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Graphical abstract
Public summary

- Dementia and MCI are emerging as major public health problems, and PM2.5 is hypothesized to be associated with

dementia and MCI

- We examined the cognitive function of elderly veterans from 277 communities (a well-characterized population with low
residential mobility, similar living habits, standardized assessment of both exposure and outcome), in 18 Chinese cities
from December 2009 to December 2011

- Long-term exposure to PM, especially PM2.5 showed associations with dementia and MCI

- The effect was more pronounced for people with no more than nine years of education

- Besides, people with fewer other risk factors (lack of physical activities, smoking, drinking, cerebral infarction) are more
susceptible to PM2.5

- Improvement of ambient air quality, especially PM2.5, might be helpful to decrease the risk of dementia and MCI
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Ambient air pollution has been shown to be associated with the patho-
genesis of dementia and mild cognitive impairment (MCI). However,
few studies have examined these associations in well-characterized
populations with low residential mobility, similar living habits, and a
standardized assessment of both air pollution exposure and clinical
outcome. This study examined the associations of long-term exposure
to particulate matter (PM) air pollution with dementia and MCI, using
data from the Chinese Veteran Clinical Research Platform. The cognitive
function of elderly veterans from 277 communities in 18 Chinese cities
was examined. Participants’ daily exposures to aerodynamic diameters
%2.5 mm (PM2.5) and%10 mm (PM10) during the 3 years prior to the sur-
vey were estimated using a satellite-based prediction. The adjusted
odds ratios (ORs) and 95% confidence intervals of MCI associated
with each 10 mg/m3 increase in PM2.5 and PM10 were 1.52 (1.39, 1.67)
and 1.04 (1.00, 1.08), and those of dementia associated with PM2.5

and PM10 were 1.27 (1.11, 1.46) and 1.13 (1.05, 1.21), respectively.
This demonstrates that long-term exposure to PM2.5 and PM10 can in-
crease the prevalence of dementia/MCI among veterans in China. Higher
ORs were observed for those with %9 years of educational attainment,
those who actively attended physical activities, those who never
smoked, former drinkers, and those who did not suffer from cerebral
infarction. Improvement of ambient air quality, especially decreasing
levels of PM2.5, may help to decrease the risk of dementia/MCI. Given
the statistically significant association between PM and cognitive
impairment demonstrated here, future studies should focus on exam-
ining the causal effect of PM pollution on dementia and MCI.
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INTRODUCTION
Dementia, a neuropsychiatric disease characterized by cognitive impair-

ment, imposes a heavy burden on patients, their families, and society as a
whole.1 Dementia has become a major public health concern in China due
to the rapid growth of the elderly population2; it was estimated in 2016 that
among 23 million Chinese aged 60 years and over, almost 9.5 million, were
suffering from dementia, and this figure was projected to double by 2030.3

Alzheimerdisease, a progressive and irreversible neurodegenerative disorder,
is the most common subtype of dementia, accounting for 60%–70% of de-
mentia cases.4 The causes of dementia remain unclear, although genetic
and environmental factorsmay play important roles in the etiology. Dementia
is currently incurable,5 and therefore mild cognitive impairment (MCI), which
ll
is diagnosable prior to more severe forms of cognitive impairment such as
dementia, has been proposed as an early intervention target.

Recent research has indicated that ambient air pollution, such as airborne
particulate matter (PM) with a diameter of 2.5 mm or less (PM2.5), is poten-
tially associated with the pathogenesis of dementia.6 Some studies have
also demonstrated that chronic exposure to PM air pollution can induce
inflammation in the brain and accelerate b-amyloid deposition and neurode-
generation, which are associated with brain damage, cognitive decline, and
the development of dementia.7–9 In addition, some recent studies fromWest-
ern countries (e.g., the United States and Europe) have suggested an associ-
ation between traffic pollution and decreased cognitive function in adults.10,11

Although a great deal of evidence has suggested that PM is associated
with a wide range of negative health outcomes, such as cardiovascular
and respiratory diseases,12–15 limited attention has been paid to neurological
and mental effects of PM pollution. In particular, there are few studies inves-
tigating the impact of air pollution on dementia andMCI, and the studies that
have been done share several important limitations.16–18 First, participants
may have beenmisclassifiedwith respect to the type or level of PM exposure
as a result of living in different areas over time, and high-level exposure to
PM2.5 (more than 33.0 mg/m3) was not considered. Second, cognitive
conditions were identified with screening tests or ICD-9 (Ninth Revision of In-
ternational Classification of Diseases) codes, which may lead to outcome
misclassification. Third, a number of potentially confounding factors were
not accounted for, including physical inactivity, unhealthy diet, social isolation,
cognitive inactivity, sleep deprivation, and medical services such as access
and quality. Finally, few old-old (70–79 years old) and oldest-old (R80 years
old) participants were included. Therefore, the present study aimed to
examine the associations of long-term exposure to PM air pollution with de-
mentia and MCI, using data from the Chinese Veteran Clinical Research
(CVCR) platform to address the limitations of prior studies.

RESULTS
Sociodemographic characteristics and prevalence of dementia
and MCI

A total of 277 veteran communities (Figure 1), with 9,676Chinese veterans
aged 60 years and older, were recruited via the CVCR platform. Among these
veterans, 7,445 had complete information regarding the neuropsychological
tests and clinical diagnoses. The sex information data of 84 participantswere
missing. Data from 7,040 male veterans were included in the analysis after
female participant data (n = 321) were excluded (Figure S1). As a result,
921 cases of dementia and 2,180 cases of MCI were identified with
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Table 1. Basic sociodemographic characteristics of participants and their
exposure to PM2.5 and PM10 (mg/m

3) during the 3 years prior to the survey

Factors N %
PM2.5 median
(Q1, Q3)

PM10 median
(Q1, Q3)

Age (years)

<80 2,024 28.8 54.70 (48.02, 71.27) 100.16 (84.59, 128.34)

R80 4,946 70.3 55.23 (48.15, 71.46) 100.16 (83.66, 128.34)

Missing values 70 1.0 56.25 (46.29, 73.49) 100.23 (75.84, 131.79)

Years of education

%9 4,564 64.8 55.32 (48.31, 71.70) 101.12 (84.21, 128.78)

