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Abstract.
Background: Previous studies have assessed limited cognitive domains with relatively short exposure to air pollutants, and
studies in Asia are limited.
Objective: This study aims to explore the association between long-term exposure to air pollutants and cognition in
community-dwelling older adults.
Methods: This four-year prospective cohort study recruited 605 older adults at baseline (2011–2013) and 360 participants
remained at four-year follow-up. Global and domain-specific cognition were assessed biennially. Data on PM2.5 (partic-
ulate matter ≤ 2.5 �m diameter, 2005–2015), PM10 (1993–2015), and nitrogen dioxide (NO2, 1993–2015) were obtained
from Taiwan Environmental Protection Administration (TEPA). Bayesian Maximum Entropy was utilized to estimate the
spatiotemporal distribution of levels of these pollutants.
Results: Exposure to high-level PM2.5 (>29.98 �g/m3) was associated with an increased risk of global cognitive impairment
(adjusted odds ratio = 4.56; � = –0.60). High-level PMcoarse exposure (>26.50 �g/m3) was associated with poor verbal fluency
(� = –0.19). High-level PM10 exposure (>51.20 �g/m3) was associated with poor executive function (� = –0.24). Medium-
level NO2 exposure (>28.62 ppb) was associated with better verbal fluency (� = 0.12). Co-exposure to high concentrations of
PM2.5, PMcoarse or PM10 and high concentration of NO2 were associated with poor verbal fluency (PM2.5 and NO2: � = –0.17;
PMcoarse and NO2: � = –0.23; PM10 and NO2: � = –0.21) and poor executive function (PM10 and NO2: � = –0.16). These
associations became more evident in women, apolipoprotein �4 non-carriers, and those with education > 12 years.
Conclusion: Long-term exposure to PM2.5 (higher than TEPA guidelines), PM10 (lower than TEPA guidelines) or co-exposure
to PMx and NO2 were associated with poor global, verbal fluency, and executive function over 4 years.
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INTRODUCTION

As population ages rapidly, dementia has become
an important health issue in older adults. Alzheimer’s
disease (AD) is the most common cause of demen-
tia and is characterized by noticeable cognitive and
behavioral symptoms that are severe enough to
affect daily life [1]. A previous survey study in Tai-
wan (2011–2013) reported in older adults, the age-
and sex-adjusted prevalence for overall dementia and
mild cognitive impairment (MCI) were 8.1% and
18.8%, respectively [2], which is higher than the
prevalence observed in East Asia (4.98–6.99% in
2015) [3]. Because of the heavy burden on health care
and aging society, it is important to prevent cognitive
impairment before the clinical manifestation.

Cognitive performance could be assessed by var-
ious neuropsychological tests of different domains;
these cognitive domains could be classified into
memory, attention, language, or executive function-
ing [4]. During the induction period of dementia,
different brain areas are involved in different cog-
nitive functions [4], these changes could serve as
potential precursors to dementia. Thus, a cohort
study with repeated measure is helpful to clarify the
disease progression and possible affected areas in
the brain.

Although existing scientific consensuses acknowl-
edge air pollution contributes to cardiovascular and
respiratory diseases, studies on cognitive perfor-
mance started to grow after 2010. Among different
sizes of particulate matter (PM), PM2.5 (PM ≤ 2.5�m
in diameter) mainly comes from primary combus-
tion emission and secondary particles that were
produced by gas-to-particle conversion [5]. PM2.5
can penetrate the alveolar gas exchange region of
the lungs, mainly deposits in the airway beyond
larynx, and thus is known as respirable particles.
PMcoarse (PM > 2.5–10 �m in diameter) accounts for
the majority of visible or obvious form of PM (e.g.,
black smoke or dust from road, soil, and construc-
tion sites) and contains sulfates, nitrates, organic
and elemental carbon, sea salts, molds, dust mites
pollen, and spores [5]. Existing research indicated
the smaller the PM, the more harm to the brain [6].
Our previous case-control study found that long-term
exposure to ozone and PM10 (PM ≤ 10 �m in diam-
eter) at levels lower than the air quality standards
of Taiwan Environmental Protection Administration
(TEPA) was significantly associated with 2- to 3-
fold increased risk of AD and vascular dementia [7].
Because of the heavy burden to dementia, we are hop-

ing to clarify how exposure to air pollutants affect
cognitive performance before disease onset.

The majority of previous studies found consistent
associations between PM2.5 exposure and the risk of
cognitive impairment/decline (cohort studies: [8–14];
cross-sectional studies: [15–21]), dementia (AD and
vascular dementia) (cohort studies: [11, 22–24]), or
brain imaging outcomes such as larger white mat-
ter hyperintensity volume and risk of covert brain
infarcts (cohort study: [25]). However, this associ-
ation was not observed in another cross-sectional
study [26]. Investigations on the associations between
PMcoarse exposure and cognitive impairment/decline
are limited and positive associations were observed
in some studies (cohort study: [8]; cross-sectional
study: [17]). Similarly, four cohort studies found
positive associations between PM10 exposure and
the risk of cognitive impairment/decline [9, 10, 14,
27], and another cross-sectional study reported pos-
itive association between PM10 and dementia [17].
However, these associations were not found in oth-
ers (cohort studies: [22, 28]; cross-sectional studies:
[18, 20]). Regarding NO2, most of previous stud-
ies found that NO2 exposure was associated with
an increased risk of cognitive impairment/decline
(cohort studies: [10, 12, 14]; cross-sectional stud-
ies: [17]) or dementia (cohort studies: [23, 24, 29];
case-control study: [30]), but such association was
not observed in other cross-sectional studies [18, 20,
26]. Taken together, the majority of previous stud-
ies found PM2.5, PMcoarse, PM10, and NO2 exposure
were associated with an increased risk of cognitive
impairment/decline or dementia. Different cogni-
tive domains and assessment tools; study design
(cohort versus cross-sectional); exposure sources,
duration and assessment tools; and geographic loca-
tions may explain the inconsistent findings.

