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BACKGROUND: Potential adverse health effects of Asian dust exposure have been reported, but systematic reviews and quantitative syntheses are
lacking.

OBJECTIVE: We reviewed epidemiologic studies that assessed the risk of mortality, hospital admissions, and symptoms/dystunction associated with
exposure to Asian dust.

METHODS: We performed a systematic search of PubMed and Web of Science to identify studies that reported the association between Asian dust ex-
posure and human health outcomes. We conducted separate meta-analyses using a random-effects model for mortality and hospital admissions for a
specific health outcome and assessed pooled estimates for each lag when at least three studies were available for a specific lag.

ResuLTs: We identified 89 studies that met our inclusion criteria for the systematic review, and 21 studies were included in the meta-analysis. The
pooled estimates (percentage changes) of mortality from circulatory and respiratory causes for Asian dust days vs. non-Asian dust days were 2.33%
[95% confidence interval (CI): 0.76, 3.93] increase at lag 0 and 3.99% (95% CI: 0.08, 8.06) increase at lag 3, respectively. The increased risk for hos-
pital admissions for respiratory disease, asthma, and pneumonia peaked at lag 3 by 8.85% (95% CI: 0.80, 17.55), 14.55% (95% CI: 6.74, 22.94), and
8.51% (95% CI: 2.89, 14.44), respectively. Seven of 12 studies reported reduced peak expiratory flow, and 16 of 21 studies reported increased respira-
tory symptoms associated with Asian dust exposure. There were substantial variations between the studies in definitions of Asian dust, study designs,
model specifications, and confounder controls.

DiscussioN: We found evidence of increased mortality and hospital admissions for circulatory and respiratory events. However, the number of studies
included in the meta-analysis was not large and further evidences are merited to strengthen our conclusions. Standardized protocols for epidemiologi-

cal studies would facilitate interstudy comparisons. https://doi.org/10.1289/EHP5312

Introduction

Asian dust is a seasonal meteorological phenomenon caused by
dust storms that originate in the deserts of Mongolia and northern
China and are carried eastward along mid-latitude westerlies to
pass over China, Korea, and Japan. The dust travels thousands of
kilometers and absorbs airborne pollutants from anthropogenic
sources in industrial areas (Mori et al. 2003; Takemura et al.
2002). The coarse particles of desert dust are considered poten-
tially toxic, and their constituents vary during long-range trans-
port (Mori et al. 2003). Some studies have suggested that the
health effects of Asian dust may vary by particle composition
(Hiyoshi et al. 2005; Honda et al. 2014). Concerns have also
been raised that the microorganisms in the dust may cause aller-
gic reactions based on murine and in vitro studies and that dust

Address correspondence to M. Hashizume, Department of Global Health
Policy, Graduate School of Medicine, University of Tokyo, 7-3-1 Hongo,
Bunkyo-ku, Tokyo 113-0033 Japan. Telephone: (81) 3 5841 3397. Email:
hashizume @m.u-tokyo.ac.jp

Supplemental Material is available online (https://doi.org/10.1289/EHP5312).

The authors declare they have no actual or potential competing financial
interests.

Received 12 March 2019; Revised 26 May 2020; Accepted 3 June 2020;
Published 26 June 2020.

Note to readers with disabilities: EHP strives to ensure that all journal
content is accessible to all readers. However, some figures and Supplemental
Material published in EHP articles may not conform to 508 standards due to
the complexity of the information being presented. If you need assistance
accessing journal content, please contact ehponline @niehs.nih.gov. Our staff
will work with you to assess and meet your accessibility needs within 3
working days.

Environmental Health Perspectives

066001-1

events may increase the incidence of respiratory microbial-
derived inflammation (Honda et al. 2017; Ichinose et al. 2006,
2008a).

The adverse effects induced by dust have been reported in
Southern Europe, which is affected by Saharan dust (Perez et al.
2008; Stafoggia et al. 2016; Zauli Sajani et al. 2011). Multiple
studies have reported the effect modification of dust events on the
relationship between particulate matter (PM) exposure and mor-
tality; the association of PM with mortality was stronger on dust
days than on non-dust days (Jiménez et al. 2010; Mallone et al.
2011; Perez et al. 2008, 2012; Tobias et al. 2011). Other studies
(Samoli et al. 2011a; Zauli Sajani et al. 2011) reported that dust
events were independent risk factors for mortality, whereas the
association of PM and mortality was similar on dust and non-dust
days (Zauli Sajani et al. 2011) or was seen only on non-dust days
(Samoli et al. 2011a). These discrepancies have also been reported
in other studies of Southern European regions (Alessandrini et al.
2013; Middleton et al. 2008; Reyes et al. 2014; Samoli et al.
2011b). A study comparing the associations of desert- and non-de-
sert—sourced PM <10 um in aerodynamic diameter (PM;o) with
mortality and hospital admissions reported that the health effects
of desert-derived PM o were of similar magnitude as those of non-
desert sources (Stafoggia et al. 2016). The inconsistent findings in
the Southern European studies were suggested to be due to differ-
ent source areas and transport patterns of dust over the western and
eastern sides of the Mediterranean (Stafoggia et al. 2016).

Epidemiological studies on the association between desert
dust exposures and health outcomes have increased over the last
decades. Previous review studies have reported the increased risk
of respiratory and circulatory mortality after the dust exposures,
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but the findings are inconsistent across the studies and quantita-
tive syntheses are lacking (de Longueville et al. 2013;
Hashizume et al. 2010; Karanasiou et al. 2012; Zhang et al.
2016). We therefore conducted a systematic review and meta-
analysis of epidemiologic studies on the health effects of expo-
sure to Asian dust. To the best of knowledge, this is the first sys-
tematic review on the health effects of desert dust to perform a
meta-analysis of suitable published studies.

