected
as the duration of long-term exposure to a certain air pol-
lution state, which was divided into five grades, and the
impact of air pollution intensity on cognitive impairment
in older individuals was investigated. This differs from
the definitions used by Sun and Gu (2008) and Wen and
Gu (2012) [10, 11].

Theory and hypothesis

The impact of air pollution on the health of older individuals
The health effects of air pollution have been widely noted
by researchers, but most have focused on the impact of
air pollution on physical health [16, 17]. In recent years,
researchers have investigated the relationship between
air pollution and mental health. Individual cognitive
impairment or mental health status was the core of this
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study. Studies have shown that long-term exposure to air
pollution can significantly worsen the degree of depres-
sion in individuals and that this state persists over time
[18]. Regarding the impact of different pollutants, stud-
ies have found that long-term exposure to fine particles
enhances anxiety and that the short-term damage exerted
by PM, ; is greater than its long-term damage [19, 20].
Tian et al. found that SO, emissions had a significant
impact on mental health in older individuals, showing a
positive "U-shaped" curve [21]. In addition, after adjust-
ing for other confounding factors, short-term changes
in pollutant levels and long-term exposure to traffic pol-
lution are positively correlated with depression [22]. In
terms of transmission mechanisms, studies have revealed
that long-term exposure to air pollution increases the
probability of chronic mental diseases and significantly
increases the probability of mental disorders in people
with physical health problems [20]. Research has also
shown that air pollution affects the overall health of older
individuals [10, 11]. In addition, significant research has
been conducted to understand how air pollution relates
to activities of daily living (ADL) and self-assessment
of health-related and health-assessment indicators. For
example, Zhang et al. found that air pollution can signifi-
cantly affect ADLs in a wide segment of the population
[23]. As the air quality deteriorates, people have been
shown to employ measures such as traveling by bus or
subway and decreasing walking and cycling. Stineman
et al. found different states and characteristics of the
ADLs of individuals at different stages, and these stages
had strong associations with conditions that improved
cognitive function in older individuals [24]. Corréa et al.
found that physical activity increases recognition func-
tion; in other words, physical activity can improve cogni-
tive function in older individuals [25]. Jylhd built a model
describing the health assessment process to show how
self-rated health can reflect the state of the human body
and mind [26]. Ju found that chronic exposure to air pol-
lutants had significant negative effects on ADLs and self-
rated health in middle-aged and older individuals [27].
Kato et al. found positive associations between positive
attitudes toward life and self-rated health assessments
and participants’ current cognitive functions [28]. These
results show that air pollution not only directly affects
individuals’ ADL, self-rated health, and other proxy indi-
cators but also indirectly affects individuals’ cognitive
functions. Based on these facts, this study proposed the
following hypothesis:

Hypothesis 1: Air pollution directly impacts the
abilities of older individuals to perform ADL and self-
rated health assessments and indirectly impacts their
cognition.
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Mechanism by which air pollution impacts cognitive
impairment in older individuals.

Numerous studies have addressed cognitive impair-
ment in older individuals from the perspective of the
social sciences [20, 29, 30], but few discussions have been
conducted from the perspective of the natural environ-
ment. For example, Jennifer et al. found that long-term
exposure to PM,;_;, and PM, 5, at levels typically expe-
rienced by many individuals in the United States, was
associated with significantly worse cognitive decline in
older women [31]. Exposure to long-term PM, ; and NO,
was associated with decreased cognitive function in the
older cohort, and individuals who experienced a stroke or
elevated anxiety were more susceptible to the effects of
PM, .. Additionally, PM, ; may impact cognition through
pathways related to mood disorders [32]. Some research-
ers have also studied the cognitive abilities of older men
(aged 60 and above) from the perspective of the traf-
fic environment and whether ambient traffic-related air
pollution is associated with decreased cognitive func-
tion [33]. By analyzing cognitive impairment in older
women, Tamara et al. found that associated markers of
air pollution were located in the visuospatial domain of
the brain [34]. Exposure to air pollution increases the risk
of inflammatory processes and cardiovascular mortality
[4]. Therefore, such exposure may also be a risk factor for
cognitive impairment or dementia. Peters et al. provided
evidence of a potential association between air pollu-
tion and subsequent cognitive decline [35]. In addition,
Zhang et al. found that long-term exposure to air pollu-
tion impedes cognitive performance on verbal and math-
ematics tests [36]. Damage to the aging brain due to air
pollution is likely to lead to substantial health and eco-
nomic costs, considering that cognitive function is criti-
cal for older individuals to run daily errands and make
high-stake decisions. Jennifer et al. also stated that the
association between PM, ; and cognitive errors was more
prevalent in older individuals living in high-stress neigh-
borhoods [37]. These findings support recent theoreti-
cal developments in research on environmental health
and health disparities, which emphasize the synergistic
effects of neighborhood social stressors and environmen-
tal hazards on the health of residents [34, 35]. In addition,
elevated PM pollution levels significantly affect short-
term cognition. This implies that average human cogni-
tive ability varies from city to city and country to country,
as a function of PM air pollution exposure [38].