Development of dementia may take decades; how-
ever, several previous studies 1) collected exposure
data over a relatively short duration compared with
the disease progression [16, 17, 19, 25], 2) focused
on global cognition or limited cognitive domains [11,
12, 15, 16, 21], or 3) used cross-sectional design
(about 40% of studies). Because we are simultane-
ously exposed to multiple air pollutants, investigating
co-exposure allows us to clarify the effect of how mul-
tipollutants affect cognitive performance in real-life
settings. However, the majority of studies exam-
ine single pollutant in relation to a health outcome;
limited data demonstrate how co-exposure to air pol-
lutants affect cognitive performance over time [27]. In
addition, air pollutants tend to vary across geographic
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Fig. 1. A conceptual timeline of the present study

locations, but studies in Asian countries are sparse.
Therefore, the aim of this study was to explore
the association between long-term (11 to 23 years)
exposure to air pollutants (PM2.5, PMcoarse, PM10,
and NO2) and cognitive performance in community-
dwelling non-demented older adults in a four-year
cohort study. Moreover, this study explored the asso-
ciation of co-exposure to multiple pollutants with
cognitive performance. In order to identify subpop-
ulations that are more susceptible to the exposure
of air pollutants, we further stratified these asso-
ciations by apolipoprotein E (APOE) �4 status to
assess gene-environment interactions and stratified
by other important covariates (e.g., sex and years
of education) known to affect the risk of dementia
[31].

METHODS

Study population

This four-year cohort study originated from
the Taiwan Initiative for Geriatric Epidemiological
Research (TIGER, 2011-present), which recruited
605 older adults (aged 65+) from the senior health
checkup program of National Taiwan University Hos-
pital (NTUH) at baseline (2011–2013). Among them,
447 (73.9%) participants completed the four-year
follow-up (2015–2017). Participants with the follow-
ing conditions at baseline were excluded: 1) taking
medications for treating AD (n = 2), 2) the score of the
Montreal Cognitive Assessment-Taiwanese version
(MoCA-T)≤21 [32] (suspected dementia, n = 62), 3)
brain tumor ≥ 3 cm (n = 2), 4) a history of stroke
(n = 10) or head injury with loss of consciousness
for more than 30 min (n = 4), and 5) lack of APOE

�4 genotyping data (n = 6). Furthermore, participants
with the following conditions at either baseline or
four-year follow-up were also excluded: 1) incom-
plete address, partial residence (defined as being
abroad for over half of the time in the 10 years
before the baseline), or actual living place outside
of Taipei and Keelung metropolitan area (n = 29), 2)
unreasonable physical activity [ ≥ 10,000 metabolic
equivalent of task (MET)-min/week, n = 2], and 3)
lack of data on any cognitive variables (n = 11). A
total of 360 participants were included for analyses.
The research protocol, informed consent, question-
naires, and application forms were approved by
the Research Ethics Committee of NTUH. Writ-
ten informed consent was obtained from all study
participants. A conceptual timeline to demonstrate
the present study, including participant selection and
measures of important variables, is shown in Fig. 1.

Assessment of cognitive performance

At baseline and four-year follow-up, global cog-
nition was assessed by MoCA-T (sensitivity: 92%,
specificity: 78%), a score < 24 indicated cognitive
impairment and a score ≥ 24 indicated normal cog-
nition, this cutoff point has been validated in a
Taiwanese population [32]. One point was added
to MoCA-T score when a participant had educa-
tion ≤ 12 years. A battery of neuropsychological tests
were performed to assess domain-specific cogni-
tion (memory, executive function, category/semantic
fluency, and attention). In Wechsler Memory Scale-
Third Edition (WMS-III), logical memory theme I &
II and recall I & II were used to assess verbal episodic
memory, and digit span-forward and backward were
used to assess attention performance [33]. Verbal
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fluency tests were used to assess category/semantic
fluency by recording the maximum number of fruits,
fish, and vegetables that participants could name in
one minute for each category and these scores were
then summed up into a composite score. Executive
function was assessed by the time (in seconds) to
complete Trail Making Test A and B; requiring more
time to complete the test would indicate poorer exec-
utive function. The scores of the two Trail Making
Tests were multiplied by -1 to make them in the same
direction of other cognitive variables. To make all
cognitive variables comparable, the scores for each
cognitive variable at baseline and four-year follow-
up were standardized based on the mean and standard
deviation (SD) of the score at baseline [34]; higher
score is indicative of better cognition.

Exposure assessment of air pollutants

Ambient air quality data were collected from 27
monitoring stations in the Taipei metropolitan area
through the Taiwan Air Quality Monitoring Network
(TAQMN) established by TEPA [35]. Annual mean
concentrations of PM10 and NO2 were available from
1993 to 2015 (23 years), and the PM2.5 levels were
available between 2005 and 2015 (11 years). PMcoarse
data were derived by the difference between con-
centrations of PM2.5 and PM10. Bayesian Maximum
Entropy (BME) was utilized to estimate the spa-
tiotemporal distribution of levels of these pollutants.
If a participant changed residence during the expo-
sure period, address and exposure data were updated
accordingly. The level of each air pollutant was then
tertiled into low- (T1), medium- (T2), and high-level
(T3) exposure. Similar approaches have been adopted
in some previous studies to group participants based
on their exposure levels [15, 26, 36–38].

Spatiotemporal estimation

BME is an epistemic framework, which distin-
guishes the general and specific knowledge of the
spatiotemporal processes and generates more infor-
mative spatiotemporal maps for the variables of
interest compared with land-use regression models
[39]. The details of BME method and its applications
can be referred to previous publications [40–42].
The process of spatiotemporal air pollutants can
be characterized by spatiotemporal trend and their
covariance. Nested spatiotemporal covariance mod-
els were used to characterize the spatiotemporal
dependence of the air pollutants to reveal the spa-

tiotemporal processes at different space-time scales
[41, 43]. To account for the impact of air pollutants
to cognitive impairment, BME method generated the
annual cumulative levels of air pollutants at the cor-
responding residential place for each participant. We
designated the exposure timeframe for PM10 and
NO2 exposure to begin in 1993, and 2005 for PM2.5
because the aforementioned years indicate the time
when air quality data became available from the
TAQMN. Since participants joined our prospective
cohort study between 2011 and 2013; each individ-
ual was then followed-up for four years. Thus, each
individual’s exposure period was 23 and 11 years,
respectively. STAR-BME package was used for BME
analysis [44, 45].