Methods

Search Strategy

This study used the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines to report the
results (Moher et al. 2009).

We performed a systematic search using the PubMed and
Web of Science databases (1980 to August 2019) to identify stud-
ies that reported the association between exposure to Asian dust
and human health outcomes. The search strategy included the fol-
lowing combinations of keywords: ((“asian dust” or “asian sand”
or “Asian Desert Dust” or “Yellow Dust” or “Yellow Sand” or
“Dust events” or “Desert dust” or “Dust storm”) or ((“sand dust”
OR “dust event”) and (Taiwan OR Mongolia OR Korea OR Japan
OR Macau OR “Hong Kong” OR China OR “Far East”))) and
((““Adverse effect” or Allergy or “Ambulatory Care” or Ambulatory
or Asthma or Cardiac or Cardiopulmonary or Cardiovascular or
Death or “Emergency Medical Services” or Epidemiology or
“Health Risk” or Health or “Hospital admission” or Hospital or
Hospitalization or “Human Experimentation” or Irritants or
Morbidity or Mortality or Pulmonary or Respiratory or Symptom or
“Air Pollutant” or “Air Pollutants” or “Air Pollution” or “Air
Pollutions” or “Adverse effects” or Cardio or “Hospital admissions”
or Pneumonia or Stroke or Symptoms)).

The literature search was restricted to articles published in
English. The reference lists in the selected articles were searched
manually.

Study Eligibility Criteria

We included epidemiological studies that examined the associa-
tion between exposure to Asian dust and health outcomes. A
Populations of interest, Exposures, Comparators, and Outcomes
(PECO) statement (Morgan et al. 2018) was developed to identify
epidemiological studies relevant to health effects of exposure to
Asian dust. The population of interest was populations without
any restrictions. Laboratory studies and animal experiments were
excluded. Relevant exposures were Asian dust without any restric-
tions of the definition, measurement methods, length, or timing.
Studies that examined the effects of PM were only included if PM
was used in defining the Asian dust. Studies that reported other
dust events (e.g., Saharan dust, local dust) were excluded.
Comparators were nonexposed or lower-exposure individuals or
the same individuals at different time points. Outcomes included
mortality, hospital admissions or visits, ambulance transport,
emergency room attendance, and clinician diagnoses (recorded
or self-reported), symptoms, and dysfunction for any health
outcomes. Studies with awareness or perception as the outcome
were excluded. Conference abstracts, letters, and editorials
were excluded.

Study Selection

Titles and abstracts of all papers identified by the electronic
searches were screened by two independent reviewers (authors
M.H. and Y.N.). The full text of articles that met the selection cri-
teria was then assessed for inclusion eligibility in the systematic

Environmental Health Perspectives

066001-2

review. Disagreements were resolved by discussion between the
two reviewers.

Data Extraction

We extracted information from studies that met the inclusion cri-
teria using a standardized checklist. We collected data on study
period, location, age group, health outcome, study design, expo-
sure (Asian dust) definition, number of dust-event days, concen-
trations of PMj9, PM <2.5 pum in aerodynamic diameter (PM, s),
or other PM indicators such as suspended particulate matter
(SPM) or PMbetween 10and2.5 um in aerodynamic diameter
(PMj0.2.5) on event and non-event days, effect estimates and lag
period, and confounders controlled in the model. Authors were
contacted for information missing from the published reports.
The health outcomes were divided into mortality, hospital admis-
sions/visits, and symptoms/dysfunction.

Study Quality Assessment

We used the National Institute of Health (NIH) framework for
Observational Cohort and Cross-Sectional Studies (https://www.
nhlbi.nih.gov/health-topics/study-quality-assessment-tools) to assess
the quality of the studies meeting inclusion criteria. For mortality
and hospital admission studies, we adapted the NIH framework
in the absence of a validated quality assessment tool for time-
series and case-crossover designs, which were commonly used in
such studies. Specifically, we modified the selected questions
related to exposure assessment [Questions (Q) 6 and 10], out-
come assessment (Q11) and confounding control (Q14) for this
purpose (see Table S1). For exposure assessment, we examined
whether the lagged associations were examined (Q6), whether
the study examined different levels of the exposure (QS8), whether
the Asian dust event was clearly defined (Q9), and whether the
multiple lagged associations were examined (Q10). For outcome
assessment, we examined whether mortality or morbidity data
were based on the International Classification of Diseases (ICD)
(Q11). For confounding control, we assessed whether major
potential confounders such as long-term trends, seasonality, and
temperature were accounted for in assessing the exposure—out-
come associations (Q14). We assigned a good, fair, or poor qual-
ity rating, following the NIH framework. The quality assessment
was conducted independently by two reviewers (M.H. and Y.K.)
and the results were reconciled until a consensus was reached.

Meta-Analysis

Before pooling the estimates, we standardized the extracted data
by converting the various forms of reported estimates to a log rel-
ative risk (Asian dust days vs. non-dust days) and the correspond-
ing standard error. If a 95% confidence interval (CI) was only
available as variance estimates from the studies, we first con-
verted the upper and lower limits to the absolute difference meas-
ures (i.e., taking the natural logarithm for relative measures) and
divided the difference between upper and lower limits by 3.92 to
obtain the standard error (Higgins and Green 2011). We used a
random-effects model with a DerSimonian-Laird estimator to
pool the estimates. We quantified the extent of heterogeneity
with the I? statistic, representing the proportion of total variance
in pooled estimates attributable to heterogeneity in the true
effects. The Q statistic was used to address whether the heteroge-
neity was statistically significant (p < 0.05).

