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Prior research has shown that environmental hazards, such as limited green space, air

pollution, and harmful weather, have the strong adverse impact on older adults’ cognitive

function; however, most of the studies were conducted in developed countries and

limited to cross-sectional analyses. China has the largest aging population in the world

so the research evidence from it can offer an insight to the study in other developing

countries facing similar issues and inform future public health policy and disease control.

This study examined the long-term impact of environmental factors, namely, green space

coverage, air pollution, and weather conditions on cognitive function using a nationally

representative sample consisting of adults aged 45 years and older selected from the

China Health and Retirement Longitudinal Study (CHARLS 2011–2018), the China City

Statistical Yearbook, and other sources. Multilevel growth curve models were utilized

for analysis and the mediator effects of physical activity and social engagement on

the relationship between environmental factors and cognitive function were examined.

Findings of this study showed that after controlling for sociodemographic characteristics,

annual precipitation of 80 cm or more, living in areas with July temperature of 28◦C or

higher, urban community, and green space coverage were positively associated with

cognition score at the baseline and lower precipitation, urban community, and greater

green space coverage were associated with slower cognitive decline over a 7-year

period. The impact of gross domestic product (GDP) seemed to take into effect more

and more over time. These effects did not substantially change after weekly total hours

of physical activities and levels of social engagement were added. More research on the

mechanisms of the effect of environmental factors on cognition is needed such as the

subgroup analyses and/or with more aspects of environmental measures.

Keywords: green space, air pollution, weather, cognition, middle-aged and older adults

INTRODUCTION

Population aging is a global phenomenon. The world’s population aged 60 years and older is
estimated to reach 2 billion in 2050 that nearly doubles the increase from 2015, almost with 120
million living in China alone (1). The global population aged 80 and older is expected to grow
from 126.5 million in 2015 to 446.6 million in 2050 (1). However, the prolonged life expectancy
did not necessarily bring a better quality of life (QoL) (2). On the contrary, it may be coupled
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with an increased risk of disease, disability, dementia, and
advanced aging before death (3), which contribute to the worse
QoL among older adults. Therefore, research on health and
wellbeing, and how to improve the QoL for the older population
is significant and is increasingly important (4, 5).

Cognitive function is essential to QoL and survival in old age
(6, 7). Cognitive decline predicts the deterioration of wellbeing,
disability, and the frequent use of healthcare; it also affects the
activities of daily living of an individual (8). It increased the
pressure on the economy, social system, and healthcare (2).
Thus, it is urgent to learn the risk factors that contribute to
cognitive impairment.

Studies have shown hazard environments such as air
pollution, extreme weather, and lack of greenness could affect
cognitive function (9). The existing research examining air
quality, weather, and green space on other health outcomes, for
example, preterm birth (10), led to the focus of environmental
factors in this study. A recent meta-review indicated that air
pollution exposure had a significant association with cognitive
decline, not only mild cognitive impairment but also Alzheimer’s
disease and dementia (11). The longer the exposure, the more
risk for cognitive dysfunction (11). The other two studies
also confirmed the adverse effect of air pollution on cognitive
function (12, 13). In addition, the review by Power et al.
(14) described the negative association between traffic-related
air pollution, O3 exposure, and dementia-related outcome.
However, cross-sectional and longitudinal studies conducted in
the United Kingdom showed that the association between air
pollution exposure and cognitive performance was weak (15).

Weather is another potential factor relating to cognitive
function. A focused review suggested extreme environmental
(heat, hypoxia, and cold) conditions affected cognitive function
by activity-related stressors (16). However, the data from
Schlader et al. (17) study showed that heat stress was unrelated
to cognitive function and indicated that the cognitive response
to the perceived increase in body temperature was the same
among both older and younger adults. A recent study on a large
cohort of older Americans found a mixed relationship between
the frequency of exposure to precipitation and cognitive function
as both positive and negative consequences were achieved on the
cognitive function of the older adults depending on the exposure
level (18). The data from the study by Dai et al. (19) suggested
that the risk of cognitive decline was linked to either high or low
temperature in older men.

The residential environment, including green space, has
been related to cognitive function as well. A 10-year follow-
up cohort study observed that the more green space around
the neighborhood the slower cognitive decline during this 10-
year follow-up period among middle-aged and older adults (20).
Another population-based cohort study indicated that the green
space was a protective factor for cognitive decline (21).

The relationship between environment and cognitive function
has been identified in existing studies (22, 23). However, most of
the studies were cross-sectional and conducted among developed
countries and the results were mixed. The data from developing
countries are scarce and limited. According to the data from the
WHO (1) and the National Institutes of Health (NIH) (24), in

2050, 80% of older people will be living in low- and middle-
income countries and the population aged 80 years or older
in some Asian and Latin American countries are predicted
to quadruple. Thus, this study aimed to examine the long-
term impact of environmental factors, namely, green space
coverage, air pollution, and weather conditions on cognitive
function in China. It will fill the gap in the literature on the
environment-cognition relationship in developing countries and
provide evidence for future disease control and health policy
formulation aiming to slow cognitive decline amongmiddle-aged
and older adults.

Furthermore, we acknowledged and examined two
subdomains of cognitive function in relation to environmental
factors. McArdle et al. (25) study of the Health and Retirement
Study data suggested two factors to adequately capture cognitive
function: one related to episodic memory and the other related
to mental status. Episodic memory is an important aspect of fluid
intelligence that concerns learning performance and processing
of new materials and tends to decline substantially in adulthood
(26). The tasks measuring mental status contain elements of both
fluid and crystallized intelligence (26). Crystallized intelligence
includes knowledge and skills accumulated in the past, which
are not easily lost (26). Although previous research on older
Chinese adults have studied these two domains (27, 28), to our
knowledge, none has yet examined how they may be differently
affected by environmental features.

In addition, both the physical activity participation and social
activity participation may mediate the relationship between
environmental factors and cognition (23, 29, 30). Physical
activities affect cognition positively (31, 32), and so as social
activities (28, 33). Improved green space, air quality, and weather
could increase physical activity participation (34, 35) and social
activity participation (36). However, research on the role of
physical and social activity participation in the relationship
between environmental factors and cognitive function is limited.
In this study, we examine such mediating relationships.

METHODS

This study used data from four waves of China Health and
Retirement Longitudinal Study (CHARLS) (2011–2018) and
other sources. CHARLS is a longitudinal national survey of
middle-aged and older adults in China (37). The CHARLS
sample was obtained through multistage stratified probability
proportional to size sampling. The baseline survey was conducted
in 2011 covering 28 provinces, 150 counties/districts, 450
communities, 10,257 households, and 17,706 respondents aged
45 years and older and their spouses, if available, with an
overall response rate of 80.5%. Three follow-up interviews
were conducted in 2013, 2015, and 2018. We restricted our
analysis to the 17,225 respondents aged 45 years and older at
the baseline survey. Among them, 15,547 were reinterviewed
in 2013, 14,747 were reinterviewed in 2015 and 14,014 were
reinterviewed in 2018. Our analytical sample was further limited
to those who were interviewed in 2011, were not missing
on basic demographic variables at the baseline survey, and
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TABLE 1 | Descriptive statistics for individual and community characteristics.