Statistical analyses

Generalized linear models, coupled with the Gen-
eralized Estimation Equations (GEEs) approach to
consider within-subject correlations, were used to
estimate 1) adjusted odds ratios (aORs) and the cor-
responding 95% confidence intervals (CIs) for the
risk of cognitive impairment (MoCA-T<24 or T1
for the impairment of domain-specific cognition)
among participants with high- (T3) and medium-
level (T2) exposure versus a low-level (T1) exposure
to a specific air pollutant, and 2) the performance
of global or domain-specific cognitive function (i.e.,
the regression coefficient) over 4 years for per unit
increase in exposure concentration to a specific air
pollutant. The following covariates were adjusted
in the regression models: variables with biologi-
cal importance, variables identified by the stepwise
model selection (SLENTRY = 0.10), and variables
remained significantly associated with the outcome
variables in the multivariable regression models.
These variables included sex, age, years of educa-
tion, APOE �4 status, history of smoking, exposure
to environmental tobacco smoke, alcohol drinking,
history of hypertension and depressive symptoms,
body mass index (BMI), and follow-up time. Strati-
fied analyses were performed by important covariates
(e.g., sex, APOE �4 status, and years of education).
We also assessed how the performance of cogni-
tive function was affected by co-exposure to air
pollutants, i.e., the pairwise combinations of expo-
sure to PMx (PM2.5, PMcoarse, or PM10: T1 + T2
versus T3) and NO2 (T1 + T2 versus T3). SAS ver-
sion 9.4 (SAS Institute, Cary, NC) was used for
statistical analyses. All statistical tests were two
sided.
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RESULTS

Characteristics of the study population

This study included 360 participants with a re-
peated measure of demographic characteristics, phys-
ical activity, lifestyle, and medical conditions at
four-year follow up. The mean age of the partici-
pants was 71.9 years old at baseline with an average
of 14-year education. At baseline, none of the charac-
teristics of the study population significantly differed
across low-, medium-, and high-level exposure of
each air pollutant (Table 1).

Spatial and temporal distributions of PM2.5 ,
PMcoarse , PM10, and NO2

The annual mean concentration of PM2.5 (29.12
�g/m3 for 11-year exposure) was higher than TEPA
guidelines (15 �g/m3), while the annual average level
of PM10 and NO2 (50.42 �g/m3 and 27.76 ppb for
23-year exposure, respectively) were below the air
quality standards (65 �g/m3 and 50 ppb, respectively;
Supplementary Figure 1 and Supplementary Table 1).
The annual mean level of PMcoarse was 24.14 �g/m3

and TEPA does not have a corresponding standard
for this pollutant. The spatial and temporal covari-
ance models (Fig. 2) were used in BME framework,
respectively. As the spatial and time lag increased,
both the spatial and temporal covariance became
smaller. The spatial and temporal covariances of PMx
are different. Among the spatial covariances, PM2.5
has a wider spatial correlation range compared to
PMcoarse and PM10; spatial variability of PM10 is
smoother compared to PM2.5 and PMcoarse. However,
the smoother variability over time is present in PM2.5
and PMcoarse, but not in PM10. Elevated PM2.5 level
was observed in central western Taipei and Taoyuan
Cities, possibly attributable to traffic and industrial
emissions (Fig. 3).

Associations between air pollutants and
cognitive function

The high-level PM2.5 exposure (T3: >29.98�g/
m3) was significantly associated with an increased
risk of global cognitive impairment (T3 versus T1:
aOR = 4.56, 95% CI = 1.51 to 13.82, ptrend = 0.01;
� = –0.60, 95% CI = –1.11 to –0.09, ptrend = 0.02,
Table 2). PM2.5 exposure was not associated with
specific cognitive domains. The high-level PMcoarse
exposure (T3: >26.50 �g/m3) was significantly

associated with poor performance of verbal fluency
(T3 versus T1: � = –0.19, 95% CI = –0.37 to –0.01,
ptrend = 0.05). The high-level PM10 exposure (T3:
>51.20 �g/m3) was significantly associated with poor
performance of executive function (Trail Making Test
A, T3 versus T1: � = –0.24, 95% CI = –0.41 to –0.06,
ptrend = 0.01). The medium-level NO2 exposure was
associated with better verbal fluency (T2 versus T1:
� = 0.12, 95% CI = 0.0005 to 0.24). PMcoarse, PM10,
or NO2 exposure was not related to the performance
of global cognition and the remaining cognitive
domains.

Co-exposure to PMx and NO2

Among different levels of co-exposure to PMx
and NO2, the exposure concentrations at the high-
est tertile of both PM2.5 and NO2 were significantly
associated with poor performance of verbal fluency
(T3 versus T1 + T2: � = –0.17, 95% CI = –0.30 to
–0.03, ptrend = 0.02, Table 3) compared with medium-
to low-level PM2.5 and NO2 exposure. The remaining
combinations of different levels of PM2.5, PMcoarse,
or PM10 with NO2 exposure were not associated
with the performance of global cognition and the
remaining cognitive domains. Secondly, the exposure
concentrations at the highest tertile of both PMcoarse
and NO2 were significantly associated with poor
performance of verbal fluency (T3 versus T1 + T2:
� = –0.23, 95% CI = –0.41 to –0.05, ptrend = 0.01)
compared with medium- to low-level PMcoarse and
NO2 exposure. Similarly, the exposure concentra-
tions at the highest tertile of both PM10 and NO2
were significantly associated with poor performance
of executive function (T3 versus T1 + T2: � = –0.16,
95% CI = –0.30 to –0.01, ptrend = 0.04) and verbal flu-
ency (T3 versus T1 + T2: � = –0.21, 95% CI = –0.35
to –0.08, ptrend = 0.01) compared with medium- to
low-level PM10 and NO2 exposure.