Pooling estimates by specific health outcomes, lag, and sub-
groups. We performed meta-analysis for mortality and hospital
admissions when at least three studies were available in order to
ensure reliability of the pooled estimate (Borenstein et al. 2009)
on a specific health outcome sharing ICD codes for a specific lag.
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Accordingly, mortality studies were further divided into three
outcome categories (all-cause, circulatory, and respiratory deaths)
and hospital admissions studies were into four categories (respi-
ratory disease, asthma, pneumonia, and ischemic heart disease/
acute myocardial infarction). Stratified analysis was performed
by sex and age groups (nonelderly and elderly) for a specific
health outcome when at least three estimates were available from
different populations for a specific lag. The age cutoff of elderly
was >65 y, as defined in the original study (see Excel Table S2).
Meta-analysis was not performed for the symptoms or dysfunc-
tion studies because the study design, study subject, and statisti-
cal analysis methods varied considerably.

Selecting a representative from multiple effect estimates.
Some studies provided multiple effect estimates for the same
health outcome by using different definitions of Asian dust, mul-
tiple models, or multiple study sites. If multiple definitions of
Asian dust had been used in a given study, we included the esti-
mates for one of the definitions that were most commonly used in
other studies in the same city or country. If Asian dust had been
classified according to its levels (e.g., moderate, heavy), we
included the estimates for the higher level. Meta-analysis was not
performed for estimates based on continuous exposure measures
[i.e., nonspherical extinction coefficient of the light detection and
ranging (LIDAR) method] because it was impossible to convert
the continuous dust measure into a binary dust-day indicator
based only on the information provided in the original studies. In
addition, if multiple models (e.g., different sets of confounders)
had been used in a study, we included the estimates from the
main model as presented by the original authors. For multicity
studies providing city-specific results, we included the esti-
mates from each city separately if the cities were from different
countries, but used pooled estimates reported if from the same
country. The estimates and 95% CIs included in the meta-
analysis for mortality and hospital admissions are shown in
Excel Tables S1-S7.

Sensitivity analyses. We repeated the meta-analysis for stud-
ies using only time-series or case-crossover study designs by
excluding studies with other study designs. We also repeated
analysis for hospital admissions by including five additional stud-
ies of which the outcome was hospital visits, emergency room
visits, or ambulance transport. Moreover, we examined the
robustness of pooled estimates by excluding some studies with
largely overlapping periods in the same study location one by
one (i.e., the leave-one-out approach).

We planned to address for publication bias by using funnel
plots and Begg’s test if more than 10 studies were available, but
we did not assess publication bias because of the small number of
studies available on each outcome. All analyses were performed
using R (version 3.5.1; R Development Core Team) and the
metafor package.

Results

The searches of PubMed (n=707) and Web of Science (n=
1,008) databases produced a total of 1,715 references (Figure 1).
An additional article was identified through a manual search of
the reference lists of the included articles and 179 duplicates
were removed, leaving 1,537 references, of which 1,381 were
excluded after reviewing the title or abstract. One hundred fifty-
six studies underwent in-depth evaluation, of which 89 met the
criteria for qualitative synthesis. Eleven of the studies measured
mortality, 45 measured hospital admissions/visits, and 33 meas-
ured symptoms/dysfunction. Study characteristics are presented
in Tables 1-3. The earliest study was published in 2002 (see
Figure S1). For the meta-analysis, we did not consider all of the
studies included in the qualitative review for the following
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reasons [33 described symptoms/dysfunctions, 15 had outcomes
with fewer than three estimates, 9 estimated no quantitative risk
specifically for Asian dust exposure, 7 described hospital visits/
ambulance transport, 4 used continuous exposure variables rather
than binary (Asian dust days vs non-dust days)], leaving 21 stud-
ies for inclusion in the meta-analysis.

Study Quality Assessment

Study quality varied substantially between the outcome catego-
ries (Tables 1-3). Overall, we rated quality more highly in mor-
tality studies followed by hospital admission and symptoms/
dysfunction studies. Seven (63.6%) studies were rated good in
mortality studies, and 14 (31.1%) and 3 (9.1%) studies were rated
good in hospital admission and symptom/dysfunction studies,
respectively. Sixteen (48.5%) studies were rated poor in symp-
tom/dysfunction studies, and 3 (6.7%) and O studies were rated
poor in hospital admission and mortality studies, respectively.
The high proportion of poor quality in symptom/dysfunction
studies was mainly because multiple studies in this category did
not control for confounders or did not describe confounder con-
trol, did not report how information bias was controlled when the
outcomes were self-reported symptoms or self-measured PEF, or
were of a cross-sectional design that is prone to causal inferences
between exposures and outcomes. The lower-rated quality in hos-
pital admission studies compared with mortality studies is partly
because more hospital admission studies were conducted in the
early 2000s, before the standard time-series or case-crossover
designs were widely used in this field.

Mortality

All 11 studies assessed all-cause mortality (Table 1). Nine studies
assessed mortality from circulatory causes (Chan and Ng 2011;
Chen et al. 2004; Ho et al. 2018; Kashima et al. 2012, 2016; Kim
et al. 2012; Lee et al. 2013, 2014; Wang and Lin 2015), 7
assessed mortality from respiratory causes (Chan and Ng 2011;
Chen et al. 2004; Ho et al. 2018; Kashima et al. 2012, 2016; Lee
et al. 2013, 2014), and 1 assessed mortality from both causes
combined (Kwon et al. 2002). Seven studies used a time-series
design (Kashima et al. 2012, 2016; Kim et al. 2012; Kwon et al.
2002; Lee et al. 2013, 2014; Wang and Lin 2015), 2 used a case-
crossover design (Chan and Ng 2011; Ho et al. 2018), and 1 com-
pared the number of deaths between dust days and control days
using Poisson regression (Chen et al. 2004). For exposure defini-
tion, five studies used a local meteorological authority’s defini-
tion of Asian dust (Chan and Ng 2011; Kim et al. 2012; Lee et al.
2013, 2014; Wang and Lin 2015), and 2 used the LIDAR as an
indicator of Asian dust with the nonspherical extinction coeffi-
cient as a continuous variable (Kashima et al. 2012, 2016). Ten
studies assessed multiple lag associations (Table 1).