This study, therefore, proposed a second research
hypothesis, which was also our core research topic.

Hypothesis 2: Air pollution has a significant direct
impact on the cognitive abilities of older individuals, and
as the pollution intensity increases, the impact of pollu-
tion also increases.
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Influence of social adaptability on cognitive impairment
in older individuals
Social adaptability is a general term for the ability or
capability to adapt to an external environment. Liu pro-
posed that social adaptability includes social partici-
pation, learning, adaptability, and social support [39].
Studies have confirmed that social participation has a
significant impact on cognitive impairment in older indi-
viduals. For example, Hsu found that participating in
political groups reduced the risk of cognitive impairment
in men [40]. Nie et al. found that cognitive function was
significantly and positively correlated with social activity
participation and the size of people’s families and friend
networks, but not with their frequency of participation
[41]. Jiang et al. studied the relationship between com-
munity social capital and cognitive function in terms of
social support [42]. They found differences in the impact
of community social capital indicators in different coun-
tries. For example, in India, Russia, and other countries,
the level of trust in one’s neighbors was positively corre-
lated with cognitive function. This did not appear to be
the case in China, however, and in South Africa, social
participation had close to zero effect. Feng et al. found
that in China, social participation is an important health
behavior that impacts the quality of life and cognitive
function of older individuals with chronic diseases [43].
The above analysis indicates that the existing research on
the classification indicators of social adaptability is rela-
tively abundant, and many study conclusions have shown
that social adaptability can affect the cognitive abilities
of older individuals. Considering that social adaptability
and air pollution exist concurrently, they may have dif-
ferent parallel effects on the cognitive abilities of older
individuals; that is, there may be a regulatory effect
between them. Therefore, this study also proposed a third
hypothesis.

Hypothesis 3: Social adaptability has a significant posi-
tive effect on the cognitive abilities of older individuals
and regulates the effect of air pollution.

Data and methods

Data

We used the three-year follow-up survey data from the
CHARLS database. Ethical approval for all CHARLS
waves was provided by the institutional review board
(IRB) of Peking University. The IRB approval number for
the main household survey, including anthropometrics,
was IRB00001052-11,015, and that of the biomarker col-
lection was IRB00001052-11,014. During the fieldwork,
each respondent who agreed to participate in the survey
was asked to sign two copies of the informed consent
form. One copy was kept in the CHARLS office and was
also scanned and saved in PDF format. Four separate
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consents were obtained: one for the main fieldwork, one
for the non-blood biomarkers, one for the collection of
the blood samples, and one for the storage of blood for
future analyses.

This study selected CHARLS survey data from 2015
and 2018. The CHARLS database mainly covers the basic
health status surveys of people over 45 years of age in
more than 20 regions in China and accurately reflects
the current basic health level of the Chinese elderly
population. Macro data, such as air quality, are based
on meteorological statistics for various regions in China
for each year (Air Quality Online Detection and Analy-
sis Platform, https://www.aqgistudy.cn/) and the monthly
national air quality report published by the Ministry of
Ecology and Environment of the People’s Republic of
China. In this study, the annual average air quality and
classification indicators of the survey area each year were
selected to reflect the cognitive statuses of older individ-
uals who had lived under a certain air quality for a long
time. To avoid the error caused by the lack of samples, we
choose the linear imputation method for processing the
missing values. The linear imputation method is based
on ID and year and generates a new corresponding vari-
able through the ipolate and epolate commands. Using
the two phases of CHARLS microsurvey data, combined
with the relevant statistical air pollution data in each
region (122 cities) in each year and through the relevant
regional and community identification documents (IDs),
we used Stata 15 to match the data and obtained 28,395
valid observations of data panels relevant to cognitive
impairment in older individuals. Definitions of the core
variables are listed in Table 1.

Based on Table 1, we synchronously investigated the
changes in the basic health indicators and macro-envi-
ronmental indicators of older individuals in China logged
in the two surveys and conducted a mean difference test.
As shown in Table 2, from 2015 to 2018, the core statis-
tical variables of cognition and AQI showed significant
mean differences, indicating that over time variables
related to air quality in older individuals changed, as
did health-related statistical indicators. In 2018, 26.81%
of the older individuals in the sample had no cognitive
impairment, compared to 31.12% in 2015.