Variables Mean (SD) /Percent

Individual characteristics (N = 16,337)

Cognition 2011a 14.75 (5.51)

Cognition 2013 14.13 (6.01)

Cognition 2015 13.47 (6.08)

Cognition 2018 12.37 (7.18)

Episodic memory 2011 7.04 (3.48)

Episodic memory 2013 6.82 (3.69)

Episodic memory 2015 6.18 (3.76)

Episodic memory 2018 5.92 (4.69)

Mental status 2011 7.52 (3.13)

Mental status 2013 7.31 (3.26)

Mental status 2015 7.29 (3.24)

Mental status 2018 6.45 (3.26)

Age 58.83 (9.56)

Female 51.4

Education

None 26.8

Primary school 39.6

Middle school and above 33.6

Married 81.2

Living arrangement

Alone/with spouse only 31.4

With children 59.7

With other relatives 8.9

Annual household expenditure in CNY 21,747 (19,857)

Physical activity hours per week 26.33 (16.81)

Social activities 0.70 (0.85)

Community characteristics (N = 448)

Average PM2.5 in µg/m3 in 2000 to 2010 44.34 (18.53)

Greenspace coverage rate in percentage 37.80 (7.51)

Average January temperature in 1981-2010 < −10◦C 14.1

Average July temperature in 1981-2010 ≥ 28◦C 22.2

Average annual precipitation in 1981-2010 ≥ 80 cm 60.9

Urban community 33.5

GDP in CNY100 million 2,406 (3.058)

Population density in 1,000 persons/km2 0.47 (0.33)

Unless otherwise specified, these descriptive statistics are for the baseline survey year

(2011). aNumber of cases for cognition measures is 13,967 in 2011, 13,356 in 2013,

13,260 in 2015, and 12,046 in 2018.

answered cognition questions in at least one wave. The final
sample for our analysis included 16,337 respondents in 448
communities, which belong to 125 prefectures. Community-level
variables came from CHARLS’s Community Survey collected in
the baseline survey year 2011. The community-level analyses
were conducted at the prefecture level as only the prefecture-
level cities or other types of prefecture units are available in
the publicly released CHARLS data. To match the data at the
same level, we extracted prefecture-level gross domestic product
(GDP), population density, and green space coverage from
China City Statistical Yearbook and other local yearbooks. For

the same reason, environmental variables were also aggregated
at the prefecture level. We collected weather data from the
Physical Sciences Laboratory of the University of Delaware
Air Temperature & Precipitation V5.01 (38) and PM2.5 air
pollution data from the Atmospheric Composition Analysis
Group (39). Although prefecture is a broader and larger unit than
community, recent studies have done analyses on prefecture-
level environmental factors and older adult’s health and wellbeing
and found significant associations (40–43). A map of surveyed
prefectures and the number of communities in each prefecture in
a table are provided in the Supplementary Materials.

Cognitive Function
Cognitive function data were obtained from CHARLS. CHARLS
included the Mini-Mental State Examination (44) which is
similar to the US Health and Retirement Study. It assessed
memory through an immediate word recall asking respondents
to immediately repeat in any order ten Chinese nouns just
read to them, and a delayed recall asking respondents to
repeat these words 4min later. It assessed orientation by asking
respondents to name the date (month, day, and year), season,
and day of the week, assessed visuoconstruction by asking
respondents to accurately redraw a previously shown picture,
and assessed numeric ability through the serial sevens test which
asked respondents to subtract 7 from 100 (up to five times).
Following studies using the Health and Retirement Study (45),
we constructed a total cognition score ranging from 0 to 31 by
summing scores on immediate recall (10 points), delayed recall
(10 points), orientation (5 points), visuoconstruction (1 point),
and numeric ability (5 points) with a reliability score of 0.71 at
the baseline survey. Two subscales were also constructed and
analyzed. Episodic memory was measured with the sum of scores
on immediate recall and delayed recall (20 points), and mental
status was measured with the sum of scores on orientation,
visuoconstruction, and numeric ability (11 points).

Environmental Variables
Based on the data availability, environmental variables in this
study were collected at the prefecture level, including green
space coverage, air pollution, and weather conditions. Green
space coverage was the percentage of built-up areas that were
covered by green vegetation, and 2011 green space coverage
was extracted from the 2012 City Statistical Yearbooks. PM2.5

refers to atmospheric particulate matter (PM) that has a
diameter of <2.5µm and PM2.5 level and has been linked to
cognitive outcomes (11). China regional PM2.5 (V4.CH.03) was
estimated by combining Aerosol Optical Depth (AOD) retrievals
from the NASA’s Medium Resolution Imaging Spectrometer
(MODIS), Multiangle Imaging Spectrometer (MISR), and Wide
Field Ocean Observation Sensor (SeaWiFS) satellite instruments
and coincident aerosol vertical profiles with the GEOS-
Chem chemical transport model, and subsequently calibrated
to regional ground-based observations using geographically
weighted regression (GWR) and it provided annual time series of
PM2.5 concentration with approximately 1 km× 1 km resolution
(46, 47). The weather data from Udel-AirT_Precip V5.01 were
mainly drawn from the Global Historical Climatology Network
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and Legates and Willmott’s station records of monthly and
annual mean air temperature and total precipitation, which
provided monthly time series of surface air temperature and
precipitation with approximately 50 km× 50 km resolution (48).
The resolution was in line with the existing research by Vavrus
and Behnke (49) andGuo et al. (50). Another study indicated very
similar simulations between regional climate models (RCMs)
at 25 km resolution and 50 km resolution for changes of
temperature-related extremes and precipitation-related extremes
(51). We applied ArcGIS zonal statistics to extract annual average
PM2.5, monthly temperatures, and annual total precipitation for
each prefecture. We used the average annual PM2.5 from 2000
to 2010 to capture the possibly delayed effect of air pollution
on cognitive function (52). The temperatures in January and
July and annual precipitation were the average for 1981–2010
and were dichotomized to capture extreme weather conditions:
annual total precipitation (≥80 cm), temperatures in January (<-
10◦C/14◦F) and July (≥28◦C/82.4◦F), similar to the use of these
variables for weather conditions in the study by Zeng et al. (52).

Physical and Social Activity Participation
The CHARLS asked about three categories of physical
activities: (i) vigorous physical activities that required
hard/high-intensity physical effort, (ii) moderate physical
activities that required a moderate physical effort, and
(iii) walking at home or at work for travel, recreation,
or leisure. For each category of physical activities, the
respondents were asked whether they performed these
activities for at least 10min continuously in a usual week,
the number of days they performed them, and how much
time they spent on those days. Based on this information,
we calculated the total number of hours a respondent spent
on physical activities in a normal week. To obtain a normal
distribution, the log form of the variable was calculated
and analyzed.

Social activity participation was measured with the count
of eight social activities each respondent participated in the
month before the interview (interacted with friends; played Ma-
Jong, chess, cards, or went to a community club; provided help
without pay to family, friends, or neighbors who did not live
with the respondent; went to a sporting, social or other kinds
of the club; took part in a community-related organization;
did voluntary or charity work; cared for a sick or disabled
adult who did not live with the respondent without pay; and
attended an educational or training course); it ranged from 0
to 8.

Individual-Level and Community-Level
Covariates
The characteristics of the respondents, namely, age in
years, gender, education level (no education, primary
school, middle school, and above), marital status (married
vs. unmarried), living arrangement (living alone or with
spouse only, living with children, and living with others),
and annual household expenditure, were controlled. The
existing literature has shown that expenditures are a better
measure of economic resources available to the family

than income in developing countries (53). Prefecture-
level GDP in Chinese yuan (CNY), population density,
and whether the respondent lives in an urban community
or rural village were also included as control variables.
The summed total of annual household expenditures
and prefecture-level GDP were log-transformed to
correct skewness.