Figure 2 displays the individual and pooled estimates of the
associations between Asian dust exposure at lag 0 and all-cause,
circulatory, and respiratory mortality. The pooled estimate (per-
centage change) of circulatory mortality for Asian dust days vs.
non-Asian dust days at lag 0 was 2.33% (95% CI: 0.76, 3.93)
(n=8, 0=3.88, p=0.79, I>=0.0%). There was no evidence of
a pooled association between all-cause mortality and Asian dust
exposure at any lag up to lag 7 (Figure 3; see also Excel Table
S1). There was a 3.99% (95% CI: 0.08, 8.06) increase in the
pooled estimate of mortality from respiratory causes at lag 3
(n=5,0=3.90, p=042, I =0.0%). There was little evidence
of heterogeneity between the estimates for all three outcomes at
all lags. The association between Asian dust and all-cause mor-
tality did not differ between age groups (see Figure S2, Excel
Table S2).
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Figure 1. The literature search and screening results for studies reporting on the associations between Asian dust exposures and human health outcomes dis-
played as a PRISMA flow diagram (http://www.prisma-statement.org). Note: PRISMA, Preferred Reporting Items for Systematic Reviews and Meta-Analyses;

RR, relative risk.

We repeated the analysis by limiting the studies to those with
time-series and case-crossover designs by excluding one study
(Chen et al. 2004) for all three categories of mortality outcomes.
The study selection did not affect the main results and interpreta-
tion, but the pooled estimate for mortality from respiratory causes
at lag 3 increased slightly to 4.22% (95% CI: 0.28, 8.32) (see
Figure S3, Excel Table S3). Sensitivity analysis by excluding
studies with largely overlapping periods in the same study loca-
tion (the leave-one-out approach) showed that the pooled esti-
mates were robust (see Figure S4, Excel Table S1).

Hospital Admissions

Studies examining hospital admissions/visits listed multiple dis-
eases and conditions as the cause (Table 2). Fourteen studies
used a time-series design, 13 used a case-crossover design, 11
simply compared the number of deaths between dust days and
control days, 4 used spatiotemporal modeling (Chien et al. 2012,
2014; Yu et al. 2012, 2013), 2 used seasonal periodicity analysis
and/or linear regression (Altindag et al. 2017; Wang et al. 2016),
and 1 used correlation analysis (Wang et al. 2018). In terms of
exposure definition, 20 studies used a local meteorological
authority’s definition of Asian dust, and 17 studies set their own
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definition using PM of a certain diameter, with or without other
indicators such as wind profile or LIDAR. Four studies relied
solely on LIDAR as a continuous variable (Kashima et al. 2014)
or with a certain threshold for the nonspherical extinction coeffi-
cient (Kanatani et al. 2010; Kashima et al. 2014; Ueda et al.
2012), 2 studies used visibility (Ma et al. 2016, 2017a), and 1
study did not report the definition (Wang et al. 2018). Most of the
studies published before 2010, with the exception of two (Bell
et al. 2008; Meng and Lu 2007), simply compared the number of
patients between event days and non-event days (7 d before and
after each event day) rather than using time-series or case-
crossover analysis.

Figure 4 shows the associations between Asian dust exposure
at lag 3 [the lag with the most associations in the pooled analysis
(Figure 5)] and hospital admissions for respiratory disease,
asthma, pneumonia, and ischemic heart disease/acute myocardial
infarction. The meta-analysis was not applied to other hospitali-
zation causes because there were fewer than three estimates. The
lag pattern of the meta-analysis showed evidence of a positive
association for respiratory diseases (lag 3), asthma (lags 1 and 3),
and pneumonia (lags 1 and 3) (Figure 5; see also Excel Table
S4). The increased risk for respiratory diseases (8.85%), asthma
(14.55%), and pneumonia (8.51%) peaked at lag 3. There was
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https://www.nhlbi.nih.gov/health-topics/study-quality-assessment-tools

Author(s) and Year Study Region

Percent Change [95% CI]

All cause (Lag 0)

Kwon et al. 2002 Seoul (Korea) —— -0.30 [-4.20, 3.70]
Chen et al. 2004 Taipei (Taiwan) ] 0.48 [-6.09, 7.05]
Chan and Ng 2011 Taipei (Taiwan) .y 1.90[0.30, 3.50]
Kim et al. 2012 Seoul (Korea) ] 0.95[-5.33, 7.23]
Lee et al. 2013 7 cities pooled (Korea) fm— 1.46 [0.00, 3.00]
Lee et al. 2014 Seoul (Korea) —a— 1.73[-0.47, 3.98]
Lee et al. 2014 Taipei (Taiwan) b -2.77 [-5.13, -0.36]
Lee et al. 2014 Kitakyushu (Japan) e 3.47 [-3.28, 10.70]
Wang et al. 2015 Taipei (Taiwan) —a 3.00[0.00, 5.00]
RE Model for Subgroup (Q = 14.31, df = 8, p = 0.07; 2= 44.1%) ‘ 1.09 [-0.14, 2.34]
Circulatory (Lag 0)