Benchmark model

We first established a benchmark model to determine
the health effects of air pollution. Cognitive impairment
in older individuals was selected as the core proxy vari-
able. For the core explanatory variable, the average AQI
of the city in which the survey sample was conducted was
selected as the proxy. The AQI value, therefore, repre-
sented the average daily value in a given survey year for a
specific city. Yearly AQI values were based on the average
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Table 1 Variable definitions

Variable Definition

Cognitive According to the concise community cognitive impairment screening scale (CSI-D). Due to the differences between the prob-
lems related to cognitive impairment in the CHARLS survey database in 2015 and 2018, when summing the relevant cognitive
data, we defined 0 and 1 as having a cognitive impairment and having no cognitive impairment, respectively

AQl Is based on the average value of 365 days in the survey year. For example, the regional AQI value in 2015 is based on the average
value of AQl in the survey cities from January to December of 2015, and the regional AQI value in 2018 is also based on the
same method

AQI_100day Number of days with AQIs > 100 in the survey year

AQI_150day Number of days with AQls > 150 in the survey year

AQI_200day Number of days with AQIs > 200 in the survey year

AQI_300day Number of days with AQls >300 in the survey year

Fiscal expenditure
Sunshine duration
Annual rainfall
GDP per capita
Population density

Average temperature

Green coverage
Education

Sex

Type of residence
Health insurance

Marital status
Age

Individual income
Self-rated health
Smoking

Drinking

BADL

IADL

Social adaptability

Regional annual fiscal expenditure level, 100 million yuan/year

Total annual sunshine hours in the region, h/year

Regional annual rainfall, mm/year

Regional per capita GDP level

Regional population density

Regional annual average temperature, °C

Regional greening rate level

The highest diploma obtained by respondents at the time of the survey
Men=1; Women=0

1=Family housing, 2=Nursing home, 3=Hospital, 4=0Other

Individuals participating in any kind of basic insurance or commercial insurance, enjoying social assistance, and others=1;
no=0

Married =1; never married, divorced, widowed =0

The actual age of the respondents at the time of the survey

The total income level of the surveyed year, including wage income, pension, and other transfer payment income, yuan/year
1—5 representing Very Good, Good, Fair, Poor, and Very Poor, respectively

1=yes;2=no

1 =1have never had a drink; 2=1 used to drink less than once a month; 3=1 used to drink more than once a month

Basic ADLs are summed up according to six major problems of older individuals such as dressing, bathing, eating, getting up,
getting out of bed, going to the toilet, and controlling urination and defecation. The corresponding options 1-4 are "no, | do not
have any disability; | have a disability but can still do it; yes, | have a disability and need help; and | cannot do it". The total score is
6-24 points. The larger the value, the lower the basic self-care ability

The instrumental ADL is obtained according to 15 specific items concerning older individuals, such as housework, cooking,
taking medicine, buying groceries, and financial management, and the corresponding options are the same as BADL. The total
value is between 15 and 60. The larger the value, the worse the instrumental self-care ability

According to social interaction, learning, adaptability, and social support

Note: According to the entropy weight method, the weights of social communication, learning and adaptability, and social support in social adaptability are 0.3159,
0.3407, and 0.3433 respectively

AQI Air quality index, BADL Basic activities of daily living, CSI-D Community screening instrument for dementia, GDP Gross domestic product, JADL Instrumental

activities of basic living

value of 365 data points in the survey year. For example,
the regional AQI value in 2015 was based on the average
value of AQI in the survey cities from January to Decem-
ber 2015, and the regional AQI value in 2018 was also
based on the same method. Based on these variable set-
tings, we attempted to establish a model for estimating
the cognitive effects of air pollution as follows:

Cognitivey, = ag + ay InAQL;, + a0y Xy + 7, + w; + 25, (1)

ijt ij

where i represents individuals,j represents groups, and ¢
represents time.Cognition is the core explanatory variable

of cognitive ability, which was obtained from the com-
munity screening instrument for dementia (CSI-D) used
in the interviews. A larger value indicated a more serious
cognitive impairment in older individuals. Since we used
survey data from 2015 and 2018, to facilitate our analysis,
we defined cognition as a dummy variable; namely, we
defined all correct answers as 1, indicating no cognitive
impairment, and those with one or more wrong answers
as 0, indicating cognitive impairment. Specific definitions
are shown in Table 1, and the natural logarithm In(AQI)
represents the logarithm of the air pollution value. Based
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Table 2 Mean difference test of individual core variables over two surveys

