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Effects of ambient PM1 air pollution on daily emergency 
hospital visits in China: an epidemiological study
Gongbo Chen*, Shanshan Li*, Yongming Zhang, Wenyi Zhang, Daowei Li, Xuemei Wei, Yong He, Michelle L Bell, Gail Williams, Guy B Marks, 
Bin Jalaludin, Michael J Abramson, Yuming Guo

Summary
Background China is experiencing severe ambient air pollution. However, few studies anywhere have examined the 
health effects of PM1 (particulate matter with aerodynamic diameter <1 μm), which are a major part of PM2·5 
(particulate matter with aerodynamic diameter <2·5 μm) and even potentially more harmful than PM2·5. We aimed to 
estimate the effects of ambient daily PM1 and PM2·5 concentrations on emergency hospital visits in China.

Methods In this epidemiological study, we collected daily counts of emergency hospital visits from the 28 largest 
hospitals in 26 Chinese cities from Sept 9, 2013, to Dec 31, 2014. Ground-based monitoring data for PM1 and PM2·5 
and meteorological data were also collected. Hospital-specific emergency hospital visits associated with PM1 or PM2·5  
were evaluated with a time-series Poisson regression. The effect estimates were then pooled at the country level using 
a random-effects meta-analysis.

Findings The mean daily concentration of PM1 in all cities was 42·5 µg/m³ (SD 34·6) and of PM2·5 was 51·9 µg/m³ 

(41·5). The mean daily number of emergency hospital visits in all hospitals was 278 (SD 173). PM1 and PM2·5 
concentrations were significantly associated with an increased risk of emergency hospital visits at lag 0–2 days 
(cumulative relative risk [RRs] 1·011 [95% CI 1·006–1·017] for a 10 µg/m³ increase in PM1 and 1·010 [1·005–1·016] for 
a 10 µg/m³ increase in PM2·5). Slightly higher RRs of ambient PM1 and PM2·5 pollution were noted among women and 
children than among men and adults, respectively, but without statistical significance. Given a cause-effect association, 
4·47% (95% CI 2·05–6·79) and 5·05% (2·23–7·75) of daily emergency hospital visits in China could be attributed to 
ambient PM1 and PM2·5 pollution, respectively.

Interpretation Exposure to both ambient PM1 and PM2·5 were significantly associated with increased emergency 
hospital visits. The results suggest that most of the health effects of PM2·5 come from PM1.

Funding None.
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Introduction
Ambient fine particulate matter (PM2·5; particulate 
matter with aerodynamic diameter <2·5 µm) air 
pollution has been of increasing public concern and was 
estimated to cause 2·9 million deaths and 69·7 million 
disability-adjusted life-years (DALYs) in 2013 globally.1 
Particularly, ambient PM2·5 contributes to a high burden 
of disease in east Asian countries including China.2 
China is now experiencing exceptionally high levels of 
particulate matter air pollution, especially in densely 
populated cities.3,4 Numerous studies have confirmed 
associations between exposure to PM2·5 and adverse 
health effects, including cardiovascular and respiratory 
diseases, neonatal conditions, and hospital admissions.5–8

Current research interest in PM1 (particulate matter 
with an aerodynamic diameter <1 µm), a major com-
ponent of PM2·5, is increasing. Previous studies have 
suggested that with a smaller particle size, PM1 is more 
harmful than PM2·5. This particulate is more likely to 
reach deeper into the respiratory system carrying with it 
more toxins from anthropogenic emissions.9,10 Ambient 

PM1 contributed nearly 80% of PM2·5 in most particulate 
matter observation stations in China.11 Thus, under-
standing the spatial variations of ambient PM1 and its 
effects on health are relevant to the prevention and 
control of air pollution in China. To date, few studies 
worldwide have focused on ambient PM1 due to the 
unavailability of air monitoring data. Although a study of 
one city in China reported a stronger association of PM1 
with cardiovascular mortality than other constituents of 
ambient particulate pollution,12 no published studies 
have been done at the regional scale or at the national 
scale assessing effects of PM1 on morbidity.

We aimed to estimate the effects of ambient daily PM1 
and PM2·5 concentrations on emergency hospital visits in 
China.

Methods
Data collection
Daily counts of emergency hospital visits
In this epidemiological study, we collected daily counts of 
emergency hospital visits from Sept 9, 2013, to Dec 31, 2014, 
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from the 28 largest hospitals located in 26 cities in China 
(one hospital for each city except for Beijing and Chongqing 
where two hospitals were included). Detailed information 
about emergency hospital visits for the hospitals included 
in this study is shown in the appendix (p 1). Emergency 
hospital visits due to unintentional injuries—eg, traffic 
accidents, poisonings, fires, and drownings—were not 
included in our analysis. Demographic information about 
all emergency hospital visits including sex and age were 
also collected (data not shown).

Ground measurements of air pollutants and meteorological data
Hourly data for ambient PM1 and PM2·5 were obtained 
from 26 stations in China, one for each city, from 
monitors of the Atmosphere Watch Network (CAWNET) 
from Sept 9, 2013, to Dec 31, 2014. Details of the 
measurements have been reported previously.11 Briefly, 
hourly con centrations of ambient PM1 and PM2·5 were 
measured with GRIMM 180 (Grimm 180 Multi-channel 
Aerosol Spectrometer; Ainring, Germany) environ-
mental dust monitors, an optical particle counter (OPC) 
sampling ambient air per 5 min and providing 
information regarding particle number size distri-
bution. The information was then recalculated into real 
time particulate matter mass concentration values. 
Two quality-control procedures were applied to hourly 
measurements of particulate matter concen trations, 
which were pre viously reported.13,14 The measurements 
of particulate matter with GRIMM 180 have been 
regulated by the China Meteorological Administration 
(CMA). Hourly measure ments were converted into 
daily average concentrations for analysis. Concen-
trations of PM1–2·5 (particulate matter with aerodynamic 

diameter between 1 µm and 2·5 µm) were calculated by 
subtracting PM1 from PM2·5.