Chen et al. 2004 Taipei (Taiwan) } = { -0.14 [13.09, 12.81]
Chan and Ng 2011 Taipei (Taiwan) ] 3.00 [0.00, 6.00]
Kim et al. 2012 Seoul (Korea) } o - y -3.85[-13.08, 5.39]
Lee et al. 2013 7 cities pooled (Korea) o 2.91[0.10, 5.80]
Lee etal. 2014 Seoul (Korea) ] 1.54 [-2.55, 5.80]
Lee et al. 2014 Taipei (Taiwan) e -0.22 [-4.91, 4.71]
Lee et al. 2014 Kitakyushu (Japan) o y 4.90 [-7.08, 18.41]
Wang et al. 2015 Taipei (Taiwan) I 4.00 [-1.00, 9.00]
RE Model for Subgroup (Q = 3.88, df =7, p =0.79; 1?= 0.0%) <o 2.33[0.76, 3.93]
Respiratory (Lag 0)

Chen et al. 2004 Taipei (Taiwan) < = | -16.15[-39.49, 7.19]
Chan and Ng 2011 Taipei (Taiwan) L — -1.20 [-5.90, 3.80]
Lee etal. 2013 7 cities pooled (Korea) e — 2.43[-3.30, 8.50]
Lee et al. 2014 Seoul (Korea) } - y -3.38 [-11.54, 5.53]
Lee et al. 2014 Taipei (Taiwan) L -10.62 [-17.29, -3.41]
Lee et al. 2014 Kitakyushu (Japan) } » 5.83 [-10.40, 25.02]
RE Model for Subgroup (Q = 9.84, df =5, p = 0.08; 1= 49.2%) ‘ -2.58 [-7.27, 2.34]

-20 -15 -10

|i||||
5 0 5 10 15 20

Percent Change

Figure 2. Forest plot of the meta-analysis for the association of all-cause, circulatory, and respiratory mortality with Asian dust days vs. non-Asian dust days
at lag 0. Solid squares represent point estimates (percentage changes) of the individual studies, and the whiskers represent the 95% Cls. Arrowheads indicate
where the CI extends outside the range allocated. Diamonds represent the pooled random-effects estimates, with the width indicating the 95% Cls. The vertical
dotted line represents a percentage change of 0. Point estimates and 95% ClIs for Chen et al. 2004 and Kim et al. 2012 were recalculated by the authors based
on the information in the paper. Note: CI, confidence interval; df, degrees of freedom; RE, random effects.

little evidence of an association with ischemic heart disease/acute
myocardial infarction. There was little evidence of heterogeneity
between the estimates for respiratory disease (lag 3) and asthma
(lags 1 and 3) when there was an evidence of the pooled associa-
tion (I2=0.0%). The association between Asian dust exposure
and hospital admissions for respiratory distress did not differ by
sex (see Figure S5, Excel Table S5).

We repeated the analysis using only time-series and case-
crossover studies by excluding Lai and Cheng 2008 from respira-
tory disease category, Yang et al. 2005b from asthma category and
Cheng et al. 2008 from pneumonia category. The study selection
did not affect the main results and interpretation (see Figure S6,
Excel Table S6). The addition of two studies of hospital visits and
emergency room visits (Nakamura et al. 2016; J Park et al. 2016)
made the pooled estimates for asthma 1.4-1.8 times higher than
the original (lag 1-3), whereas the pooled estimate for respiratory
disease at lag 0 became significantly protective after adding five
studies of hospital visits, emergency room visits, or ambulance
transport (Chien et al. 2012; Lin et al. 2016; Nakamura et al. 2016;
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Ueda et al. 2012; Yu et al. 2012) (see Figure S7, Excel Table S7).
The addition of one study of hospital visits for ischemic heart dis-
ease (Chan et al. 2008) at lag 0 did not change the interpretation
(see Figure S7, Excel Table S7). Sensitivity analysis by excluding
studies with largely overlapping periods in the same study location
(the leave-one-out approach) showed that the pooled estimates
were robust (see Figure S8, Excel Table S4).

Symptoms/Dysfunction

The most common outcome was respiratory symptoms and peak
expiratory flow (PEF) rate, followed by eye, nasopharyngeal, and
skin symptoms (Table 3). Daily PEF rates and symptoms (of
asthmatic patients or healthy volunteers) were typically recorded
in diaries and compared between dust and non-dust days. Of the
12 studies that examined the association between Asian dust ex-
posure and PEF, 8 (66.7%) studies (Hong et al. 2010; Park et al.
2005; Watanabe et al. 2011b, 2015b, 2016a, 2016b, 2016¢; Yoo
et al. 2008) reported reduced PEF following exposure, although 1
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No of

2 Percent Change [95% CI]

estimates

All cause

Lag 0 9 [FER— 441 1.09 [-0.14, 2.34]
Lag 1 8 —a— 32.6 0.07 [-1.19, 1.34]
Lag 2 7 H—a— 38.1 1.01[-0.43, 2.47]
Lag 3 6 . 52.4 0.24 [-1.54, 2.04]
Lag 4 3 — 0.0 0.21[-1.35, 1.80]
Lag 5 3 ] 0.0 -0.10 [-1.66, 1.49]
Lag 6 3 . 0.0 0.40 [-1.17, 2.00]
Lag 7 3 - 0.0 -0.12[-1.69, 1.47]
Circulatory

Lag 0 8 O N 0.0 2.33[0.76, 3.93]
Lag 1 7 ] 0.8 1.42 [-0.47, 3.34]
Lag 2 6 } —= | 26.2 0.96 [-1.96, 3.96]
Lag 3 5 [ 11.5 0.14 [-2.11, 2.45]
Lag 4 3 } _— j 0.0 0.75[-2.22, 3.82]
Lag 5 3 } o { 0.0 2.30[-0.71, 5.41]
Lag 6 3 } - j 55.1 3.32[-1.77, 8.67]
Lag 7 3 } " 0.0 -0.51[-3.48, 2.55]
Respiratory

