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Abstract

Purpose of Review Health effects of long-term exposure to ambient PM, 5 vary with regions, and 75% of the deaths attribut-
able to PM, 5 were estimated in Asia-Pacific in 2017. This systematic review aims to summarize the existing evidence from
cohort studies on health effects of long-term exposure to ambient PM, 5 in Asia-Pacific.

Recent Findings In Asia-Pacific, 60 cohort studies were conducted in Australia, Mainland China, Hong Kong, Taiwan,
and South Korea. They consistently supported associations of long-term exposure to PM, 5 with increased all-cause/non-
accidental and cardiovascular mortality as well as with incidence of cardiovascular diseases, type 2 diabetes mellitus, kidney
diseases, and chronic obstructive pulmonary disease. Evidence for other health effects was limited. Inequalities were identi-
fied in PM, s-health associations.

Summary To optimize air pollution control and public health prevention, further studies need to assess the health effects
of long-term PM, 5 exposure in understudied regions, the health effects of long-term PM, 5 exposure on mortality and risk
of type 2 diabetes mellitus, renal diseases, dementia and lung cancer, and inequalities in PM, s-health associations. Study

design, especially exposure assessment methods, should be improved.
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Introduction

Particulate matter with a diameter of less than 2.5 pm
(PM, 5) has been associated with cardiovascular diseases
(CVD) [1e, 2¢], respiratory diseases [3, 4], neurological
diseases [5, 6, 7e], cancers [8ee], and subsequent deaths
[9, 10, 11ee]. It was estimated responsible for four million
deaths and 142 million disability-adjusted life years (DALY)
worldwide in 2017 [12] and has been regarded as a primary
health hazard by most countries.

Long-term (>1 year) exposure to PM, 5 can lead to cumu-
lative or chronic health effects, and the health effects may
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vary across regions because of differences in population
characteristics, as well as sources and components of PM, 5
[13, 14, 15e, 16]. Therefore, some reviews have been con-
ducted to synthesize health effects of long-term exposure to
PM, 5 to provide evidence to local governments to formulate
national or region-specific air pollution control and public
health intervention policies [See, 17].

Although concentrations of PM, s decreased in some
regions (e.g., East China, South Central China, Southeast
Asia, and Australasia) during 2000-2017 [18], PM, 5 is still
a major health hazard in Asia-Pacific (i.e., East Asia, South
Asia, Southeast Asia, and Oceania), where 75% of the esti-
mated global deaths attributable to PM, 5 occurred in 2017
[12], and the hazard of ambient PM, 5 (main sources: traffic,
industry, energy production and agriculture) is increasingly
surpassing the hazard of indoor PM, 5 (main sources: com-
bustion of solid fuel and biomass) in Asia-Pacific as a result
of urbanization and industrialization [12, 19¢]. However,
there is a lack of systematic reviews for the health effects
of long-term ambient PM, 5 exposure in Asia-Pacific. Most
of the systematic reviews conducted previously have only
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covered selective health effects in Asia-Pacific, which were
not able to fully describe the health impacts of long-term
exposure to ambient PM, 5 for decision-makers and public
health practitioners in Asia-Pacific [13, 20].

To fill this gap, we conducted a systematic review to
answer the following Population, Exposure, Comparison,
Outcome, Study Design (PECOS) question: what were the
health effects of long-term exposure to ambient PM, 5 in any
population, including subgroups of susceptible adults and
children in Asia-Pacific, according to cohort studies pub-
lished during 2000-20207?

Materials and methods

This systematic review was conducted following the Pre-
ferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA). The PRISMA checklist was presented
in Section 1 of Supplementary Material. The protocol of
this systematic review had been registered on PROSPERO
(https://www.crd.york.ac.uk/prospero/) with an identifica-
tion number of CRD42021254095.

Search strategy

We performed a systematic literature search across three
major databases: Medline, Embase, and Web of Science
(WoS), with a time restriction of 2000-2020. We consid-
ered literatures in all languages. However, Chinese litera-
ture databases were not included because literature searches
in major Chinese literature databases (i.e., China National
Knowledge Infrastructure and VIP Information) consistently
demonstrated there were only <200 Chinese journal arti-
cles about health effects of PM, 5, and none of them were
cohort studies (Section 2 of Supplementary Material). We
generated extensive search keywords for PM, 5: “air adj1
pollut*”, “air quality”, “atmospher* adj1 pollut*”, “air adjl
contamina*”, “particulate matter*”, and “fine particle*”.
The study design was limited to cohort studies by keeping
records with relevant keywords (i.e., “cohort stud*”, “cohort
analys*”, “follow up stud*”, “longitudinal stud*”, “prospec-
tive stud”, and “retrospective stud*”’) and excluding records
with irrelevant subject headings or keywords (e.g., “cross
over studies”, “cross-sectional studies”, “case-control stud-
ies”, and “clinical trial”.) Only cohort studies were consid-
ered because they provided the highest level of evidence
for prognostic research questions [21]. To restrict the study
area to Asia-Pacific, we excluded the records with subject
headings such as “africa”, “europe”, and “americas” in Med-
line and Embase and refined the records using the country/
region filter in WoS. The full search terms varied slightly
across databases and were shown in Section 3 of Supple-
mentary Material. The latest search was conducted on July

6, 2021. The bibliographies of relevant reviews identified
through the literature search were also considered. To avoid
excluding eligible literatures by mistake, the searches were
not restricted by PM, 5 exposure term (long/short), although
only long-term effects would be evaluated.

Screening and selection

Two researchers (ZY, RM) independently screened the
records that were identified in the literature search and the
bibliographies of relevant reviews according to their titles
and abstracts utilizing Covidence (https://www.covidence.
org/). We excluded (1) reviews, meta-analyses, response
letters, and conference abstracts; (2) clinical trials, in vitro
studies (e.g., experiments on cells), cross-sectional studies,
case-control studies, and ecological studies; (3) studies for
non-human species; (4) studies for indoor or occupational
exposure to PM, s; (5) studies with an indirect exposure
measurement (e.g., distance to major roads or pollution
sources); (6) studies with a short- or medium-term (<1
year) exposure period; (7) studies conducted exclusively in
areas other than Asia-Pacific. Inconsistencies between the
two researchers were resolved by discussion. Unresolved
inconsistencies and uncertainties were left to the full text
screening.

To resolve the inconsistencies and uncertainties, and to
assess the eligibility of the remaining records, two research-
ers (ZY, RM) independently read the full texts with referring
to predetermined inclusion criteria: (1) original articles; (2)
with a cohort study design; (3) human studies; (4) exposure
was ambient PM, s; (5) exposure period was long-term (>1
year); (6) conducted within Asia-Pacific (multiregional stud-
ies were also eligible if any health effect within Asia-Pacific
was reported). For multiple articles of the same outcome,
population, and cohort, only the most recently published
one was included. Consistencies between researchers were
reached by discussion. Disagreements on eligibility were
resolved by consulting a senior researcher (RX).