Meteorological data for the 26 cities were obtained 
from Meteorological Data Sharing Service System of 
China Meteorological Administration (Beijing, China) 
during the study period. Five meteorological variables 
(daily mean temperature [°C], relative humidity [%], 
atmospheric pressure [kPa], wind speed [km/h], and 
hours of sunshine [h]) were used in the analysis.

Statistical analysis
Daily counts of emergency hospital visits for each 
hospital were linked with air pollution data from the 
nearest ground monitoring station for each of the 
26 cities. The average distance from hospital to the 
nearest ground monitoring station was 6·4 km (SD 2·8; 
appendix p 1). A two-stage analysis strategy was developed 
to assess the effects of PM1, PM1–2·5, and PM2·5 on 
emergency hospital visits. Such a strategy has been 
widely used in environmental epidemiology.15–18 At the 
first stage, the relation between emergency hospital visits 
and PM1, PM1–2·5, or PM2·5 were assessed in separate 
models for each hospital. At the second stage, a random-
effects meta-analysis was used to pool the effect estimates 
at the national level. Models were fitted separately for 
PM1, PM1–2·5, or PM2·5.

In stage 1, the hospital-specific model, emergency 
hospital visits associated with PM1, PM1–2·5, or PM2–5 
were examined using a time-series Poisson regression 
as shown:

Research in context

Evidence before this study
PM1 (mass concentrations of particles with aerodynamic 
diameter <1 µm) is a major component of PM2·5 (<2·5 µm). 
Due to smaller particle size, PM1 is more harmful than PM2·5, 
because it reaches deeper into the respiratory system carrying 
with more toxins from anthropogenic emissions. Evidence for 
health effects of PM1 is very limited, because it is not routinely 
monitored in China or elsewhere in the world. We searched 
PUBMED, Web of Science, Google Scholar, and CNKI with the 
terms “mortality”, “morbidity”, “health”, “PM1”, and “China” in 
English and Chinese on Feb 2, 2017. As result, we identified only 
one study in Guangzhou, China, exploring the effects of PM1 on 
cardiovascular mortality. To date, no large scale study has 
investigated the health effects of PM1 at the country level in 
China and even worldwide.

Added value of this study
To the best of our knowledge, this is the first national study to 
examine the associations between exposures to ambient PM1 
and PM2·5 and emergency hospital visits using data from 26 cities 

in China and to calculate the attributable fractions due to PM1 
and PM2·5. In this study, we collected daily data for emergency 
hospital visits from 28 largest hospitals in China, as well as daily 
measurements PM1 and PM2·5 from 26 cities where the hospitals 
were located. The associations between exposures to ambient 
PM1 and PM2·5 and emergency hospital visits were examined with 
a two-stage analytical approach and the population attributable 
fractions of emergency hospital visits due to daily concentrations 
PM1 and PM2·5 were calculated and compared.

Implications of all the available evidence
The findings of our study suggest that both exposures to 
ambient PM1 and PM2·5 were significantly associated with 
increased emergency hospital visits and most of the health 
effects of PM2·5 came from PM1. In the future, more studies 
should be done to explore the spatial and temporal patterns of 
PM1 and to assess its associations with health outcomes. These 
studies will also provide valuable information and evidence for 
policy makers when promulgating standards and guidelines for 
the control of PM1 pollution both in China and other countries.

See Online for appendix

For more on the China 
Meteorological Administration 

see http://www.csres.com/
notice/48188.html

log(Eij) = bs(PMij) + s(tj) + s(TEMPij) + s(APij) + s(RHij)
 + s(WSij) + s(SHij) + dowj
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where Eij is the expected count of emergency 
hospital visits in hospital i on day j; bs(PMij) is the 
concentrations of PM1, PM1–2·5, or PM2·5 in the city 
where hospital i was located on day j using a 
Constrained Distributed Lag Model with 3 degrees of 
freedom (df ) natural cubic spline for 7 lag days;19 tj is a 
variable for time with a natural cubic spline (7 df 
per year) on day j to control for the long-term trend 
and seasonality;20 TEMP, AP, RH, WS, SH are 7-day 
moving averages of daily mean temperature, atmos-
pheric pressure, relative humidity, wind speed, and 
hours of sunshine, respectively, in the city where 
hospital i was located on day j with 3 df natural cubic 
splines;8,21,22 and dowj is a categorical variable for day of 
week on day j. This model was fitted separately for 
each hospital and for each pollutant (PM1, PM1–2·5, and 
PM2·5). In this stage of model, we set 7 as maximum 
lag day of PM because the significant effects of PM on 
emergency hospital visits during lags of 0–5 days were 
reported by previous studies.12,23,24 The residual 
deviance and autocorrelation were used to check the 
adequacy of the first stage of the model.