Statistical Analysis
Descriptive statistics for individual and community
characteristics were first calculated. As we acknowledged
that environmental factors were correlated with each other,
as indicated in the study by Li et al. (54), before estimating
the models, we examined correlations among environmental
measures and found a high correlation between average monthly
temperature and annual precipitation (r = 0.77). To avoid
underestimation of their effects, we dichotomized temperature
and precipitation measures following the use of these variables
in the study by Zeng et al. (52). The five environmental measures
included in this study had the size of correlations ranging
from 0.07 to 0.48. Tolerance scores based on ordinary least
squares (OLS) regression using only the baseline data showed
that the tolerance scores for these measures ranged from 0.55
to 0.89. Then, to take full advantage of the four waves of data
on cognitive function, we used multilevel linear growth curve
models to examine the relationship between environmental
features on the initial level and trajectory of cognitive function
over the 7-year study period. Such models belong to a general
class of multilevel models that take into consideration the
clustering of observations (within persons and communities) by
allowing residuals to be distributed and related across persons
and communities (55–57). Four occasions of measurement of
cognitive function were nested within individuals who were
nested within communities and prefectures. Each respondent’s
cognitive function scores over the 4 waves were a function of
time (time = 0 at baseline survey year 2011 and the value on
time indicates years since baseline, ranging from 0 to 7). We
specified the intercept(s) (baseline cognitive function scores)
and slope(s) (yearly rate of change in cognitive function scores)
as random. We used the MIXED procedure in Stata Version
14 to estimate multilevel linear growth curve models using the
maximum likelihood method.

Four models were estimated for the overall cognition score
first and then separately for episodic memory and mental
status. The first model included environmental features
and individual-level controls. The second model added
measures of community socioeconomic characteristics,
namely, urban/rural community, prefecture-level GDP,
and population density, to see whether they explain some
of the associations between environmental features and
cognitive function. The third and fourth models added
physical activity participation and social activity participation
separately into Model 2 which allowed us to examine whether
physical activity participation and social activity participation
mediate the relationship between environmental features and
cognitive function.
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RESULTS

Descriptive Statistics
Table 1 shows descriptive statistics. The average score at the
baseline was 14.75 for overall cognition, 7.04 for episodic
memory, and 7.52 for mental status, and all the three cognitive
function measures declined at each follow-up survey. About 51%
of the respondents were female. The mean age was 58.83 years.
About 27% of respondents did not have any education, 40% had
primary school education, and 34% had an education higher
than primary school. Over 81% of respondents were married
and living with a spouse. About 60% of respondents were living
with their children and 31% were living alone or only with their
spouse. The average annual household expenditure was CNY
21,747 (about $3,425 with the currency exchange rate as of 6.35).
On average, the participants had about 26 h of physical activity
in a usual week and less than one social activity participation
in the past month. Among the communities included in the
study, the average annual PM2.5 was 44.34 µg/m3 which was
higher than the most recent standard of 35 µg/m3 published
by the China Ministry of Ecology and Environment (58) and
much higher than the revised standard of 12 µg/m3 published
by the US Environmental Protection Agency (EPA) (59). The
built area green coverage rate was 37.8%. About 14% of the
communities had an average January temperature below −10◦C,
22% had an average July temperature of 28◦C or higher, and
61% had average annual precipitation of 80 cm or more. One-
third of the communities were urban communities. The average
prefecture-level GDP in 2011 was CNY 240,665 million (about
$37,900 million with the currency exchange rate as of 6.35) and
population density is 468 persons/km2.

Environmental Features and Baseline
Cognitive Function
Table 2 reports the results from multilevel growth curve models
for the overall cognition score. Among the environmental
features, controlling for individual demographics and other
environmental features, green space coverage rate, July
temperature, and annual precipitation were significantly
associated with the baseline (time = 0) cognitive score (Model
1). The cognitive score would improve by 0.05 points if the built
area green coverage rate increased by 1%. Living in areas with
annual precipitation of 80 cm or more was associated with 0.58
points lower in the cognitive score. Living in areas with a July
temperature of 28◦C or higher was associated with 0.57 points
higher in the cognitive score. These associations were attenuated
when community socioeconomic characteristics were added in
Model 2, but green space coverage and annual precipitation
remained significant at p < 0.01 level while July temperature
became marginally significant. Living in an urban community
was associated with 1.43 points higher in the cognitive score (p<

0.01). When physical activity participation was added in Model
3 and social activity was added in Model 4, both the physical
activity participation and social activity participation were
positively associated with baseline cognitive function. However,
there was little change in the associations between environmental
features and baseline cognitive score. The annual PM2.5 averaged

from 2000 to 2010 was not significantly associated with baseline
cognitive function.

Table 3 reports the results from multilevel growth curve
models for episodic memory and mental status. Controlling
for individual demographics and other environmental features,
PM2.5 and high annual precipitation were negatively associated
with baseline episodicmemory score (“Episodicmemory”:Model
1) while high July temperature was positively associated with
baseline episodic memory score. Annual precipitation remained
significant after community socioeconomic characteristics were
added in Model 2. There was not much change in these
associations after physical activity and social activity measures
were added in Model 3 and Model 4. Urban community,
physical activity, and social activity were positively associated
with baseline episodic memory. Green space coverage range, low
January temperature, and high July temperature were positively
associated with mental status (“Mental status”: Model 1). These
associations were attenuated after community socioeconomic
characteristics were added in Model 2, but green space coverage
rate and January temperature remained significant. There was
not much change in these associations after physical activity and
social activity measures were added in Model 3 and Model 4.
Urban community, GDP, population density, physical activity,
and social activity were positively associated with mental status.

Environmental Features and Cognitive
Function Trajectories
In Table 2, green space coverage rate and annual precipitation
were significantly associated with the overall cognitive function
trajectories over the 7-year study period (Model 1). 1% increase
in green coverage rate lowered the decline rate in the overall
cognitive score by 0.01 points, and annual precipitation of 80 cm
or more was associated with 0.15 points faster decline rate in
the overall cognitive score. When community socioeconomic
characteristics were added in Model 2, green space coverage
rate was no longer significantly associated with the change in
cognitive score, but annual precipitation remained significant.
Urban community and one-point higher in prefecture-level GDP
(log) lowered cognitive decline rate by 0.14 and 0.05 points,
respectively. There was no significant association between the
annual PM2.5 averaged from 2000 to 2010 and the cognitive
decline rate. When physical activity participation was added
in Model 3, physical activity participation was not significantly
associated with the rate of decline in the cognitive score and
there was little change in the association between environmental
features and cognitive decline rate. When social activity
participation was added in Model 4, social activity participation
was not significantly associated with cognitive decline rate and
there was little change in the associations between environmental
features and cognitive decline rate. Among other individual-level
covariates, the overall cognitive scores among women were 0.5–
0.54 points lower than men (p < 0.01). As age increased 1 year,
the overall cognitive score declined 0.13 points across the models
(p < 0.01). In comparison with people without any education,
the cognitive scores of those with primary education and middle
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TABLE 2 | Regression coefficients from multilevel linear growth curve model of trajectories of cognitive function in mid and later life.