Stratified analyses by important covariates

For significant associations found between air pol-
lutants and cognitive function over 4 years (Table 2),
stratified analyses were performed by important
covariates in Fig. 4 (sex, APOE �4 status, and years
of education). Although no significant interaction was
observed between exposures to PM2.5 or PM10 and
the aforementioned covariates on global or domain-
specific cognition (Fig. 4), significant associations
were found in some subgroups after stratification.
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Table 1
Characteristics of the study population by levels of air pollutants at baseline (2011–2013, N = 360)

Variables Total Air pollutants

PM2.5 (�g/m3) PMcoarse (�g/m3) PM10 (�g/m3) NO2 (ppb)

Low Medium High p Low Medium High p Low Medium High p Low Medium High p
(T1) (T2) (T3) (T1) (T2) (T3) (T1) (T2) (T3) (T1) (T2) (T3)

Mean (SD)

Age (y)a 71.9(4.9) 72.1(5.5) 72.1(4.6) 71.7(4.7) 0.69 72.3(5.3) 71.4(4.8) 72.2(4.7) 0.31 71.7(5.0) 72.5(5.1) 71.6(4.7) 0.28 72.4(5.4) 72.2(4.9) 71.3(4.5) 0.39
Education (y)a 14.0(3.4) 13.7(3.1) 14.5(3.5) 13.8(3.6) 0.23 13.5(3.1) 14.2(3.6) 14.3(3.5) 0.07 14.1(2.9) 14.2(3.9) 13.7(3.3) 0.43 13.9(3.4) 14.4(3.2) 13.7(3.6) 0.29
BMI (kg/m2)b 23.8(2.9) 23.9(2.8) 23.9(3.0) 23.6(2.9) 0.70 24.0(3.1) 23.7(2.8) 23.8(2.9) 0.79 23.8(2.5) 24.0(3.1) 23.6(3.1) 0.63 23.8(2.7) 23.9(3.2) 23.7(2.9) 0.86
Physical activity 1753.2 1633.6 1735.0 1891.2 0.61 1578.1 1805.3 1876.4 0.42 1675.5 1618.7 1965.5 0.23 1616.3 1636.6 2006.8 0.37

(MET-min/week)a (1382.3) (1263.4) (1230.3) (1618.7) (1183.6) (1346.7) (1581.4) (1268.3) (1291.7) (1554.8) (1197.8) (1221.4) (1655.4)

N (%)

Women 195(54.0) 59(49.2) 73(60.8) 62(51.7) 0.16 65(54.2) 66(55.0) 63(52.5) 0.92 67(55.8) 62(51.7) 65(54.2) 0.81 64(53.3) 70(58.3) 60(50.0) 0.42
APOE �4 carriers 56(15.5) 22(18.3) 18(15.0) 16(13.3) 0.55 18(15.0) 24(20.0) 14(11.7) 0.20 18(15.0) 24(20.0) 14(11.7) 0.20 20(16.7) 21(17.5) 15(12.5) 0.52
Alcohol drinking 88(24.4) 31(25.8) 22(18.3) 35(29.2) 0.14 28(23.3) 27(22.5) 33(27.5) 0.63 32(26.7) 27(22.5) 29(24.2) 0.75 25(20.8) 30(25.0) 33(27.5) 0.48
Cigarette smoking 198(54.9) 74(61.7) 65(54.2) 58(48.3) 0.11 69(57.5) 72(60.0) 56(46.7) 0.09 69(57.5) 62(51.7) 66(55.0) 0.66 73(60.8) 62(51.7) 62(51.7) 0.26
Heart disease 113(31.3) 41(34.2) 33(27.5) 39(32.5) 0.51 37(30.8) 35(29.2) 41(34.2) 0.70 44(36.7) 31(25.8) 38(31.7) 0.19 36(30.0) 41(34.2) 36(30.0) 0.72
Diabetes 61(16.9) 26(21.7) 16(13.3) 15(12.5) 0.10 26(21.7) 14(11.7) 17(14.2) 0.09 20(16.7) 21(17.5) 16(13.3) 0.65 20(16.7) 16(13.3) 21(17.5) 0.65
Hypertension 237(65.7) 78(65.0) 67(55.8) 66(55.0) 0.22 79(65.8) 66(55.0) 66(55.0) 0.14 73(60.8) 71(59.2) 67(55.8) 0.73 72(60.0) 72(60.0) 67(55.8) 0.75
Depressive symptoms 29(8.0) 11(9.2) 8(6.7) 10(8.3) 0.77 14(11.7) 9(7.5) 6(5.0) 0.16 10(8.3) 6(5.0) 13(10.8) 0.25 10(8.3) 9(7.5) 10(8.3) 0.96
COPD 48(13.3) 18(15.0) 13(10.8) 17(14.2) 0.60 18(15.0) 15(12.5) 15(12.5) 0.81 15(12.5) 15(12.5) 18(15.0) 0.81 18(15.0) 15(12.5) 15(12.5) 0.81

aKruskal-Wallis test and banalysis of variance were used for continuous variables; Chi square test was used for categorical variables. The annual average levels of the air pollutants in the study
population and the corresponding air quality standards can be found in Supplementary Table 1. PM2.5, low: <29.00 �g/m3; medium: 29.00–29.98 �g/m3; high: >29.98 �g/m3. PMcoarse, low:
<22.45 �g/m3; medium: 22.45–26.50 �g/m3; high: >26.50 �g/m3. PM10, low: <49.57 �g/m3; medium: 49.57–51.20 �g/m3; high: >51.20 �g/m3. NO2, low: <27.47 ppb; medium: 27.47–28.62
ppb; high: >28.62 ppb. T, tertile; SD, standard deviation; BMI, body mass index; MET, metabolic equivalent of task; APOE, apolipoprotein; PM2.5, particulate matter ≤ 2.5 �m in diameter;
PMcoarse, particulate matter > 2.5–10 �m in diameter; PM10, particulate matter ≤ 10 �m in diameter; NO2, nitrogen dioxide; ppb, parts per billion; COPD, chronic obstructive pulmonary disease.
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(A) PM2.5 (B) PMcoarse