>9 2,476 35.2 54.70 (47.24, 59.88) 99.95 (83.56, 111.47)

Physical activities

Yes 6,000 85.2 54.89 (48.14, 71.46) 100.16 (83.76, 128.34)

No 1,009 14.3 55.30 (48.73, 71.46) 100.31 (83.66, 128.34)

Missing values 31 0.4 53.77 (45.07, 55.95) 91.41 (69.68, 100.98)

Social activities

Yes 2,710 38.5 55.24 (48.23, 71.62) 99.95 (82.82, 128.78)

No 4,170 59.2 54.82 (48.03, 71.46) 100.34 (84.19, 128.34)

Missing values 160 2.3 55.95 (54.70, 69.88) 100.98 (99.95, 125.37)

Smoking

Current 561 8.0 54.33 (47.25, 70.89) 100.31 (84.07, 127.69)

Former 2,328 33.1 54.89 (48.03, 71.27) 100.15 (83.66, 127.87)

Never 3,920 55.7 55.21 (48.15, 71.49) 100.16 (83.71, 128.34)

Missing values 231 3.3 56.08 (54.11, 72.30) 100.98 (94.63, 131.61)

Drinking

Current 513 7.3 55.21 (48.14, 71.27) 98.82 (82.55, 128.34)

Former 1,115 15.8 55.24 (48.15, 71.27) 99.95 (82.67, 127.23)

Seldom 1,689 24.0 55.21 (48.15, 71.27) 100.09 (83.69, 128.34)

Never 3,510 49.9 54.89 (48.03, 71.46) 100.35 (84.17, 128.34)

Missing values 213 3.0 55.95 (53.07, 72.53) 100.98 (95.00, 133.39)

Diabetes mellitus

Yes 1,892 26.9 55.23 (48.31, 71.46) 100.09 (84.17, 128.34)

No 5,089 72.3 54.89 (48.03, 71.46) 100.31 (83.66, 128.34)

Missing values 59 0.8 55.95 (55.27, 58.72) 100.98 (100.32, 106.5)

Hypertension

Yes 4,713 66.9 55.21 (48.15, 71.46) 100.15 (83.66, 128.34)

No 2,282 32.4 55.21 (48.03, 71.55) 101.12 (84.19, 129.69)

Missing values 45 0.6 55.95 (53.77, 59.14) 100.98 (96.90, 107.10)

Hyperlipidemia

Yes 2,631 37.4 55.21 (48.73, 71.27) 99.02 (83.56, 127.69)

No 4,311 61.2 55.21 (48.02, 71.60) 103.43 (84.21, 128.78)

Missing values 98 1.4 55.95 (53.21, 60.27) 100.98 (86.30, 107.70)

Table 1. Continued

Factors N %
PM2.5 median
(Q1, Q3)

PM10 median
(Q1, Q3)

Cerebral infarction

Yes 1,468 21.9 54.89 (48.34, 70.90) 99.96 (83.67, 125.37)

No 5,503 78.2 55.21 (48.07, 71.60) 100.31 (83.68, 128.78)

Missing values 69 1.0 55.95 (55.27, 59.53) 100.98 (100.32, 106.50)

Total 7,040 100 – –

Report

2 The Innovation 2, 100147, August 28, 2021

T
he

In
no

va
ti
on
prevalence rates of 13.1% and 31.0%, respectively. The prevalence of
dementia in our population was comparable with the age-standardized
prevalence of dementia (15.2%) (Table S2). The basic sociodemographic
characteristics of the veterans are summarized in Table 1.

Exposure to PM pollution during the study period
Participants’ historical exposure to air pollution is summarized in Table S3.

Mean levels of participants’ exposures to PM2.5 and PM10 (minimum,
maximum) were 56.92 (30.46, 84.23) mg/m3 and 102.71 (53.38, 143.14)
mg/m3. The mean ratio of PM2.5/PM10 during the study period was 0.56
(0.40, 0.60).

PM pollution and the prevalence of dementia and MCI
Long-term exposure to PM2.5 was significantly associated with a higher

proportion ofMCI and dementia in both the crude and adjustedmodels, while
significant associations of PM10 with MCI and dementia were only found in
the fully adjusted models (Figure 2). In the crude models, the ORs (and
95% confidence intervals [CIs]) of MCI and dementia associated with each
10-mg/m3 increase in PM2.5 were 1.33 (95% CI: 1.23, 1.44) and 1.10 (95%
CI: 0.99, 1.22), respectively. After full adjustment, the ORs (and 95% CIs) of
MCI associated with each 10-mg/m3 increase in PM2.5 and PM10 were 1.52
(1.39, 1.67) and 1.04 (1.00, 1.08). Moreover, the ORs (and 95%CIs) of demen-
tia in relation to per-10 mg/m3 increase in PM2.5 and PM10 were 1.27 (1.11,
1.46) and 1.13 (1.05, 1.21), respectively.

Effect modification by potential covariates
Some basic sociodemographic factors remarkably modified the relation-

ships between PM2.5 exposure and the prevalence of dementia orMCI (Table
2). The association between PM2.5 exposure and MCI was strengthened in
participants with %9 years of educational attainment (OR = 1.62 [95%
CI:1.45,1.81]) compared with those with >9 years (OR = 1.33 [95%
CI:1.15,1.54], p = 0.035). The association between PM10 exposure and MCI
was strengthened in participants aged R80 years (OR = 1.07 [95%
CI:1.01,1.12]) compared with those <80 years (OR = 0.97 [95% CI:0.92,1.02],
p = 0.008). The association between PM2.5 exposure and dementia was
strengthened in non-smokers compared with former smokers. In addition,
compared with never drinking, former drinkers showed significantly higher
ORs of dementia (Table 2). Suffering from hypertension strengthened the as-
sociation between PM10 and MCI, while suffering from hyperlipidemia
strengthened the association between PM10 and the prevalence of both
MCI and dementia (Table 2). The association between PM2.5 exposure and
MCI was strengthened in participantswithout cerebral infarction. The associ-
ationbetweenPM2.5exposureanddementiawasstrengthened inparticipants
who were physically active (Table 2). The ORs of MCI or dementia for partic-
ipantswith social activitieswere lower than thosewithout social activities, but
the difference was not statistically significant. No significant effect modifica-
tions were found for a history of diabetes mellitus.