In stage 2, the meta-analysis, coefficients and 
corresponding covariance matrix of the first stage 
hospital-specific model were used in the second-stage 
analysis. A random-effects meta-analysis was con-
ducted with maximum likelihood estimation to pool the 
hospital-specific results into an overall estimated effect 
that represented the national level effect. The lagged 
effects and cumulative effects of PM1, PM1–2·5, and PM2·5 
on emergency hospital visits were calculated and 
expressed as relative risks (RRs) and corresponding 
95% CIs associated with a 10 µg/m³ increase in PM1, 
PM1–2·5, or PM2·5, respectively. The lagged effects of 
particulate matter on emergency hospital visits were 
firstly pooled, and then, cumulative effects were further 
examined for the lag days with significant associations. 
Because our initial analysis showed that the associations 
between PM1–2·5 and emergency hospital visits were not 
significant at any lag day, we did not perform the meta-
analysis for cumulative effects of PM1–2·5 or calculate its 
attributable fraction.

Population fractions (PAFs) of emergency hospital 
visits attributed to PM1 and PM2·5 were calculated using 
previously published methods.18,25 The following formula 
was used:

where: “AFij” indicates attributable fraction of 
emergency hospital visits due to PM1 and PM2.5 on day “j” 
in hospital; “i”; “k” and “K” were lag day and maximum 
lag day, respectively; “βj – k” indicates the pooled effect 
estimate calculated with a backward approach for 

PM1/PM2·5 on day “j – k”; “nij” and “ANij” are reported 
number of emergency hospital visits and attributable 
number of emergency hospital visits to PM1 or PM2·5 on 
day “j” in hospital “i”, respectively. The attributable 
number of emergency hospital visits for each hospital 
were calculated and summed to get the total attributable 
numbers of emergency hospital visits at the national level 
(as represented by the 26 major cities), which were then 
divided by total counts of emergency hospital visits to 
obtain the pooled PAFs. The upper limit and lower limit 
of CIs for RRs were used to calculate the CIs for PAFs.

Sensitivity analyses were done to examine the 
robustness of the results. We developed multi-pollutant 
models, adding variable for daily concentrations of sulfur 
dioxide (SO2) and nitrogen dioxide (NO2), to check 
whether the estimated PM1 and PM2·5 associations for 
emergency hospital visits were modified by other air 
pollutants. We changed the maximum lag days from 7 to 
15 for meteorological variable and modified the df of 
meteorological variables (3–6 df) and time of the year 
(6–10 df). We only controlled for ambient temperature 
and relative humidity to check if we over controlled the 
effects of weather conditions.

Data were analysed using R software (version 3.2.2, 
R Development Core Team 2009). The “mvmeta” package 
was used to fit the meta-analysis.17

Results
The overall mean concentrations of daily PM1 and PM2·5 
in the 26 cities were 42·5 µg/m³ (SD 34·6) and 
51·9 µg/m³ (41·5), respectively. The highest concen-
trations of PM1 and PM2·5 were observed in winter (mean 
61·4 µg/m³ and 71·7 µg/m³, respectively), whereas the 
lowest concentrations were observed in summer (mean 
25·3 µg/m³ and 31·6 µg/m³, respectively). Average daily 
concentrations of PM1 and PM2·5 in the 26 cities during 
the study period are shown in figure 1. Highest 
concentrations of PM1 (>60 µg/m³) and PM2·5 
(>80 µg/m³) were observed in southwestern and 
northern China (Chengdu, Xi’an, Beijing, and Taiyuan), 
whereas the lowest concentrations (PM1 and PM2·5 
<30 µg/m³) were observed in southern China (Haikou, 
Shenzhen, and Fujian). The ratio of PM1:PM2·5 in the 
26 cities ranged from 0·67 to 0·97, and for most cities 
(18 of 26 cities), the PM1:PM2·5 ratios exceeded 0·8. The 
highest ratios (>0·95) occurred in Hefei, Changsha, and 
Chongqing, whereas the lowest ratios (<0·70) occurred 
in Hohhot, Lanzhou, and Nanjing. The mean daily 
number of emergency hospital visits in all hospitals was 
278 (SD 173). Among the 28 hospitals included in this 
study, the Sino-Japanese Friendship Hospital in Beijing 
had the highest daily average number of emergency 
hospital visits (n=620) and Tongji Hospital in Wuhan 
had the lowest (n=59). A summary of emergency hospital 
visits for all hospitals is shown in the appendix (p 1).

The associations between air pollutants and 
meteorological variables during the study period are 

AFij = 1 – exp( – Σβj – k) 
k=0

K

ANij = nij * AFij
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shown in the appendix (pp 2–3). Daily concentrations 
of PM1 and PM2·5 were highly associated (r=0·96, 
p<0·0001). PM1 and PM2·5 were negatively associated 
with ambient temperature, wind speed, and hours of 
sunshine (PM1 and temperature, r=–0·36, p<0·0001; 

PM1 and wind speed, r=–0·23, p<0·0001; PM1 and 
hours of sunshine, r=–0·13, p<0·0001; PM2·5 and 
temperature, r=–0·35, p<0·0001; PM2·5 and wind speed, 
r=–0·23, p<0·0001; PM2·5 and hours of sunshine: 
r=–0·09, p<0·0001). Weak associations were noted 
between PM1 or PM2·5 and relative humidity and 
atmospheric pressure.