Data extraction and quality assessment

Two researchers (ZY, SG) performed data extraction and
quality assessment for all included studies independently.
For each study, we extracted authors, publication year,
country/region, study period, study population, number of
events, sample size, sex, age (range was extracted if both
mean =+ standard deviation [SD] and median [IQR] were not
reported), exposure measurement (method, spatial resolu-
tion, mean exposure, and exposure window), outcome of
interest (definition and ascertainment method), covariate
adjustment, and health effect estimates. Only single-pol-
lutant models were considered unless just multi-pollutant
models were available. Categorical analyses (e.g., relative
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health effects of high exposure compared to low exposure)
were considered when health effect estimates per incre-
ment in exposure were not available. Data from sensitivity
analyses were not extracted. When multiple models (usually
incrementally adjusted models) were presented for the same
outcome variable, we extracted data from the designated
main model (usually shown in the abstract), or, if a main
model was not clearly designated, from the most adjusted
model. The Newcastle Ottawa Scale (NOS) for cohort stud-
ies was used to assess the quality of included studies [22].
Consensus were achieved by discussion or consulting senior
researchers (PY, WY).

Data analysis

Due to the small numbers of studies for most health out-
comes and great heterogeneities in the study populations,
exposure assessment methods, and covariate adjustments,
we only conducted qualitative syntheses, after excluding
low-quality studies (NOS score <5). Extracted health effect
estimates were grouped according to the International Clas-
sification of Diseases 10" version (ICD-10) based on their
definition described in the articles and were standardized as
estimated changes per 10 pg/m? increase in long-term expo-
sure to ambient PM, s if applicable. The standardized health
effect estimates were further synthesized using forest plots if
they were measured as relative risk changes (i.e., risk ratio
[RR], odds ratio, and hazard ratio [HR]). As for health effect
estimates extracted from categorical analyses, which could
not be transformed to linear effect estimates on a continuous
scale (i.e., changes per 10 pg/m? increase in exposure) or
health effect estimates not measured as relative risk changes,
we reported their directions and significance with negative
(when upper limit of 95% confidence interval [CI] <0), none
(when 95% CI contained 0), and positive (when lower limit
of 95% CI >0) together with the forest plots and presented
them and their CIs in Table S2.

Results

After screening the titles and abstracts of 2452 records, we
sought for and assessed the full text of 142 potentially eli-
gible articles. Among these articles and the bibliographies
of identified reviews, 60 studies were eligible for this sys-
tematic review (Table 1) [23-80, 81ee, 82]. The PRISMA
flow diagram and reasons for exclusion were presented in
Fig. 1. According to the quality assessment, the included
studies were all in medium (NOS score: 5-7, 24 studies) or
high quality (NOS scores: 8—10, 36 studies) (Table 1 and
Table S1).

Of the included studies, 50% were based on administra-
tive datasets (e.g., national insurance dataset); only 12%

@ Springer

ascertained outcomes totally or partially through question-
naires, 47% ascertained outcomes totally or partially through
register-based data (of which 43% were studies about mor-
bidity, and 57% were about mortality), 33% ascertained out-
comes based on examination results; exposures were derived
by linking addresses of residence/school/hospital to satel-
lite-based models (58%), models (e.g., chemical transport
model) based on monitoring stations network (13%), or data
recorded by air pollution monitoring stations (28%). These
studies were conducted in five countries/regions (Fig. 2).

Individual mean exposure to ambient PM, 5 was the low-
est in Australia (around 4.5 pg/m?) and highest in Mainland
China (> 50 pg/m>) as presented in Table 1. Most of the
study populations were from the general population that
consisted of both sexes, except six from patients [26, 28,
39, 61, 66, 69], one from infants [41], four from children
[36, 40, 64, 77], six from elderly people [43, 67, 68, 70, 74,
79], and three studies just including males or females [35,
60, 80]. Lifestyle (i.e., cigarette or alcohol consumption) was
considered as covariates in 81.7% of the reviewed studies,
and individual-level socioeconomic status (i.e., education
or income) was adjusted in 87% of the reviewed studies.
Only five studies adjusted for environmental factors other
than air pollution (e.g., temperature and greenspace) [38,
46, 51, 57, 64].

The included studies assessed the effects of long-term
exposure to ambient PM, s on the incidence of various dis-
eases, as well as all-cause/nonaccidental and cause-specific
mortalities (Table 1). The distribution of these outcomes
was demonstrated in Fig. 2. All estimates plotted in for-
est plots (Figs. 3, 4, 5) were yielded from single-polltant
models. Although there were two studies only presented
multi-pollutant models, the exposures of these models were
categorical. Therefore, their effect estimates were not plotted
in the forest plots [28, 39]. Overall, the effect estimates of 17
studies were not plotted in forest plots but were summarized
in Table S2.

We identified a study possibly with crucial flaws. All
effect estimates (HRs ranged in 7.30-41.08) reported by
Kim et al. [44] were implausibly high compared with the
effect estimates from other studies. This study was based on
136,094 insurants randomly selected in Seoul, South Korea.
Individual exposure (mean: 25.6 pg/m?, IQR: 1.5 pg/m?) to
ambient PM, 5 was defined as the mean PM, 5 concentration
of the monitoring stations with the same postcode as the
individual’s residential address. Outcomes were ascertained
through death registration or hospitalization records. BMI
and lifestyle were not adjusted in statistical models.

Mortality

The effect of long-term exposure to ambient PM, 5 on mor-
tality was investigated by 17 cohort studies (Fig. 3). The
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Fig.1 PRISMA flow diagram of identifying eligible studies of health impacts of long-term exposure to ambient PM, s in Asia Pacific, 2000—

2020

effect on all-cause/nonaccidental mortality (n=11) was
assessed in Australia (one study) [34], Mainland China (four
studies) [55, 66, 78, 80], Hong Kong (two studies) [61, 75],
Taiwan (two studies) [69, 79], and South Korea (two stud-
ies) [44, 45]. Seven of these studies found that long-term
exposure to ambient PM, 5 increased all-cause/non-acci-
dental mortality in the general population [44, 45, 78, 80],
in elderly people [79], in chronic kidney diseases patients
[69], and in tuberculosis patients [66]. The magnitudes of
the effects reported by the seven studies were similar (HR

varied from 1.03 to 1.11) except for the effects reported by
the possibly flawed study in South Korea [44] and a study
in Mainland China [66]. The study in Mainland China [66]
found a strong effect on all-cause mortality (HR: 3.57, 95%
CI: 2.33-5.49) in a cohort of tuberculosis patients recruited
from four districts in Shanghai (N = 4,444). Individual expo-
sure (median: 53.5 pg/m®, IQR: 2.1 pg/m’) was assessed
based on satellite data with a spatial resolution of 10 km X
10 km. Body mass index (BMI), lifestyle (except smoking),
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and individual-level socioeconomic status (SES) were not
adjusted in statistical analyses.

