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ABSTRACT

Background: Short-term exposure to PM; 5 has been widely associated with human morbidity and mortality.
However, most up-to-date research was conducted at a daily timescale, neglecting the intra-day variations in
both exposure and outcome. As an important fraction in PM, s, PM; has not been investigated about the very
acute effects within a few hours.

Methods: Hourly data for size-specific PMs (i.e., PM;, PM, s, and PM;), all-cause emergency department (ED)
visits and meteorological factors were collected from Guangzhou, China, 2015-2016. A time-stratified case-
crossover design with conditional logistic regression analysis was performed to evaluate the hourly association
between size-specific PMs and ED visits, adjusting for hourly mean temperature and relative humidity. Subgroup
analyses stratified by age, sex and season were conducted to identify potential effect modifiers.

Results: A total of 292,743 cases of ED visits were included. The effects of size-specific PMs exhibited highly sim-
ilar lag patterns, wherein estimated odds ratio (OR) experienced a slight rise from lag 0-3 to 4-6 h and subse-
quently attenuated to null along with the extension of lag periods. In comparison with PM, 5 and PM;o, PM;
induced slightly larger effects on ED visits. At lag 0-3 h, for instance, ED visits increased by 1.49% (95% confidence
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interval: 1.18-1.79%), 1.39% (1.12-1.66%) and 1.18% (0.97-1.40%) associated with a 10-ug/m?> rise, respectively,
in PM;, PM, 5 and PM;o. We have detected a significant effect modification by season, with larger PM;-associated
OR during the cold months (1.017, 1.013 to 1.021) compared with the warm months (1.010, 1.005 to 1.015).
Conclusions: Our study provided brand-new evidence regarding the adverse impact of PM; exposure on human
health within several hours. PM-associated effects were significantly more potent during the cold months. These
findings may aid health policy-makers in establishing hourly air quality standards and optimizing the allocation
of emergency medical resources.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

Ambient particulate matter has been linked to adverse health out-
comes, including morbidity and mortality (Liu et al., 2019; Tian et al.,
2019b). Reported by State of Global Air 2019, ambient particulate matter
with an aerodynamic diameter less than 2.5 pm (PM, 5) contributed to
nearly three million deaths in 2017, and more than half of this disease
burden fell on densely populated countries, such as China and India
(Institute, 2019). China has been experiencing severe particulate pollu-
tion, particularly in metropolises such as Beijing and Guangzhou (Guo
etal, 2016; Guo et al., 2018; Zhou et al,, 2019). In China, PM, 5 pollution
ranked fourth in 2017 as a risk factor for both the magnitude of deaths
and disability adjusted life years (DALYs) (Zhou et al., 2019). A large-
scale modeling study in China estimated that 0.14 and 0.06 years of
gain in life expectancy could be achieved by reducing concentrations
of ambient PM, 5 to 25 and 75 pg/m?, respectively (Qi et al.,, 2020).

Numerous epidemiological studies found that long- and short-term
exposures to ambient particulate matter with an aerodynamic diameter
less than 10 um (PM;0) or PM, 5 are closely associated with increased
morbidity and mortality, including but not limited to cardiovascular
and respiratory diseases (Bhaskaran et al., 2011; Huang et al., 2019;
Hvidtfeldt et al., 2019; Yin et al., 2020). For the short-term effects of
PM, emergency department (ED) visits have been frequently used as a
surrogate of acute disease events (Yorifuji et al., 2014a; Zhang et al.,
2019b). Other proxies include hospital admissions (Liu et al., 2018),
emergency ambulance calls (Ai et al.,, 2019) and so forth. However,
most existing studies were conducted at a daily timescale, without con-
sidering the intra-day variations in both exposure and outcome (Lin
et al,, 2017b). In recent years, hourly associations between exposure
to ambient fine and inhalable PMs and human morbidity have been re-
ceived increasing attention, being focused on outcomes of hospital ad-
mission for cardiovascular and respiratory diseases (Bhaskaran et al.,
2012; Chen et al., 2020a; Kim et al., 2015), as well as ambulance calls
and ED visits (Ai et al., 2019; Chen et al., 2019a; Phung et al., 2020). Nev-
ertheless, particulate matter with an aerodynamic diameter less than
1 pum (PM;) has not been investigated in the aforementioned studies.
Additionally, few studies investigated the associations between PM;
and health outcomes at other longer timescales (e.g., daily), probably
due to the lack of routine surveillance and very sparse data from ground
measurements of PM; (Chen et al,, 2018; Zhang et al., 2019b).

Compared with larger fractions, PM; has higher surface-to-volume
ratios, greater vascular penetration, and contains more toxins (Chen
et al., 2017; Chen et al., 2019b; Yang et al., 2019). It is noteworthy
that, consistently high PM;/PM, s ratios (i.e., range from 0.75 to 0.88)
were reported across China (Chen et al., 2018; Guo et al., 2009; Zang
et al,, 2019), suggesting that PM; is a crucial driver of PM pollution
and accounts for a large proportion of PM, 5 (Wang et al., 2019; Zang
et al.,, 2018). Another study in China also supported the notion that
smaller size fractions of PM have more detrimental mortality impacts
(Hu et al., 2018). Nevertheless, the influential mechanisms have yet to
be well understood, especially for the associations of PM; with human
health, which merits further analyses.

To fill the research gap, this study aimed to investigate the hourly as-
sociations between emergency department (ED) visits and exposures to
ambient size-specific PMs, particularly PM;, by adopting a time-

stratified case-crossover design. Subgroup analyses stratified by age
group and sex were conducted to identify potentially vulnerable sub-
populations. We also assessed seasonal patterns of PM-related effects
by dividing the whole study period into warm (April to September)
and cold (October to March of next year) months.

2. Materials and methods
2.1. Study setting and population

Guangzhou, the capital of Guangdong province, China, has a typical
subtropical humid monsoon climate. Because of the rapid development
of economy and the increment of energy consumption during the past
several decades, Guangzhou has been affected by severe air pollution.
Huadu District People's Hospital is a large-scale tertiary general hospital,
situated in an urban area of Huadu District in Guangzhou. In 2018, over
one million permanent residents lived in this district (http://tjj.gz.gov.
cn/). Our study included patients who presented to the emergency de-
partment (ED) of this hospital during 2015-2016.

2.2. Data collection

Individual records of all-cause emergency department visit through
January 1, 2015 to December 31, 2016 were collected from Huadu Dis-
trict People's Hospital of Guangzhou, China. The primary characteristics
of each case were extracted, including the specific time of admission,
sex and age. We aggregated hourly counts of all-cause ED visits as the
health outcome at each calendar day during our study period.