Variables G1(2015) Mean 1 G2 (2018) Mean 2 Mean Diff
Cognition 10,436 03112 17,959 0.2681 00431
In(AQI) 10,436 44145 17,959 42516 0.1629™
Sex 10,436 04865 17,959 04795 0.007
Age 10,436 68.0093 17,959 60.9888 7.0205™
Type of residence 10,436 1.0271 17,959 10651 -0.0379™
Education 10,436 3.157 17,959 34048 -0.2478"™
Marital status 10,436 0.7891 17,959 0.8415 00524
Smoking 10,436 1.9065 17,959 19132 -0.0067""
Drinking 10,436 24416 17,959 2.4065 00351
Self-rated health 10,436 3.0031 17,959 29556 00475
BADL 10,436 6.6369 17,959 48633 17736
IADL 10,436 217244 17,959 20.1923 153217
In(S02) 10,436 3.1741 17,959 26965 04776
In(NO2) 10,436 34472 17,959 3.5964 -0.1492™
In(PM10) 10,436 44689 17,959 44013 00677
In(Fiscal expenditure) 10,436 59751 17,959 6.1635 -0.1884"™"
In(Sunshine duration) 10,436 74527 17,959 7.527 00743
In(Annual rainfall) 10,436 6.8097 17,959 6.7961 00136"
In(Land area) 10,436 9.5865 17,959 96311 -0.0446™"
Green coverage 10,436 39.7178 17,959 39971 -0.2532"
Relative humidity 10,436 65.2091 17,959 65.1816 0.0275
In(GDP_per_capita) 10,436 10.597 17,959 10.7862 -0.1892"
In(Population density) 10,436 58143 17,959 5.7653 0.0490"
In(Average temperature) 10,436 2.6995 17,959 2671 00285"
In(individual income) 10,436 1.8979 17,959 6.2005 43026
Social adaptability 10,436 0.2375 17,959 0.2917 -0.0543™
Health insurance 10,436 0.7811 17,959 0.9693 -0.1882""
AQI_100day 10,436 65.1306 17,959 56.9936 81370
AQI_150day 10,436 17.9629 17,959 12359 56040
AQI_200day 10,436 125425 17,959 44807 80618
AQI_300day 10,436 2653 17,959 0.5846 20684

Note: The above data were obtained by processing the initial sample data; the decrease in the sample size of the empirical analysis was mainly because the samples

with missing values were eliminated in the empirical process of this study

AQI Air quality index, BADL Basic activities of daily living, GDP Gross national product, /ADL Instrumental activities of basic living, In Natural logarithm, NO, Nitrogen

dioxide, PM;, Particulate matter <10 pm, SO, Sulfur dioxide
**%p < 0,01
**p < 0.05

on existing relevant research, we adopted the often-used
proxy indicators for air pollution: API and AQI. API
mainly includes three statistical indicators: SO,, NO,
and PM,,; AQI, meanwhile, adds another three pollut-
ant indicators: fine particulate matter (PM, 5), ozone, and
carbon monoxide (CO), giving it the advantage of com-
prehensiveness. Therefore, this study selected the annual
average AQI value for a city during each survey year as
a proxy variable. Unlike previous studies, this one also
focused on the effects of pollution intensities and pollut-
ants on cognitive impairment in older individuals.

Pollution intensity was quantified as the number of days
of extreme air pollution per year. Days with AQI>100
indicate a light intensity of pollution and are recorded as
AQI_100day; days with AQI>150 indicate medium pol-
lution intensity and are recorded as AQI_150day; days
with AQI >200 indicate the intensity of heavy pollution
and are recorded as AQI_200day; days with AQI>300
indicate severe pollution intensity and are recorded as
AQI_300day. Finally, the statistical indicators contained
in API were mainly selected for classification tests of
pollutant effects, while at the same time,X;; Model (1)
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represents control variables, mainly including individual
and regional characteristic variables, referring to the
research of Bert and Stephen [44] and Kumar et al. [45].
To reduce the impact of other factors, we controlled for
individual characteristic variables, such as age, sex, edu-
cation, and health, as well as regionally fitted variables,
such as regional per capita GDP and average rainfall in
the model.7 and w represent time and individual effects,
respectively, and ¢ represents random error terms. The
definitions and statistical values of the relevant variables
are presented in Tables 1 and 2, respectively. o is the
constant term, o is the core coefficient of this study, and
o9 is the correlation coefficient of the control variable.