DISCUSSION
Thismulticenter cross-sectional study demonstrated that long-term expo-

sure to PM air pollution was significantly associated with dementia and MCI
among Chinese veterans. The associations from the fully adjustedmodel are
www.cell.com/the-innovation
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Figure 1. Locations of veteran communities included in this study
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more reliable since this model controlled for more confounding factors.
Higher ORs were observed for those with %9 years of educational attain-
ment, thosewhowere physically active, former drinkers, thosewho had never
smoked, and thosewho had not suffered from cerebral infarction. In addition,
long-term exposure to PM2.5 was found to have a greater impact onMCI and
dementia than PM10. Overall, our results suggest that exposure to ambient
particulate matter, especially to PM2.5, has significant adverse impacts on
brain health and cognitive function.

Current experimental evidence and postmortem studies on the harmful ef-
fects of PM pollution in relation to dementia pathogenesis and cognitive
impairment are insufficient and inconsistent. Some epidemiological studies
have demonstrated significant associations of long-term exposure to
Figure 2. The ORs (and 95% CIs) of MCI and dementia associated with per-10 mg/
m3 increase in PM2.5 or PM10

ll
PM2.5 or PM10 and dementia/MCI in the elderly and middle-aged popula-
tion,19–22 with some specifically reporting that PM from wood-burning
and traffic-related sources were associated with dementia and MCI.23,24

However, some studies have reported that PM2.5 exposure had no impact
on the incidence of cognitive impairment and that long-term exposure to
PM10 was not related to reduced cognitive functions among adults.25,26

One explanation for the inconsistent findings is that there are a number of
risk factors that lead to dementia/MCI (e.g., PM air pollution, stroke, APOE
gene variants) and some of those risk factors might be more or less impor-
tant depending on the circumstances. In a diverse population, the association
between PM and dementia/MCI may not be significant if other risk factors
are more important.

Identification of potentially susceptible subgroups is crucial to reducing
the adverse impacts of PM air pollution. We examined the effect modifica-
tions of several potential factors, most of which were not considered in pre-
vious studies.27,28

The stratified analyses indicated that those who received less education,
those who were physically active, non-smokers, former drinkers, and those
without a history of stroke were more susceptible to the adverse impact of
PM air pollution on dementia and MCI. One explanation for the substantial
difference in the subgroup analysis is that a heightened baseline risk profile
may mask additive effect from pollution,25 and thus PM2.5 showed a stron-
ger effect on dementia/MCI risk when patients had a lower risk of demen-
tia/MCI. For example, it has been found in previous studies that people who
exercise properly, have no history of cerebral infarction, do not smoke, and
drink a little alcohol have a lower risk of dementia,29 while PM2.5 has a
stronger effect in these people. Cognitive reserve is an exception30; we
found that people with higher cognitive reserve (associated with higher ed-
ucation) were less likely to be affected by PM2.5 levels. This may be related
to the fact that cognitive reserve is a part of cognitive function, and people
with higher overall cognitive reserve are less likely to progress to dementia/
MCI even though their cognitive function may decline after exposure
to PM2.5.
The Innovation 2, 100147, August 28, 2021 3



Table 2. The results of stratified analyses for the modification effects on the association between PM pollution and dementia/MCI

Factors

PM2.5 (ORs and 95%CIs)a,b PM10 (ORs and 95%CIs)a,b

MCI Dementia MCI Dementia

Age (years)

<80 1.57 (1.29, 1.90) 1.02 (0.69, 1.49) 0.97 (0.92, 1.02)** 1.02 (0.84, 1.24)

R80 1.51 (1.36, 1.67) 1.28 (1.11, 1.47) 1.07 (1.01, 1.12) 1.13 (1.05, 1.22)

Years of education

%9 1.62 (1.45, 1.81)* 1.34 (1.14, 1.57) 1.03 (0.98, 1.08) 1.12 (1.04, 1.22)

>9 1.33 (1.15, 1.54) 1.06 (0.83, 1.37) 1.04 (0.96, 1.12) 1.12 (0.97, 1.28)

Physical activities

Yes 1.54 (1.40, 1.69) 1.37 (1.17, 1.61)** 1.04 (0.99, 1.08) 1.15 (1.06, 1.25)

No 1.42 (1.08, 1.87) 0.91 (0.70, 1.18) 1.04 (0.93, 1.17) 1.04 (0.90, 1.21)

Social activities

Yes 1.40 (1.22, 1.60) 1.09 (0.85, 1.40) 1.08 (1.01, 1.16) 1.13 (0.99, 1.29)

No 1.63 (1.45, 1.84) 1.35 (1.15, 1.58) 1.01 (0.97, 1.04) 1.12 (1.03, 1.22)

Smoking

Currentc 1.47 (1.30, 1.66) 1.07 (0.90, 1.28) 1.02 (0.97, 1.07) 1.06 (0.97, 1.16)

Formerc 1.61 (1.39, 1.86) 1.50 (1.20, 1.87)* 1.08 (1.01, 1.16) 1.19 (1.07, 1.34)

Never 1.46 (1.07, 1.98) 1.73 (0.98, 3.04) 0.96 (0.87, 1.05) 1.23 (0.93, 1.62)

Drinking

Currentd 1.62 (1.19, 2.19) 1.66 (0.97, 2.86) 1.09 (0.95, 1.26) 1.31 (1.00, 1.71)

Formerd 1.50 (1.26, 1.79) 1.61 (1.18, 2.21)* 1.08 (0.99, 1.18) 1.53 (1.28, 1.84)**

Seldomd 1.41 (1.14, 1.74) 1.19 (0.88, 1.60) 1.08 (0.97, 1.20) 1.05 (0.90, 1.24)

Never 1.58 (1.39, 1.80) 1.10 (0.91, 1.32) 1.00 (0.97, 1.04) 1.01 (0.92, 1.10)

Diabetes mellitus

Yes 1.58 (1.34, 1.88) 1.27 (0.99, 1.62) 1.10 (1.02, 1.20) 1.07 (0.94, 1.21)