Ground-based measurements of hourly mean concentrations of am-
bient size-specific PMs (i.e., PMy, PM, s, and PM;g) during 2015-2016
were obtained from Atmosphere Watch Network (CAWNET), run by
the China Meteorological Administration (Chen et al., 2018). Due to
the lack of routine surveillance and the sparse monitoring stations of
PM; in China, our PM; data were collected from two fixed stations
which can monitor PM; in Guangzhou (Wei et al.,, 2019a). In order to fa-
cilitate comparability of risk assessments between size-specific PMs, we
also used the same stations' data of PM;, 5 and PM; o for exposure assess-
ments. Owing to data unavailability of residential addresses for ED pa-
tients, we averaged these PM measurements from two fixed stations
as the substitute of population-level particulate exposure in our analy-
sis. At the same period, we also collected hourly average concentrations
of gaseous pollutants (i.e., SO,, NO,, O3 and CO) from the China National
Urban Air Quality Real-time Publishing Platform (http://106.37.208.
233:20035/), and hourly meteorological data (i.e., mean temperature
and relative humidity) from the global hourly datasets of United
States' National Centers for Environmental Information (NCEI, https://
www.ncei.noaa.gov/).

In addition, we collected hourly precipitation data for Guangzhou,
2015-2016, from the ERA-5 reanalysis dataset on the Copernicus cli-
mate data store (ECMWEF, ERA5 hourly data on single levels from 1979
to present, https://cds.climate.copernicus.eu). Then we transformed
hourly precipitation data into a binary variable of rains (whether it
rains or not in a specific hour).

Final dataset for analysis was comprised of these hourly ambient
data and ED visits matched through the corresponding time windows
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(i.e., the same hour or hours). Due to monitor network system issues,
748 (4.3%) and 733 (4.2%) hours' data were not registered for size-
specific PMs and gaseous pollutants. In our analysis, we thus excluded
cases of ED visits during these exposure windows.

2.3. Statistical analyses

We adopted a time-stratified case-crossover (TSCC) design to sepa-
rately investigate the hourly association between size-specific PMs
(i.e., PMy, PM; 5, and PM;q) exposure and ED visits. Case-crossover de-
sign can be deemed to be an extension of the traditional case of matched
case-control design, which incorporates the advantages of both case-
control and cross-sectional study (Maclure, 1991). Time-stratified
case-crossover (TSCC) design was proposed by Lumley and Levy in
2000 based on general case-crossover design, which used the day or
days within the same time tier as the control group to control exposures
(Lumley and Levy, 2000). TSCC design was widely employed to investi-
gate the short-term effects of environmental factors (e.g., air pollution
and extreme weather conditions) on adverse health outcomes, includ-
ing morbidity and mortality (Bhaskaran et al., 2011; Di et al., 2017;
Yorifuji et al,, 2014a). In this study design, all cases act as their own con-
trols meanwhile we used calendar month and year as fixed time strata,
which can effectively control long-term trends and seasonality and ef-
fects of time-invariant individual-level confounders such as age, sex, be-
havior and metabolic factors (Lumley and Levy, 2000; Wei et al., 2019b).
Moreover, to avoid impacts from days of the week and intra-day varia-
tion, we selected control periods from the same hour of the same day of
the week in the calendar month of ED visits (Chen et al., 2020a; Phung
et al., 2020). For each case, we assigned three or four matched controls
that have not occurred of ED visits at the timescale.

A conditional logistic regression (CLR) was used to fit TSCC model
and separately assess the associations between transient exposures to
size-specific particulate matters and ED visits (Di et al., 2017; Wei
et al,, 2019b). In our analytical models, we used natural cubic spline
(NS) function with three degrees of freedom (df) to fit the effects of
hourly current temperature (Tempy) and relative humidity (Rhg).
Then we introduced them as covariate terms to eliminate nonlinear
confounding effects (Jiao et al., 2020; Zhang et al., 2019b). In this
study, the conditional logistic regression model was implemented
through Cox proportional hazard regression method (Le and Lindgren,
1988) and presented as below: In[h(t,X)] = In [ho(t)] + B(PMs) +
NS(Tempo, df = 3) + NS(Rho,df = 3), where t refers to the specific
hour of interest; X refers to the record of ED visit; ho(t) and h(t,X) rep-
resents the baseline and estimated hazard function at hour t, respec-
tively; 3 refers to estimated coefficient for PMs and PMs refers to
hourly mean concentrations of PM{,PM, 5 and PM;o; NS(Tempo) and
NS(Rhg) are NS functions for Tempg and Rhg, respectively.

Meanwhile, we examined the linearity hypothesis between size-
specific PMs and ED visits by smoothing exposure-response curves
using NS terms with three df for PM;, PM, 5 and PM,. To better capture
the very short-term effects on health from size-specific PMs, we divided
exposure time windows into a set of lag periods (e.g., 0-3 h, 4-6 h and
7-12 h) up to 72 h before the event of ED visits (Kim et al., 2015). For
instance, lag 0-3 h means the moving average concentration of 4 h be-
fore the event of interest. Moreover, these lag periods were selected as a
compromise between model parsimony and flexibility. In this study, the
risk of ED visits was estimated and reported as odds ratio (OR) and cor-
responding 95% confidence interval (CI) associated with a 10-ug/m® in-
crease in PM;, PM, 5 and PM;o concentrations at various lag periods,
respectively.

Besides, we performed a string of subgroup analyses stratified by sex
(i.e., male and female) and age (i.e., 0-14, 15-34, 35-64 and over
65 years) to identify potential susceptible subpopulations. These age
strata comply with the age distribution of the study population and
some previous literature (Jiao et al., 2020; Zhang et al., 2019b). Also, sea-
sonal analyses of PM-associated effects were conducted by dividing the
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whole study period into warm (April to September) and cold (October
to March of next year) months. In these subgroup analyses, a two-
sample Z test (Zhang et al., 2020) and meta-regression methods (Guo,
2017; Tian et al., 2019b) were applied to assess whether age, sex, and
season were sources of potential modification effects.

2.4. Sensitivity analyses

To verify the robustness of our findings, we changed the parameter
specifications in our modeling strategies by (1) performing a two-
pollutant analysis through separately including gaseous pollutants
(i.e., SOz, NO,, O3 and CO), (2) treating whether it rains or not in a spe-
cific hour as a binary covariate and including it in our main model, and
(3) varying dfs from 3 to 6 for NCS function terms and exposure periods
of meteorological factor (i.e., from lag O to lags 0-3 and 0-6 h). More-
over, we used the aforementioned meta-regression method to test the
statistical significance of difference before and after adjustment.