Furthermore, because the social adaptability of older
individuals has a great impact on cognitive ability [39],
to ensure the robustness of the estimation results, we
also controlled for social adaptability and the interac-
tion between air pollution and social adaptability in this
model. The test model is set as follows:

Cognitive;, = ay + ay In AQIy;, + a,Social_adapt,

()

+ aglnteractivey, + ay Xy + 7, + w; + €,

Model (2):Social_adapt,; represents the social adapt-
ability of older individuals, and Interactive represents the
interaction between social adaptability and air pollution.
The other control variables were consistent with those
in Model (1).«g represents the constant term; the coeffi-
cients and symbols of a1, a2, and a3 are the focus of this
study; and oy represents the correlation coefficient of the
control variable. Xy, 71,w;, and & are defined in the same
manner as in Model (1).

Two-stage instrumental variable model

Due to a selection bias associated with the air pollution
samples and the omission of control variables, an endo-
geneity of the results may have occurred. Therefore, in
the subsequent analysis, we conducted a test of sam-
ple-selective error by controlling for the samples after
environmental migration and two-way fixed effects. In
addition, we used an instrumental variable method for
the endogenous treatment. A two-stage instrumental
variable model was adopted for processing. Usually, the
regional annual average wind speed significantly corre-
lates with regional air pollution, and no direct correla-
tion occurs between the regional annual average wind
speed and cognitive impairment in older individuals.
Thus, the regional annual average wind speed variable
meets the exogenous assumption and basic requirements
of the instrumental variables. Accordingly, the two-stage
instrumental variable was set as follows:
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In AQly = fo + By In wind?speedi/t + B Xy + 7, + @ + 6y,
{ Cognitivey, = xo + 11 lnAQI,ﬁ + 1o Xy + 7+ 0+ G
3)
The first stage of Model (3) is the ordinary least
squares (OLS) regression of the instrumental variable
In(wind_speed) to In(AQI). The fitted value of air pollu-
tion obtained at this stage was then used to test whether
it was endogenous, which was mainly determined by the
second stage of the Model (3). Subsequently, OLS regres-
sion was performed to obtain a consistent estimation.
This process proceeded mainly through a two-stage least
squares (2SLS) estimation. The definitions of Xjj, 7¢, and
w; were the same as in Model (1), and that of &;; is the
same as that of §;; and gjjz.

Causal stepwise analysis model
To further analyze the internal mechanism behind the
impact of air pollution on cognitive ability in older indi-
viduals, we used a causal step-by-step analysis. The spe-
cific model was set as follows:

Healthj; = fo + f1 InAQljs + o Xijr + T + w; + €4t
(4)
+7,tow+ Eijt
(5)
In Model (4), Health is the health index for older
individuals. In this study, basic activities of daily living
(BADL), instrumental activities of daily living (IADL),
and self-rated health were used as agents. This study
focused on the coincidence of the coefficients fi and x;
in Models (4) and (5). If both f; and xy were significant,
it indicated that there was a complete mediation effect,
whereas if fi and xy were partially significant it indicated
that there was only a partial mediation effect. The defini-
tions of 7z, w;, and &;;; are the same as those presented in
Model (1).

Cognitive;, = xy + x, In AQIy;, + x,Health;, + x;3X;,

Results

Benchmark test

Following the model design and data sets, we first started
with a benchmark model to empirically test the impact
of air pollution on cognition in older individuals. The
empirical test results, which include the four models,
are shown in Table 3. The tests were performed using
Stata 15. Model (1) did not control for individual health
variables. The results showed that AQI had a significant
negative impact on cognition in older individuals, indi-
cating that when the regional AQI value is higher, the
cognitive impairment of older individuals will likely be
more serious, with an odds ratio (OR) of 1.4633 (95%
CI: 1.20899-1.77116). This indicated that air pollution