(D) NO2(C) PM10

Fig. 2. The spatial (upper)/temporal (lower) covariance model fitting used for Bayesian maximum entropy (BME) estimation: A) particulate
matter ≤ 2.5 �m in diameter (PM2.5); B) particulate matter > 2.5–10 �m in diameter (PMcoarse); C) particulate matter ≤ 10 �m in diameter
(PM10); D) nitrogen dioxide (NO2). X-axis indicates the spatial/temporal lag (km/years); Y-axis indicates the covariance of each air pollutant.
Circles are estimated empirical covariance. Curved lines are fitted covariance models, which characterize the spatiotemporal dependence for
the annual PM2.5, PMcoarse, PM10, and NO2 exposure.

For the association of PM2.5 with global cognitive
impairment, results became more evident in men (T3
versus T1: aOR = 5.72; ptrend =0.05, Fig. 4A), APOE
�4 non-carriers (T3 versus T1: aOR = 3.99; ptrend
=0.03), and participants with education > 12 years
(T3 versus T1: aOR = 8.10; ptrend =0.03). No signif-
icant associations were found in women, APOE �4
carriers, and participants with education ≤ 12 years.
For continuous global cognition, results became more
evident in women (T3 versus T1: �=–0.83, ptrend
=0.02, Fig. 4B) and participants with education > 12
years (T3 versus T1: �=–0.72, ptrend =0.04). Asso-
ciations did not reach statistical significance among
men, both APOE �4 carriers and non-carriers, and
participants with education ≤ 12 years.

For the association of PM10 with poor perfor-
mance of executive function, results became more
evident in men (T2 versus T1: �=–0.22; T3 versus
T1: �=–0.44; ptrend = 0.003, Fig. 4C), APOE �4 non-
carriers (T3 versus T1: �=–0.25; ptrend = 0.01), and
participants with education ≤ 12 years (T3 versus T1:
�=–0.34; ptrend = 0.02). No significant associations
were found in women, APOE �4 carriers, and partic-
ipants with education > 12 years. For the association
of PMcoarse with poor performance of verbal fluency,
results became more evident in women (T2 versus
T1: �=–0.24; ptrend = 0.13, Fig. 4D), APOE �4 non-
carriers (T3 versus T1: �=–0.21; ptrend = 0.03), and
participants with education > 12 years (T2 versus T1:
�=–0.23; T3 versus T1: �=–0.28; ptrend = 0.02). No
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(A) PM2.5 (B) PMcoarse

(C) PM10 (D) NO2

Fig. 3. Fitted covariance model used for Bayesian maximum entropy (BME) estimation in northern Taiwan: A) the average annual PM2.5
exposure over 11 years, B) the average annual PMcoarse exposure over 11 years, C) the average annual PM10 exposure over 23 years, and D)
the average annual NO2 exposure over 23 years. X-axis indicates the longitude of the study area; Y-axis indicates the latitude of the study
area.

significant associations were found in men, APOE �4
carriers, and participants with education ≤ 12 years.
For the association of NO2 with better performance of
verbal fluency, results became more evident in men
(T2 versus T1: �=0.22; ptrend = 0.30, Fig. 4E), and
participants with education > 12 years (T2 versus T1:
�=0.15; ptrend = 0.66). No significant association was
found in women, both APOE �4 carriers and non-
carriers, and participants with education ≤ 12 years.

DISCUSSION

This study found that 11-year exposure to elevated
PM2.5 levels (annual mean higher than that estab-
lished by TEPA) was associated with poor global
cognition over four-year follow-up. An 11-year expo-
sure to elevated PMcoarse levels or a 23-year exposure
to elevated PM10 levels (annual mean lower than

that established by TEPA) was significantly asso-
ciated with poor verbal fluency. These associations
became more evident in women and APOE �4 non-
carriers, and participants with education > 12 years.
Additionally, the co-exposure to PMx and NO2 was
significantly associated with poor verbal fluency;
co-exposure to PM10 and NO2 was significantly asso-
ciated with poor executive function. Taken together,
we found that PM10, PMcoarse, PM2.5, and NO2
exposure affected different cognitive function (e.g.,
global or domain-specific cognition). Different cog-
nitive domains were associated with PMx exposure,
which may be attributable to different sources of PM,
adsorbed compounds presented on PM, geographic
locations of sample collection, seasons, the deposit
locations in the airway, and the ability of traverse tra-
ditional barriers in the lung or the blood-brain barrier
[46]. In addition, this study found that the perfor-
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Table 2
Association between air pollutants and cognitive function over four-year follow up (N = 360)

Air pollutants Global cognition by MoCA-T Cognitive domain specific tests

Binary aOR Continuous Logical Executive Trail Making Trail Making Verbal fluency Attention
(95% CI) � (95% CI) memory function Test A Test B � (95% CI) � (95% CI)

� (95% CI) � (95% CI) � (95% CI) � (95% CI)

PM2.5 T1 1.00 Ref. Ref. Ref. Ref. Ref. Ref. Ref.
T2 2.23(0.76, 6.55) –0.26(–0.73, 0.21) 0.11(–0.08, 0.30) 0.02(–0.11, 0.15) 0.12(–0.04, 0.28) –0.08(–0.24, 0.09) 0.04(–0.10, 0.19) 0.07(–0.07, 0.21)
T3 4.56(1.51, 13.82) –0.60(–1.11, –0.09) 0.16(–0.06, 0.39) –0.11(–0.26, 0.05) –0.01(–0.19, 0.17) –0.21(–0.43, 0.005) –0.07(–0.22, 0.08) –0.12(–0.29, 0.04)

Ptrend 0.01 0.02 0.15 0.18 0.96 0.06 0.40 0.17
PMcoarse T1 1.00 Ref. Ref. Ref. Ref. Ref. Ref. Ref.