All data analyses were run on R software (version 3.6.2). We used
the “survival” package for conditional logistic regression modeling and
the “mvmeta” package for meta-regression analysis. Two-sided tests
with a p-value of less than 0.05 were considered to be statistically
significant.

3. Results

Table 1 describes the basic characteristics of all-cause ED patients. A
total of 292,743 cases were involved, with hourly mean visits of 16.7
(standard deviation [SD], 12.1). Approximately 53.3% of patients were
male and over two-thirds were young people aged less than 35 years
old. Relatively more ED visits occurred in the warm months and
accounted for 53.4% of total cases. Characteristics in seasonal patterns
of ED visits were summarized in Table S1, stratified by sex and age
group.

Table 2 outlines the distribution characteristics of ambient air pollu-
tion and meteorological factors during 2015-2016 in Guangzhou.
Hourly mean (SD) concentrations were 26.7 (16.4) ug/m> for PM,
31.0 (18.3) pg/m> for PM, 5 and 40.2 (23.4) ug/m? for PM, o, respectively.
Annual average temperature and relative humidity was 23.4 °C (Range:
2.5-37.5 °C) and 74.9% (Range: 16.5-100%), respectively. Ambient
levels of all pollutants were higher during the cold months, except for
ozone (Table S2). Fig. 1 shows high correlations between size-
fractional PMs, with Spearman correlation coefficients ranging from
0.93 to 0.98. Conversely, PMs were low-to-moderate correlated with
gaseous pollutants and climate variables.

Fig. 2 manifests dose-response associations of all-cause ED visits
with PM;, PM, 5 and PM;, respectively. Size-fractional PMs' curves
share approximate linearity and similar pattern with a steeper slope

Table 1
Basic characteristics of emergency department visits in Guangzhou, China, 2015-2016.
Group Total Hourly
Count (n) Percentage (%) Mean SD
All 292,793 100.0 16.7 121
Sex
Male 161,953 55.3 9.2 6.8
Female 130,840 44.7 7.5 6.0
Age, years
<15 97,508 333 5.6 55
15-34 90,847 31.0 5.1 4.4
35-64 79,796 273 4.5 34
>65 24,642 8.4 14 1.5
Season
Warm 156,247 53.4 17.8 12.5
Cold 136,546 46.6 15.9 115

Abbreviations: SD, standard deviation; Warm season, April to September; Cold season, Oc-
tober to March of the next year.
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Table 2
Hourly distributions in ambient air pollution and meteorological factors during
2015-2016 in Guangzhou.

Variable Mean SD Min  Percentiles Max
25th  50th  75th
Particulate pollutants
PM;, pg/m> 26.7 16.4 06 141 235 354 1215
PM, 5, pg/m> 31.0 183 1.0 171 273 407 1641
PMj, ig/m’ 40.2 234 1.1 227 353 531 2237
Gaseous pollutants
NO,, ug/m? 439 23.1 40 280 390 530 2250
SO, pg/m? 11.7 6.7 2.0 70 100 150 106.0
03, pg/m? 433 448 1.0 120 270 580 3340
€O, mg/m* 1.0 0.3 0.4 0.8 0.9 1.1 3.0
Weather conditions
Temperature, °C 234 6.7 25 185 250 280 375
Relative humidity, %  74.9 165 165 640 771 885  100.0

Abbreviations: SD, standard deviation; PM, particulate matter with aerodynamic diame-
ter < 1 um; PM, 5, particulate matter with aerodynamic diameter < 2.5 pm; PM;, particu-
late matter with aerodynamic diameter < 10 pm; NO,, nitrogen dioxide; SO, sulfur
dioxide; Os, ozone; CO, carbon monoxide.

in the low concentrations. As illustrated in Fig. 3, transient exposures to
PM;, PM, 5 and PM;, were significantly associated with increased risks
of ED visits in the ensuing 48 h. Also, the effects of size-specific PMs ex-
hibited highly similar lag patterns, wherein estimated ORs experienced
a slight rise from lag 0-3 to 4-6 h and subsequently attenuated to null
along with the extension of lag periods. In comparison with PM, 5 and
PM, 0, PM; induced slightly larger effects on ED visits. With a 10-ug/m>
rise in PM exposure, for instance, risks at lag 0-3 h increased by 1.49%
(95% CI: 1.18-1.79%) for PM;, 1.39% (1.12-1.66%) for PM, 5, and 1.18%
(0.97-1.40%) for PM, respectively. Estimates for PM-associated ORs
across various lag periods were detailed in Table S3.

Fig. 4 shows OR estimates of subgroups stratified by sex and age. We
identified remarkable associations between PM and ED visits in all
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subgroups, while no significant differences existed between genders
as well as age groups. Specifically, ORs associated with a 10-ug/m? rise
in PM; were comparable between males (1.016, 1.012 to 1.020) and fe-
males (1.014, 1.009 to 1.018), but were generally larger among children
(1.018,1.012 to 1.023) than older groups. Similar findings were also ob-
served in associations of ED visits with PM; 5 and PM.

Table 3 gives season-specific OR estimates at two specific lag periods
of lag 0-3 and 0-6 h, associated with per 10-pg/m? increase in PM expo-
sure. In total population, significant effects from exposure to PMy, PM, 5
and PM; o were found in both warm and cold months. However, warm-
cold differences in PM effects were solely evident in PM; at lag 0-3 h (p-
value = 0.033), with a stronger association in the cold months (OR =
1.017, 95% CI: 1.013 to 1.021) than in the warm months (1.010, 1.005
to 1.015). Furthermore, in age groups except for children, the effects
of hourly PMs on ED visits mostly exist in the cold months (Table S4).
Compared with the all-age population, seasonal differences were
more conspicuous in the age group of 15-34 years, with insignificance
(p = 0.061) only occurring in PM;, at lag 0-6 h. More details for sea-
sonal analyses stratified by sex and age can be found in Table S4.

Sensitivity analysis demonstrates the robustness of our main find-
ings. The OR estimates changed little (e.g., ranging from 1.015 to 1.014
for PM;) when varying dfs and lag periods for temperature and humid-
ity (Table S5). In our two-pollutant modeling analyses, the estimated as-
sociations did not change dramatically except for adjusting NO,. For
instance, PM;-associated ORs significantly decreased from 1.015
(1.012 to 1.018) to 1.006 (1.002 to 1.010) after including NO; in the
two-pollutant model.