No 1.51 (1.36, 1.68) 1.26 (1.07, 1.48) 1.01 (0.97, 1.06) 1.15 (1.06, 1.25)

Hypertension

Yes 1.48 (1.33, 1.65) 1.26 (1.08, 1.48) 1.08 (1.02, 1.14)* 1.16 (1.07, 1.26)

No 1.60 (1.35, 1.89) 1.26 (0.97, 1.63) 0.99 (0.95, 1.04) 1.05 (0.92, 1.19)

Hyperlipidemia

Yes 1.50 (1.31, 1.71) 1.42 (1.14, 1.76) 1.19 (1.11, 1.28)** 1.24 (1.10, 1.40)*

No 1.53 (1.35, 1.72) 1.15 (0.97, 1.37) 0.97 (0.94, 1.00) 1.05 (0.96, 1.14)

Cerebral infarction

Yes 1.16 (1.01, 1.33)** 1.11 (0.90, 1.38) 1.02 (0.96, 1.08) 1.02 (0.92, 1.14)

No 1.61 (1.46, 1.79) 1.34 (1.13, 1.58) 1.06 (1.01, 1.11) 1.16 (1.07, 1.27)

*p < 0.05 in the two-sample test. **p < 0.01 in the two-sample test. Detailed results are shown in Table S3 in the supplemental information.
aFully adjusted models controlling age, education years, smoking, drinking, family history of dementia, and history of NCDs. In all models, city was modeled as random
effect. ORs and 95% CIs were associated with per-10 mg/m3 increase in each pollutant.
bThe significance of difference in effect estimates between different subgroups was examined using a two-sample test.
cThe never-smoke group was set as the reference.
dThe never-drink group was set as the reference.
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The present study did not observe an effect modification by a history of
other non-communicable diseases (NCDs), including cardiovascular disease,
transient ischemic attack, depression, metabolic syndrome, chronic obstruc-
tive pulmonary disease (COPD), anemia, cataract, glaucoma, and hearing dis-
4 The Innovation 2, 100147, August 28, 2021
orders. Some of our results are comparable with those of previous studies.
For example, Tzivian et al. found depression has no modification effect on
the association between PM2.5 and MCI,21 consistent with our results, but
also found that associations between PM2.5 and MCI were stronger in
www.cell.com/the-innovation
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participantswithnoormoderate alcohol consumption than in thosewith high
alcohol consumption, which is inconsistent with our findings. Other effect
modifiers examined in this research have not been discussed in previous
studies,21,28,31,32 which limits the ability to make direct comparisons.

Although the biological mechanisms by which PM causes cognitive
impairment are far from clear, some plausible mechanisms have been pro-
posed. Several experiments in non-human animals and human postmortem
studies have indicated that PM could infiltrate the brain through circulation or
translocation via the olfactory nerve.33,34 After penetration to the brain, PM
may lead to systemic inflammation, oxidative stress, and a cascade of neuro-
pathological changes. Such changes include the accumulation of amyloid-
b42, the presence of hyperphosphorylated tau and neurofibrillary tangles,
and neuroinflammation. The neuropathological changes may further lead
to neural degeneration and cerebral atrophy, which are consistent with
changes in the progression of Alzheimer disease, the most comment type
of dementia.5,7,33,35–37 In addition, existing evidence suggests that PM-
related cardiovascular and cerebrovascular disease may accelerate white
matter loss, lower the total cerebral brain volume, and lead to more covert
brain infarcts in older adults.14,38–40 All of the above changes associated
with PM exposure may contribute to cognitive impairment and the develop-
ment of dementia or MCI among the elderly.

Some limitations of this study should be noted. Themain limitation is that
the cross-sectional study design prevented us from examining the causal ef-
fect of PM pollution on dementia or MCI. Wewere also not able to control for
some potential confounding factors such as genetic information, coincident
gaseous pollutants, and different occupations (work before retirement) due
to the unavailability of these data. The spatial resolution of satellite-based
exposure estimation could be improved by using new satellite-retrieved aero-
sol optical depth data.41,42 With an improved spatial resolution of exposure
assessment, ORs for PM2.5 and PM10 tend to be higher, due tomore remark-
able variations of individual-level exposure.43,44 In this study, we used a
bilinear interpolation method. The value of predicted PM2.5 is the linear com-
bination of four nearest 10-km grid cells (PM in sites 1–4) weighted by dis-
tance from the site to each of the grid cells, that is to say,
predictedPM2:5 = 1

ðd1Þ2 PMsite1 +
1

ðd2Þ2 PMsite2 +
1

ðd3Þ2 PMsite3 +
1

ðd4Þ2 PMsite4.

Points located in the same grid cell are of varying distance to the four nearest
10-km grid cells, and thus points are typical of different weights. Therefore,
points located in the same grid cell have different values of PM2.5. Apart
from particle size, the source and chemical composition of PM play impor-
tant roles in its health effects, but we were unable to consider these issues
in this study due to the unavailability of the data. Moreover, this study only
included male veterans, which limits the generalizability of the findings to
other populations.

Despite the limitations described above, this study has several strengths
compared with prior research in this area. First, the participants of this
study are from veteran communities, which is a special population group
including many old-old and oldest-old participants. Their residential places
are stable and their living habits are very similar, which helps to reduce
exposure misclassification and reduce unmeasured or residual confound-
ing factors. Second, the clinical diagnoses of dementia or MCI in this study
were based on the results of clinical examination and systematic neuropsy-
chological tests. This effectively reduced the misdiagnosis of dementia or
MCI compared with other studies in which the diagnosis relied only on
the disease code or neuropsychological evaluations.45,46 In addition, the
large sample size of this study and the satellite-based estimation of PM
in 18 cities ensures representativeness of the data and minimizes exposure
misclassification.47 Finally, due to the relatively high mean levels of partic-
ipants’ exposures to PM2.5 and PM10 (56.92 mg/m3 and 102.71mg/m3,
respectively), this study provides evidence about the association between
PM and dementia/MCI in more seriously polluted regions. Overall, to our
knowledge, this is the first epidemiological study examining the association
between long-term exposure to PM and MCI/dementia in China, and thus
represents an important step in understanding the role of PM in cognitive
impairment.
ll
Conclusion
Our study shows a significant association between PM air pollution expo-

sure and development of dementia orMCI. This relationshipwasmodified by
the participant’s educational level, physical activities, smoking and drinking
habits, and prior incidence of cerebral infarction. Improvement of ambient
air quality, especially PM2.5, is expected to help decrease the risk of dementia
and MCI in the elderly. In addition to reducing the level of pollutants, it is also
the future research direction to look for other interventional environmental
factors to reduce the influence of PM on cognitive function.