T2 0.95(0.42, 2.14) –0.29(–0.74, 0.15) 0.12(–0.08, 0.33) 0.03(–0.14, 0.21) –0.04(–0.22, 0.14) 0.11(–0.12, 0.33) –0.14(–0.30, 0.02) 0.02(–0.14, 0.18)
T3 1.03(0.43, 2.47) –0.15(–0.65, 0.35) 0.04(–0.18, 0.27) –0.06(–0.24, 0.12) –0.10(–0.29, 0.09) –0.01(–0.24, 0.23) –0.19(–0.37, –0.01) –0.01(–0.17, 0.16)

Ptrend 0.95 0.62 0.77 0.48 0.30 0.87 0.05 0.92
PM10 T1 1.00 Ref. Ref. Ref. Ref. Ref. Ref. Ref.

T2 1.50(0.62, 3.63) –0.24(–0.65, 0.17) –0.06(–0.25, 0.13) –0.09(–0.22, 0.04) –0.12(–0.26, 0.02) –0.08(–0.27, 0.12) –0.12(–0.24, 0.002) –0.04(–0.18, 0.11)
T3 1.61(0.52, 4.96) –0.28(–0.80, 0.25) –0.17(–0.40, 0.06) –0.13(–0.29, 0.02) –0.24(–0.41, –0.06) –0.05(–0.26, 0.17) –0.12(–0.27, 0.02) –0.08(–0.25, 0.10)

Ptrend 0.42 0.30 0.15 0.10 0.01 0.69 0.11 0.39
NO2 T1 1.00 Ref. Ref. Ref. Ref. Ref. Ref. Ref.

T2 0.41(0.16, 1.02) 0.15(–0.25, 0.56) –0.01(–0.17, 0.15) 0.10(–0.03, 0.22) 0.12(–0.02, 0.26) 0.08(–0.07, 0.23) 0.12(0.0005, 0.24) 0.09(–0.03, 0.20)
T3 1.21(0.40, 3.68) –0.26(–0.82, 0.31) 0.14(–0.08, 0.36) 0.10(–0.08, 0.27) 0.14(–0.05, 0.34) 0.05(–0.17, 0.28) –0.01(–0.18, 0.16) –0.02(–0.19, 0.16)

Ptrend 0.97 0.53 0.28 0.21 0.12 0.55 0.74 0.90

Generalized estimating equations were used to estimate aORs [for binary MoCA-T: ≥24 (normal) versus < 24 (impaired)] and � coefficients (continuous cognitive variables) adjusted for age, sex,
years of education, APOE �4 status, history of smoking and drinking, depressive symptoms, body mass index, and follow-up time (baseline: 2011–2013; follow-up: 2015–2017). The numbers
in bold indicate statistically significant findings (p < 0.05). The annual average levels of the air pollutants in the study population and the corresponding air quality standards can be found in
Supplementary Table 1. MoCA-T, Montreal Cognitive Assessment-Taiwanese version; aOR, adjusted odds ratio; CI, confidence interval; Ref., reference group; PM2.5, particulate matter ≤ 2.5 �m
in diameter; PMcoarse, particulate matter > 2.5–10 �m in diameter; PM10, particulate matter ≤ 10 �m in diameter; NO2, nitrogen dioxide; ppb, parts per billion.
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Table 3
Coexposure to PMx and NO2 on cognitive function over four-year follow up (N = 360)

Air pollutants Global cognition by MoCA-T Cognitive specific tests

Binary aOR Continuous Logical Executive Trail Making Trail Making Verbal fluency Attention
(95% CI) � (95% CI) memory function Test A Test B � (95% CI) � (95% CI)

� (95% CI) � (95% CI) � (95% CI) � (95% CI)

PM2.5 (T1 + T2)
NO2 (T1 + T2) 1.00 Ref. Ref. Ref. Ref. Ref. Ref. Ref.
NO2 (T3) 0.95(0.27, 3.37) –0.24(–0.85, 0.38) 0.03(–0.25, 0.30) –0.01(–0.15, 0.14) –0.02(–0.19, 0.15) 0.0038(–0.20, 0.21) –0.15(–0.31, 0.01) 0.09(–0.06, 0.25)

PM2.5 (T3)
NO2 (T1 + T2) 2.44(0.19, 30.86) –0.60(–1.41, 0.20) –0.10(–0.40, 0.20) –0.29(–0.67, 0.10) –0.17(–0.49, 0.14) –0.40(–1.03, 0.22) –0.03(–0.33, 0.27) –0.08(–0.39, 0.23)
NO2 (T3) 1.80(0.66, 4.88) –0.27(–0.72, 0.17) 0.12(–0.06, 0.31) –0.09(–0.22, 0.05) –0.08(–0.25, 0.09) –0.10(–0.27, 0.07) –0.17∗(–0.30, –0.03) –0.09(–0.26, 0.07)

Ptrend 0.29 0.19 0.23 0.15 0.32 0.17 0.02 0.26
PMcoarse (T1 + T2)

NO2 (T1 + T2) 1.00 Ref. Ref. Ref. Ref. Ref. Ref. Ref.
NO2 (T3) 1.58(0.38, 6.56) –0.45(–1.07, 0.17) 0.10(–0.19, 0.38) 0.02(–0.16, 0.20) –0.03(–0.23, 0.18) 0.07(–0.16, 0.30) –0.15(–0.32, 0.03) –0.03(–0.24, 0.17)