Variables Model 1 Model 2 Model 3 Model 4

Change rate: Time −0.54** −0.79** −0.80** −0.79**

Intercept 9.37** 9.58** 9.25** 9.54**

Individual level controls

Female −0.50** −0.54** −0.50** −0.52**

Age (centered at 45) −0.13** −0.13** −0.13** −0.13**

Education (ref = none)

Primary school 4.34** 4.29** 4.29** 4.25**

Middle school and above 6.95** 6.81** 6.83** 6.68**

Married 0.47** 0.47** 0.46** 0.53**

Living arrangement (ref = alone or with spouse only)

Living with children −0.31** −0.30** −0.30** −0.26**

Living with others 0.01 0.02 0.01 0.03

Annual household expenditure (log) 0.20** 0.19** 0.19** 0.17**

Community characteristics

PM2.5 in µg/m3
−0.004 −0.01 −0.01 −0.01

Greenspace coverage rate in percentage 0.05** 0.03** 0.03** 0.03**

January temperature < −10 ◦C 0.38 0.21 0.19 0.17

July temperature ≥ 28 ◦C 0.57** 0.33 0.34 0.34*

Annual precipitation ≥ 80 cm −0.58** −0.45** −0.47** −0.47**

Urban community 1.43** 1.50** 1.33**

GDP in CNY100 million (log) 0.02 0.02 −0.01

Population density in 1,000 persons/km2 0.41 0.41 0.42

Mediators

Physical activity hours per week (log) 0.10**

Social activities 0.59**

Change rate by community characteristics

Time * PM2.5 in ug/m3 0.001 0.001 0.001 0.001

Time * Greenspace coverage rate in percentage 0.01** 0.002 0.002 0.002

Time * January temperature < −10 ◦C 0.08 0.05 0.05 0.05

Time * July temperature ≥28 ◦C −0.04 −0.06 −0.06 −0.06

Time * Annual precipitation ≥80cm −0.15** −0.13** −0.13** −0.13**

Time * Urban community 0.14** 0.14** 0.14**

Time * GDP in CNY100 million (log) 0.05** 0.05** 0.05**

Time * Population density in 1,000 persons/km2
−0.06 −0.07 −0.07

Change rate by mediators

Time * Physical activity hours per week (log) 0.002

Time * Social activities 0.003

Random effects

Community level variance

Change rate 0.05** 0.04** 0.04** 0.04**

Intercept 1.76** 1.27** 1.29** 1.15**

Individual level variance

Change rate 0.16** 0.16** 0.16** 0.17**

Intercept 8.51** 8.50** 8.47** 8.29**

Residual variance 11.17** 11.18** 11.17** 11.17**

Observations 52,629 52,629 52,629 52,629

Number of groups 448 448 448 448

Chi-square 13,350 13,827 13,876 14,348

df 19 25 27 27

**p < 0.01, *p < 0.05 (two-tailed tests).
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TABLE 3 | Regression coefficients from multilevel linear growth curve model of trajectories of episodic memory and mental status in mid and later life.

Episodic memory Mental status

Variables Model 1 Model 2 Model 3 Model 4 Model 1 Model 2 Model 3 Model 4

Change rate: Time −0.40** −0.59** −0.60** −0.59** −0.12** −0.18** −0.17** −0.18**

Intercept 5.61** 6.35** 6.18** 6.33** 3.48** 2.94** 2.73** 2.92**

Community characteristics

PM2.5 in µg/m3
−0.01* −0.01 −0.01 −0.01* 0.004 0.0003 0.0002 −0.0003

Greenspace coverage rate in percentage 0.01 0.004 0.004 0.004 0.04** 0.02** 0.02** 0.02**

January temperature < −10 ◦C 0.04 −0.07 −0.07 −0.09 0.37** 0.31* 0.30* 0.29*

July temperature ≥28 ◦C 0.25* 0.19 0.19 0.19+ 0.31** 0.13 0.13 0.13

Annual precipitation ≥80cm −0.42** −0.39** −0.40** −0.40** −0.15 −0.05 −0.06 −0.06

Urban community 0.63** 0.66** 0.57** 0.79** 0.84** 0.75**

GDP in CNY100 million (log) −0.11 −0.11 −0.13* 0.13** 0.13** 0.12**

Population density in 1,000 persons/km2 0.09 0.09 0.09 0.41** 0.41** 0.41**

Mediators

Physical activity hours per week (log) 0.05** 0.07**

Social activities 0.34** 0.27**

Change rate by community characteristics

Time * PM2.5 in ug/m3 0.001 0.001 0.001 0.001 −0.0004 0.0001 0.0001 0.0001

Time * Greenspace coverage rate in percentage 0.01** 0.003* 0.003* 0.003* −0.0001 −0.001 −0.001 −0.001

Time * January temperature < −10 ◦C 0.08* 0.06 0.06 0.06 −0.01 −0.01 −0.01 −0.01

Time * July temperature ≥28 ◦C −0.03 −0.05* −0.05* −0.05* −0.005 0.0003 0.0002 0.0005

Time * Annual precipitation ≥80cm −0.13** −0.11** −0.11** −0.11** −0.02 −0.02 −0.02 −0.02

Time * Urban community 0.12** 0.12** 0.12** 0.02 0.02 0.02

Time * GDP in CNY100 million (log) 0.04** 0.04** 0.04** 0.01 0.01 0.01

Time * Population density in 1,000 persons/km2
−0.01 −0.01 −0.01 −0.07* −0.07** −0.07**

Change rate by mediators

Time * Physical activity hours per week (log) 0.004 −0.005*

Time * Social activities 0.002 −0.004

Individual level covariates were included in all models (details available upon request). **p < 0.01, *p < 0.05 (two-tailed tests).

school or more education were 4.25–4.34 points higher and 6.68–
6.95 points higher, respectively (p < 0.01). The respondents who
were married and living with their spouse had 0.46–0.51 points
higher cognitive scores than those unmarried respondents (p <

0.01). The respondents living with children were 0.28–0.31 points
lower in baseline cognitive score across models (p < 0.01). When
the annual household expenditure (log) increased by one unit,
the cognitive score increased 0.18–0.2 points (p < 0.01).

In Table 3, green space coverage rate, January temperature,
and annual precipitation were significantly associated with the
trajectories of episodic memory over the 7-year study period
(“Episodic memory”: Model 1). While higher green space
coverage and lower January temperature lowered the decline
rate in episodic memory, higher precipitation was associated
with a faster decline in episodic memory. Green space coverage
rate and precipitation remained significant after community
socioeconomic characteristics were added in Model 2 and these
associations did not change much when physical activity and
social activity measures were added in Model 3 and Model 4.
Urban community and higher GDPwere associated with a slower
decline rate in episodic memory. Except for population density
being associated with faster decline in mental status, none of
the environmental features were significantly associated with the

rate of decline in mental status, which could be attributable to
crystallized intelligence of mental status not easily lost as fluid
intelligence of episodic memory over time thus might be less
responsive to environmental factors. The associations between
individual-level covariates and the two subdomains of cognitive
function were generally consistent with the patterns found in
overall cognition with one exception that women were 0.25
points higher thanmen in episodic memory but 0.73 points lower
than men in mental status.

DISCUSSION

In this study, we examined the relationship between
environmental features and cognitive trajectories among
middle-aged and older adults in China. After controlling
for sociodemographic characteristics, we found the positive
associations of environmental factors with baseline cognitive
function from the higher rate of built area green coverage on
overall cognition and mental status, January temperature below
−10◦C on mental status, and July temperature of 28◦C or higher
on all the cognitive measures, while higher precipitation seemed
to be detrimental for overall cognition and episodic memory.