4. Discussion
To the best of our knowledge, this is the first study concurrently

assessing the associations between exposure to PM;, PM, s and PM;q
and all-cause ED visits at a sub-daily timescale. In this study, we

Tmp - -0.1
CO - -0.23 0.05
Correlation
1.0
0; -0.28 0.11 -0.08
NO, - -0.24 0.63 -0.22 0.08 05
SO, - 0.44 -0.04 0.34 0.09 -0.28 .
PM; - 0.41 0.48 0.15 0.32 -0.05 -0.19
-0.5
PMys - 0.4 0.51 0.13 0.37 -0.13 -0.12
-1.0
PM; 0.39 0.52 0.11 0.4 -0.19 -0.12
° S o Q
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Fig. 1. Spearman correlation matrix between ambient air pollutants and meteorological factors in Guangzhou, China, 2015-2016. Abbreviations: PMj, particulate matter with aerodynamic
diameter < 1 pm; PM, s, particulate matter with aerodynamic diameter < 2.5 pm; PM;, particulate matter with aerodynamic diameter < 10 um; SO,, sulfur dioxide; NO,, nitrogen dioxide;

CO, carbon monoxide; Os, ozone; Tmp., temperature; Rh, relative humidity.
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Fig. 2. Exposure-response curves for PM;, PM, 5 and PM; associated with all-cause ED visits at lag 0-3 h, respectively. Abbreviations: ED, emergency department; PM;, particulate matter
with aerodynamic diameter < 1 um; PM, 5, particulate matter with aerodynamic diameter < 2.5 um; PM;, particulate matter with aerodynamic diameter < 10 pm.

employed a time-stratified case-crossover design to evaluate acute ef-
fects from specific-PMs on human health. We found that transient expo-
sures to ambient PM;, PM, 5 and PM; g significantly increased risks of ED
visits in a few hours. Seasonal modification effects were detected in sub-
group analyses, with PM;-associated OR estimates substantially larger
during the cold months.

Over the past years, some researchers reported hourly associations
between exposures to ambient fine and inhalable PMs and human mor-
bidity, being focused on outcomes of hospital admission for cardiovas-
cular and respiratory diseases (Bhaskaran et al., 2012; Chen et al.,
2020a; Kim et al., 2015), as well as ambulance calls and ED visits (Ai
et al.,, 2019; Chen et al., 2019a; Phung et al., 2020). However, PMy, a
smaller particulate matter, has not been taken into account in the stud-
ies mentioned above. In our study, through using hourly mean concen-
trations of size-specific PMs as independent variables in analytic
models, we incorporated the information of variation within a day or
even a few hours.

Our results showed that increased all-cause ED visits were signifi-
cantly associated with exposures to PM;, PM; 5 and PM;o within a few
hours. Moreover, a mild and transient ascending trend in PM-
associated ORs was observed from lag 0-3 to 4-6 h, followed by a de-
scending trend at longer lags, suggesting that the first few hours may
be the critical exposure window. These significant associations of inter-
est remained up to 48 h after exposures. Our findings were echoed with
a case-crossover study of eleven cities in Japan (Phung et al.,, 2020) and
another study in Shenzhen city, China (Chen et al,, 2019a). The former
study (Phung et al., 2020) revealed that transient exposure to ambient
PM, 5 in a few hours might trigger elevated all-cause emergency ambu-
lance dispatches, and their results manifested that these effects
remained significant until to 24 h later. Furthermore, hourly associa-
tions between PMs (i.e., PM, 5 and PM;o) and ED visits persisted for
about 10 h before the event of interest in the latter study (Chen et al.,
2019a). Compared with the two studies above, our findings manifest
longer sustained effects from specific-PMs on acute disease events,

(a) PM; (b) PMy5 (c) PMyq
1.020 % %k
*k
** * %k
*k
K% o
1.015 4 * % k%
* %k

=
o %%
X i *% * %
S Lot
)
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<
©
o

T T R e T -—

0.995 -
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Fig. 3. 0dds ratios (with 95% CIs) for all-cause ED visits in Guangzhou at various exposure hours, associated with per 10 pg/m? increase in PM; (a), PM, 5 (b), and PMj, (c). Notes: *p < 0.05;
**p < 0.001. Abbreviations: Cl, confidence interval; ED, emergency department; PM;, particulate matter with aerodynamic diameter < 1 um; PM, s, particulate matter with aerodynamic

diameter < 2.5 um; PM, particulate matter with aerodynamic diameter < 10 pm.
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Exposure  Subgroup Odds Ratio [95% Cl] Pvalue®
Gender
Male 1.016 [1.012 to 1.020] ** ] [Reference]
Female  1.014[1.009 to 1.018] ** = 0.501
Ageyears
PM; 0-14 1.018 [1.012 to 1.023] ** —m— [Reference]
15-34 1.016 [1.010 to 1.021] ** —m— 0.574
35-64 1.012 [1.006 to 1.018] ** 00— 0.142
65+ 1.011 [1.001 to 1.022] * —— | 0.258
""""""" Gender
Male 1.015 [1.011 to 1.018] ** o [Reference]
Female  1.013[1.009 to 1.017] ** oA 0.475
Ageyears
PM, 5 0-14 1.016 [1.012 to 1.021] ** —0oH [Reference]
15-34 1.015 [1.010 to 1.019] ** —0o— 0.599
35-64 1.011 [1.006 to 1.017] ** —0oH 0.151
65+ 1.009 [1.000 to 1.019] * F—~0—+ 0.189
O Gender
Male 1.012 [1.010 to 1.015] ** [Reference]
Female 1.011 [1.008 to 1.014] ** =< 0.525
mgeyears
PM,, 0-14 1.014 [1.011 to 1.018] ** o [Reference]
15-34 1.012 [1.009 to 1.016] ** o 0.457
35-64 1.010 [1.005 to 1.014] ** | 0.083
65+ 1.008 [1.000 to 1.015] * —c— 0.105
T T T
0.98 1.00 1.02 1.04

Odds Ratio [95% Cl]

Fig. 4. 0dds ratios (with 95% Cls) for ED visits in Guangzhou among subgroups stratified by sex and age, associated with per 10 pg/m? increase in exposure to PM;, PM, 5, and PMj at lag
0-3 h. Notes: *p < 0.05; **p < 0.001; ? p-value for difference between subgroups. Abbreviations: CI, confidence interval; ED, emergency department; PM;, particulate matter with
aerodynamic diameter < 1 um; PM, 5, particulate matter with aerodynamic diameter < 2.5 pm; PM;, particulate matter with aerodynamic diameter < 10 um.

which might be explained by different demographic characteristics and
pollutant levels. Nevertheless, the overall conclusion is still consistent,
suggesting that daily air quality guidelines based on mean concentra-
tions of air pollutants may be inadequate to protect human health (Lin
et al., 2017a; Yorifuji et al., 2014b). Relevant studies are warranted in
the future as references for the appropriate temporal scale of air quality
standards.