PMcoarse (T3)
NO2 (T1 + T2) 0.95(0.37, 2.44) –0.0002(–0.51, 0.51) –0.06(–0.27, 0.16) –0.05(–0.22, 0.12) –0.04(–0.23, 0.14) –0.04(–0.25, 0.17) –0.06(–0.24, 0.11) –0.01(–0.18, 0.16)
NO2 (T3) 1.60(0.49, 5.23) –0.26(–0.83, 0.31) 0.07(–0.16, 0.30) –0.12(–0.29, 0.06) –0.13(–0.33, 0.06) –0.10(–0.33, 0.13) –0.23(–0.41, –0.05) –0.05(–0.23, 0.14)

Ptrend 0.52 0.44 0.67 0.21 0.20 0.44 0.01 0.63
PM10 (T1 + T2)

NO2 (T1 + T2) 1.00 Ref. Ref. Ref. Ref. Ref. Ref. Ref.
NO2 (T3) 0.94(0.22, 3.94) –0.37(–0.91, 0.17) 0.19(–0.03, 0.41) 0.02(–0.15, 0.19) 0.05(–0.15, 0.25) 0.004(–0.23, 0.23) –0.07(–0.26, 0.12) –0.16(–0.34, 0.01)

PM10 (T3)
NO2 (T1 + T2) 0.48(0.16, 1.47) 0.08(–0.46, 0.61) –0.11(–0.31, 0.08) –0.04(–0.19, 0.11) –0.12(–0.31, 0.08) 0.03(–0.13, 0.19) 0.02(–0.11, 0.15) –0.08(–0.24, 0.08)
NO2 (T3) 1.27(0.44, 3.64) –0.08(–0.57, 0.41) 0.03(–0.18, 0.24) –0.08(–0.21, 0.06) –0.16(–0.30, –0.01) –0.01(–0.19, 0.18) –0.21∗(–0.35, –0.08) –0.05(–0.22, 0.13)

Ptrend 0.89 0.74 0.93 0.28 0.04 0.98 0.01 0.40

Generalized estimating equations were used to estimate aORs [for binary MoCA-T: ≥24 (normal) versus < 24 (impaired)] and � coefficients (continuous cognitive variables) adjusted for age, sex,
years of education, APOE �4 status, history of smoking and drinking, depressive symptoms, body mass index, and follow-up time (baseline: 2011–2013; follow-up: 2015–2017). The numbers in
bold indicate statistically significant findings (p < 0.05). ∗Results remained significant after correction for multiple tests by using false discovery rate. The annual average levels of the air pollutants
in the study population and the corresponding air quality standards can be found in Supplementary Table 1. MoCA-T, Montreal Cognitive Assessment-Taiwanese version; aOR, adjusted odds ratio;
CI, confidence interval; Ref, reference group; PM2.5, particulate matter ≤ 2.5 �m in diameter; PMcoarse, particulate matter > 2.5–10 �m in diameter; PM10, particulate matter ≤ 10 �m in diameter;
NO2, nitrogen dioxide; ppb, parts per billion.
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Fig. 4. Association between air pollutants and cognition over 4 years stratified by important variables (N = 360). A) PM2.5 and global cognition by MoCA-T (binary), B) PM2.5 and global cognition
by MoCA-T (continuous), C) PM10 and Trail Making Test A, D) PMcoarse and verbal fluency, and E) NO2 and verbal fluency. Numbers in bold indicated statistically significant findings (p < 0.05).
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mance of verbal fluency was consistently affected
by long-term PMcoarse, PM10, and NO2 exposure.
Verbal fluency includes language, semantic memory,
and executive function [47, 48] and is related to the
prefrontal cortex (especially inferior frontal gyrus
and middle frontal gyrus) of the brain [49, 50]. In
sum, different air pollutants may be associated with
either global or specific cognitive domains.

Air pollutants enter the human body through
the olfactory bulb and nasal epithelial cells or via
mechanical inhalation [6]. Some toxic compounds
present on the surface of PM, such as manganese, pol-
yaromatic hydrocarbons, and lipopolysaccharides,
could affect the central nervous system through neu-
rons directly or through the activation of microglial
cells [46]. PM absorption could trigger the generation
of proinflammatory cytokines and causes system-
atic or brain inflammation. The subsequent oxidative
stress and its product, reactive oxygen species, can
compromise the blood-brain barrier, which leads to
the damage of neurons, the accumulation of A�,
and the formation of senile plague, and subsequently
affects cognitive function [46]. Instead of target-
ing specific cognitive domain(s), high-level PM2.5
exposure may have moderate effect on each domain.
However, the aggregated effect of PM2.5 from all
cognitive domains may explain the significant asso-
ciation between PM2.5 exposure and the impairment
of global cognition. In addition, Taiwan is an island
country with subtropical climate, the high relative
humidity may result in the adsorption of endotoxin on
PMcoarse and PM10 [51], which may partially explain
our findings on long-term PM10 or PMcoarse expo-
sure affecting verbal fluency and executive function.
Taken together, more studies are needed to clarify
the toxicologic characteristics of air pollutants on
different cognitive domains.

Our finding of 11-year PM2.5 exposure with
poor global cognition was consistent with previous
studies (cohort studies: [8–14]; cross-sectional stud-
ies: [15–21]). In addition, we found that PMcoarse
exposure was associated with poor verbal fluency.
However, few studies explored verbal fluency in
relation to PMcoarse exposure, and our finding was
consistent with a previous cross-sectional study [17].
Furthermore, few studies explored executive function
in relation to air pollution. We found that 23-year
high-level PM10 exposure was associated with poor
executive function, which was consistent with a pre-
vious cohort study [28], but the other cohort study
did not observe an association [10]. The significant
findings we found were in Trail Making Test A but

not Test B. It is possible that participants with high-
level exposure to air pollutant had slower response in
Trail Making Test A. In addition, after the assessment
using Trail Making Test A, participants become more
familiar with this type of test, which may also explain
the non-significant finding in Trail Making Test B. In
addition, this study found that exposure to elevated
PMcoarse or co-exposure to elevated PMx and NO2
were associated poor verbal fluency or poor executive
function (especially for PM10 and NO2 co-exposure),
which should be attributable to the detrimental effect
of PMx exposure because NO2 showed mild protec-
tive effect. Various brain areas have been related to the
age-related decline in executive function (Trail Mak-
ing Test), which include smaller grey matter volume
in the dorsolateral and ventrolateral prefrontal cortex,
medial prefrontal cortex, frontal pole, right inferior
frontal gyrus, temporal lobe, insular cortex, caudate,
globus pallidus, posterior parietal lobe, occipital cor-
tex, and the cerebellum [52–54].