Pooled RRs for emergency hospital visits associated 
with a 10 µg/m³ increase in PM1, PM1–2·5, or PM2·5 during 
lag 0–7 days are shown in figure 2. Significant effects of 
PM1 and PM2·5 were observed at lag 0, 1, and 2 days, with 
strongest effects at lag 0 day (RRs 1·005 [95% CIs 
1·003–1·008] and 1·005 [1·002–1·007], respectively) and 
lowest effects at lag 2 days (RRs 1·002 [95% CI 
1·001–1·004] and 1·002 [1·001– 1·004], respectively). 
Ambient PM1 had similar effects on emergency hospital 
visits as PM2·5. No significant association between PM1–2·5 
and emergency hospital visits was observed for any lag 
day. Thus, we did not perform the meta-analysis for 
cumulative effects of PM1–2·5 or calculate its attributable 
fraction in the following analyses.

Because significant emergency hospital visits 
associated with PM1 and PM2·5 were observed at lag 
0–2 days, their cumulative effects were further 
examined. Hospital-specific and pooled cumulative 
effects of PM1 or PM2·5 on emergency hospital visits at 
lag 0–2 days are shown in figure 3. PM1 and PM2·5 
significantly increased the risk of emergency hospital 

Figure 1: Mean daily concentrations of PM1 and PM2·5 (µg/m3) in 26 cities in China during the study period
PM1=particulate matter with aerodynamic diameter less than 1 μm. PM2·5=particulate matter with aerodynamic diameter less than 2·5 μm.
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visits at lag 0–2 days (cumulative RR 1·011 [95% CI 
1·006–1·017] and 1·010 [1·005–1·016], respectively). For 
individual cities, the highest RRs of PM1 and PM2·5 were 
observed in hospitals in Shanghai, Shenzhen, and 
Guangzhou, while the lowest RRs were observed in 
hospitals in Taiyuan and Urumqi. Stratified analyses by 
sex and age group showed that the RRs of emergency 
hospital visits for PM1 and PM2·5 were slightly higher 
among women and children aged 14 years and younger 
than among men and adults, respectively (figure 4), 
although the results were not statistically different. 
Stratified analyses by clinic department showed that 
there were strong and significant effects of PM1 and 
PM2·5 on department of internal medicine and 
paediatrics, while no significant effects were observed 
for other clinic departments (table 1).

Overall, 4·47% (95% CI 2·05–6·79) of observed 
emergency hospital visits during the study period could be 

attributed to estimated effects of PM1 at lag 0–2 days and 
5·05% (2·23–7·75) could be attributed to PM2·5 (table 2).

Sensitivity analyses showed that PM1 and PM2·5 were 
still significantly associated with increased emergency 
hospital visits at lag 0–2 days (cumulative effects) after 
controlling for ambient SO2 and NO2 (appendix p 4). 
Furthermore, including 7–15 lag days for meteorological 
variables, using 3 df for meteorological variables and 
6–10 df per year for time, did not substantially alter the 
effect estimates of the associations between PM1 or PM2·5 
and emergency hospital visits. Only controlling for 
ambient temperature and relative humidity did not 
change the results (appendix p 5).

Discussion
In this study, we examined the effects of PM1 on emergency 
hospital visits in China, and compared the effects of PM1 
and PM2·5 on emergency hospital visits in the country. In 

Figure 3: Forest plot for cumulative relative risks (95% CIs) of emergency hospital visits associated with a 10 µg/m3 increase in PM1 and PM2·5 at lag 0–2 day
Corresponding names of hospitals are shown in the appendix (p 1). RR=relative risk. PM1=particulate matter with aerodynamic diameter less than 1 μm.
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particular, we used multi-city data for emergency hospital 
visits and air pollutants. Exposure to ambient PM1 and 
PM2·5 was associated with significantly increased daily 
emergency hospital visits at lag 0–2 days. Slightly higher 
RRs of ambient PM1 and PM2·5 pollution were noted 
among women and children than among men and adults, 
respectively. Generally, RRs for PM1 were similar to PM2·5, 
whereas PM1–2·5 was not associated with emergency 
hospital visits. PM1 and PM2·5 could account for 4·47% and 
5·05% of observed emergency hospital visits, respectively. 
The findings suggest that most of the emergency hospital 
visits attributed to PM2·5 are due to PM1.

No international or domestic study in China has been 
done at a country level that has focused on the health 
effects of PM1. Our findings are consistent with the study 
by Lin and colleagues12 from Guangzhou, China, which 
reported significant association of lagged PM1 and 
cardiovascular mortality and further reported that PM1 
was more closely associated with cardiovascular mortality 
with higher effects than PM2·5 or particulate matter with 
aerodynamic diameter less than 10 µm (PM10).

Health effects associated with ambient particulate 
matter have been reported by numerous previous 
studies.26,27 However, most of them focused on PM2·5 and 
PM10; far less scientific evidence exists for the health 
effects of smaller particles, including PM1 and ultrafine 
particles. Existing research indicates that particle size is 
an important determinant of adverse health effects.28 
Smaller particles, especially PM1 and ultrafine particles 
that can more easily reach the acinar part of the respiratory 
tract, are more likely to persist in the lung parenchyma, 
and have higher surface-to-volume ratios, thereby 
promoting oxidative stress and inflammation.29 PM1 might 
also contain more toxins from anthropogenic emissions, 
including metals, which are able to cause further lung 
injury and even lead to gene damage and cancer.30 In 
addition, airborne bacteria associated with urban 
particulate matter might be linked with some respiratory 
diseases, including asthma.31,32 The chemical composition 
of particles can differ by the size of the particles in relation 
to the various processes and sources that form them, 
which could contribute to different health responses.33