The exposure-response relationships have a monotonic increasing
trend, while we observed the steeper slope in low PM concentrations.
This finding suggested that people may be more sensitive to adverse ef-
fects from ambient PMs at low levels, which is echoed with previous
studies. A large time-series study in 184 major Chinese cities (Tian
et al., 2019b) found that the dose-response curve increased sharply at
low PM, s concentrations without a discernible threshold. Another
study (Liu et al., 2019) also reported that both curves were steeper at
levels lower than 20 ug/m?® for PM, s and 40 ug/m® for PM;,. More

investigations on hourly associations between ambient PM and
human health are needed, which may provide a valuable reference for
establishing hourly air quality limits.

Compared with PM, 5 and PMo, PM; has been considered with
more detrimental impacts on human health, likely owing to the higher
surface-to-volume ratios, greater vascular penetration, and more toxins
(Chenetal., 2017; Franck etal., 2011; Wu et al., 2020; Yin et al,, 2020). A
recent nationwide study (Yin et al., 2020) found that PM;-related excess
CVD risk (0.29%, 95%CI: 0.12 to 0.47%) was significantly higher than
PM, 5 (0.24%) and PMq (0.21%). A multi-city study (Chen et al., 2017)
also supported this notion and compared the effects of specific-PMs
(i.e., PMy, PM, 5 and PM;_5) on ED visits. Their findings suggested
that most of ED visits attributed to PM, 5 are accounted for PMy, in
that no associations between PM;_, s and ED visits. In the present
study, our comparative analyses also showed that smaller PM fraction
exhibited more adverse effects on risks of ED visits. Specifically, risks
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Table 3
Season-specific ORs [95% Cls] of ED visits at lag 0-3 and 0-6 h, associated with per 10-ug/m? increase in PM exposures.
Group Season 0-3 h 0-6 h
OR [95% CI] P for interaction OR [95% CI] P for interaction
All PM, 0.033 0.053
Cold 1.017 [1.013 to 1.021]™ 1.017 [1.013 to 1.021]™"
Warm 1.010 [1.005 to 1.015]™" 1.011 [1.006 to 1.016]™"
PM, 5 0.103 0.183
Cold 1.015[1.011 to 1.018]™" 1.015 [1.012 to 1.019]™"
Warm 1.010 [1.006 to 1.014]™" 1.012 [1.007 to 1.016]™"
PM;o 0.109 0.265
Cold 1.013 [1.010 to 1.015]™" 1.013 [1.010 to 1.016]™"
Warm 1.009 [1.006 to 1.012]™* 1.011 [1.007 to 1.014]™*
Age 15-34 PM, 0.007 0.016
Cold 1.021[1.014 to 1.028]™" 1.021 [1.014 to 1.028]™"
Warm 1.006 [0.998 to 1.015] 1.007 [0.998 to 1.016]
PM,5 0.019 0.036
Cold 1.019 [1.013 to 1.025]™" 1.019 [1.012 to 1.025]™"
Warm 1.007 [0.999 to 1.015] 1.008 [1.000 to 1.016]"
PM;o 0.039 0.061
Cold 1.015 [1.010 to 1.020]™" 1.015 [1.010 to 1.020]™"
Warm 1.007 [1.001 to 1.013]" 1.008 [1.002 to 1.014]"

Abbreviations: OR, odds ratio; CI, confidence interval; ED, emergency department; PM;, particulate matter with aerodynamic diameter < 1 pm; PM, s, particulate matter with aerodynamic
diameter < 2.5 um; PM, particulate matter with aerodynamic diameter < 10 pm; Warm season, April to September; Cold season, October to March of the next year.

* p <0.05.
** p <0.001.

for ED visits at lag 0-3 h increased by 1.49% (95% CI: 1.18-1.79%), 1.39%
(1.12-1.66%) and 1.18% (0.97-1.40%) associated with a 10-ug/m? incre-
ment in PM;, PM; s and PM;, concentrations, respectively. Previously
proposed biological mechanisms for the associations between particu-
late matter and acute disease events involved PM-augmented system-
atic inflammation and oxidative stress (Chen et al., 2020a; Lin et al.,
2016; Yang et al., 2018). More mechanism researches are recommended
to elucidate the exact biological pathway about the associations be-
tween ambient PM and acute disease events, particularly in smaller
matters (e.g., PM; and ultrafine particles).

Prior evidence about PM effects modified by age and sex were
mixed. In the present study, we observed comparable PM-associated ef-
fects between genders, in line with a nationwide time-series study (Tian
et al.,, 2019a) on adult hospital admissions in 200 Chinese cities. How-
ever, another multi-city study (Chen et al., 2017) on daily ED visits re-
ported higher relative risks of PM; and PM, s on women. Kan and
colleagues (Kan et al., 2008) also found that females were more vulner-
able to ambient air pollution. Further research is needed to explore the
source of sex differences in PM effects. In terms of age, we found gener-
ally more substantial impacts on children than older groups. Meanwhile
these adverse effects diminished with age. Nevertheless, no significant
differences between age groups were found, although children (Chen
et al,, 2019a; Chen et al., 2017; Zhang et al., 2019b) and the elderly
(Hassanvand et al., 2017; Tian et al., 2019a) have been widely reported
as vulnerable subpopulations for ambient particulate matters.

Besides, we observed significantly stronger PM-associated effects
during the cold months, coincided with previous studies on ambulance
emergency call-outs (Chen et al., 2020b), ED visits (Chen et al., 2019a)
and hospital admissions for respiratory diseases (Zhang et al., 2019a).
However, a study on ambulance emergency calls (Ai et al., 2019)
found remarkably larger effects of PM, 5 on all-cause and cardiovascular
morbidity in the warm months, and slightly stronger effects on respira-
tory morbidity in the cold months. Furthermore, no substantially warm-
cold differences were detected in another study on hourly pollutants
level and the risk of myocardial infarction in England and Wales
(Bhaskaran et al., 2011). These inconsistencies across studies might be
attributable to discrepancies in regions, exposure patterns, pollution
source and chemical compositions, as well as demographic characteris-
tics (Shah et al., 2013; Zhang et al., 2019b). In addition, the exposure-
response curves (Fig. 2) with a slower slope in the high concentrations

suggested that more severe PM emissions in the cold months could not
be possibly responsible for the more harmful PM effects during the cold
months. More sophisticated researches are needed to further clarify ef-
fects modification by warm-cold season.