MATERIALS AND METHODS
Study population

This multicenter cross-sectional survey was conducted using the CVCR platform,
whichwas established to investigate the prevalence of NCDs amongChinese veterans
from December 2009 to December 2011.48,49 Participants were selected using a
multi-stage cluster samplingmethod. In stage 1, fromall areaswhere there are veteran
communities, we chose three municipalities (Beijing, Tianjin, and Shanghai) and six
provinces (Liaoning, Hebei, Shandong, Jiangsu, Fujian, and Guangdong) in the devel-
oped eastern region, and eight provinces (Heilongjiang, Inner Mongolia, Shanxi, Hubei,
Shanxi, Gansu, Sichuan, and Guizhou) in the less developed central and western re-
gions. In stage 2, we selected four first-tier cities (Beijing, Shanghai, Tianjin, and
Guangzhou), five second-tier cities (Qingdao, Dalian, Fuzhou, Shijiazhuang, and Yantai),
and one third-tier city (Baoding) in the developed eastern region, and eight second-tier
cities (Wuhan, Xi’an, Chengdu, Harbin, Lanzhou, Taiyuan, Hohhot, and Guiyang) in the
lessdeveloped central andwestern regions. In stage 3, veteran communities located in
the selected cities participated in this platform. Finally, we selected all 277 veteran
communities from 18 cities, covering 24.36% of all veteran communities in China.
The veterans agedR60 years (or their legal representatives) in selected communities
were investigated in this study. Community workers and veterans’ spouses who were
not veteran were excluded. The study was approved by the Institutional Review Board
of the Chinese People’s Liberation Army General Hospital and informed consent was
obtained from each participant or their legal representative.

Evaluation of dementia and mild cognitive impairment
All of the medical staff from the participating hospitals in the CVCR platform who

have qualified to assess cognitive impairment through training performed a face-to-
face, two-stage screening and diagnostic assessment of dementia and MCI with
elderly participants in the clinics of veteran communities. The first phase was case
screening, where we employed a series of rating scales to evaluate cognitive function,
functional dependence, depressive symptoms, and sleep disorders for the eligible par-
ticipants.48 The scales we used included the Chinese version of the Mini-Mental State
Examination (MMSE), the Montreal Cognitive Assessment (MoCA-P), Activities of
Daily Living (ADL), and the Center for Epidemiological Studies Depression Scale
(CED-S).50–54

The second phase was case evaluation. For the veterans whose scores in phase 1
indicated cognitive impairment, we implemented a comprehensive neuropsychologi-
cal assessment of memory, language, visuospatial perception, calculation, abstract
reasoning, and executive function. The assessments included paired-associate
word learning of The Clinical Memory Test, episodic memory of modified Wechsler
Memory Scale, category verbal fluency, the Clock Drawing Test, the trail-making test
A of Halstead-Reitan Neuropsychological Battery for Adults, the symbol-digit modal-
ities test, similarity and calculations of the Wechsler Adult Intelligence Scale, and
Aphasia Battery of Chinese (ABC) test.55–61 The spontaneous speech, auditory
comprehension, repetition, and naming subtests from ABC were also used for lan-
guage evaluations.61 In addition, the Neuropsychiatric Inventory (NPI) and the Global
Deterioration Scale (GDS) were used to evaluate the neuropsychiatric symptoms
and severity of cognitive impairment.62 All neuropsychological instruments used in
this study have been validated in the Mandarin language among the Chinese popula-
tion.50–62 In addition to neuropsychological assessment, cases of dementia or MCI
were further confirmed by a series of clinical examinations, including the collection
of medical history, physical examinations, neurological assessments, laboratory tests
(hepato-renal function, folic acid and vitamin B12 levels, thyroid function test, and syph-
ilis antibody test), and neuroimaging scan (computed tomography [CT] or magnetic
resonance imaging [MRI]).

A clinical diagnosis ofMCI wasmade using the core clinical criteria recommended
by the National Institute on Aging and the Alzheimer’s Association workgroup
(NIA-AA): (1) cognitivedecline comparedwith theparticipant’s previous level (obtained
from the subject or an informant); (2) impairment in one or more cognitive domains
(the cutoff scores of neuropsychological tests were 1.5 SD below norms); (3) preser-
vation of independence in functional abilities (ADL score<26, GDS stage 2–3); and (4)
not meeting the criteria for dementia.63 The standard diagnostic criteria of dementia
were in accordance with the Diagnostic and Statistical Manual of Mental Disorders
IV (DSM-IV)64: impairment in one or more cognitive domains at a level of 2.5 SD or
The Innovation 2, 100147, August 28, 2021 5
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more below norms, and impairment in daily and social functioning (ADL score R26,
GDS stage 4–7).

Data of PM air pollution/PM exposure assessment
Daily concentrations of PM2.5 and PM10 across China during the study period were

estimated at a resolution of 0.1� (z10 km) using amachine learningmethod (random
forest model) with ground monitoring data, satellite-retrieved aerosol optical depth,
and information on other spatial and temporal predictors (see supplementary mate-
rial). Satellite-based estimation was conducted as previously described.43,44 We esti-
mated participants’ daily exposures to PM2.5 and PM10 according to their addresses
(latitude and longitude) during the 3 years prior to the survey. Daily estimations
were aggregated into the 3-year averages used in this study (see Figure S3 for addi-
tional sub-analyses of timescales for PM exposures). The results of 10-fold cross-vali-
dation (CV) showed the CV R2 for estimated annual PM2.5 and PM10 concentrations
were 86% and 81%, respectively (Table S1).