Furthermore, this study found that 23-year NO2
exposure lower than TEPA standard was associated
with better verbal fluency, which was inconsistent
with limited previous studies (cross-sectional studies:
[17, 18, 20]). Among these studies, one study found
inversed association (cross-sectional study: [17]) and
two other found no association (cross-sectional stud-
ies: [18, 20]) between NO2 exposure and verbal
fluency. Previous animal studies revealed that expo-
sure to NO2 has shown to generate excitotoxicity,
which affects the synaptic plasticity [55] and resulted
in the accumulation and formation of A� and senile
plaque via nitrification [56]; the subsequent neu-
ronal apoptosis then affects cognitive function [56].
The protective finding in our study may be due to
the long-term NO2 exposure lower than the TEPA
standard and the following rationale. NO2 may par-
ticipate with nitrotyrosination in the brain [57], which
was observed in AD brain [58]. However, moder-
ate nitrotyrosination has also been found in healthy
people [59–61], which implies low-level nitration is
needed to maintain physiological function [57]. As
a whole, more experimental studies are needed to
clarify the underlying mechanism of NO2 exposure
on human brain.

This study has the following strengths. First, since
the progression of dementia may take decades, the
collection of long-term exposure data started before
the commencement of this study (from 2005–2015
for PM2.5 and PMcoarse; from 1993–2015 for PM10
and NO2) and the design of cohort study allowed
us to clarify the association between past exposure
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to air pollutants and cognitive performance over
four-year follow-up. Secondly, few studies explored
cognitive domains; assessment tools were also highly
heterogeneous. This study assessed both global
and domain-specific cognition (i.e., memory, exec-
utive function, verbal fluency, and attention), which
allowed us to identify the effect of air pollutants on
different cognitive domain(s). Thirdly, to account for
the fact that multiple air pollutants coexist in the
ambient environment, our analysis on the associa-
tion between single-pollutant and cognitive function
adjusted for other air pollutants. Fourthly, few stud-
ies explored the effect of co-exposure to air pollutants
on cognition-related outcomes; we also assessed the
co-exposure to these pollutants to clarify possible
synergistic effect. Our exposure data were estimated
from BME, which used both spatial and temporal data
to estimate individual exposure over time; change in
residency during the exposure period were noted to
improve the accuracy of exposure estimation. Last
but not least, this study included APOE �4 status to
assess important gene-environment interactions.

This study has some limitations; firstly, the study
area was confined to Taipei metropolis, therefore,
our findings may not be generalizable to other areas
of Taiwan. Secondly, participation bias may occur
because study participants were recruited from the
health checkup program at baseline and tended to
be healthier than the general population. However,
after the four-year follow up, health status of these
participants decreased and became similar to the
general population. Therefore, we anticipate partici-
pation bias diminished over time in cohort studies [62,
63]. Thirdly, occupation before retirement may affect
the association between exposure to air pollutants
and the risk of cognitive impairment. After stratifi-
cation by the occupational complexity, which was
defined by Stern et al. [64] (low complexity: house-
wife, unskilled/semiskilled, skilled trade or craft, or
clerical/office worker; high complexity: managerial,
professional, or skilled workers), we found that the
high-complexity group had similar findings with the
whole population; the findings in the low-complexity
group are less significant, especially in PM10 and
NO2 exposure (data not shown). It is possible that
almost all participants had been retired while they
were recruited into this cohort during 2011–2013.
Therefore, the effect of occupation may be attenuated
as the number of years since retirement increased.
Fourthly, this study used quantiles to categorize the
levels of air pollutants in part because the results from
the pollutant as a continuous variable was not signifi-

cant, which may be attributable to the annual average
exposure levels of PM10, and NO2 being lower than
TEPA standards. It is also possible that the study par-
ticipants, all of whom are community-dwelling older
adults, have better overall health status compared to
hospitalized patients; therefore, per unit increase in
exposure concentration may not have a significant
impact on their cognitive performance. In addition,
chunking the continuous variable into increments of
10 �g/m3 also resulted in the majority of the data in
a single category. Therefore, this study adopted the
quantile approach for grouping the exposure. Lastly,
despite the estimation of long-term exposure to air
pollutants, this study was unable to identify the crit-
ical time period in which cognitive function is most
severely affected by exposure to air pollutants.

In conclusion, this four-year prospective study
found that long-term (11 years) exposure to PM2.5
levels higher than the current TEPA guideline values
was significantly associated with cognitive impair-
ment, signaling that the reduction of emission
resources may be helpful to lower the risk of cogni-
tive related outcome. In our single-pollutant exposure
scenario, long-term (23 years) exposure to ambient
PM10 levels lower than the TEPA standards were
associated poor cognitive function; co-exposure to
both PM10 and NO2 revealed the same association.
Notably, because these non-significant associations
occurred at exposure concentrations lower than air
quality guidelines established by TEPA, our results
indicate that lowering the current national air quality
standards for both PM10 and NO2 may be warranted
in order to protect older adults from cognitive impair-
ment. Equally important, the co-exposure of various
air pollutants should be considered while evaluat-
ing the subsequent health outcomes in epidemiologic
studies. Lastly, conducting prospective studies with
long-term co-exposure period is suitable for explor-
ing the association of air pollutants with cognitive
function, which not only reflect the real-life expo-
sure scenario to air pollutants but also allow us to
clarify the effect of air pollution on the progression
of cognitive impairment or dementia over time.
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