Children’s vulnerability to particulate matter air 
pollution might be due to their weaker ability to regulate 
pro-inflammatory and anti-inflammatory meditators.34 
Different health effects by sex could be associated with a 
range of socioeconomic, behavioural, and psychological 
factors.35 For instance, women have smaller lungs and 
airway diameters than do men, which might increase 
airway reactivity and exacerbate particulate deposition.36 
Higher prevalence of mental conditions, such as frequent 
mental distress, was observed among older women aged 
65 or older than among men aged 65 or older.37 A study 
from Californa, USA, women also tend to spend more 
time outside than men because they are less likely to get 
full time jobs.38 We did not find higher RRs for emergency 
hospital visits in individuals aged 65 years and older, 
which is not consistent with previous studies.39 The 
reason might be related to their potential barriers to get 
access to health-care services in China.40

Source apportionment studies indicated that a much 
higher proportion of PM1 originated from combustion (eg, 
biomass fuel burning) compared with PM2·5,41 although the 
major components had the same sources. In our study, 
PM1 contributed more than 80% of ambient PM2·5, which 
is a higher ratio than those reported in other countries.42,43 
This might be due to the rapid industrial development and 
increased energy demand in China, especially in the mega 
cities with rapid population and industrial growth.3,44

Figure 4: Pooled relative risks of emergency hospital visits associated with a 10 µg/m³ increase in PM1 and 
PM2·5 at lag 0–2 days stratified by sex and age groups
Error bars are 95% CIs. PM1=particulate matter with aerodynamic diameter less than 1 μm. PM2·5=particulate matter 
with aerodynamic diameter less than 2·5 μm.
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Table 1: Relative risks (95% CIs) of emergency health visits associated a 
10 µg/m3 increase in ambient PM1 or PM2·5 at lag 0–2 days, stratified by 
clinic department

Attributable number of 
emergency health visits (95% CI)

Observed total emergency 
health visits

Attributable fraction 
(95% CI)

PM1 145 704 (66 989–221 459) 3 260 001 4·47% (2·05–6·79)

PM2·5 164 584 (72 653–252 514) 3 260 001 5·05% (2·23–7·75)

PM1=particulate matter with aerodynamic diameter less than 1 μm. PM2·5=particulate matter with aerodynamic 
diameter less than 2·5 μm.

Table 2: Population fraction of emergency health visits attributed to ambient PM1 and PM2·5
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 We also found that PM1 had similar short-term effects on 
emergency hospital visits as did PM2·5 and the attributable 
fraction due to PM1 approached that of PM2·5. From this 
finding we could infer that most of the adverse effects of 
PM2·5 on health in China as reported by previous studies 
could be attributed to PM1,7,45–47 particularly, there were no 
significant associations between PM1–2·5 and emergency 
hospital visits. Other studies have also suggested the 
important role of smaller particles in ambient particulate 
matter pollution. A study in Shenyang, China, reported 
that particles smaller than 0·5 µm were most strongly 
associated with daily mortality,10 while in Beijing, ultrafine 
particles have been shown to have strongest effects on daily 
emergency hospital visits for cardiovascular disease.9 
Although health effects of PM2·5 have been documented by 
numerous studies,48,49 evidence to date for adverse health 
effects of smaller particles is very limited and even existing 
epidemiological evidence is inconsistent.10 The physio-
logical and biological mechanisms linking PM1 with 
mortality, morbidity, and specific diseases should be further 
explored by future studies.

There was heterogeneity in emergency hospital visits 
associated with PM1 or PM2·5 and lag structure (figure 3; 
appendix pp 6–7). This could be associated with different 
exposure levels of PM and PM1:PM2·5 ratios as well as 
particulate matter components in different cities.50,51 The 
hetero geneity might also be related to social and 
environmental factors, including economic development, 
age structure, and land-cover characteristics.52

PM1 and larger particles originate from different 
sources. PM1 is mainly created through either combustion 
of fuels or the process of air particle formation,53,54 while 
coarse particles are mainly formed through mechanical 
processes, such as dust carried by wind and loose soil. 
PM2·5 can be created by both of these two processes. The 
Chinese Government published national ambient air 
quality standards (NAAQS) in 2012 but no standard was 
set for PM1.55 In fact, PM1 is not regulated in many other 
countries, such as in the USA, due to the lack of scientific 
evidence on this pollutant. In the future, more studies 
are in need to explore the spatial and temporal patterns 
of PM1 and to evaluate its associations with short-term 
and long-term health outcomes.26 These studies will also 
provide valuable information and evidence for policy 
makers when promulgating standards and guidelines for 
the control of PM1 pollution both in China and other 
countries. As indicated by our study, high concentrations 
of ambient PM1 were associated with significantly 
increased daily emergency hospital visits and continuing 
high emergency hospital visits in the following 2 days. 
This information will assist hospital administrators in 
their allocation of resources to manage the potential 
increase in emergency hospital visits during and 
following severe hazy weather, like the widespread dense 
haze that occurred in China in January, 2013.56

To the best of our knowledge, this is the first large-
scale study in China, and even worldwide, assessing the 

acute effects of ambient PM1 on emergency hospital 
visits and comparing its effects to PM2·5 based on health 
data and air pollution data in 26 cities. The use of 
constrained distributed lag models provided flexibility in 
assessing the exposure-lag-response relation between air 
pollution and emergency hospital visits, after controlling 
for potential confounders.19 Our results were robust in a 
series of sensitivity analyses. However, there were 
several limitations to our study. We used particulate 
matter data from fixed monitoring sites in each city to 
link with health data rather than individual exposure, 
which could cause measurement errors in exposure 
assessment. However, such measurement error leads 
the effect estimates to null.57 This means that if we had 
individual exposure data, our effect estimates for PM1 
and PM2·5 would have been higher than our current 
results. We could not put all air pollutants in the same 
model considering the strong colinearity between air 
pollutants caused by the commonality of sources or 
photochemical interactions.33 We did not assess the 
associations between PM1 or PM2·5 and cause-specific 
emergency hospital visits, because the final diagnosis of 
all emergency hospital visits were not available. Finally, 
study cities were not evenly distributed in China with 
less cites in western China due to less developed 
economy and smaller population. Future research 
should include available data for these factors in the 
analyses.