Lag O 6 | . 49.2 -2.58[-7.27, 2.34]
Lag 1 6 } o 44.3 -1.71[-6.12, 2.91]
Lag 2 5 } - { 55.0 2.67 [-3.90, 9.69]
Lag 3 5 } - j 0.0 3.99[0.08, 8.06]
Lag 4 3 } o - { 0.0 -1.61[-6.78, 3.85]
Lag 5 3 | - | 0.0 0.54 [-4.72, 6.10]
Lag 6 3 | . » 0.0 4.86 [-0.56, 10.57]
Lag7 3 } { 0.0 2.65[-2.69, 8.29]

| T i T |
-10 -5 0 5 10

Percent Change

Figure 3. Random-effects pooled estimates (percentage changes) of mortality for Asian dust days vs. non-Asian dust days, stratified by outcome and lag time.
Solid squares represent point estimates (percentage changes) of the individual studies, and the whiskers represent the 95% CIs. Arrowheads indicate where the
CI extends outside the range allocated. The vertical dotted line represents a percentage change of 0. Note: CI, confidence interval.

(Watanabe et al. 2011b) reported reduced PEF only among indi-
viduals with existing lower respiratory symptoms. Four (33.3%)
studies reported no evidence of an association with PEF
(Watanabe et al. 2011a, 2014, 2015a, 2015c). Among the 21 stud-
ies that examined the association between Asian dust exposure and
respiratory symptoms, 16 (76.2%) reported increased respiratory
symptoms associated with Asian dust exposures (Table 3). Most
studies that examined eye, nasopharyngeal, skin, and allergy symp-
toms reported increased risk of these symptoms during Asian dust
events.

Discussion

In the present study, we reviewed epidemiologic studies that
assessed the risk of mortality, hospital admissions, and symp-
toms/dysfunction associated with exposure to Asian dust. The
results of the meta-analyses indicate an exposure to Asian dust
was associated with an immediate increased risk of mortality
from circulatory causes (lag 0) and a slower increased risk of
mortality from respiratory causes (lag 3). Risk of hospital admis-
sions for asthma or pneumonia also increased after exposure.

Environmental Health Perspectives
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There was little evidence of heterogeneity between the estimates
for both mortality and hospital admissions when there was evi-
dence of increased risk.

There were substantial variations between the studies in dust
concentrations on Asian dust days. Mean PM( concentrations on
Asian dust days varied by location, from 60.5pg/m® in
Kitakyushu, Japan, to 176.4 pg/m?® in Seoul, South Korea (Lee
et al. 2014). This could be partly explained by the differing defini-
tions of Asian dust used in the studies. Among the 56 mortality
and hospital admission studies, 25 studies used a local meteorolog-
ical authority’s definition of Asian dust, and 18 studies set their
own definition using PM of a certain diameter, with or without
other indicators such as wind profile and LIDAR. For example,
Tam et al. (2012a, 2012b) defined Asian dust days as when
the following four conditions were met: a) air pollution
index >100 png/ m?; b) PM, s:PM,( < 0.4; ¢) predominant easterly
wind profile; and d) at least three times higher concentrations of
dust storm tracer elements than annual averages. Bell et al. (2008)
used several definitions, such as days with PM;o> 115 ug/m? in
the city (Taipei) and days with PM;o> 100 ug/m? at a back-
ground monitoring location.
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Author(s) and Year Study Population

Percent Change [95% CI]

Respiratory disease (Lag 3)

Meng and Lu, 2007 Male bem 14.00 [1.00, 29.00]
Meng and Lu, 2007 Female 18.00 [0.00, 41.00]
Lai and Cheng, 2008 Male < —= > 6.00 [-73.00, 317.00]
Lai and Cheng, 2008 Female <7 —m I 7.00 [-69.00, 272.00]
Tao et al, 2012 Total —a -0.10 [-12.20, 12.00]
RE Model for Subgroup (Q = 3.31, df =4, p = 0.51; 1= 0.0%) ‘ 8.85[0.80, 17.55]
Asthma (Lag 3)

Yang et al. 2005b Total Jm > 8.00 [-3.00, 776.00]
Bell et al. 2008 Total B 25.04 [4.62, 49.45]
Wang et al. 2014 Total [ — - 12.16 [2.52, 21.81]
Park et al. 2016 Total |—-—| 15.00 [-3.00, 37.00]
RE Model for Subgroup (Q = 1.17, df = 3, p = 0.76; I* = 0.0%) o 14.55 [6.74, 22.94]
Pneumonia (Lag 3)

Meng and Lu, 2007 Male . 8.00 [-8.00, 28.00]
Meng and Lu, 2007 Female } = { 16.00 [-14.00, 57.00]
Bell et al. 2008 Total |—-—| 12.97 [-2.14, 30.40]
Cheng et al. 2008 Total fm 3.70 [-0.70, 8.40]
Kang et al. 2012 Total e | 14.03 [6.05, 22.61]
RE Model for Subgroup (Q = 5.76, df = 4, p = 0.22; I? = 30.5%) <o 8.51[2.89, 14.44]
Ischemic heart disease / Acute myocardial infarction (Lag 3)