Liu and Hu BMC Geriatrics (2023) 23:366 Page 8 of 17

Table 3 Benchmark regression test results

Variables Explained variable: Cognitive ability
(1) (2) (3) (4)
In(AQI) -0.3807"" -0.3085™" -0.3060™" -0.3413™
(0.0974) (0.0943) (0.0943) (0.0945)
Social adaptability - - 0.1244" 0.1488™
(0.0568) (0.0569)
In(AQI) x - - - 00150™"
Social adaptability (0.0027)
Sex 0.7252™" 06732 06816™" 067177
(0.0545) (0.0524) (0.0525) (0.0524)
Age 0.0350™ 0.0428™ 0.0429™ 0.0433™
(0.0035) (0.0036) (0.0036) (0.0035)
Type of residence -0.3484™" -0.3494™" -0.3480™" -0.3466™"
(0.0594) (0.0572) (0.0572) (0.0570)
Education 023137 01875 0.1819™" 0.1859™"
(0.0137) (0.0135) (0.0137) (0.0137)
Marital status 02104 0.0538 0.0544 0.0542
(0.0633) (0.0616) (0.0616) (0.0614)
Smoking 0.2083" 0.1976" 0.1989" 0.2012"
(0.1005) (0.0978) (0.0977) (0.0975)
Drinking 0.0189 0.0619” 00664 0.0644™
(0.0275) (0.0267) (0.0268) (0.0267)
In(individual income) 00914™" 0.0986™" 009817 00983
(0.0051) (0.0051) (0.0051) (0.0050)
Health insurance 0.1080 0.1275" 0.1260" 0.1289"
(0.0714) (0.0701) (0.0701) (0.0699)
In(Fiscal expenditure) 03040 -0.2801™" -0.2810™" 02841
(0.0609) (0.0588) (0.0588) (0.0586)
In(Land area) 04669 04274 04286™" 04342
(0.0837) (0.0807) (0.0806) (0.0804)
Green coverage 001237 001117 001107 001137
(0.0034) (0.0033) (0.0033) (0.0033)
In(Sunshine duration) 0.1240 0.2278" 0.2350" 0.2313"
(0.1161) (0.1124) (0.1124) (0.1120)
In(Annual rainfall) 0.1698™ 0.1282" 0.1288" 01325
(0.0796) (0.0769) (0.0768) (0.0766)
Relative humidity 00013 0.0006 0.0007 0.0009
(0.0040) (0.0039) (0.0039) (0.0039)
In(Average temperature) 08715 08769 -0.8746™" -0.8906™"
(0.1153) 0.1112) 0.1111) (0.1108)
In(Population density) 04234™ 04056 04067 04092
(0.0661) (0.0639) (0.0639) (0.0636)
In(GDP_per_capita) 04642 04245™ 04230™ 04225™
(0.0513) (0.0495) (0.0495) (0.0493)
BADL 009117 0.0910™" 0.0904™
(0.0080) (0.0080) (0.0080)
IADL -0.0809™" -0.0800™" -0.0795™
(0.0038) (0.0038) (0.0038)
Self-rated health 0.2024™" 0.2038™" 02017
(0.0248) (0.0248) (0.0247)
Constant -17.7997"" 1683677 -16.94517" -17.16197
(1.7489) (1.6910) (1.6908) (1.6867)
Log-likelihood -15,408.874 -15,147.273 -15,144.881 -15,128.786
LR test 108033 86040 85567 840277
Observations 28,395 28,395 28,395 28,395
Groups 19,655 19,655 19,655 19,655

Note: Standard errors are in parentheses. “"p<0.01, “p <0.05, and "p <0.1. OR values are not reported in the table
AQI Air quality index, BADL Basic activities of daily living, GDP Gross national product, IADL Instrumental activities of basic living, In Natural logarithm, LR Likelihood
ratio, OR Odds ratio
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significantly increases the cognitive impairment of older
individuals. Model (2) was a test of the individual health
variables. The results showed that the regional AQI val-
ues also had significant negative effects on cognitive
impairment. Models (3) and (4) show the results of the
tests after adding the variables of social adaptability and
interaction items to the first three models, respectively.
The results of Model (3) show that regional AQI values
have significant negative impacts on the cognitive abili-
ties of older individuals and that social adaptability has a
significant positive impact, with ORs of 1.3579 (95% CI:
1.12889-1.63357) and 1.1234 (95% CI: 1.01316-1.26571),
respectively. Compared to older individuals with low
social adaptability, the odds of good cognitive ability in
older individuals with high social adaptability increased
1.1234 times. The results of Model (4) show that the
interaction between social adaptability and regional air
quality has significant positive effect; that is to say, when
regional air quality is at a certain level, enhancing the
social adaptability of older individuals will improve the
cognitive impairment caused by air pollution.