In this study, we found exposure to ambient PM1 and 
PM2·5 were significantly associated with increased 
emergency hospital visits and effects of PM1 were similar 
to those from PM2·5. Most emergency hospital visits 
attributed to PM2·5 were from PM1. To effectively control 
particulate matter pollution in China, evidence-based air 
quality standards and guidelines for PM1 should be 
developed in the near future.
Contributors
YG designed and supervised the study. GC analysed the data and wrote 
the paper. YZ, WZ, DL, XW, and YH prepared the database and 
conducted the quality assurance. SL, MLB, GW, GBM, BJ, and MJA 
reviewed and edited the report.

Declaration of interests
We declare no competing interests.

Acknowledgments
YG was supported by the Career Development Fellowship of Australian 
National Health and Medical Research Council (#APP1107107). SL was 
supported by the Early Career Fellowship of Australian National Health 
and Medical Research Council (#APP1109193) and Seed Funding from the 
National Health and Medical Research Council (NHMRC) Centre of 
Research Excellence (CRE)–Centre for Air quality and health Research 
and evaluation (CAR) (APP1030259). GC was supported by China 
Scholarship Council (CSC). We thank the following hosptials that 
provided data for hospital emergency visits: The second Xiangya Hospital 
of Central South University, Changsha, Hunan; First Affiliated Hospital of 
Jilin University, Changchun, Jilin; Xinqiao Hospital, Chongqing;
Zhongshan Hospital of Xiamen University, Xiamen, Fujian; Inner 
Mongolia Autonomous Region People’s Hospital, Hohhot, Inner 
Mongolia; Affiliated Hospital of Guilin Medical College, Guilin, Guangxi;
Zunyi Medical College Hospital, Zunyi, Guizhou; Affiliated Hospital of 
Chengde Medical College, Chengde, Hebei; Affiliated Hospital of Qinghai 



Articles

e228 www.thelancet.com/planetary-health   Vol 1   September 2017

University, Xining, Qinghai; Anhui Provincial Hospital, Hefei, Anhui;
Hainan Provincial People’s Hospital, Haikou, Hainan; First Hospital of 
Shanxi Medical University, Taiyuan, Shanxi; Tangdu Hospital, Xi’an, 
Shaanxi; First Affiliated Hospital of Dalian Medical University, Dalian, 
Liaoning; PLA General Hospital of Lanzhou Military Region, Lanzhou, 
Gansu; Haihe Hospital, Tianjin; Tongji Hospital, Huazhong University 
of Science and Technology, Wuhan, Hubei; West China Hospital, 
Sichuan University, Chengdu, Sichuan; Zhongshan Hospital of Fudan 
University, Shanghai; PLA General Hospital of Nanjing Military Region, 
Nanjing, Jiangsu; First Affiliated Hospital of Fujian Medical University, 
Fuzhou, Fujian; First Affiliated Hospital of Soochow University, 
Suzhou, Jiangsu; Nanfang Hospital, Southern Medical University, 
Guangzhou, Guangdong; Qingdao Municipal Hospital, Qingdao, 
Shandong; First Affiliated Hospital of Guangxi Medical University, 
Nanning, Guangxi; Sir Run Run Shaw Hospital, Zhejiang University, 
Hangzhou, Zhejiang; Shenzhen People’s Hospital, Shenzhen, 
Guangdong; and First Affiliated Hospital of Baotou Medical College, 
Baotou, Inner Mongolia.

References
1 Forouzanfar MH, Alexander L, Anderson HR, et al. 

Global, regional, and national comparative risk assessment of 
79 behavioural, environmental and occupational, and metabolic 
risks or clusters of risks in 188 countries, 1990–2013: a systematic 
analysis for the Global Burden of Disease Study 2013. Lancet 2015; 
386: 2287–323.

2 Brauer M, Amann M, Burnett RT, et al. Exposure assessment for 
estimation of the global burden of disease attributable to outdoor 
air pollution. Environ Sci Technol 2012; 46: 652–60.

3 Chan CK, Yao X. Air pollution in mega cities in China. 
Atmos Environ 2008; 42: 1–42.

4 van Donkelaar A, Martin RV, Brauer M, Boys BL. Use of satellite 
observations for long-term exposure assessment of global 
concentrations of fine particulate matter: Environ Health Perspect; 
123: 135–43.

5 Atkinson R, Kang S, Anderson H, Mills I, Walton H. 
Epidemiological time series studies of PM2·5 and daily mortality and 
hospital admissions: a systematic review and meta-analysis. Thorax 
2014; 69: 660–65.

6 Feng S, Gao D, Liao F, Zhou F, Wang X. The health effects of 
ambient PM2.5 and potential mechanisms. Ecotoxicol Environ Saf 
2016; 128: 67–74.