The effect of long-term exposure to ambient PM, 5 on
CVD mortality was assessed in Mainland China (four
studies) [26, 56, 78, 80], Hong Kong (three studies) [69,
74, 79], Taiwan (one study) [75], and South Korea (two
studies) [44, 45], and only one study [75] did not observe
any association (Fig. 3). An effect estimate on ischemic
heart diseases mortality (HR: 5.45, 95% CI: 2.08-14.45)
was huge compared with the estimates reported by other
studies. It was observed among 902 elderly chronic kidney
diseases patients with previous hospitalization history in
Hong Kong [69]. Individual exposure (mean: 37.8, SD:
2.9) was assessed based on satellite data with a spatial
resolution of 1 km X 1 km.

The effect of long-term exposure to ambient PM, 5 on
respiratory mortality was only investigated in Mainland
China (two studies) [66, 80] and Hong Kong (three studies)
[69, 74, 79]. No associations were found among elderly
people [69, 74, 79]. Associations were only observed by
two studies. The study conducted among 4,444 tubercu-
losis patients from four districts in Shanghai, China [66]
found the mortalities of tuberculosis and other respira-
tory diseases increased by 6.28 (95% CI: 1.97-19.81) and
2.33 (95% CI: 1.10—4.78) times per 10 pg/m?> increase in
long-term exposure to ambient PM, 5 (median: 53.5 pg/
m?>, IQR: 2.1 pg/m?), and Yin et al. [80] found the mortal-
ity of chronic obstructive pulmonary disease increased by
12% (95% CI: 10-13%) per 10 pg/m? increase in long-
term exposure to ambient PM, 5 among randomly selected
males who were >40 years-old. Both studies assessed indi-
vidual exposure by employing satellite data with a spatial
resolution of 10 km X 10 km.

The effect of long-term exposure to ambient PM, 5 on
cancer mortality was assessed in Mainland China (two stud-
ies) [53, 80], Hong Kong (one study) [66], and Taiwan (one
study) [30]. Although every study had observed an associa-
tion between ambient PM, 5 exposure and cancer mortality,
the evidence was limited for each kind of cancer in terms of
the number of studies (Fig. 3).

Only the effect on kidney diseases was studied among all
genitourinary diseases, and it was only investigated by Ran
et al. [69, 70] based on one cohort consisting of elderly peo-
ple in Hong Kong (Fig. 3). They found that the renal failure
mortality was increased by long-term exposure to ambient
PM, s, and the effect was stronger among those with chronic
kidney disease (CKD) at baseline. Notably, they observed
that the mortality from acute kidney injury increased by nine
times for each 10 pg/m? increase in long-term exposure to
ambient PM, 5 in general elderly people. Lifestyle, individ-
ual- and district-level SES, and pre-existing diseases were
adjusted in statistical analyses.

nary disease, IDW inverse distance weighting, CTM chemical transport model, LUR land use regression, SD standardized deviation, IQR interquartile range

Age and PM, 5 exposure are given as mean =+ SD or median (IQR) or range (proportion) or as described
PM, 5 particulate matter with an aerodynamic diameter <2.5 pm, CHD coronary heart disease, CKD chronic kidney diseases, CVD cardiovascular diseases, COPD chronic obstructive pulmo-

Table 1 (continued)
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Australia
South Korea 5%
20%

Fig. 2 Distribution of countries/
regions (left) and outcomes
(right) among included studies

Taiwan
42%

As shown in Fig. 3, the effect of long-term exposure to
ambient PM, 5 on the mortality from type 2 diabetes mellitus
(T2DM) was only assessed by the study that was based on
4,444 tuberculosis patients from four districts in Shanghai
[66]. The result indicated that long-term exposure to ambient
PM, 5 was not associated with T2DM mortality (HR: 1.51,
95% CI: 0.08-26.23).

Cardiovascular diseases

The effect of long-term exposure to ambient PM, 5 on the
incidence of CVD was estimated by 12 cohort studies in
Mainland China (four studies) [37, 38, 54, 56], Hong Kong
(one study) [68], Taiwan (one study) [31], and South Korea
(six studies) [44, 46, 48, 51, 63, 81ee] (Fig. 4). Overall,
every study had found an association, indicating the inci-
dence of CVD increased with long-term exposure to ambient
PM, ;. All effect estimates were comparable, except for the
effects reported by the possibly flawed study [44].

As for specific CVD, the associations observed for the
incidences of hypertension [31, 38, 51] and ischemic heart
diseases [44, 48, 54, 56] were consistent. Stroke was the
most studied CVD, and its risk consistently increased with
higher exposure except that only one study did not observe
any association [48]. The investigation of the effects on other
CVD, including heart failure and arrhythmias, was relatively
poor in amount.

Endocrine and metabolic diseases

Seven cohort studies investigated the effects of long-term
exposure to ambient PM, 5 on the incidence of endocrine
and metabolic diseases, and one had assessed the effects on
the levels of fasting glucose and lipid profiles (Fig. 5). All of
them had found evidence indicating that long-term exposure
to ambient PM, 5 increased the risk of endocrine and meta-
bolic diseases. T2DM was investigated in Mainland China
(one study) [57], Hong Kong (one study) [67], and Taiwan
(two studies) [50, 52], and all of these studies found that the

@ Springer

Mainland

Hong Kong

Others
13%

Cardiovascular

Nervous system
29%

China 6%
23%

Cancer
9%

Genitourinary

10% 9%

Respiratory
20%

Endocrine and
metabolic
14%

incidence of T2DM increased with higher exposure. While
two studies ascertained incidence of T2DM using insurance
or hospitalization records and might have missed undiag-
nosed cases [52, 67], T2DM was diagnosed through blood
tests for every participant in the other two studies [50, 57].

Although other diseases, including metabolic syndrome
[51], dyslipidemia [23], obesity [51], high fasting blood glu-
cose [51], and polycystic ovary syndrome [60], were rela-
tively less investigated in terms of the amount of studies,
the findings consistently supported the association between
long-term exposure to ambient PM, 5 and metabolism. In
addition, Shin et al. [73] found that fasting blood glucose
and low-density lipoprotein cholesterol increased following
long-term exposure to higher ambient PM, s.