Measurement of potential covariates
A range of covariates were considered and adjusted for in our analyses. The socio-

demographic characteristics collected included age, gender, and educational attain-
ment. Education was measured in years of schooling, which includes both regular
and adult education. In descriptive analyses, this was treated as a categorical variable
for each individual: years of education >9, or years of education %9. Behavioral fac-
tors were participation in regular physical and social activities (yes or no), smoking
and alcohol consumption (current, former, or never a smoker/drinker). Current drinking
was further divided into current drinking and current heavy drinking (average daily
alcohol intake greater than five standard drink units) although there were no heavy
drinkers found in this population. Physical activity was defined as doing physical exer-
cise for at least 30min every day at an intensity greater thanor equal towalking. Social
activity referred to participating in organized activities involving social contacts. Infor-
mation about patient history of NCDs was also collected, including cardiovascular
disease (angina pectoris, myocardial infarction, hypertension, arrhythmia), stroke
(cerebral infarction or hemorrhage), transient ischemic attack, depression, metabolic
syndrome including diabetes mellitus and hyperlipidemia, COPD, anemia, cataract,
glaucoma, hearing disorders, and dementia. Data on sociodemographic factors, his-
tory of NCDs, and family history of neuropsychiatric diseases were collected through
medical records in the community clinics or by face-to-face interviews conducted by
the medical staff who performed dementia and MCI screening as described above.

Statistical analysis
We used logistic regression models to assess the associations of long-term expo-

sure to PM with dementia and MCI. Due to a limited sample size (n = 321), female
cases were excluded. Our initial analyses showed that the associations between
PM and dementia/MCI were linear (Figure S2). We therefore applied a linear function
for PM in the analyses. Threemodels, which adjusted for different sets of confounding
factors, were performed to estimate the associations of different levels of PMwith de-
mentia and MCI. Model 1 (referred to as the crude model) includes only one air
pollutant (PM2.5 or PM10). Model 2 (partially adjusted model) controls for age, years
of education, smoking, and drinking. Model 3 (fully adjusted model) controls for age,
years of education, smoking, drinking, family history of dementia, and history of
NCDs other than dementia. In all models, the city was also incorporated as a
random-effect term to control for the potential regional difference in the association
between PM and dementia/MCI. Additional analyses were performed stratified by
age, education, smoking, alcohol consumption, physical and social activity, history
of diabetes mellitus, hypertension, hyperlipidemia, and cerebral infarction. An interac-
tion term was added to the regression models to assess the significance of interac-
tions. Participants with any of the above variables missing were excluded from the
analysis.
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Supplementary Material 

Estimating concentrations of PM2.5 and PM10 

a. Data downloading and processing 

Daily concentrations of PM2.5 and PM10 over China during 2005-2016 were estimated using 

MODIS AOD, meteorological data, land use information and other predictors. More details 

about the data downloading and  processing were previously reported (Chen et al., 2018a; 

Chen et al., 2018b). Daily ground measurements of PM2.5 and PM10 were obtained from 1479 

stations of the China National Environmental Monitoring Center (CNEMC) from May 2014 

to December 2016.  

b. Model development 

We used a machine learning method (random forests) for model development and prediction. 

This method is user-friendly, as there is no need to define the complex relationships between 

predictors (e.g., linear or nonlinear relationships and interactions) and the variable importance 

measures provided by random forests help user to identify important variables and noise 

variables (Hu et al., 2017). The final model is shown as following: 

PMij = AODij + TEMPij + RHij + BPij + WSij+ NDVI + Urban_cover + doy + log(elev) 

where PM2.5ij is the PM2.5 or PM10 on day i at station j; AODij is the combined AOD; TEMP, 

RH, BP and WS are mean temperature, relative humidity, barometric pressure and wind speed 

on day i, respectively; NDVI is the monthly average NDVI value; Urban_cover is the 

percentage of urban cover with a buffer radius of 10 km; doy is day of the year; log(elev) is 

the log transformed elevation. 

c. Model validation and prediction 

To evaluated the predictive ability of the final model, a 10-fold cross-validation (CV) was 

performed. The results are shown in Table S1. 

 

 

 

 



Table S1. Results of 10-fold cross-validation for PM1, PM2.5, PM10 and NO2 

Pollutants 
Daily model   Annual averages 

CV R2 RMSE   CV R2 RMSE 

  PM2.5 83% 18.1 µg/m3  86% 6.9 µg/m3 

  PM10 78% 31.5 µg/m3  81% 14.4 µg/m3 

 

The final random forests models were used to predict daily concentration of air pollutants in 

China. A 0.1-degree (≈ 10 km) grid (including around 96,103 grid cells) covering the entire 

China was created for data integration and prediction. Daily concentrations ofPM2.5 and PM10  

were estimated for each grid cell during the study period. Predicted daily concentrations were 

aggregated into annual averages. 

References: 

Chen, G., Knibbs, L.D., Zhang, W., Li, S., Cao, W., Guo, J., Ren, H., Wang, B., Wang, H., 

Williams, G., Hamm, N.A.S., Guo, Y., 2018a. Estimating spatiotemporal distribution of PM1 

concentrations in China with satellite remote sensing, meteorology, and land use information. 

Environmental Pollution 233, 1086-1094. 

Chen, G., Li, S., Knibbs, L.D., Hamm, N.A.S., Cao, W., Li, T., Guo, J., Ren, H., Abramson, M.J., 

Guo, Y., 2018b. A machine learning method to estimate PM2.5 concentrations across China with 

remote sensing, meteorological and land use information. Science of the Total Environment 636, 

52-60. 

Hu, X., Belle, J.H., Meng, X., Wildani, A., Waller, L., Strickland, M., Liu, Y., 2017. Estimating 

PM2. 5 Concentrations in the Conterminous United States Using the Random Forest Approach. 

Environ Sci Technol. 

 

 

Supplementary Tables and Figures 

 

Table S2 . The comparison about the prevalence of dementia of Chinese male veterans 

(our study) and ordinary population  

 
Prevalence of dementia 

of ordinary population (%) 

Number of 

male veterans 

Expected number of 

dementia veterans 

Observed 

number of 

dementia 

veterans 

60-64 1.35 40 1 0 

65-69 2.58 45 1 0 

70-74 4.76 109 5 4 

75-79 8.5 1830 156 94 

80-84 14.63 3501 512 459 

85-89 24.32 1246 303 295 

90-94 39.03 179 70 60 

>=95 60.47 20 12 9 

Total ─ 6970a 1060 921 
a: The age data of 70 participants were missing. Data from 6,970 male veterans were included in 

the analysis after these missing data were excluded. 