Several limitations should be noted in this study. First, our exposure
assessments of ambient PMs were averaged from the fixed stations,
rather than individual measurements. This substitution may entail ex-
posure misclassification (Zeger et al., 2000) and then underestimate
the health effects of particulate matter (Li et al., 2019; Li et al., 2015).
Second, our ED data were originated from one large-scale general hospi-
tal in Guangzhou city, so the results should be generalized to other re-
gions with caution. Additionally, due to a lack of the corresponding
classification of diseases, we were unable to investigate associations be-
tween size-specific PMs and cause-specific ED visits. Similarly, we can-
not exclude ED visits caused by accident such as road traffic injuries
and fires. Hence, we may underestimate the impacts of PMs on hourly
ED visits to some extent (Cao et al., 2009).

5. Conclusions

In summary, we found very short-term impacts of ambient particu-
late matters on human health. Specifically, exposures to size-specific
PMs may elevate risks of acute disease events in a few hours, and PM;
entailed slightly stronger effects. In the cold months, these adverse ef-
fects were remarkably larger.

This study added to the evidence of PM; detrimental impact on
human health at the hourly timescale, which may provide an informa-
tive reference in the establishment of hourly air quality standards and
optimization of emergency medical resources. Additionally, this is a
first study assessing detrimental effects of PM; of sub-daily exposures,
thus the generalizability of our findings warrants further verification
in the future research. To better alleviate disease burdens caused by am-
bient particulate matter, health policy makers and healthcare provider
should take into consideration sub-micrometric and ultrafine particles,
as well as finer temporal scales.

CRediT authorship contribution statement

Linjiong Liu: Formal analysis, Writing - original draft, Writing - re-
view & editing, Visualization. Fujian Song: Writing - review & editing.



L Liu, F. Song, J. Fang et al.

Jiaying Fang: Resources. Jing Wei: Resources. Hung Chak Ho: Writing -
review & editing. Yimeng Song: Resources. Yuanyuan Zhang: Data
curation. Lu Wang: Data curation. Zhiming Yang: Writing - review &
editing. Chengyang Hu: Writing - review & editing. Yunquan Zhang:
Conceptualization, Methodology, Data curation, Writing - original
draft, Formal analysis.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgments

Yunquan Zhang was supported by the Key Research Center for Hu-
manities and Social Sciences in Hubei Province (Hubei University of
Medicine) (Grant No. 2020ZD001). Jiaying Fang was supported by the
Health Science and Technology Project of Guangzhou (Grant No.
20191A011114). We acknowledge the China National Environmental
Monitoring Center for providing air pollution data and United States’
National Centers for Environmental Information for providing hourly
meteorological data. We appreciated the anonymous reviewers very
much, whose insightful comments and suggestions contributed a lot
to improving the quality of our manuscript.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.142347.

References

Ai, S., Wang, C,, Qian, Z.M., Cui, Y., Liu, Y., Acharya, B.K,, et al., 2019. Hourly associations
between ambient air pollution and emergency ambulance calls in one central Chi-
nese city: implications for hourly air quality standards. Sci. Total Environ. 696,
133956.

Bhaskaran, K., Hajat, S., Armstrong, B., Haines, A, Herrett, E., Wilkinson, P., et al., 2011. The
effects of hourly differences in air pollution on the risk of myocardial infarction: case
crossover analysis of the MINAP database. BM] 343, d5531.

Bhaskaran, K., Armstrong, B., Hajat, S., Haines, A., Wilkinson, P., Smeeth, L., 2012. Heat and
risk of myocardial infarction: hourly level case-crossover analysis of MINAP database.
BM]J 345, e8050.

Cao, J,, Li, W,, Tan, ], Song, W., Xu, X,, Jiang, C,, et al., 2009. Association of ambient air pol-
lution with hospital outpatient and emergency room visits in Shanghai, China. Sci.
Total Environ. 407, 5531-5536.

Chen, G, Li, S,, Zhang, Y., Zhang, W., Li, D., Wei, X,, et al., 2017. Effects of ambient PM 1 air
pollution on daily emergency hospital visits in China: an epidemiological study. The
Lancet Planetary Health 1, e221-e229.

Chen, G., Morawska, L., Zhang, W., Li, S., Cao, W., Ren, H,, et al., 2018. Spatiotemporal var-
iation of PM1 pollution in China. Atmos. Environ. 178, 198-205.

Chen, D., Zhang, F., Yu, C, Jiao, A., Xiang, Q,, Yu, Y., et al,, 2019a. Hourly associations be-
tween exposure to ambient particulate matter and emergency department visits in
an urban population of Shenzhen, China. Atmos. Environ. 209, 78-85.

Chen, L, Zhang, Y., Zhang, W., Chen, G, Ly, P, Guo, Y., et al.,, 2019b. Short-term effect of
PM1 on hospital admission for ischemic stroke: a multi-city case-crossover study in
China. Environ. Pollut. 260, 113776.

Chen, K, Schneider, A., Cyrys, J., Wolf, K., Meisinger, C., Heier, M., et al., 2020a. Hourly ex-
posure to ultrafine particle metrics and the onset of myocardial infarction in Augs-
burg, Germany. Environ. Health Perspect. 128, 17003.

Chen, T.T,, Zhan, Z.Y., Yu, Y.M,, Xu, LJ.,, Guan, Y., Ou, C.Q., 2020b. Effects of hourly levels of
ambient air pollution on ambulance emergency call-outs in Shenzhen, China. Envi-
ron. Sci. Pollut. Res. Int. 27, 24880-24888.

Di, Q. Dai, L., Wang, Y., Zanobetti, A., Choirat, C.,, Schwartz, ].D., et al., 2017. Association of
short-term exposure to air pollution with mortality in older adults. JAMA 318,
2446-2456.

Franck, U., Odeh, S., Wiedensohler, A., Wehner, B,, Herbarth, O., 2011. The effect of particle
size on cardiovascular disorders-the smaller the worse. Sci. Total Environ. 409,
4217-4221.

Guo, Y., 2017. Hourly associations between heat and ambulance calls. Environ. Pollut. 220,
1424-1428.