Respiratory diseases

We identified eight cohort studies that had assessed the
effects of long-term exposure to ambient PM, 5 on res-
piratory diseases morbidities (Fig. 5). The association
with chronic obstructive pulmonary disease (COPD) was
observed in general population, elderly people, and women
[32, 33, 35]. The association with asthma was assessed in
infants and women by two studies respectively but was only
found in infants [35, 41]. Although the association with
deficit in lung function growth in children was found by a
study, the sample size was small (N = 2941) [40]. The effects
on other outcomes, including the morbidities of all respira-
tory diseases, tuberculosis, wheeze, and rhinitis were only
assessed by one study individually.

Genitourinary diseases

Only the effect on kidney diseases morbidities were studied
among all genitourinary diseases (Fig. 5). Although rele-
vant studies were only conducted in Taiwan, the findings
consistently supported that long-term exposure to ambient
PM, 5 could increase the incidence of kidney diseases. Two
studies [24, 59] assessed the effect on chronic kidney dis-
eases (CKD) among general population. Both found that the
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Subgroup Reference Cases (n/N) Hazard Ratio (HR) HR (95% CI)* Population
All-cause Hanigan et al., 2019 3282/75268 e 1.63 (0.82,3.11) General population

Kim et al., 2017
Kim et al., 2020a
Lietal., 2018
Lin et al., 2020b
Peng et al., 2017
Ran et al., 2020a
Tseng et al., 2015
Yang et al., 2018
Yang et al., 2020
Yin et al., 2017

Non-accidental

Cardiovascular
All Kim et al., 2017
Kim et al., 2020a
Liang et al., 2020
Ran et al., 2020a
Sun et al., 2020
Tseng et al., 2015
Yang et al., 2018
Yin et al., 2017
Cardio-metabolic Yang et al., 2020
IHD Liang et al., 2020
Ran et al., 2020a
Tseng et al., 2015
Yang et al., 2018
Yin et al., 2017
MI Liang et al., 2020
Stroke Liang et al., 2020
Ran et al., 2020a
Tseng et al., 2015
Yang et al., 2018
Yin et al., 2017
Ischemic stroke  Chen et al., 2019
Endocrine and metabolic

T2DM Peng et al., 2017
Respiratory
All Ran et al., 2020a

Sun et al., 2020
Yang etal., 2018
Excl. tuberculosis Peng et al., 2017

Pneumonia Ran et al., 2020a
Yang et al., 2018

COPD Yang et al., 2018
Yin et al., 2017

Tuberculosis Peng et al., 2017

Genitourinary

RF Ran et al., 2020a
Ran et al., 2020b
Ran et al., 2020b

Acute RF Ran et al., 2020b

CKD Ran et al., 2020a

Ran et al., 2020b
Unspecified RF  Ran et al., 2020b
Cancer

Gastrointestinal ~ Guo et al., 2020a
Stomach Guo et al., 2020a
Colorectal Guo et al., 2020a
Liver Guo et al., 2020a
Respiratory Peng et al., 2017

Excl. respiratory Peng et al., 2017
Lung Yin et al., 2017
Lietal., 2020a

1658/136094 ] 16.06 (7.30, 35.76)  General population
6432/ 436933 :r‘ 1.034 (1.027, 1.041) General population
8210/ 13344 Hhd 1.08 (1.06, 1.09) General population
1653/6628 *:“ 1.04 (0.96, 1.12) General population
891/4444 ! ° 3.57 (2.33,5.49) Tubercolusis patients
496/902 i 1.36 (0.95, 1.93) Elderly CKD patients
1992/43227 ' 0.92 (0.72, 1.17) General population
NA/61386 .h 1.03 (1.01, 1.06) Elderly people
6395/116821 E' 1.11 (1.08, 1.14) General population
50022/189793 :' 1.09 (1.08, 1.09) Males >40 years-old
i _
265/136094 W 21.65 (2.84, 158.88) General population
1603/ 436933 \ 1.047 (1.036, 1.058) General population
2359/116792 e 1.16 (1.12, 1.21) General population
————— .
142/902 ' 1.54(0.79, 2.99) Elderly CKD patients
4600/58643 e 1.19 (1.05,1.35)  Elderly people
280/43227 ! 0.80 (0.43, 1.50) General population
NA/61386 :' 1.06 (1.02, 1.10) General population
18859/189793 i 1.09 (1.08, 1.10) Males >40 years-old
2507/ 116821 - 1.22 (1.16, 1.27) General population
609/116792 E s 1.39(1.28, 1.52) General population
70/902 ! 5.45(2.08, 14.45)  Elderly CKD patients
138/43227 ] 0.76 (0.31, 1.84) General population
NA/61386 ':" 1.03 (0.97, 1.10) Elderly people
3752/189793 e 1.09 (1.06, 1.12) Males >40 years-old
399/116792 S 1.52 (1.36, 1.69) General population
1162/116792 E"' 1.11 (1.05, 1.18) General population
27/902 ' 0.93 (0.20, 4.29) Elderly CKD patients
141/43227 S 0.84 (0.35, 2.04) General population
NA/61386 ?" 1.06 (0.99, 1.13) Elderly people
11301/189793 e 1.14 (1.13, 1.16) Males >40 years-old
1649 /12291 " 1.03 (1.01, 1.06) Ischemic stroke patients
23/4444 E 1.51 (0.08,26.23)  Tuberculosis patients
61/902 f i 2.04(0.73,5.80)  Elderly CKD patients
3106/58643 = 1.02 (0.87, 1.19) Elderly people
NA/61386 ks 1.01 (0.96, 1.06) Elderly people
315/4444 E e 2.33(1.10,4.78) Tuberculosis patients
51/902 T 2.08 (0.67, 6.62) Elderly CKD patients
NA/61386 L4 0.99 (0.94, 1.05) Elderly people
NA/61386 g 1.06 (0.97, 1.15) Elderly people
11989/189793 i 1.12 (1.10, 1.13) Males >40 years-old
123/4444 ! 1.6.28 (1.97,19.81)  Tuberculosis patients
154/902 '—i—°—' 1.51 (0.79, 2.85) Elderly CKD patients
443/61447 | 1.90 (1.20, 3.04) Elderly people
253/1204 i [ — 2.97(1.59, 5.59) Elder CKD patients
63/61447 i F 9.01(2.48,32.90)  Elderly people
144/902 —————— 1.48 (0.75,2.90) Elderly CKD patients
319/61447 H——— 1.50 (0.88, 2.60) Elderly people
58/61447 : 1.72 (0.50, 5.99) Elderly people
1591/385650 el 1.09 (1.03, 1.16) General population
216/385650 '—0:—4 0.97 (0.82, 1.15) General population
416/385650 ) e 1.13 (1.00, 1.26) General population
611/385650 Australia o 1.13(1.02,1.24)  General population
91/4444 © China mainland o 13.91 (4.44, 44.94) Tuberculosis patients
67/4444 ° Hgng Kong ! e 15.55(3.99, 59.46) Tuberculosis patients
2523/189793 © Taiwan ) 1.12 (1.07, 1.14) Males >40 years-old
701/118551 © South Korea E Positive General population
0.1 1 10

Fig. 3 Mortalities associated with each 10 pg/m® increase in long-
term exposure to ambient PM, 5 in Asia Pacific cohorts studies, 2000-
2020. IHD = Ischemic heart diseases, MI = myocardial infarction,
T2DM = type 2 diabetes mellitus, COPD = chronic obstructive pul-
monary disease, RF = renal failure, CKD = chronic kidney diseases.