Table S3. A summary of included and excluded participants’ exposure to PM2.5 and 

PM10 (µg/m3) during the three years prior to the survey. 

Pollutants Participants n Mean Min 
Percentiles 

Max SMDa 
25% 50% 75% 

PM2.5          

 Included 7040 56.92 30.46 48.15 55.21 71.46 84.23 0.036 

 Excluded 2636 56.44 30.46 47.04 54.89 66.13 84.23  

PM10          

 Included 7040 102.71 53.38 83.68 100.16 128.34 143.14 0.094 

 Excluded 2636 100.43 53.38 83.05 100.15 122.31 143.14  

a: standardised mean difference between included and excluded participants. 

 

 

 

Table S4 (single-pollutant model). The ORs (and 95%CIs) of MCI and dementia 

associated with per 10 µg/m3 increase in PM.  

 MCI Dementia 

PM2.5ª 1.52 (1.39, 1.67) 1.27 (1.11, 1.46) 

PM10ª 1.04 (1.00, 1.08) 1.13 (1.05, 1.21) 

PM10-2.5ª 0.88 (0.84, 0.93) 1.12 (1.01, 1.23) 

ª: Adjusted for age, education years, smoking, drinking, family history of dementia, and 

history of NCDs. And city was modeled as random effect.  

 

 

Table S5 (two-pollutant model). The ORs (and 95%CIs) of MCI and dementia associated 

with per 10 µg/m3 increase in PM and per 1 % increase in PM2.5 / PM10 ratio.  

 MCI Dementia 

PM10 1.19 (1.13, 1.25) 1.16 (1.07, 1.25) 

PM2.5/PM10 2.13 (1.86, 2.44) 1.15 (0.96, 1.39) 

Adjusted for age, education years, smoking, drinking, family history of dementia, and history 

of NCDs. And city was modeled as random effect. 

 

 

 

Table S6. Male veterans participating in the CVCR Platform 

Cities Male veterans screened Included in this study 

Beijing 1234 1008 

Shijiazhuang 1011 837 

Dalian 881 567 

Lanzhou 447 394 

Yantai 457 341 

Qingdao 589 492 

Fuzhou 488 457 

Chengdu 493 405 

Guangzhou 530 423 

Wuhan 147 111 



Shanghai 720 416 

Xi 'an 677 537 

Tianjin 385 218 

Baoding 201 155 

Hohhot 189 175 

Taiyuan 254 197 

Guiyang 216 165 

Harbin 177 142 

Total 9096 7040 

 

 

 

 

Table S7. The ORs (and 95%CIs) of MCI and dementia associated with personal 

hobbies 

controlling for age, education years, smoking, drinking, family history of dementia, and history of 

NCDs. 

 

 

Table S8. The ORs (and 95%CIs) of MCI and dementia associated with per 10 µg/m3 

increase in PM2.5 or PM10.  

Models 
PM2.5 (ORs and 95%CIs)  PM10 (ORs and 95%CIs) 

MCI Dementia  MCI Dementia 

Model 1a  1.33 (1.23, 1.44) 1.10 (0.99, 1.22)  0.99 (0.97, 1.02) 1.03 (0.98, 1.09) 

Model 2b  1.42 (1.31, 1.54) 1.20 (1.07, 1.34)  1.00 (0.97, 1.04) 1.08 (1.02, 1.15) 

Model 3c 1.52 (1.39, 1.67) 1.27 (1.11, 1.46)  1.04 (1.00, 1.08) 1.13 (1.05, 1.21) 

Model 4d 1.55 (1.42, 1.70) 1.28 (1.11, 1.47)  1.04 (1.00, 1.09) 1.11 (1.03, 1.19) 
a: Model 1, a crude model including only one air pollutant; b:Model 2, an adjusted model 

controlling age, education years, smoking and drinking; c: Model 3, an adjusted model controlling 

age, education years, smoking, drinking, family history of dementia, and history of NCDs. d: an 

adjusted model controlling age, education years, smoking, drinking, family history of dementia, 

history of NCDs, and personal hobbies. In all models, city was modeled as random effect. 

 

Personal hobbies 
MCI  Dementia 

OR (95%CI) P  OR (95%CI) P 

Calligraphy 0.87 (0.74,1.03) 0.105  0.89 (0.66,1.20) 0.442 

Painting 1.24 (0.98,1.56) 0.077  1.16 (0.75,1.81) 0.510 

Photography 0.81 (0.65,1.02) 0.067  0.78 (0.50,1.24) 0.296 

Collecting 0.79 (0.63,1.00) 0.045  0.65 (0.40,1.05) 0.077 

Gardening 1.10 (0.96,1.25) 0.174  0.71 (0.57,0.90) 0.005 

Pet keeping 1.17 (0.99,1.38) 0.069  1.14 (0.83,1.55) 0.420 

Handicraft 0.66 (0.47,0.92) 0.015  0.61 (0.32,1.15) 0.125 

Reading  0.71 (0.54,0.94) 0.017  0.41 (0.29,0.58) <0.001 

Keeping a diary 1.14 (0.94,1.38) 0.176  0.53 (0.34,0.82) 0.005 

Writing articles 1.02 (0.87,1.20) 0.816  0.78 (0.57,1.07) 0.120 

TV watching or listening to radio 1.24 (0.88,1.74) 0.213  0.79 (0.52,1.21) 0.279 

Playing cards or mahjong 1.05 (0.92,1.20) 0.479  0.82 (0.65,1.04) 0.099 



Table S9. Analysis of modification effects of several factors on the association between PM and MCI or dementia 

Factors 

  PM2.5 
ab  PM10 (ORs and 95%CIs) ab 

 MCI  Dementia  MCI  Dementia 

  OR (95%CI) z p  OR (95%CI) z p  OR (95%CI) z p  OR (95%CI) z p 

Age (years)                