Meng and Lu, 2007 Male | ' | | -7.00 [-31.00, 24.00]
Meng and Lu, 2007 Female |—-——| -14.00 [-33.00, 11.00]
Bell et al. 2008 Total ] 12.22 [-3.81, 30.93]
Teng et al. 2016 Total - 8.18 [1.73, 14.64]
RE Model for Subgroup (Q = 4.25, df = 3, p = 0.22; 12 = 29.5%) ‘ 5.09 [-3.94, 14.97]

| | i | | |
-60 -40 0 20 40 60

Percent Change

Figure 4. Forest plot of the meta-analysis for the association of hospital admissions for respiratory disease, asthma, pneumonia, and ischemic heart disease/
acute myocardial infarction with Asian dust days vs. non-Asian dust days at lag 3. Solid squares represent point estimates (percentage changes) of the individ-
ual studies, and the whiskers represent the 95% Cls. Arrowheads indicate where the CI extends outside the range allocated. Diamonds represent the pooled ran-
dom-effects estimates, with the width indicating the 95% CIs. The vertical dotted line represents a percentage change of 0. Note: CI, confidence interval; df,

degrees of freedom; RE, random effects.

Nevertheless, the average PM;, concentrations varied by
location (from 139.9 pg/m? in Incheon to 176.4 ug/m?* in Seoul,
Korea) even when using the same definition (Lee et al. 2013). A
study tracking the mass concentration of aerosol along its trans-
port route reported that the concentration decreased by one order
of magnitude as the dust was transported from inland China to
Japan (Mori et al. 2003). Dust concentrations on Asian dust days
also appear to vary over time: In Taipei, Taiwan, PM,( concen-
trations on Asian dust days were reported as 85.7 ug/m? and
125.9 ug/m? in the late 1990s (Chan and Ng 2011; Chen et al.
2004) and decreased to 71.4 ug/m?* and 82.7 pg/m? in the 2000s
(Lee et al. 2014; Wang and Lin 2015).

Eight mortality/hospitalization studies used LIDAR as an indica-
tor of Asian dust with a certain threshold (Kanatani et al. 2010;
Nakamura et al. 2015, 2016; Ueda et al. 2012) or as a continuous
variable (Kashima et al. 2012, 2014, 2016, 2017) for the nonspherical
extinction coefficient. LIDAR is an optical remote sensing technology
that can distinguish nonspherical mineral dust particles from spherical
nonmineral dust particles at certain heights (typically 120—1,000 m

Environmental Health Perspectives
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from the ground for epidemiological studies) (Shimizu et al. 2004,
2011; Sugimoto et al. 2003). The effect of Asian dust days can differ
substantially by altitude and the cutoft values of the extinction coeffi-
cient (Ueda et al. 2014); interstudy comparability would therefore
require a standardized definition of Asian dust.

Variations in particle size and chemical and biological con-
stituents have been reported (Cha et al. 2016; Ichinose et al.
2008b; Mori et al. 2003; Zhang et al. 2003). Particle size was
altered during long-range transport from inland China to Japan
(Mori et al. 2003; Zhang et al. 2003). Measurements of mass size
distributions of aerosols have shown that 64% of total mass was
attributable to coarse particles (>2.1 um aerodynamic diameter),
lower than the percentage of coarse particles reported for aerosols
sampled in Beijing, China (93%) (Mori et al. 2003). The addition
of sea salt during transport over the sea increased particle size,
and between 60% and 91% of dust aerosols in southwestern Japan
were reported to be mixed with sea salt and sulfate, whereas dust
collected in China did not (Zhang et al. 2003). Previous studies
have provided evidence for the effects of PM, especially PM; s,
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No of estimates

I Percent change [95% CI]

Respiratory disease

Lag 0 5 } B | 55 -0.71 [-10.11, 9.68]
Lag 1 5 } : o { 0.0 3.29 [-4.78, 12.05]
Lag 2 5 } ] { 0.0 -4.76 [-12.54, 3.72]
Lag 3 5 } = i 0.0 8.85[0.80, 17.55]
Lag 4 3 } = | 79.6 4.26 [-12.63, 24.43]
Lag 5 3 } ] 37.5 -3.84 [-13.42, 6.80]
Lag 6 3 } { 0.0 5.35[-2.59, 13.93]
Asthma

Lag 0 6 } = { 20.9 3.68 [-5.34, 13.57]
Lag 1 4 S = { 0.0 8.09 [0.86, 15.84]
Lag 2 4 } { 30.2 7.18 [-4.18, 19.88]
Lag 3 4 B | 0.0 14.55 [6.74, 22.94]
Pneumonia :

Lag 0 5 e 18.7 3.73 [-0.92, 8.59]
Lag 1 5 T S— 30.8 7.56 [1.83, 13.61]
Lag 2 5 : { 55.7 7.33[-0.57, 15.86]
Lag 3 5 N e —] 30.5 8.51[2.89, 14.44]
Lag 4 3 } = { 32.5 4.61[-6.72,17.32]
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Figure 5. Random-effects pooled estimates (percentage changes) hospital admissions for Asian dust days vs. non-Asian dust days, stratified by outcome and
lag time. Solid squares represent point estimates (percentage changes) of the individual studies, and the whiskers represent the 95% Cls. Arrowheads indicate
where the CI extends outside the range allocated. The vertical dotted line represents a percentage change of 0. Note: CI, confidence interval.

on systemic inflammation and heart rate variability (U.S. EPA
2009). Asian dust contains both coarse and fine particles (Mori
et al. 2003), which may contribute to the effects on cardiovascu-
lar and respiratory mortality.