* Negative (upper limit of 95% confidence interval [CI] <0), none
(95% CI contains 0), and positive (lower limit of 95% CI >0); and
the font color indicates the region, which is in line with the legend of
forest plots
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Subgroup Reference Cases (n/N) Hazard Ratio (HR) HR (95% CI) Population
All Kim et al., 2017 1856/136094 ' 31.06 (16.06, 57.67) General population
Kim et al., 2020b 33580/ 314445 f 1.04 (1.00, 1.09) General population
Liang et al., 2020  5760/116792 i " 1.25(1.22,1.28) General population
Hypertension Guo et al., 2020b  16007/140072 ' - 2.22(2.12,2.33) General population
Huang et al., 2019b 13981/59456 f 1.11(1.05, 1.17) General population
Lee et al., 2019 101970/25263 i H 1.50 (1.44, 1.60) General population
IHD Kim etal., 2020b  20682/314445 = 1.10 (1.04, 1.16) General population
CHD Lietal., 2020b 1586/118229 - 1.43 (1.35, 1.51) General population
Nonfatal IHD Li et al., 2020b 1036/118229 i = 1.45 (1.36, 1.56) General population
Liang et al., 2020  1398/116792 1. 1.38 (1.31, 1.46) General population
Fatal IHD Lietal., 2020b 550/118229 Lt 1.38 (1.25, 1.53) General population
MI Kim et al., 2020b  1420/314445 o 1.11 (0.90, 1.37) General population
Acute MI Kim et al., 2017 354/136094 i > 21.65(5.69, 85.36) General population
Liang et al., 2020  399/116792 - 1.22 (1.14, 1.31) General population
HF Kim et al., 2020b ~ 3000/314445 Fe, 0.84 (0.73, 0.96) General population
Congestive HF Kim et al., 2017 652/136094 i 38.34 (12.76, 117.02) General population
Arrhythmias Zhang et al., 2020  16149/182488 S 1.27 (1.15, 1.40) General population
Atrial fibrillation ~ Kim et al., 2019 NA/432587 Lo 1.179 (1.176, 1.183) General population
Stroke Huang et al., 2019a  3540/117575 il 1.13(1.09, 1.17) General population
Kim et al., 2017 934/136094 ! —>  26.92(10.92, 65.83) General population
Kim et al., 2020b  10262/314445 K 1.01 (0.94,1.09) General population
Liang et al., 2020  1162/116792 il 1.13 (1.096, 1.169) General population
Qiu et al., 2017 6733/61447 g 1.14 (1.02, 1.27) Elderly people
Ischemic stroke Huang et al., 2019a 2276/117575 . 1.20 (1.15, 1.25) General population
Kim et al., 2017 688/136094 : 41.08 (14.88, 117.02) General population
Qiuetal., 2017 3526/61447 il—o—i 1.21 (1.04, 1.41) Elderly people
Hemorrhagic stroke Huang et al., 2019a 1019/117575 # Australia = 1.12 (1.05, 1.20) General population
Kim et al., 2017 292/136094 = Chinamainland | ————+ > 730(1.63,33.33)  General population
Noh et al., 2019 512/62676 ¢ HongKong »—e—q 1.43 (1.09, 1.88) General population
Qiu et al., 2017 1175/61447  © Taiwan o4 0.90 (0.70, 1.17) Elderly people
Unspecified stroke Qiu et al., 2017 1785/61447  © South Korea et 1.31(1.05,1.62)  Elderly people
0.1 1 10

Fig.4 Cardiovascular disease incidences associated with each 10 pg/
m? increase in exposure to long-term exposure to ambient PM, s in
Asia Pacific cohorts studies, 2000-2020. THD = ischemic heart dis-

incidence of CKD increased because of long-term exposure
to ambient PM, 5. In addition, the effect still existed for the
incidence of end-stage renal failure among general popula-
tion [59] and the incidence of renal failure with replace-
ment therapy among CKD patients [61]. In another study,
Lin et al. [58] observed that long-term exposure to ambient
PM, 5 increased the risk of nephrotic syndrome based on
a national insurance dataset, although the individual expo-
sure was only assessed through monitoring station data. In
concert with above findings, Chin et al. [28] observed that
albumin-to-creatinine ratio was elevated by long-term expo-
sure to ambient PM, s among 812 T2DM patients recruited
from 36 clinics in Northern, Central, and Southern Taiwan.

Other health effects
The investigation about the effects on other diseases mor-

bidities were limited. Associations were found for diseases
including cancers [29, 53, 65], cognitive impairment [27,

@ Springer

eases; CHD = coronary heart diseases; MI = myocardial infarction,
HF = heart failure

76], recurrent headache [36], dialysis-related infection [39],
systemic lupus erythematosus [42], myopia [77], major
depressive disorder [47], and disability in activities of daily
living [62]. On the other hand, the associations with Alzhei-
mer’s Disease [43], rheumatoid arthritis [25], senile cataract
[72], and depression [82] were not found.

Discussion

Through a systematic review of cohort studies covering
a broad range of health effects of long-term exposure to
ambient PM, 5 in Asia-Pacific, we identified 60 eligible
studies. These studies investigated the incidences of car-
diovascular diseases (CVD), endocrine and metabolic
diseases, respiratory diseases, genitourinary diseases,
cancers, nervous system disorders, infectious diseases,
autoimmune diseases, eye diseases, mental disorders, dis-
ability in activities of daily living, as well as all-cause/
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Subgroup Reference Cases (n/N) Hazard Ratio (HR) HR (95% CI)*  Population
Endocrine and metabolic !