The effects of air pollution intensity and pollutants

Based on our benchmark analysis, we further investi-
gated the effects of pollution intensity and pollutants on
cognitive impairment in older individuals. The results are
presented in Table 4. In terms of the impact of the pol-
lution intensity, we used the cumulative number of days
when the regional annual AQI value was greater than
100, 150, 200, and 300 as the extreme statistical lim-
its of different pollution intensities. Models 1-4 are the
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estimations of four levels of pollution intensity. From
Table 4, it can be seen that with increases in extreme
pollution days, cognitive abilities in older individuals
were significantly impacted, mainly showing a negative
decreasing effect. Moreover, only the cumulative number
of days when the regional annual AQI value was greater
than 200 or more will have a significant effect.-When the
AQI is below 200, the pollution intensity has no signifi-
cant impact on the cognitive abilities of older individuals.
The ORs of AQI_200day, and AQI_300day were 1.0032
(95% CI: 1.00058-1.00572), 1.0159 (95% CI: 1.00447-
1.02750), respectively. The test results showed that the
intensity of air pollution has a significant impact on cog-
nitive ability in older individuals, but that as pollution
intensity increases, this impact remains stable. Therefore,
this shows that the second half of Hypothesis 2 is not
consistent with empirical evidence; that is, an increase in
air pollution intensity does not significantly enhance its
impact on the cognitive abilities of older individuals.

In addition, based on the impact of air pollution inten-
sity, we further investigated the impact of different pollut-
ants on older individuals, the results of which are shown
in Table 4 and Model (5). These results show that In(SO,)
for different pollutants have a significant negative impact
on the cognitive abilities of older individuals, with ORs
of 1.3802 (95% CI: 1.25779-1.51451), indicating that SO,
has a significant impact on the cognitive ability of older
individuals but that NO, and PM,, does not. This is con-
sistent with the conclusions of previous studies [8]. For
example, several studies have revealed that if people are
exposed to SO, for a long time, the upper respiratory tract

Table 4 Air pollution intensity and cognitive impairment of the older individuals

Variables Explained variable: Cognitive ability

(4] (2) (3) (4) (5)
AQI_100day 0.9995 (0.0007)
AQI_150day 1.0012 (0.0017)
AQI_200day 1.0032"

(0.0013)

AQI_300day 1.0159™ (0.0058)
In(S02) 1.3802"(0.0474)
In(NO,) 1.0539(0.0841)
In(PM, o) 0.9267(0.0843)
Constant 1.59-07"" 153509 -15.1370™ 148540 -144313™

(2.64e-07) (16532) (1.6499) (1.6570) (1.6933)
Log-likelihood -15,153.804 -15,153.815 -15,151.258 -15,150.401 -15,128.976
LR test 867.84"" 868.18"" 86566 859.70™" 83840
Observations 28,395 28,395 28,395 28,395 28,395
Groups 19,655 19,655 19,655 19,655 19,655

Note: Standard errors in parentheses, ""p<0.01, "p<0.05, ‘p <0.1. The OR values are reported in the table, the impact coefficient symbols of air pollution variables are
all negative, and the results of control variables, such as environmental characteristics and individual characteristics, are not listed

AQI Air quality index, In Natural logarithm, LR Likelihood ratio, NO, Nitrogen dioxide, PM,, Particulate matter of 10 um or less, SO, Sulfur dioxide
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is stimulated, bronchial smooth muscle is contracted, res-
piratory resistance is increased, and respiratory functions
decrease. SO, increases and thickens the secretion of res-
piratory mucosa hinders the movement of cilia, weakens
immune function, reduces the resistance of the respira-
tory tract, induces inflammation to varying degrees, and
leads to mental retardation [46-49].

Group heterogeneity analysis

To investigate the heterogeneity of the effects of air
pollution on cognitive impairment in the different
groups, we examined group heterogeneity from two
perspectives: individual characteristics and regional
characteristics. The individual characteristics were
mainly investigated from three perspectives: age, sex,
and education. Regional characteristics were mainly
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investigated from the perspective of the regional eco-
nomic level. The results are shown in Tables 5 and 6.
In terms of individual characteristics, for the age-
group differences, we divided the data into older
individuals <70 years and>70 years. In Table 5, the
results of Models (1) and (2) tested by the sample
from the perspective of age show that the regional
AQI value does have a significant impact on cognitive
ability in older individuals of all aged. Social adapt-
ability was found to have a significant positive effect
on those aged >70 years,but does not have a signifi-
cant impact on cognitive ability in older individuals
of aged<70 years. However, the interaction between
AQI and social adaptability only had a significant posi-
tive effect on the cognitive ability of older individuals
aged <70 years, showing no effect in the>70 group. In

Table 5 Air pollution and cognitive impairment of older individuals under individual differences

Variable Explained variable: Cognitive ability

Age Sex Education

Under 70 (1) Over 70 (2) Men (3) Women (4) High (5) Low (6)
In(AQI) -0.2422" -0.8348™ -0.2694" -04076™" 00110 -0.2798""