Guo, J.-P., Zhang, X.-Y., Che, H.-Z,, Gong, S.-L., An, X., Cao, C.-X,, et al., 2009. Correlation be-
tween PM concentrations and aerosol optical depth in eastern China. Atmos. Environ.
43, 5876-5886.

Science of the Total Environment 750 (2021) 142347

Guo, J,, Deng, M,, Lee, S.S., Wang, F,, Li, Z., Zhai, P,, et al,, 2016. Delaying precipitation and
lightning by air pollution over the Pearl River Delta. Part I: observational analyses.
Journal of Geophysical Research: Atmospheres 121, 6472-6488.

Guo, J., Liu, H,, Li, Z,, Rosenfeld, D., Jiang, M., Xu, W.,, et al., 2018. Aerosol-induced changes
in the vertical structure of precipitation: a perspective of TRMM precipitation radar.
Atmospheric Chemistry and Physics (Online) 18.

Hassanvand, M.S., Naddafi, K., Kashani, H., Faridi, S., Kunzli, N., Nabizadeh, R, et al., 2017.
Short-term effects of particle size fractions on circulating biomarkers of inflammation
in a panel of elderly subjects and healthy young adults. Environ. Pollut. 223, 695-704.

Hu, K., Guo, Y., Hu, D., Dy, R, Yang, X., Zhong, J., et al., 2018. Mortality burden attributable
to PM1 in Zhejiang province, China. Environ. Int. 121, 515-522.

Huang, K, Yang, X,, Liang, F., Liu, F,, Li, ], Xiao, Q,, et al., 2019. Long-term exposure to fine
particulate matter and hypertension incidence in China. Hypertension 73,
1195-1201.

Hvidtfeldt, U.A,, Geels, C., Sorensen, M., Ketzel, M., Khan, ]., Tjonneland, A., et al., 2019.
Long-term residential exposure to PM2.5 constituents and mortality in a Danish co-
hort. Environ. Int. 133, 105268.

Institute, H.E., 2019. State of Global Air 2019. Health Effects Institute.

Jiao, A, Xiang, Q., Ding, Z., Cao, J., Ho, H.C,, Chen, D., et al., 2020. Short-term impacts of am-
bient fine particulate matter on emergency department visits: comparative analysis
of three exposure metrics. Chemosphere 241, 125012.

Kan, H., London, SJ., Chen, G., Zhang, Y., Song, G., Zhao, N,, et al., 2008. Season, sex, age,
and education as modifiers of the effects of outdoor air pollution on daily mortality
in Shanghai, China: the public health and air pollution in Asia (PAPA) study. Environ.
Health Perspect. 116, 1183-1188.

Kim, J., Kim, H., Kweon, J., 2015. Hourly differences in air pollution on the risk of asthma
exacerbation. Environ. Pollut. 203, 15-21.

Le, C.T,, Lindgren, B.L., 1988. Computational implementation of the conditional logistic re-
gression model in the analysis of epidemiologic matched studies. Comput. Biomed.
Res. 21, 48-52.

Li, Z, Huang, G.H,, Cuo, L, Fan, Y.R,, Chen, J.P., 2015. A fuzzy gradient chance-constrained
evacuation model for managing risks of nuclear power plants under multiple uncer-
tainties. J. Environ. Inf. 33 (2), 129-138.

Li, Y.P., Huang, G.H., Cui, L., Liy, ]., 2019. Mathematical modeling for identifying cost-
effective policy of municipal solid waste management under uncertainty. J. Environ.
Inf. 34 (1), 55-67.

Lin, H,, Tao, J., Dy, Y., Liy, T., Qian, Z., Tian, L., et al., 2016. Particle size and chemical con-
stituents of ambient particulate pollution associated with cardiovascular mortality
in Guangzhou, China. Environ. Pollut. 208, 758-766.

Lin, H., Liy, T., Xiao, ], Zeng, W., Guo, L, Li, X,, et al., 2017a. Hourly peak PM2.5 concentra-
tion associated with increased cardiovascular mortality in Guangzhou, China. ] Expo
Sci Environ Epidemiol 27, 333-338.

Lin, H,, Ratnapradipa, K., Wang, X,, Zhang, Y., Xu, Y., Yao, Z., et al., 2017b. Hourly peak con-
centration measuring the PM 2.5 -mortality association: results from six cities in the
Pearl River Delta study. Atmos. Environ. 161, 27-33.

Liu, H,, Tian, Y., Xiang, X,, Juan, J,, Song, J., Cao, Y., et al., 2018. Ambient particulate matter
concentrations and hospital admissions in 26 of China’s largest cities: a case-
crossover study. Epidemiology 29, 649-657.

Liu, C, Chen, R, Sera, F., Vicedo-Cabrera, AM., Guo, Y., Tong, S., et al., 2019. Ambient par-
ticulate air pollution and daily mortality in 652 cities. N. Engl. ]. Med. 381, 705-715.

Lumley, T., Levy, D., 2000. Bias in the case - crossover design: implications for studies of
air pollution. Environmetrics 11, 689-704.

Maclure, M., 1991. The case-crossover design: a method for studying transient effects on
the risk of acute events. Am. J. Epidemiol. 133, 144-153.

Phung, V.LH,, Ueda, K., Seposo, X., Takami, A., Sugata, S., Yoshino, A., et al., 2020. Hourly
association between ambient PM2.5 and emergency ambulance dispatches in 11 cit-
ies in Japan. Environ. Res. 185, 109448.

Qi, J., Ruan, Z., Qian, Z.M,, Yin, P., Yang, Y., Acharya, B.K, et al., 2020. Potential gains in life
expectancy by attaining daily ambient fine particulate matter pollution standards in
mainland China: a modeling study based on nationwide data. PLoS Med. 17,
e1003027.

Shah, AS.V., Langrish, ].P., Nair, H., McAllister, D.A,, Hunter, A.L.,, Donaldson, K., et al., 2013.
Global association of air pollution and heart failure: a systematic review and meta-
analysis. Lancet 382, 1039-1048.

Tian, Y., Liy, H,, Liang, T., Xiang, X,, Li, M., Juan, ], et al., 2019a. Fine particulate air pollution
and adult hospital admissions in 200 Chinese cities: a time-series analysis. Int.
J. Epidemiol. 48, 1142-1151.

Tian, Y., Liy, H,, Wu, Y., Si, Y., Song, ], Cao, Y., et al., 2019b. Association between ambient
fine particulate pollution and hospital admissions for cause specific cardiovascular
disease: time series study in 184 major Chinese cities. BMJ 367, 16572.