T2DM Lietal., 2019 48611/505151 e 1.11 (1.08, 1.13)  General population
Liang et al., 2019 6439/88397 E“* 1.16 (1.06, 1.26)  General population
Qiu et al., 2018 806/53905 s 1.55(1.16,2.01)  Elderly people
Lao et al., 2019 4781/147908 H Positive General population
Fasting blood glucose Shin et al., 2020b  NA/85869 E Positive General population
High fasting blood glucose Lee et al., 2019 36558/92806 ' H 1.38 (1.34, 1.42)  General population
Metabolic syndrome Lee et al., 2019 26194/ 119998 i 1.07 (1.03, 1.11)  General population
Dyslipidemia Bo et al., 2019 16562/66702 E Positive General population
LDL-C Shin et al., 2020b  NA/85869 ! Positive General population
HDL-C Shin et al., 2020b  NA/85869 H None General population
Low HDL-C Lee et al., 2019 23578/124144 i H 1.63 (1.56, 1.69)  General population
Total cholesterol Shin et al., 2020b  NA/85869 E None General population
Triglycerides Shin et al., 2020b  NA/85869 ! None General population
High triglycerides Lee etal., 2019 36676/87417 \H 1.47 (1.42,1.51) General population
Obesity Lee etal., 2019 16462/132933 E tel 1.51(1.42,1.60) General population
Polycystic ovary syndrome Lin et al., 2019 2072/91803 ! Positive Women
Respiratory 1
All Salimi et al., 2018  3530/84285 *:* 0.98 (0.92, 1.04)  General population
Asthma Jungetal.,2019a  34336/184604 . g 1.61 (1.48,1.76) Infants
Hendryx et al., 2019 2725/29064 i Women
COPD Guo et al., 2018 2297/91709 E ol 1.17 (1.08,1.23)  General population
Han et al., 2020 259700/687940 8 1.09 (1.07, 1.11)  Elderly people
Hendryx et al., 2019 3616/31362 H Women
Tuberculosis Laietal., 2016 418/106678 —— 1.39(0.95,2.03) General population
Wheeze Norbick et al., 2019 2423/15319 HE* 0.96 (0.86, 1.07)  General population
Rhinitis Norbick et al., 2019 5162/13284 e 1.03 (0.90, 1.18)  General population
Deficit in lung function growth Hwang et al., 2015 NA/2941 1 Positive Children
Genitourinary E
Renal failure |
at end stage Lin et al., 2020a 496/161970 e 1.22 (1.10, 1.34)  General population
with replacement therapy Lin et al., 2020b 941/6628 E gl 1.25(1.11, 1.41)  CKD patients
Chronic kidney diseases Chan et al., 2018 4046/100629 - 1.06 (1.02, 1.10)  General population
Lin et al., 2020a 1843/161970 E L] 1.34 (1.27, 1.40)  General population
Nephrotic syndrome Lin et al., 2018 776/161970 ! Positive General population
Albumin-to-creatinine ratio Chinetal., 2018 NA/812 ' Positive T2DM patients
Cancer i
Nasopharyngeal carcinoma Fan et al., 2018 115/162797 E Positive General population
Lung cancer Li et al., 2020a 844/118551 1 Positive General population
Hepatocellular carcinoma Pan et al., 2016 261/8888 1 15.2 (1.31, 195.89) General population
Other diseases E
Alzheimer’s Disease Jung et al., 2015 1399/95690 H None Elderly people
Cognitive impairment Wang et al., 2020 3271/13324 " 1.05 (1.02, 1.08)  Elderly people
Chenetal, 2020 NA/360 5 Positive Elderly people
Recurrent headache Hong et al., 2020  28037/218008 ' Positive Children
Dialysis-related infection Huang et al., 2014 35/175 i Positive Patients undergoing PD
Rheumatoid arthritis Chang et al., 2016 376/244413 E None General population
Systemic lupus erythematosus Junget al.,, 2019b  1292/682208 Australia hagl 1.12(1.02, 1.23)  General population
Senile cataract Shin et al., 2020a  16814/115728 o Maintand China E None General population
Myopia Wei et al., 2019 15822/97306 I Positive Children
Major depressive disorder ~ Kimetal,, 2016  971/27270 ¢ Hong Kong R 1.47 (1.14, 1.90)  General population
Depression Zhang et al., 2019  2647/23045 ¢ Taiwan 1.01 (0.83, 1.22)  General population
Disability in ADL Lv et al., 2020 3373/15453 © South Korea " 1.08 (1.05, 1.10)  Elderly people
0.1 1 10

Fig.5 Disease incidences associated with each 10 pg/m? increase in
long-term exposure to ambient PM, 5 in Asia Pacific cohorts studies,
2000-2020. T2DM = type 2 diabetes mellitus, LDL-C = low-density
lipoprotein cholesterol, HDL-C = high-density lipoprotein choles-
terol, COPD = chronic obstructive pulmonary disease, ADL = activ-
ities of daily living, CKD = chronic kidney diseases, PD = perito-

nonaccidental and cause-specific (cardiovascular, endo-
crine, respiratory, genitourinary, and cancer) mortalities.
Through synthesizing these studies, we found consistent
evidence supporting that long-term exposure to ambient

neal dialysis. *Negative (upper limit of 95% confidence interval [CI]
<0), none (95% CI contains 0), and positive (lower limit of 95% CI
>(0); and the font color indicates the region, which is in line with the
legend of forest plots. Norbick et al. (2019) and Chen et al. (2020)
reported odds ratios

PM, 5 increased all-cause/non-accidental and CVD mor-
tality as well as the incidences of CVD, T2DM, kidney
diseases, and COPD. We also identified inequalities in
PM, s-health associations and some research gaps.
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Current evidence

The biological plausibility of the health effects of PM, 5 has
been well established by previous studies [83]. In general,
inhaled PM, 5 and its components lead to injury, inflam-
mation, and oxidative stress through interacting with the
cells in respiratory tract. North et al. [19¢] had reviewed
the sources, health burden, respiratory effect of air pollution
in Asia-Pacific. This work was a quick guide with a broad
scope but not able to provide comprehensive evidence and
deep insights because (1) it was a general review and did not
perform systematic literature searches; (2) it just covered the
respiratory effect of air pollution, while air pollution had
been associated with a various range of health outcomes;
(3) it did not differentiate the health effects of different air
pollutants, while they could vary significantly. According
to this systematic review, we presented an extensive range
of health effects of long-term exposure to ambient PM, 5
from cohort studies in Asia-Pacific, which was comprehen-
sive evidence for local governments in this region. This has
not been done previously and is beneficial for future cost-
effectiveness analyses, which is crucial for policymaking.
In addition, since we had identified all cohort studies about
the health effects of long-term exposure to ambient PM, s
in Asia-Pacific, research gaps were able to be found and
discussed in the following sections.

All-cause and cause-specific mortalities

Through this systematic review, we conclude that the evi-
dence clearly demonstrates that all-cause/non-accidental and
CVD mortalities increased with long-term ambient PM,
exposure; long-term ambient PM, 5 exposure was generally
associated with higher respiratory mortality; the associations
of long-term ambient PM, s exposure with the mortalities
of renal diseases and cancer were suggested, though further
research was warranted.