Frontiers in Public Health | www.frontiersin.org 7 May 2022 | Volume 10 | Article 871104

https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Zhang et al. Environment and Cognition

PM2.5 had a negative impact on episodic memory only. These
findings are consistent with existing literature (18–20, 60). Green
space would be beneficial for both physical and mental health,
as previous studies showed (35). People tend to exercise more
and/or experience a better mood when there is more green
coverage. The impact of precipitation might be due to the effect
on mobility (36) and decreased exposure to sunlight (61). With
higher precipitation, people might be less likely to go outside for
physical and/or social activities (34, 62). We also found positive
associations between urban community and GDP and cognitive
function which are consistent with the literature. Being in an
urban community or a more affluent or populous region was
likely to slow down cognitive decline as urban communities may
provide more resources such as public facilities, healthcare, easy
access to local services, and so on (63–65).

The growing evidence suggests that air pollution, especially
PM, is associated with cognitive decline (12, 66). Our results
were mixed on the air pollution effect. Based on the available
data, we found a negative association between PM2.5 and episodic
memory, but PM2.5 was not significantly associated with the
overall cognition score and mental status in our data. One
explanation may be as Zeng et al. (52) pointed out in their
study that the non-statistically significant association between
air pollution and mortality was possible because the follow-up
period was not long enough. The same reason could be applied
to the relationship between air pollution and cognition in our
finding. The other attributing factor might be the variations in
estimating cognitive function. There are several other studies
showing less consistent results for various reasons. In Kulick
et al. (67) study, the authors achieved mixed results by revealing
the significant association between residential air pollution and
cognitive function and decline among older adults in one cohort
but not the other in the northern Manhattan area of New York
City. A study by Gatto et al. (68) found no association between
air pollutants and a global cognitive score among middle-aged
and older adults in Los Angeles. The study on the relationship
between PM2.5 and incident cognitive impairment by Loop et al.
(69) stated that the evidence was lacking to achieve a robust
association. Given the mixed results, the conclusion on the
findings of this study should be drawn with caution.

If taking into consideration of cognitive trajectories, the
environmental factors of annual precipitation of 80 cm or more,
urban community, and green space coverage at the baseline
remained significant and lower precipitation, urban community,
and greater green space coverage are associated with slower
overall cognitive decline over a 7-year period. In addition, the
impact of GDP (log) became statistically significant. It seems
that in a long run, the influence from economic development
may take into effect more and more over time. The results of
episodic memory shared a similar trend as overall cognition
but green space coverage had a more robust effect on episodic
memory across models. The over-time higher July temperature
was associated with a faster decline in episodic memory
after controlling community socioeconomic characteristics. The
temperature might affect cognition through physical, mental,
or physiologic impact, but the influencing factors were not
exhaustive in this study. The advantage of living in a more
urbanized community diminished over time for mental status

and the higher population density could even bring adverse
effects. As explained in the study by Xiang et al. (65), high
population density is one downside amongmany that are coupled
with China’s drastic rise in urbanization in the recent decades.
They all lead to more and more constricted life space for the
senior population, which has been shown to be associated with
cognitive decline (65).

In accordance with previous literature, physical activity
participation and social activity participation were positively
associated with all cognitive measures among middle-aged and
older Chinese adults in this analysis. However, the relationship
between environmental factors and cognitive function did not
substantially change after weekly total hours of physical activities
and levels of social engagement were added, and thus the
physical and social activity participation did not seem to mediate
the relationship between environmental factors and cognitive
function. The finding suggested that Chinese middle-aged and
older adults do not necessarily reduce their physical and social
activities when facing unfavorable environmental conditions. A
caution was raised for mental status as our results showed that
the positive association between physical activity at baseline and
cognitive function might level off as time passed by. This seemed
to suggest physical activity participation should be maintained
over time to fully benefit from it. More research is needed to
identify other possible mechanisms in the relationship between
environmental factors and cognitive function.

Limitation
Due to the data availability, the measures for environmental
factors were not ideal or comprehensive enough. The data on
green space, air pollution, and weather conditions were extracted
and merged from different sources which were constrained by
data source limitation and accuracy. For instance, the analyses
could only be done at the prefecture level for selected years.
The intense rainfall might be underestimated given that it could
be highly localized but was spatially averaged in the RCMs
over 50 km × 50 km resolution (49). Furthermore, the statistical
analyses indicated an association between prior environmental
factors and cognitive function and cognitive change over time,
but it did not track changes in environmental factors over time.
Future study is warranted to examine the full impact of the
environment on cognition and establish causal pathways. Despite
these limitations, this study performed a rigorous test using
longitudinal data from a national representative sample of older
adults in China and combined the data of environmental features
to provide a new perspective on the environmental influence on
cognitive trajectories among middle-aged and older adults. It led
the way for potential exploration and more in-depth analyses in
this realm.

CONCLUSION

This study examined the effect of environment on cognitive
function. The results added value to the existing knowledge of
the association between environmental factors and cognition. In
general, the findings suggested increasing green space coverage
which is a readily modifiable factor, improving socioeconomic
conditions, and promoting the level of physical and social activity
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participation for middle-aged and older adults. Efforts should
also be made to mitigate the possible detrimental effect of heavy
rainfall on older adult’s health and wellbeing and air pollution on
cognition. From the policy perspective, a favorable environment
for cognitive health would be more beneficial for promoting
aging in place.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/Supplementary Materials, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

LZ and YL contributed to the study conceptualization,
data collection, analysis and result interpretation, and

manuscript writing. YZ contributed to the literature
search and summary. XP, QW, and DZ contributed to
the data collection and interpretation. All co-authors
reviewed the manuscript and provided their inputs.
All authors contributed to the article and approved the
submitted version.

FUNDING

This work was funded by National Institutes of
Health (R03AG065637).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpubh.
2022.871104/full#supplementary-material

REFERENCES

1. World Health Organization. Ageing and Health. (2018). Available online

at: https://www.who.int/news-room/fact-sheets/detail/ageing-and-health

(accessed February 2, 2022).

2. Brown GC. Living too long: the current focus of medical research on

increasing the quantity, rather than the quality, of life is damaging

our health and harming the economy. EMBO Rep. (2015) 16:137–

41. doi: 10.15252/embr.201439518

3. Xie J, Matthews FE, Jagger C, Bond J, Brayne C. The oldest old in England and

wales: a descriptive analysis based on the MRC cognitive function and ageing

study. Age Ageing. (2008) 37:396–402. doi: 10.1093/ageing/afn061

4. Garin N, Olaya B, Miret M, Ayuso-Mateos JL, Power M, Bucciarelli P,

et al. Built environment and elderly population health: a comprehensive

literature review. Clin Pract Epidemiol Ment Health. (2014) 10:103–

15. doi: 10.2174/1745017901410010103

5. Khaje-Bishak Y, Payahoo L, Pourghasem B, Jafarabadi MA. Assessing the

quality of life in elderly people and related factors in Tabriz, Iran. J Caring

Sci. (2014) 3:257–63. doi: 10.5681/jcs.2014.028

6. Sharma DA, Sheth MS, Dalal DJ. Cognition and quality of life

in older adults. Physiother J Indian Assoc Physiother. (2018)

12:53–7. doi: 10.4103/PJIAP.PJIAP_23_18

7. Christiansen L, Sanmartin Berglund J, Lindberg C, Anderberg P, Skär

L. Health-related quality of life and related factors among a sample of

older people with cognitive impairment. Nursing Open. (2019) 6:849–

59. doi: 10.1002/nop2.265

8. McGuire LC, Ford ES, Ajani UA. Cognitive functioning as a predictor of

functional disability in later life. Am J Geriatr Psychiatry. (2006) 14:136–

42. doi: 10.1097/01.JGP.0000192502.10692.d6

9. CassarinoM, Setti A. Environment as ‘brain training’: a review of geographical

and physical environmental influences on cognitive ageing. Ageing Res Rev.