(0.0999) (0.2360) 0.1211) (0.1511) (0.2168) (0.0995)
Social adaptability 0.0648 11023 -0.0449 03814 -0.2863" 06202

(0.0584) (0.1855) (0.0735) (0.0902) (0.0989) (0.0683)
AQI x Social adaptability 00140 -0.0006 00155™ 00147 0.0092° 001377

(0.0028) (0.0067) (0.0034) (0.0043) (0.0053) (0.0030)
Constant -238168™ -90764" 144226 -17.5948™" 184351 -16.2400™"

(1.8179) (4.3494) (2.1652) (2.6986) (3.6931) (1.7997)
Log-likelihood -12,746.842 21473222 -8169.1416 -6844.8511 -3840.0101 -11,105618
Observations 23,790 4,605 13,707 14,688 6,486 21,909
Groups 15,638 4,017 9,503 10,152 6,179 13,476

Note: Standard errors in parentheses, ""p<0.01, “p<0.05, ‘p <0.1. The results for the control variables, such as environmental and individual characteristics, are not

listed
AQI Air quality index

Table 6 Air pollution and cognitive impairment of older individuals in terms of regional economic differences

Variable Explained variable: Cognitive ability
Developed regions (1) Underdeveloped regions (2)
In(AQI) -0.0353 (0.2085) 03976 (0.1119)

Social adaptability
AQI x Social adaptability

Constant -7.1255 (6.4059)
Log-likelihood -4033.6754
Observations 6,923

Groups 5,330

0.26757(0.1051)
0.0107" (0.0051)

0.1102 (0.0672)
0.0165"" (0.0031)
-19.9252™ (1.9083)
-11,116.818

21472

14,325

Note: Standard errors in parentheses, ""p<0.01, “p<0.05, "p <0.1. The results for the control variables, such as environmental and individual characteristics, are not

listed
AQI Air quality index



Liu and Hu BMC Geriatrics (2023) 23:366

terms of sex differences, the results of Models (3) and
(4) in Table 5 show that the regional AQI value does
have a significant negative impact on the cognitive
abilities of older individuals of both sexes. Social adapt-
ability has no significant impact on cognitive ability in
older men but does have a significant positive impact
on older women. The interaction between AQI and
social adaptability has a significant impact on the cog-
nitive abilities of older individuals of both sexes. Third,
in terms of education, Models (5) and (6) in Table 5
compare the group differences in terms of the level of
education, taking elementary school as the “bound-
ary, elementary school and below being a “low level
of education,” and above elementary school indicating
a “high level of education” The results show that the
regional AQI value has a significant negative effect on
cognitive ability in older individuals with low educa-
tion levels but not in those with high education levels.
Social adaptability was found to have a significant posi-
tive effect on the cognitive ability of older individuals
irrespective of educational level in both groups, but its
interaction with AQI had also significant effect on the
cognitive ability of older individuals in both groups.
These results show that, in terms of individual char-
acteristics, the influence of regional AQI on cognitive
ability in older individuals shows obvious group hetero-
geneity in terms of age, sex, and education level. How-
ever, social adaptability and the interaction between
AQI and social adaptability showed group heterogene-
ity only with regard to age.

In terms of regional characteristics based on the
regional economic development level (mainly GDP), we
took the regional GDP mean value in the survey sam-
ple as the dividing point. Those above the mean value
were defined as developed regions, and those equal to
or below the mean value were defined as underdevel-
oped regions to investigate the heterogeneity of air pol-
lution impacts under the difference between developed
and underdeveloped regions. The results of Models (1)
and (2) in Table 6 show that the regional AQI value has
a negative effect on cognitive ability in older individu-
als in underdeveloped areas but has no significant effect
on cognitive ability in older individuals in developed
areas. However, social adaptability only has a positive
effect on cognitive ability in older individuals in devel-
oped areas. The interaction of AQI and social adapt-
ability does have a significant heterogeneity in terms of
effects on cognitive ability in older individuals, in both
underdeveloped and developed regions. These results
show that air pollution has significant effects depend-
ing on regional economic development heterogeneity
on cognitive impairment in older individuals and that
its impact is more significant in underdeveloped areas.
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Further analysis

Robustness test

There may have been estimation errors in these tests.
Firstly, the estimation results are likely to be unsta-
ble owing to errors in the sample selection. Secondly,
owing to the endogeneity of the air pollution variable,
the research conclusions may be unreliable. Therefore,
we first controlled the samples to reduce the estimation
error caused by the sample selection error. In this step,
we mainly reduced the impact of environmental migra-
tion by excluding samples from people 