The main constituents of Asian dust are silica and alumina
(Ichinose et al. 2008b), and crystalline silica and aluminum have
been suggested to cause cytokine-mediated inflammatory
responses in the murine lung (Eisenbarth et al. 2008; Ichinose
et al. 2008b). Dust can mix with anthropogenic substances during
long-range transport, changing its chemical composition by, for
example, the addition of nitrates (Mori et al. 2003). Aerosols in
the dust provide surfaces for chemical and physical reactions and
serve as carriers of anthropogenic substances (Sun et al. 2005).
Sulfate also accumulates on the surface of dust particles during
transport from China to Japan; the formation of sulfate and nitrate
on the surface of dust particles has been well documented by lab-
oratory simulations, model calculations, and individual particle
analysis (Dentener et al. 1996; Iwasaka et al. 1988; Okada et al.
1990; Song and Carmichael 2001; Sun et al. 2005; Underwood
et al. 2001; Zhang and Iwasaka 1999). Sulfate in Asian dust has
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been shown to potentiate allergic reactions in mice (Hiyoshi et al.
2005).

Asian dust particles transported at a lower altitude may con-
tain higher levels of anthropogenic chemicals, consequently
exerting more severe health effects. Higher levels of metals were
found in Asian dust when the air masses passed through heavily
industrial areas (Onishi et al. 2012). Ueda et al. (2012) found
increases in ambulance dispatches on Asian dust days when air
masses passed through industrial areas in China at an altitude of
<2 km. The toxicity of Asian dust may, therefore, depend in part
on its metal contents, but the sources of pollutants in Asian dust
are not well understood, and the modifying effects of transport
pathways on pollutant composition are complex.

Another important characteristic of Asian dust involves micro-
organisms such as bacteria, fungi, and viruses. Microorganisms in
the dust can affect the immune system of individuals sensitive to
those agents, and lipopolysaccharide and B-glucan in the microor-
ganisms are known to provoke immune responses (Willart and
Lambrecht 2009). Asian dust with microbial contents was shown
to enhance allergic lung inflammation in mice (Ichinose et al.
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2006, 2008b), and inhalation of dust sand containing B-glucan
caused eosinophil infiltration in the murine airway (Ichinose et al.
2006). Heated desert sand, from which microorganisms had been
removed, had less effect on allergic lung inflammation (Ichinose
et al. 2008a). Studies have reported that atmospheric bacterial
abundance can increase 10-100 times during Asian dust events
(Cha et al. 2016; Hara and Zhang 2012), but aerosol bacterial com-
munities near a dust source were more affected by wind activity (J
Park et al. 2016).

Some of the studies we reviewed simply compared health
events on dust and non-dust (control) days, a procedure that may
not fully account for time trends and seasonality as well as typical
time-series and case-crossover analyses. Our sensitivity analyses,
however, showed that limiting the data to the time-series regres-
sion and case-crossover studies did not affect the main results
and interpretation. Still, differences in time-series studies such as
the degrees of freedom used per year for the time variable, the
covariates included in the analyses, and the lag and degrees of
freedom used to control for weather variables imply that the na-
ture of residual confounding may differ between studies.

Despite these potential sources of heterogeneity, we found, in
general, little evidence of heterogeneity between the estimates for
both mortality and hospital admissions. This may be due to the
meta-analyses being conducted in most cases by pooling the esti-
mates of fewer than 10 studies and that some study-specific esti-
mates were accompanied by large uncertainty (i.e., large Cls or
standard error values). In such cases, the pooling may be influ-
enced largely by a few study-specific estimates with small uncer-
tainty, and the statistics to quantify the heterogeneity should be
interpreted with caution. (Higgins and Green 2011)

A standardized protocol for epidemiological studies would
facilitate comparisons between studies. For example, one
study (Stafoggia et al. 2016) employed a so-called EU refer-
ence method whereby multiple tools were used to establish
dust events, including monitoring stations selected for re-
gional background investigation of PM, back-trajectory calcu-
lations using a hybrid single-particle Lagrangian integrated
trajectory model, remote sensing data (aerosol maps), satellite
imagery, and meteorological charts to understand the transport
mechanism, and chemical composition analysis of PM (Pey
et al. 2013). By applying official EU methodologies (Escudero
et al. 2007), it was possible to further estimate the separate,
independent contribution of dust to the short-term health
effects.

There are some limitations to our study. First, chemical and
biological components of Asian dust may interact and affect the
risks. Studies investigating the effects of particle composition
on health outcomes are scarce, and this association warrants
further research. The components of Asian dust may vary from
those of other dusts, thus the findings may not be applicable to
other dust events. Second, the studies included in our meta-
analysis compared risks between Asian dust and non-dust days,
but the dust concentrations and duration of the events varied.
Future studies should consider this when formulating exposure
assessments. Distinguishing between local and long-range-
transported dust is also worthwhile. Third, we did not conduct
a meta-analysis for outcomes with fewer than three estimates;
there may have been other effects. In addition, meta-analysis
for the long-term effects was not done due to the lack of quali-
fied studies. Fourth, we did not assess the quality of the overall
body of evidence using the National Toxicology Program
Office of Health Assessment and Translation framework or
any other quality scale in the absence of a validated quality
assessment tool for time-series and case-crossover designs
that were commonly used for mortality and hospitalization
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studies. Finally, the estimates of the meta-analysis in this
study are from a total of 21 studies and, at maximum, only 9
estimates for specific categories of the diseases: Future evi-
dences are merited to strengthen our overall conclusion.

Conclusion

Overall, the existing evidence indicates a positive association
between Asian dust exposure and mortality and hospital admis-
sions for circulatory and respiratory events. However, the number
of studies included in the meta-analysis was not large and further
evidence is merited to strengthen our conclusions. Furthermore, a
variety of definitions of Asian dust, study designs, confounder
controls, and model specifications have been applied in the origi-
nal studies. Standardized protocols for epidemiological studies
are needed and should be taken into consideration the composi-
tion of the dust and a consistent definition of Asian dust.
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