According to our literature search, the latest systematic
review about health effects of long-term exposure to ambi-
ent PM, 5 in Asia-Pacific before our work summarized all
epidemiological evidence in China (including Hongkong
and Taiwan) that were published before 2013 [13]. That
review found no cohort studies had been conducted previ-
ously. Our findings demonstrated that the evidence base
from cohort studies had rapidly increased during 2014-2020.
The findings reported by the cohort studies in Asia-Pacific
were generally consistent with studies conducted in other
regions. Chen and Hoek [20] found the evidence published
before 2018 supported that long-term exposure to ambient
PM, 5 increased non-accidental (pooled RR: 1.08, 95% CI:
1.06-1.09), CVD (pooled RR: 1.11, 95% CI: 1.09-1.14), and
respiratory (pooled RR: 1.10, 95% CI: 1.03, 1.18) mortalities
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through a meta-analysis, which included 104 cohort stud-
ies and three case-control studies conducted in Europe,
America, and Western Pacific. Bowe et al. [9] observed the
association between ambient PM, 5 exposure and increased
mortalities of chronic kidney disease in the USA. According
to the latest Integrated Science Assessment [83], previous
studies provided consistent evidence supporting the asso-
ciation of long-term exposure to ambient PM, 5 with lung
cancer mortality, whereas the studies about the associations
for the mortalities from other cancers were scarce.

Disease incidences

Cohort studies in Asia-Pacific demonstrated that long-
term ambient PM, 5 exposure increased the risks of CVD,
T2DM, kidney diseases, and COPD. The effect estimates
for CVD morbidity were consistent. According to the for-
est plots, the health effect on CVD morbidity was slightly
higher than the effect on CVD mortality. The findings in
Asia-Pacific were generally consistent with the findings in
Europe. A pooled analysis of cohorts from the European
Study of Cohorts of Air Pollution Effects (ESCAPE) project
demonstrated that the incidence of coronary heart diseases
(CHD) was increased by long-term exposure to ambient
PM, 5 [84e], while another pooled analysis from the Effects
of Low-level Air Pollution (ELAPSE) project, which was
built on the ESCAPE project, observed the association of
the incidence of stroke, although the association of CHD
missed [85]. The effect estimates reported by the reviewed
studies were comparable to pooled effects synthesized by
previous meta-analyses. The pooled HR for stroke incidence
was 1.23 (95% CI: 1.11-1.37) in North America and Europe
[2¢]; the pooled HR of myocardial infarction synthesizing
cohort studies before 2020 was 1.10 (95% CI: 1.02-1.18)
[Le]; the pooled HR of T2DM was 1.11 (95% CI: 1.03, 1.19)
in American countries [86]; and the pooled HR of COPD
was 1.18 (95% CI: 1.13—1.23) [4]. Cohort studies in the USA
consistently supported the associations of long-term ambi-
ent PM, 5 exposure with a declined renal function as well
as increased incidences and progression of kidney diseases
[87, 88].

Although research of the associations of long-term ambi-
ent PM, 5 exposure with other diseases was limited in terms
of the number of studies in Asia-Pacific, it was generally
consistent with the studies conducted elsewhere. Accord-
ing to a meta-analysis, long-term exposure to ambient PM, s
was associated with increased risk of lung cancer, while the
knowledge gaps of the effects on other cancers still existed
[8ee]. As for respiratory diseases other than COPD, the Chil-
dren’s Health Study conducted in the USA had provided
convincing evidence of the association between long-term
exposure to ambient PM, 5 and decrement in lung growth
of children [89, 90], and some studies had observed the
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associations of long-term ambient PM, 5 exposure with lung
function decline and asthma, especially in children [91-95].
These findings are accordant to the association of asthma
among infants observed by Jung et al. [41].

Exceptional estimates

We identified three studies that reported much stronger
effect estimates compared to other studies [44, 66, 69]. All
effects estimated by the study conducted by Kim et al. in
Seoul [44] were implausibly higher than the effects found
by other studies. This might be the result of the imprecise
exposure assessment. In this study, the individual exposure
was defined as the records of the air quality monitoring sta-
tion in the same district as the individual’s residence, and
the population density was high in Seoul, which could cause
serious exposure misclassification. Given the individual
PM, 5 exposure varied within a narrow range (IQR: 1.5 pg/
m3, range: 23.8-27.8 pg/m?), the observed effects might be
significantly biased by the exposure misclassification and
then be inflated by extrapolating to an exposure scale (i.e.,
10 pg/m) that was much larger than the observed exposure
range. The study conducted by Peng et al. [66] in Shang-
hai provided relatively high estimates of all-cause mortal-
ity and some cause-specific mortalities. One reason might
be the participants were tuberculosis patients, which might
had already been more vulnerable to PM, 5. Therefore, the
effect estimates would be higher than the effects observed in
general population. Meanwhile, the effect estimates might
have been biased by not adjusting for some covariates (i.e.,
BMLI, lifestyle, and SES), as well as the exposure assessment
method. The participants were sourced from merely four
districts of this city, and the areas of two of the four district,
Putuo and Yangpu were only 55 and 60 km?. In this occa-
sion, the spatial resolution of the satellite data (10 km x 10
km) used for exposure assessment was too low to distinguish
individual exposure, which would lead to a low individual
exposure variability (IQR: 2.1 pg/m® = 4% of median). The
other study was performed in Hong Kong by Ran et al. [69]
and reported a relatively higher effect estimate for ischemic
heart disease mortality. The reasons might be that (1) the
participants were elderly CKD patients with hospitalization
history, which might have been more vulnerable to the expo-
sure; (2) the individual exposure variability was moderate
(SD = 8% of mean); (3) sample size (N = 902) was too small
to provide a sufficient statistical power.

Inequalities in PM, ;-health associations
Inequalities in vulnerability

PM, s-related health effects can vary across populations [96],
since some populations may be more vulnerable to PM, s.

According to the stratified analyses of some reviewed stud-
ies, the adverse health effects of long-term exposure to ambi-
ent PM, 5 on mortality were constantly stronger in smok-
ers [30, 45, 80], obese and overweight people [26, 79], and
people with pre-existing CVD [45, 69, 78]. The elderly [46,
54, 56, 63, 68, 81e¢] and people with pre-existing CVD [46,
48, 54] or obesity [46, 48, 63] were also consistently more
vulnerable to the cardiovascular effect of long-term exposure
to ambient PM, 5. As summarized by the latest Integrated
Science Assessment (ISA) for Particulate Matter [83], simi-
lar findings have been reported in the USA. However, while
ethnic minorities and children were found more vulnerable
to PM, s-related health effects in the USA [83], few cohort
studies have assessed the vulnerability of ethnic minorities
and children in Asia-Pacific. In addition, some cohort studies
in Asia-Pacific reported that the health effects of long-term
ambient PM, 5 exposure varied by PM, s exposure level [28,
55], alcohol consumption [50, 55, 65], physical activity [31,
72, 81ee], education level [27], sex [27, 32, 36, 40, 46, 48,
51, 57, 62, 65, 67, 70, 79], and region of residence (i.e.,
urban or rural area) [48, 55-57, 80], but the findings were
inconsistent or insufficient to make an inference.