 ＜80 1.57 (1.29, 1.90) 0.356  0.722   1.02 (0.69, 1.49) -1.109  0.267   0.97 (0.92, 1.02) -2.674  0.008   1.02 (0.84, 1.24) -0.919  0.358  

 ≥80 1.51 (1.36, 1.67)    1.28 (1.11, 1.47)    1.07 (1.01, 1.12)    1.13 (1.05, 1.22)   

Years of 

education 
               

 ≤9 1.62 (1.45, 1.81) -2.105  0.035   1.34 (1.14, 1.57) -1.537  0.124   1.03 (0.98, 1.08) 0.137  0.891   1.12 (1.04, 1.22) -0.083  0.934  

 ＞9 1.33 (1.15, 1.54)    1.06 (0.83, 1.37)    1.04 (0.96, 1.12)    1.12 (0.97, 1.28)   

Physical activities                

 Yes 1.54 (1.40, 1.69) 0.509  0.611   1.37 (1.17, 1.61) 2.636  0.008   1.04 (0.99, 1.08) -0.070  0.945   1.15 (1.06, 1.25) 1.089  0.276  

 No 1.42 (1.08, 1.87)    0.91 (0.70, 1.18)    1.04 (0.93, 1.17)    1.04 (0.90, 1.21)   

Social activities                

 Yes 1.40 (1.22, 1.60) -1.634  0.102   1.09 (0.85, 1.40) -1.405  0.160   1.08 (1.01, 1.16) 1.837  0.066   1.13 (0.99, 1.29) 0.111  0.911  

 No 1.63 (1.45, 1.84)    1.35 (1.15, 1.58)    1.01 (0.97, 1.04)    1.12 (1.03, 1.22)   

Smoking                

 Currentc 1.47 (1.30, 1.66) -0.041  0.968   1.07 (0.9, 1.28) 1.577  0.115   1.02 (0.97, 1.07) -1.174  0.241   1.06 (0.97, 1.16) 1.004  0.316  

 Formerc 1.61 (1.39, 1.86) 0.922  0.356   1.50 (1.20, 1.87) 2.290  0.022   1.08 (1.01, 1.16) 1.375  0.169   1.19 (1.07, 1.34) 1.592  0.111  

 Never 1.46 (1.07, 1.98) - -  1.73 (0.98, 3.04) - -  0.96 (0.87, 1.05) - -  1.23 (0.93, 1.62) - - 

Drinking                

 Currentd 1.62 (1.19, 2.19) 0.144  0.885   1.66 (0.97, 2.86) 1.413  0.158   1.09 (0.95, 1.26) 1.118  0.264   1.31 (1.00, 1.71) 1.796  0.072  

 Formerd 1.50 (1.26, 1.79) -0.461  0.645   1.61 (1.18, 2.21) 2.051  0.040   1.08 (0.99, 1.18) 1.531  0.126   1.53 (1.28, 1.84) 4.019  0.000  

 Seldomd 1.41 (1.14, 1.74) -0.909  0.364   1.19 (0.88, 1.60) 0.429  0.668   1.08 (0.97, 1.20) 1.210  0.226   1.05 (0.90, 1.24) 0.485  0.628  

 Never 1.58 (1.39, 1.80) - -  1.10 (0.91, 1.32) - -  1.00 (0.97, 1.04) - -  1.01 (0.92, 1.10) - - 

Diabetes mellitus                

 Yes 1.58 (1.34, 1.88) 0.447  0.655   1.27 (0.99, 1.62) 0.071  0.944   1.10 (1.02, 1.20) 1.742  0.081   1.07 (0.94, 1.21) -0.985  0.325  



 No 1.51 (1.36, 1.68)    1.26 (1.07, 1.48)    1.01 (0.97, 1.06)    1.15 (1.06, 1.25)   

Hypertension                

 Yes 1.48 (1.33, 1.65) -0.738  0.460   1.26 (1.08, 1.48) 0.018  0.986   1.08 (1.02, 1.14) 2.265  0.024   1.16 (1.07, 1.26) 1.368  0.171  

 No 1.60 (1.35, 1.89)    1.26 (0.97, 1.63)    0.99 (0.95, 1.04)    1.05 (0.92, 1.19)   

Hyperlipidemia                

 Yes 1.50 (1.31, 1.71) -0.211  0.833   1.42 (1.14, 1.76) 1.491  0.136   1.19 (1.11, 1.28) 5.217  0.000   1.24 (1.10, 1.40) 2.271  0.023  

 No 1.53 (1.35, 1.72)    1.15 (0.97, 1.37)    0.97 (0.94, 1.00)    1.05 (0.96, 1.14)   

Cerebral 

infarction 
               

 Yes 1.16 (1.01, 1.33) -3.805  0.000   1.11 (0.90, 1.38) -1.346  0.178   1.02 (0.96, 1.08) -0.883  0.377   1.02 (0.92, 1.14) -1.878  0.060  

  No 1.61 (1.46, 1.79)      1.34 (1.13, 1.58)      1.06 (1.01, 1.11)      1.16 (1.07, 1.27)     
a fully adjusted models controlling age, education years, smoking, drinking, family history of dementia, and history of NCDs. In all models, city was set as random 

effect factor. ORs and 95%CIs were associated with per 10 µg/m3 increase in each pollutant. b the significance of difference in effect estimates between different 

subgroups was examined using a two-sample test. For smoking and drinking, the never smoke and never drink groups were set as the reference groups. * p<0.05 in 

the two-sample test. ** p<0.01 in the two-sample test. 



Recruited veterans in the 

CVCR Platform 

 9,676

Responders

9,151

Non-responders (525)

Illness: 170

Hospitalization: 123

Absence during the study 

period: 148

Death: 34

Refusal: 50

With cognitive function 

diagnosis

7,445

Final objects

7,040

No Cognitive function 

diagnosis (1,706)

No neuropsychiatric 

examination was performed: 

1,671

The neuropsychiatric 

examination results were 

incomplete: 35

Exclude from the model (405)

Female: 321

No sex information: 84

 

Figure S1. Flow chart of research object selection 

 



 

Figure S2. The non-linear associations between PM and MCI/dementia using natural cubic 

splines with three degrees of freedom on PM 



 

Figure S3. The sub-analyses for the evaluation of time scales for PM exposures 
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