Wang, W., Mao, F,, Zou, B., Guo, J., Wy, L, Pan, Z,, et al., 2019. Two-stage model for estimat-
ing the spatiotemporal distribution of hourly PM1. 0 concentrations over central and
East China. Sci. Total Environ. 675, 658-666.

Wei, J., Li, Z., Guo, J., Sun, L., Huang, W., Xue, W., et al., 2019a. Satellite-derived 1-km-
resolution PM1 concentrations from 2014 to 2018 across China. Environ Sci Technol
53, 13265-13274.

Wei, Y., Wang, Y., Di, Q., Choirat, C., Wang, Y., Koutrakis, P., et al., 2019b. Short term expo-
sure to fine particulate matter and hospital admission risks and costs in the Medicare
population: time stratified, case crossover study. BMJ] 367, 16258.

Wu, QZ, Li, S, Yang, B.Y., Bloom, M., Shi, Z., Knibbs, L., et al., 2020. Ambient airborne par-
ticulates of diameter </=1 mum, a leading contributor to the association between
ambient airborne particulates of diameter </=2.5 mum and Children’s blood pres-
sure. Hypertension 75, 347-355.

Yang, M., Chu, C, Bloom, M.S,, Li, S., Chen, G., Heinrich, J., et al., 2018. [s smaller worse?
New insights about associations of PM1 and respiratory health in children and ado-
lescents. Environ. Int. 120, 516-524.


https://doi.org/10.1016/j.scitotenv.2020.142347
https://doi.org/10.1016/j.scitotenv.2020.142347
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0005
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0005
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0005
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0005
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0010
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0010
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0010
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0015
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0015
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0015
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0020
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0020
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0020
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0025
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0025
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0025
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0030
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0030
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0035
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0035
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0035
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0040
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0040
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0040
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0045
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0045
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0045
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0050
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0050
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0050
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0055
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0055
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0055
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0060
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0065
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0065
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0070
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0070
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0070
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0075
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0075
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0075
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0080
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0080
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0080
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0085
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0085
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0090
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0090
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0095
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0095
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0095
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0100
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0100
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0105
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0110
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0110
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0110
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0115
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0115
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0115
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0115
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0120
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0120
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0125
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0125
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0125
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0130
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0130
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0130
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0135
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0135
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0135
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0140
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0140
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0140
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0145
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0150
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0150
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0150
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0155
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0155
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0155
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0160
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0160
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0165
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0165
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0170
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0170
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0175
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0175
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0175
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0180
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0180
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0180
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0180
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0185
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0185
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0190
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0190
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0190
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0195
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0195
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0195
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0200
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0200
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0200
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0205
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0205
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0205
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0210
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0210
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0210
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0215
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0215
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0215
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0215
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0220
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0220
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0220

L Liu, F. Song, J. Fang et al.

Yang, B.Y., Guo, Y., Morawska, L., Bloom, M.S., Markevych, I, Heinrich, J., et al,, 2019. Am-
bient PM1 air pollution and cardiovascular disease prevalence: insights from the 33
communities Chinese health study. Environ. Int. 123, 310-317.

Yin, P., Guo, ], Wang, L., Fan, W., Lu, F,, Guo, M,, et al., 2020. Higher risk of cardiovascular
disease associated with smaller size-fractioned particulate matter. Environmental
Science & Technology Letters 7, 95-101.

Yorifuji, T., Suzuki, E., Kashima, S., 2014a. Cardiovascular emergency hospital visits and
hourly changes in air pollution. Stroke 45, 1264-1268.

Yorifuji, T., Suzuki, E., Kashima, S., 2014b. Hourly differences in air pollution and risk of re-
spiratory disease in the elderly: a time-stratified case-crossover study. Environ.
Health 13, 67.

Zang, L., Mao, F,, Guo, J., Gong, W., Wang, W., Pan, Z., 2018. Estimating hourly PM1 con-
centrations from Himawari-8 aerosol optical depth in China. Environ. Pollut. 241,
654-663.

Zang, L., Mao, F., Guo, J., Wang, W., Pan, Z,, Shen, H,, et al., 2019. Estimation of spatiotem-
poral PM1. 0 distributions in China by combining PM2. 5 observations with satellite
aerosol optical depth. Sci. Total Environ. 658, 1256-1264.

Science of the Total Environment 750 (2021) 142347

Zeger, S.L., Thomas, D., Dominici, F., Samet, ].M., Schwartz, J., Dockery, D., et al., 2000. Ex-
posure measurement error in time-series studies of air pollution: concepts and con-
sequences. Environ. Health Perspect. 108, 419-426.

Zhang, Y., Ding, Z., Xiang, Q., Wang, W., Huang, L., Mao, F., 2019a. Short-term effects of
ambient PM1 and PM2.5 air pollution on hospital admission for respiratory diseases:
case-crossover evidence from Shenzhen, China. Int. J. Hyg. Environ. Health 113418.

Zhang, Y., Fang, ], Mao, F,, Ding, Z., Xiang, Q., Wang, W., 2019b. Age- and season-specific
effects of ambient particles (PM1, PM2.5, and PM10) on daily emergency department
visits among two Chinese metropolitan populations. Chemosphere 246, 125723.

Zhang, Y., Xiang, Q., Yu, C, Yang, Z., 2020. Asthma mortality is triggered by short-term ex-
posures to ambient air pollutants: evidence from a Chinese urban population. Atmos.
Environ. 223.

Zhou, M., Wang, H., Zeng, X., Yin, P., Zhu, J., Chen, W., et al., 2019. Mortality, morbidity, and
risk factors in China and its provinces, 1990-2017: a systematic analysis for the global
burden of disease study 2017. Lancet 394, 1145-1158.


http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0225
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0225
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0225
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0230
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0230
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0230
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0235
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0235
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0240
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0240
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0240
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0245
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0245
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0245
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0250
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0250
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0250
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0255
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0255
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0255
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0260
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0260
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0260
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0265
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0265
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0265
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0270
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0270
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0270
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0275
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0275
http://refhub.elsevier.com/S0048-9697(20)35876-9/rf0275

	Intraday effects of ambient PM1 on emergency department visits in Guangzhou, China: A case-�crossover study
	1. Introduction
	2. Materials and methods
	2.1. Study setting and population
	2.2. Data collection
	2.3. Statistical analyses
	2.4. Sensitivity analyses

	3. Results
	4. Discussion
	5. Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgments
	Appendix A. Supplementary data
	References