(2015) 23:167–82. doi: 10.1016/j.arr.2015.06.003

10. Kloog I. Air pollution, ambient temperature, green space

and preterm birth. Curr Opin Pediatr. (2019) 31:2237–

243. doi: 10.1097/MOP.0000000000000736

11. Fu P, Guo X, Cheung FMH, Yung KKL. The association between PM2. 5

exposure and neurological disorders: a systematic review and meta-analysis.

Sci Total Environ. (2019) 655:1240–8. doi: 10.1016/j.scitotenv.2018.11.218

12. Peters R, Peters J, Booth A, Mudway I. Is air pollution associated with

increased risk of cognitive decline? a systematic review. Age Ageing. (2015)

44:755–60. doi: 10.1093/ageing/afv087

13. Tzivian L, Dlugaj M,Winkler A, Weinmayr G, Hennig F, Fuks KB, et al. Long-

term air pollution and traffic noise exposures and mild cognitive impairment

in older adults: a cross-sectional analysis of the Heinz Nixdorf recall study.

Environ Health Perspect. (2016) 124:1361–8. doi: 10.1289/ehp.1509824

14. Power MC, Adar SD, Yanosky JD, Weuve J. Exposure to air pollution as a

potential contributor to cognitive function, cognitive decline, brain imaging,

and dementia: a systematic review of epidemiologic research.Neurotoxicology.

(2016) 56:235–53. doi: 10.1016/j.neuro.2016.06.004

15. Cullen B, Newby D, Lee D, Lyall DM, Nevado-Holgado AJ, Evans JJ,

et al. Cross-sectional and longitudinal analyses of outdoor air pollution

exposure and cognitive function in UK Biobank. Sci Rep. (2018) 8:1–

14. doi: 10.1038/s41598-018-30568-6

16. Taylor L, Watkins SL, Marshall H, Dascombe BJ, Foster J. The impact of

different environmental conditions on cognitive function: a focused review.

Front Physiol. (2016) 6:372. doi: 10.3389/fphys.2015.00372

17. Schlader ZJ, Gagnon D, Adams A, Rivas E, Cullum CM, Crandall CG.

Cognitive and perceptual responses during passive heat stress in younger

and older adults. Am J Physiol Regul Integr Comp Physiol. (2015) 308:R847–

54. doi: 10.1152/ajpregu.00010.2015

18. Finlay J, Khan A, Gronlund C, Sol K, Jang J, Melendez R, et al.

Weather woes? exploring potential links between precipitation and

age-related cognitive decline. Int J Environ Res Public Health. (2020)

17:9011. doi: 10.3390/ijerph17239011

19. Dai L, Kloog I, Coull BA, Sparrow D, Spiro III A, Vokonas PS, et al. Cognitive

function and short-term exposure to residential air temperature: a repeated

measures study based on spatiotemporal estimates of temperature. Environ

Res. (2016) 150:446–51. doi: 10.1016/j.envres.2016.06.036

20. de Keijzer C, Tonne C, Basagaña X, Valentín A, Singh-Manoux A, Alonso

J, et al. Residential surrounding greenness and cognitive decline: a 10-

year follow-up of the Whitehall II cohort. Environ Health Perspect. (2018)

126:077003. doi: 10.1289/EHP2875

21. Yuchi W, Sbihi H, Davies H, Tamburic L, Brauer M. Road

proximity, air pollution, noise, green space and neurologic disease

incidence: a population-based cohort study. Environ Health. (2020)

19:8. doi: 10.1186/s12940-020-0565-4

22. Clarke PJ, Weuve J, Barnes L, Evans DA, Mendes de Leon

CF. Cognitive decline and the neighborhood environment. Ann

Epidemiol. (2015) 25:849–56. doi: 10.1016/j.annepidem.2015.

07.001

23. Chen X, Lee C, Huang H. Neighborhood built environment associated with

cognition and dementia risk among older adults: a systematic literature

review. Soc Sci Med. (2022) 292:114560. doi: 10.1016/j.socscimed.2021.114560

24. National Institutes of Health. World’s Older Population Grows Dramatically.

(2016). Available online at: https://www.nih.gov/news-events/news-releases/

worlds-older-population-grows-dramatically (accessed February 2, 2022).

Frontiers in Public Health | www.frontiersin.org 9 May 2022 | Volume 10 | Article 871104

https://www.frontiersin.org/articles/10.3389/fpubh.2022.871104/full#supplementary-material
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://doi.org/10.15252/embr.201439518
https://doi.org/10.1093/ageing/afn061
https://doi.org/10.2174/1745017901410010103
https://doi.org/10.5681/jcs.2014.028
https://doi.org/10.4103/PJIAP.PJIAP_23_18
https://doi.org/10.1002/nop2.265
https://doi.org/10.1097/01.JGP.0000192502.10692.d6
https://doi.org/10.1016/j.arr.2015.06.003
https://doi.org/10.1097/MOP.0000000000000736
https://doi.org/10.1016/j.scitotenv.2018.11.218
https://doi.org/10.1093/ageing/afv087
https://doi.org/10.1289/ehp.1509824
https://doi.org/10.1016/j.neuro.2016.06.004
https://doi.org/10.1038/s41598-018-30568-6
https://doi.org/10.3389/fphys.2015.00372
https://doi.org/10.1152/ajpregu.00010.2015
https://doi.org/10.3390/ijerph17239011
https://doi.org/10.1016/j.envres.2016.06.036
https://doi.org/10.1289/EHP2875
https://doi.org/10.1186/s12940-020-0565-4
https://doi.org/10.1016/j.annepidem.2015.07.001
https://doi.org/10.1016/j.socscimed.2021.114560
https://www.nih.gov/news-events/news-releases/worlds-older-population-grows-dramatically
https://www.nih.gov/news-events/news-releases/worlds-older-population-grows-dramatically
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Zhang et al. Environment and Cognition

25. McArdle JJ, Fisher GG, Kadlec KM. Latent variable analyses of age trends of

cognition in the health and retirement study, 1992-2004. Psychol Aging. (2007)

22:525–45. doi: 10.1037/0882-7974.22.3.525

26. Hu Y, Lei X, Smith JP, Zhao Y. Effects of social activities on cognitive functions:

Evidence from CHARLS. In: Smith JP, Majmundar M, Editors. Aging in Asia:

Findings from New and Emerging Data Initiatives.Washington, DC: National

Academy Press(US) (2012). p. 279–306. doi: 10.2139/ssrn.1993328

27. Lei X, Smith JP, Sun X, Zhao Y. Gender differences in cognition in China and

reasons for change over time: evidence from CHARLS. J Econo Ageing. (2014)

4:46–55. doi: 10.1016/j.jeoa.2013.11.001

28. Luo Y, Pan X, Zhang Z. Productive activities and cognitive

decline among older adults in China: evidence from the China

health and retirement longitudinal study. Soc Sci Med. (2019)

229:96–105. doi: 10.1016/j.socscimed.2018.09.052

29. Tang F, Zhang W, Chi I, Li M, Dong XQ. Importance of activity engagement

and neighborhood to cognitive function among older Chinese Americans. Res

Aging. (2020) 42:226–35. doi: 10.1177/0164027520917064

30. Ward M, Gibney S, O’Callaghan D, Shannon S. Age-friendly environments,

active lives? associations between the local physical and social environment

and physical activity among adults aged 55 and older in Ireland. J Aging Phys

Act. (2020) 28:140–8. doi: 10.1123/japa.2019-0012

31. Frith E, Loprinzi PD. Physical activity is associated with higher cognitive

function among adults at risk for Alzheimer’s disease. Complement Ther Med.