7 Guo Y, Jia Y, Pan X, Liu L, Wichmann HE. The association between 
fine particulate air pollution and hospital emergency room visits for 
cardiovascular diseases in Beijing, China. Sci Total Environ 2009; 
407: 4826–30.

8 Guo Y, Tong S, Zhang Y, Barnett AG, Jia Y, Pan X. The relationship 
between particulate air pollution and emergency hospital visits for 
hypertension in Beijing, China. Sci Total Environ 2010; 408: 4446–50.

9 Liu L, Breitner S, Schneider A, et al. Size-fractioned particulate air 
pollution and cardiovascular emergency room visits in Beijing, 
China. Environ Res 2013; 121: 52–63.

10 Meng X, Ma Y, Chen R, Zhou Z, Chen B, Kan H. Size-fractionated 
particle number concentrations and daily mortality in a Chinese 
city. Environ Health Perspect 2013; 121: 1174–78.

11 Wang YQ, Zhang XY, Sun JY, Zhang XC, Che HZ, Li Y. Spatial and 
temporal variations of the concentrations of PM10, PM2·5 and PM1 in 
China. Atmos Chem Phys 2015; 15: 13585–98.

12 Lin H, Tao J, Du Y, et al. Particle size and chemical constituents of 
ambient particulate pollution associated with cardiovascular 
mortality in Guangzhou, China. Environ Pollut 2016; 208: 758–66.

13 Guo J, Xia F, Zhang Y, et al. Impact of diurnal variability and 
meteorological factors on the PM2.5-AOD relationship: 
Implications for PM2·5 remote sensing. Environ Pollut 2017; 
221: 94–104.

14 Guo J, Zhang X, Che H, et al. Correlation between PM 
concentrations and aerosol optical depth in eastern China. 
Atmos Environ 2009; 43: 5876–86.

15 Guo Y, Gasparrini A, Armstrong BG, et al. Temperature variability 
and mortality: a Multi-country study. Environ Health Perspect 2016; 
124: 1554–1559.

16 Gasparrini A, Guo Y, Hashizume M, et al. Mortality risk attributable 
to high and low ambient temperature: a multicountry observational 
study. Lancet 2015; 386: 369–75.

17 Gasparrini A, Armstrong B, Kenward M. Multivariate meta-analysis 
for non-linear and other multi-parameter associations. Stat Med 
2012; 31: 3821–39.

18 Chen G, Zhang W, Li S, et al. The impact of ambient fine particles on 
influenza transmission and the modification effects of temperature 
in China: A multi-city study. Environ Int 2017; 98: 82–88.

19 Gasparrini A. Modeling exposure-lag-response associations with 
distributed lag non-linear models. Stat Med 2014; 33: 881–99.

20 Peng RD, Dominici F, Louis TA. Model choice in time series 
studies of air pollution and mortality. J R Stat Soc Ser A Stat Soc 
2006; 169: 179–203.

21 Guo Y, Barnett AG, Pan X, Yu W, Tong S. The impact of 
temperature on mortality in Tianjin, China: a case-crossover design 
with a distributed lag non-linear model. Environ Health Perspect 
2011; 119: 1719–25.

22 Guo Y, Li S, Tian Z, Pan X, Zhang J, Williams G. The burden of air 
pollution on years of life lost in Beijing, China, 2004–08: 
retrospective regression analysis of daily deaths. BMJ 2013; 
347: f7139.

23 Liu P, Wang X, Fan J, Xiao W, Wang Y. Effects of air pollution on 
hospital emergency room visits for respiratory diseases: 
urban-suburban differences in Eastern China. 
Int J Environ Res Public Health 2016; 13: 341.

24 Zhang Y, Wang SG, Xia Y, et al. Association between ambient air 
pollution and hospital emergency admissions for respiratory and 
cardiovascular diseases in Beijing: a time series study. 
Biomed Environ Sci 2015; 28: 352–63.

25 Gasparrini A, Leone M. Attributable risk from distributed lag 
models. BMC Med Res Methodol 2014; 14: 55.

26 Pope III CA. Review: epidemiological basis for particulate air 
pollution health standards. Aerosol Sci Technol 2000; 32: 4–14.

27 Anderson JO, Thundiyil JG, Stolbach A. Clearing the air: a review of 
the effects of particulate matter air pollution on human health. 
J Med Toxicol 2012; 8: 166–75.

28 Nel A. Atmosphere. Air pollution-related illness: effects of particles. 
Science 2005; 308: 804–06.

29 Valavanidis A, Fiotakis K, Vlachogianni T. Airborne particulate 
matter and human health: toxicological assessment and 
importance of size and composition of particles for oxidative 
damage and carcinogenic mechanisms. 
J Environ Sci Health C Environ Carcinog Ecotoxicol Rev 2008; 
26: 339–62.

30 Izhar S, Goel A, Chakraborty A, Gupta T. Annual trends in 
occurrence of submicron particles in ambient air and health risk 
posed by particle bound metals. Chemosphere 2016; 146: 582–90.

31 Cao C, Jiang W, Wang B, et al. Inhalable microorganisms in 
Beijing’s PM2. 5 and PM10 pollutants during a severe smog event. 
Environ Sci Technol 2014; 48: 1499–507.

32 Jin L, Luo X, Fu P, Li X. Airborne particulate matter pollution in 
urban China: A chemical mixture perspective from sources to 
impacts. Nat Sci Rev 2016; nww079.