Inequities in exposure

PM, 5 exposure level could be unequally distributed across
subpopulations in Asia-Pacific, even if occupational expo-
sure is not considered. According to the studies included in
this review, ambient PM, 5 concentration was lower in rural
areas compared to that in urban areas in China [55, 80]. The
pattern in the USA and Europe was the same [97e, 98]. This
might be the result of expanding traffic, industry, and energy
production in urban and suburb areas and implied that urban
residents had more health burden from ambient PM, 5 than
rural residents. However, rural residents might be exposed to
more indoor PM, 5 than urban residents due to combustion
of polluting fuels (e.g., wood, coal, and kerosene) for pur-
poses of cooking and heating, where the indoor PM, 5 can
reach >60 time higher than WHO guideline [99]. According
to the PURE-AIR study, 57% and 43% of the households
were still using polluting fuels as primary fuel in India and
China [99], which were the most populous countries in Asia-
Pacific, owning 36% of the world population. Therefore, in
Asia-Pacific rural areas, more attention should be given to
indoor PM, 5 exposure when implementing air pollution
mitigation and adaptation policies. Moreover, females may
be exposed to a higher PM, s level because they spend more
time in kitchen than males [99]. Previous evidence also sug-
gested that a lower household income was associated with
a higher residential air pollution level in urban areas [100].
However, more evidence is requested to prove these inequi-
ties in PM, 5 exposure.
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Research gaps

As the top 20 causes of death, diabetes mellitus, kidney dis-
eases, dementia, and lung cancers led to 9% and 13.7% of
death in South-East Asia and Western Pacific in 2019 [101].
Long-term exposure to ambient PM, 5 was associated with
these diseases, according to studies conducted outside of
Asia-Pacific. [3, 6, 8¢, 9, 102]. However, only scarce cohort
studies had been conducted to investigate the associations
of long-term exposure to ambient PM, 5 with the mortalities
of these diseases in Asia-Pacific according to our systematic
review.

On the other hand, the investigations of some associations
were only performed in selective countries or populations.
For example, the association of long-term exposure to ambi-
ent PM, 5 with respiratory mortality was only investigated in
Mainland China and Hong Kong, and the study populations
were restricted to elderly people or those with pre-existing
diseases; and the association with kidney diseases morbidity
was only investigated in Taiwan. Research of these asso-
ciations should be expanded to understudied countries in
Asia-Pacific.

Previous studies indicated that the health effect of long-
term exposure to ambient PM, 5 varied with concentration
of PM, 5 and populations [55, 74]. Therefore, it is crucial to
have relevant studies distributed across regions with various
levels of PM, 5 and populations to reveal the whole spec-
trum of the PM, s-related health effects. However, almost all
studies included in our systematic review were conducted in
regions with a moderate-to-high PM, 5 concentration (>25
pg/m?). Given the most recent studies indicated that there
was no threshold for the health effects of long-term expo-
sure to ambient PM, 5 [3, 10, 103ee, 104], relevant stud-
ies should also be conducted in countries with low ambient
PM, s, including Australia, New Zealand, Japan, Malaysia,
and Philippines, as well as countries with moderate ambi-
ent PM, s, such as Singapore, Indonesia, and selective prov-
inces of China (e.g., Sichuan, Yunnan, and Hainan). Future
cohort studies should also be conducted in India and Paki-
stan, which are both populous countries with high levels of
air pollution.

In addition, some issues emerged from the reviewed
cohort studies and should be noted when studies are
designed in the future. First, half of these studies were
based on administrative datasets (e.g., national insurance
datasets). These studies had strengths in terms of sample
sizes and expenses but also had limitations because partici-
pants’ lifestyle information and SES were usually unavail-
able. However, failing to adjust them may introduce biases
when estimating the health effects of long-term exposure
to ambient PM, 5 [105, 106]. Second, environmental fac-
tors have been solidly associated with both human health
and PM, 5, which may confound the associations of interest

@ Springer

[107-109]. However, 93% of the reviewed studies did not
consider environmental factors (e.g., temperature, humid-
ity, and greenspace) as covariates [46, 51]. Third, 12 studies
ascertained new cases of diseases based on register-based
datasets (e.g., inpatient/outpatient dataset) and might omit
some cases. Biases would be introduced when new cases
with mild symptoms were not captured because hospitali-
zations were not necessary while the severity of symptoms
was associated with the exposure level, or participants’ low
SES influenced their willingness or access to health ser-
vices, considering SES was associated with ambient PM, 5
exposure [105]. Fourth, about 28% of the reviewed stud-
ies assessed individual exposure merely using air pollution
data collected from monitoring stations. Even though some
of them calculated residential exposure through inversed
distance weighting, significant exposure misclassifications
were still possible because the diffusion of air pollutants
is influenced by various factors including land use, wind
speed and direction, temperature, and topography [110].
Therefore, advanced models that incorporate comprehensive
sets of factors are warranted for precise individual exposure
assessment and hence will essentially improve estimations
of PM, s-related health effects, investigations on population
vulnerability, and analyses of exposure inequities.

Given the inequalities in vulnerability and exposure to
PM, 5 previously discussed, as well as poor access to health
services, specific subpopulations (e.g., low-income groups,
females, and rural residents) may inequitably suffer from
more PM, s-related health burden. Identifying theses ine-
qualities in PM, s-health associations is crucial for under-
standing the mechanism of PM, s-related health effects, as
well as maximizing the outcomes of air pollution control
and public health intervention. However, uncertainties and
inconsistencies still exist as mentioned above. Therefore,
more studies are needed to provide further evidence on the
vulnerabilities and the exposures to PM, 5 of specific sub-
populations in Asia-Pacific for establishing a solid ground
where policymakers and public health practitioners are able
to prevent or eliminate health inequities caused by the ine-
qualities in PM, s-health associations.

Conclusion

In Asia-Pacific, previous cohort studies had covered exten-
sive health effects of long-term exposure to ambient PM, s,
although they were only conducted in Australia, Mainland
China, Hong Kong, Taiwan, and Korea. Consistent evidence
was reported and supporting that long-term exposure to
ambient PM, 5 increased all-cause/non-accidental and CVD
mortality as well as the incidences of CVD, T2DM, kidney
diseases, and COPD, though research on other outcomes
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was inconsistent or inadequate. More evidence is required
to identify the inequalities in PM, s-health associations for
preventing or eliminating potential health inequities. Several
research gaps are identified for future studies, including the
health effects of long-term exposure to ambient PM, 5 in
understudies countries and subpopulations, the associations
of long-term exposure to ambient PM, s with the mortalities
of diabetes mellitus, kidney diseases, dementia, and lung
cancers, as well as issues in study designs, especially the
exposure assessment methods.
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