(2018) 36:46–9. doi: 10.1016/j.ctim.2017.11.014

32. Falck RS, Best JR, Davis JC, Liu-Ambrose T. The independent associations of

physical activity and sleep with cognitive function in older adults. J Alzheimers

Dis. (2018) 63:1469–84. doi: 10.3233/JAD-170936

33. Choi YJ, Hong YC, Do YK. The effects of social activities and living

arrangements on cognitive functions in middle-aged and elderly adults: a

panel study using the 2006-2018 korean longitudinal study of aging. J Prevent

Med Public Health. (2021) 54:395–403. doi: 10.3961/jpmph.21.384

34. Witham MD, Donnan PT, Vadiveloo T, Sniehotta FF, Crombie IK, Feng

Z, et al. Association of day length and weather conditions with physical

activity levels in older community dwelling people. PLoS ONE. (2014)

9:e8533. doi: 10.1371/journal.pone.0085331

35. Aliyas Z. Physical, mental, and physiological health benefits of green and

blue outdoor spaces among elderly people. Int J Environ Health Res. (2021)

31:703–14. doi: 10.1080/09603123.2019.1681379

36. Clarke PJ, Yan T, Keusch F, Gallagher NA. The impact of weather on mobility

and participation in older U.S. adults. Am J Public Health. (2015) 105:1489–

94. doi: 10.2105/AJPH.2015.302582

37. Zhao Y, Hu Y, Smith JP, Strauss J, Yang G. Cohort profile: the China health

and retirement longitudinal study (CHARLS). Int J Epidemiol. (2014) 43:61–

8. doi: 10.1093/ije/dys203

38. Physical Sciences Laboratory. Data from: University of Delaware Air

Temperature and Precipitation V5.01. (n.d.). Available online at: https://

psl.noaa.gov/data/gridded/data.UDel_AirT_Precip.html (accessed February

2, 2022).

39. Atmospheric Composition Analysis Group. Surface PM2.5. Data from:

Washington University in St. Louis (n.d.). Available online at: https://sites.

wustl.edu/acag/datasets/surface-pm2-5/ (accessed February 2, 2022).

40. LiuW, Xu Z, Yang T. Health effects of air pollution in China. Int J Environ Res

Public Health. (2018) 15:1471. doi: 10.3390/ijerph15071471

41. Wang Q, Gracely EJ, Liu L. Evidence linking air pollution and blood pressure

mediated by body weight in China. Air Qual Atmos Health. (2020) 13:585–

92. doi: 10.1007/s11869-020-00821-x

42. Wang R, Yang B, Liu P, Zhang J, Liu Y, Yao Y, et al. The longitudinal

relationship between exposure to air pollution and depression in older adults.

Int J Geriatr Psychiatry. (2020) 35:610–6. doi: 10.1002/gps.5277

43. Zhang N, Wang L, Zhang M, Nazroo J. Air quality and obesity at older ages

in China: the role of duration, severity and pollutants. PLoS ONE. (2019)

14:e0226279. doi: 10.1371/journal.pone.0226279

44. Bender AC, Austin AM, Grodstein F, Bynum JPW. Executive function,

episodic memory, and medicare expenditures. Alzheimers Dement. (2017)

13:792–800. doi: 10.1016/j.jalz.2016.12.013

45. Ofstedal MB, Fisher GG, Herzog AR. Documentation of cognitive functioning

measures in the Health and Retirement Study. Ann Arbor, MI: Institute for

Social Research, University of Michigan (2005). Available online at: https://

hrs.isr.umich.edu/sites/default/files/biblio/dr-006.pdf (accessed February 2,

2022).

46. Hammer MS, van Donkelaar A, Li C, Lyapustin A, Sayer AM, Hsu

NC, et al. Global estimates and long-term trends of fine particulate

matter concentrations (1998–2018). Environ Sci Technol. (2020) 54:7879–

90. doi: 10.1021/acs.est.0c01764

47. van Donkelaar A, Martin RV, Li C, Burnett RT. Regional estimates of chemical

composition of fine particulate matter using a combined geoscience-statistical

method with information from satellites, models, and monitors. Environ Sci

Technol. (2019) 53:2595–611. doi: 10.1021/acs.est.8b06392

48. Willmott CJ, Matsuura K. Data from:Terrestrial Air Temperature and

Precipitation: Monthly and Annual Time Series (1950 - 1999). (2001). Available

online at: http://climate.geog.udel.edu/$\sim$climate/html_pages/README.

ghcn_ts2.html (accessed February 2, 2022).

49. Vavrus SJ, Behnke RJ. A comparison of projected future

precipitation in Wisconsin using global and downscaled

climate model simulations: implications for public

health. Int J Climatol. (2014) 34:3106–24. doi: 10.1002/jo

c.3897

50. Guo H, Chang Z, Wu J, Li W. Air pollution and lung cancer incidence

in China: who are faced with a greater effect? Environ Int. (2019)

132:105077. doi: 10.1016/j.envint.2019.105077

51. Shi Y, Wang G, Gao X. Role of resolution in regional climate

change projections over China. Climate Dynam. (2018) 51:2375-

96. doi: 10.1007/s00382-017-4018-x

52. Zeng Y, Gu D, Purser J, Hoenig H, Christakis N. Associations of

environmental factors with elderly health and mortality in China. Am J Public

Health. (2010) 100:298–305. doi: 10.2105/AJPH.2008.154971

53. Strauss J, Thomas D. Health over the life course. In: Schultz TP, Strauss

JA, Editors. Handbook of Development Economics. Oxford: Elsevier (2007).

p. 3375–474.

54. Li G, Zhang H, Hu M, He J, Yang W, Zhao H, et al. Associations of

combined exposures to ambient temperature, air pollution, and green space

with hypertension in rural areas of Anhui Province, China: a cross-sectional

study. Environ Res. (2022) 204:112370. doi: 10.1016/j.envres.2021.112370

55. Curran PJ, Obeidat K, Losardo D. Twelve frequently asked

questions about growth curve modeling. J Cogn Dev. (2010)

11:121–36. doi: 10.1080/15248371003699969

56. Raudenbush SW, Bryk AS. Hierarchical linear models: Applications and Data

Analysis Methods (Vol. 1). Thousand Oaks, CA: Sage Publications (2002).

57. Luo Y, Zhang L, Pan X. Neighborhood Environments and Cognitive Decline

Among Middle-Aged and Older People in China. j gerontol B Psychol Sci Soc

Sci. (2019) 74:e60–71. doi: 10.1093/geronb/gbz016

58. China Ministry of Ecology and Environment. Ambient Air Quality Standards.

(2012). Available online at: https://english.mee.gov.cn/Resources/standards/

Air_Environment/quality_standard1/201605/W020160511506615956495.pdf

(accessed February 24, 2022).

59. U.S. Environmental Protection Agency. The National Ambient Air Quality

Standards for Particle Pollution: Revised Air Qualitty Standards for Particle

Pollution and Updates to the Air Quality Index (AQI) (n.d.). Available

online at: https://www.epa.gov/sites/default/files/2016-04/documents/2012_

aqi_factsheet.pdf (accessed February 2, 2022).