33 Dominici F, Peng RD, Barr CD, Bell ML. Protecting human health 
from air pollution: shifting from a single-pollutant to a 
multi-pollutant approach. Epidemiology 2010; 21: 187.

34 Calderon-Garciduenas L, Villarreal-Calderon R, Valencia-Salazar G, 
et al. Systemic inflammation, endothelial dysfunction, and 
activation in clinically healthy children exposed to air pollutants. 
Inhal Toxicol 2008; 20: 499–506.

35 Bell ML, Son J-Y, Peng RD, Wang Y, Dominici F. Ambient PM2·5 and 
risk of hospital admissions: Do risks differ for men and women? 
Epidemiology 2015; 26: 575.

36 Bennett WD, Zeman KL, Kim C. Variability of fine particle 
deposition in healthy adults: effect of age and gender. 
Am J Respir Crit Care Med 1996; 153: 1641–47.

37 Segev Z, Arif AA, Rohrer JE. Activity limitations and healthcare 
access as correlates of frequent mental distress in adults 65 years 
and older: a behavioral risk factor surveillance study—2008. 
J Prim Care Community Health 2012; 3: 17–22.

38 Wen M, Kandula NR, Lauderdale DS. Walking for transportation or 
leisure: what difference does the neighborhood make? 
J Gen Intern Med 2007; 22: 1674–80.

39 Sacks JD, Stanek LW, Luben TJ, et al. Particulate matter–induced 
health effects: Who is susceptible? Environ Health Perspect 2011; 
119: 446.



Articles

www.thelancet.com/planetary-health   Vol 1   September 2017 e229

40 Fitzpatrick AL, Powe NR, Cooper LS, Ives DG, Robbins JA. 
Barriers to health care access among the elderly and who perceives 
them. Am J Public Health 2004; 94: 1788–94.

41 Perrone M, Becagli S, Orza JG, et al. The impact of 
long-range-transport on PM1 and PM2·5 at a Central Mediterranean 
site. Atmosc Environ 2013; 71: 176–86.

42 Koulouri E, Grivas G, Gerasopoulos E, Chaloulakou A, 
Mihalopoulos N, Spyrellis N. Study of size-segregated particle 
(PM1, PM2·5, PM10) concentrations over Greece. Global NEST Journal 
2008; 10: 132–39.

43 Deshmukh DK, Deb MK, Tsai YI, Mkoma SL. Water soluble ions in 
PM2·5 and PM1 aerosols in Durg city, Chhattisgarh, India. 
Aerosol Air Qual Res 2011; 11: 696–708.

44 Kan H. Globalisation and environmental health in China. 
Lancet 2014; 384: 721–23.

45 Guo Y, Zeng H, Zheng R, et al. The association between lung 
cancer incidence and ambient air pollution in China: 
A spatiotemporal analysis. Environ Res 2016; 144: 60–65.

46 Kan H, London SJ, Chen G, et al. Differentiating the effects of fine 
and coarse particles on daily mortality in Shanghai, China. 
Environ Int 2007; 33: 376–84.

47 Qian Z, Liang S, Yang S, et al. Ambient air pollution and preterm 
birth: A prospective birth cohort study in Wuhan, China. 
Int J Hyg Environ Health 2016; 219: 195–203.

48 Dockery DW. Health effects of particulate air pollution. 
Ann Epidemiol 2009; 19: 257–63.

49 Pope CA, Dockery DW. Health effects of fine particulate air pollution: 
Lines that connect. J Air Waste Manag Assoc Title 2006; 56: 709–42.

50 Dadvand P, Parker J, Bell ML, et al. Maternal exposure to 
particulate air pollution and term birth weight: a multi-country 
evaluation of effect and heterogeneity. Environ Health Perspect 
2013; 121: 267.

51 Atkinson RW, Mills IC, Walton HA, Anderson HR. Fine particle 
components and health—a systematic review and meta-analysis 
of epidemiological time series studies of daily mortality and 
hospital admissions. J Expo Sci Environ Epidemiol 2015; 
25: 208–14.

52 Zanobetti A, O’Neill MS, Gronlund CJ, Schwartz JD. Susceptibility 
to mortality in weather extremes: effect modification by personal 
and small area characteristics in a multi-city case-only analysis. 
Epidemiology 2013; 24: 809.

53 Singhai A, Habib G, Raman RS, Gupta T. 
Chemical characterization of PM1·0 aerosol in Delhi and source 
apportionment using positive matrix factorization. 
Environ Sci Pollut Res 2016; 1: 1–18.

54 Rajput P, Mandaria A, Kachawa L, Singh DK, Singh AK, Gupta T. 
Chemical characterisation and source apportionment of PM1 during 
massive loading at an urban location in Indo-Gangetic Plain: 
impact of local sources and long-range transport. 
Tellus B Chem Phys Meteorol 2016; 68: 30659.

55 Wang S, Hao J. Air quality management in China: Issues, 
challenges, and options. J Environ Sci 2012; 24: 2–13.

56 Xu P, Chen Y, Ye X. Haze, air pollution, and health in China. 
Lancet 2013; 382: 2067.

57 Hutcheon JA, Chiolero A, Hanley JA. Random measurement error 
and regression dilution bias. BMJ 2010; 340: c2289.


	Effects of ambient PM1 air pollution on daily emergency hospital visits in China: an epidemiological study
	Introduction
	Methods
	Data collection
	Statistical analysis

	Results
	Discussion
	Acknowledgments
	References