60. Mullins JT, White C. Temperature and mental health: Evidence

from the spectrum of mental health outcomes. J Health Econ. (2019)

68:102240. doi: 10.1016/j.jhealeco.2019.102240

61. Kent ST, McClure LA, Crosson WL, Arnett DK, Wadley VG,

Sathiakumar N. Effect of sunlight exposure on cognitive function

among depressed and non-depressed participants: a REGARDS cross-

sectional study. Environ Health. (2009) 8:1–14. doi: 10.1186/1476-069X

-8-34

62. Wagner AL, Keusch F, Yan T, Clarke PJ. The impact of weather on

summer and winter exercise behaviors. J Sport Health Sci. (2019) 8:39–

45. doi: 10.1016/j.jshs.2016.07.007

63. Abner EL, Jicha GA, Christian WJ, Schreurs BG. Rural-urban differences in

Alzheimer’s disease and related disorders diagnostic prevalence in Kentucky

and West Virginia. J Rural Health. (2016) 32:314–20. doi: 10.1111/jrh.12155

64. Nakamura K, Kitamura K, Watanabe Y, Shinoda H, Sato H, Someya T. Rural–

urban differences in the prevalence of cognitive impairment in independent

Frontiers in Public Health | www.frontiersin.org 10 May 2022 | Volume 10 | Article 871104

https://doi.org/10.1037/0882-7974.22.3.525
https://doi.org/10.2139/ssrn.1993328
https://doi.org/10.1016/j.jeoa.2013.11.001
https://doi.org/10.1016/j.socscimed.2018.09.052
https://doi.org/10.1177/0164027520917064
https://doi.org/10.1123/japa.2019-0012
https://doi.org/10.1016/j.ctim.2017.11.014
https://doi.org/10.3233/JAD-170936
https://doi.org/10.3961/jpmph.21.384
https://doi.org/10.1371/journal.pone.0085331
https://doi.org/10.1080/09603123.2019.1681379
https://doi.org/10.2105/AJPH.2015.302582
https://doi.org/10.1093/ije/dys203
https://psl.noaa.gov/data/gridded/data.UDel_AirT_Precip.html
https://psl.noaa.gov/data/gridded/data.UDel_AirT_Precip.html
https://sites.wustl.edu/acag/datasets/surface-pm2-5/
https://sites.wustl.edu/acag/datasets/surface-pm2-5/
https://doi.org/10.3390/ijerph15071471
https://doi.org/10.1007/s11869-020-00821-x
https://doi.org/10.1002/gps.5277
https://doi.org/10.1371/journal.pone.0226279
https://doi.org/10.1016/j.jalz.2016.12.013
https://hrs.isr.umich.edu/sites/default/files/biblio/dr-006.pdf
https://hrs.isr.umich.edu/sites/default/files/biblio/dr-006.pdf
https://doi.org/10.1021/acs.est.0c01764
https://doi.org/10.1021/acs.est.8b06392
http://climate.geog.udel.edu/${sim }$climate/html_pages/README.ghcn_ts2.html
http://climate.geog.udel.edu/${sim }$climate/html_pages/README.ghcn_ts2.html
https://doi.org/10.1002/joc.3897
https://doi.org/10.1016/j.envint.2019.105077
https://doi.org/10.1007/s00382-017-4018-x
https://doi.org/10.2105/AJPH.2008.154971
https://doi.org/10.1016/j.envres.2021.112370
https://doi.org/10.1080/15248371003699969
https://doi.org/10.1093/geronb/gbz016
https://english.mee.gov.cn/Resources/standards/Air_Environment/quality_standard1/201605/W020160511506615956495.pdf
https://english.mee.gov.cn/Resources/standards/Air_Environment/quality_standard1/201605/W020160511506615956495.pdf
https://www.epa.gov/sites/default/files/2016-04/documents/2012_aqi_factsheet.pdf
https://www.epa.gov/sites/default/files/2016-04/documents/2012_aqi_factsheet.pdf
https://doi.org/10.1016/j.jhealeco.2019.102240
https://doi.org/10.1186/1476-069X-8-34
https://doi.org/10.1016/j.jshs.2016.07.007
https://doi.org/10.1111/jrh.12155
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles


Zhang et al. Environment and Cognition

community-dwelling elderly residents of Ojiya city, Niigata Prefecture, Japan.

Environ Health Prev Med. (2016) 21:422–9. doi: 10.1007/s12199-016-0542-2

65. Xiang Y, Zare H, Guan C, Gaskin D. The impact of rural-urban

community settings on cognitive decline: results from a nationally-

representative sample of seniors in China. BMC Geriatr. (2018)

18:323. doi: 10.1186/s12877-018-1003-0

66. Chandra M, Rai CB, Kumari N, Sandhu VK, Chandra K, Krishna M, et al.

Air pollution and cognitive impairment across the life course in humans:

a systematic review with specific focus on income level of study area. Int J

Environ Res Public Health. (2022) 19:1405. doi: 10.3390/ijerph19031405

67. Kulick ER, Wellenius GA, Boehme AK, Joyce NR, Schupf

N, Kaufman JD, et al. Long-term exposure to air pollution

and trajectories of cognitive decline among older adults.

Neurology. (2020) 94:e1782–92. doi: 10.1212/WNL.0000000000

009314

68. Gatto NM, Henderson VW, Hodis HN, St John JA, Lurmann

F, Chen JC, et al. Components of air pollution and cognitive

function in middle-aged and older adults in Los Angeles.

Neurotoxicology. (2014) 40:1–7. doi: 10.1016/j.neuro.2013.

09.004

69. Loop MS, Kent ST, Al-Hamdan MZ, Crosson WL, Estes SM, Estes MG,

et al. Fine particulate matter and incident cognitive impairment in the

reasons for geographic and racial differences in stroke (REGARDS)

cohort. PLoS ONE. (2013) 8:e75001. doi: 10.1371/journal.pone.0

075001

Conflict of Interest: The authors declare that the research was conducted in the

absence of any commercial or financial relationships that could be construed as a

potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors

and do not necessarily represent those of their affiliated organizations, or those of

the publisher, the editors and the reviewers. Any product that may be evaluated in

this article, or claim that may be made by its manufacturer, is not guaranteed or

endorsed by the publisher.

Copyright © 2022 Zhang, Luo, Zhang, Pan, Zhao and Wang. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Public Health | www.frontiersin.org 11 May 2022 | Volume 10 | Article 871104

https://doi.org/10.1007/s12199-016-0542-2
https://doi.org/10.1186/s12877-018-1003-0
https://doi.org/10.3390/ijerph19031405
https://doi.org/10.1212/WNL.0000000000009314
https://doi.org/10.1016/j.neuro.2013.09.004
https://doi.org/10.1371/journal.pone.0075001
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/public-health
https://www.frontiersin.org
https://www.frontiersin.org/journals/public-health#articles

	Green Space, Air Pollution, Weather, and Cognitive Function in Middle and Old Age in China
	Introduction
	Methods
	Cognitive Function
	Environmental Variables
	Physical and Social Activity Participation
	Individual-Level and Community-Level Covariates
	Statistical Analysis

	Results
	Descriptive Statistics
	Environmental Features and Baseline Cognitive Function
	Environmental Features and Cognitive Function Trajectories

	Discussion
	Limitation

	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Supplementary Material
	References


