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H I G H L I G H T S

•The impact of air pollution on AMI/COPD
hospital admissions were examined.

• Significant connection was found between air
pollutants and AMI/COPD in Qingdao.

•Nonlinearity exists between air pollution and
AMI/COPD hospital admissions.

A R T I C L E I N F O

Article history:
Received 10 December 2020
Revised 18 August 2021
Accepted 25 August 2021
Available online 11 October 2021

Keywords:
AMI
COPD
Air pollution exposure
GAM

G R A P H I C A B S T R A C T

A B S T R A C T

Air pollution has been widely associated with adverse effects on the respiratory and cardiovascular
systems. We investigated the relationship between acute myocardial infarction (AMI), chronic
obstructive pulmonary disease (COPD) and air pollution exposure in the coastal city of Qingdao,
China. Air pollution in this region is characterized by inland and oceanic transportation sources in
addition to local emission. We examined the influence of PM2.5, PM10, NO2, SO2, CO and O3
concentrations on hospital admissions for AMI and COPD from October 1, 2014, to September 30,
2018, in Qingdao using a Poisson generalized additive model (GAM). We found that PM2.5, PM10,
NO2, SO2 and CO exhibited a significant short-term (lag 1 day) association with AMI in the single-
pollutant model among older adults (>65 years old) and females, especially during the cold season
(October to March). In contrast, only NO2 and SO2 had clear cumulative lag associations with COPD
admission for females and those over 65 years old at lag 01 and lag 03, respectively. In the two-
pollutant model, the exposure-response relationship fitted by the two-pollutant model did not change
significantly. Our findings indicated that there is an inflection point between the concentration of
certain air pollutants and the hospital admissions of AMI and COPD even under the linear assumption,
indicative of the benefits of reducing air pollution vary with pollution levels. This study has important
implications for the development of policy for air pollution control in Qingdao and the public health
benefits of reducing air pollution levels.
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1 Introduction

Air pollution has become recognized as an important factor
that threatens public health and safety (Bell et al., 2005;
Landrigan et al., 2018; Zhang et al., 2020). A systematic
analysis for the Global Burden of Disease Study 2019
showed that air pollution has become the fourth leading
risk for global death for both males and females. Ambient
particulate matter as the disability-adjusted life-years
(DALYs) risk ranked from 13th to 7th during 1990–2019
(Murray et al., 2020). A joint policy statement from the
European Respiratory Society and American Thoracic
Society (ERS/ATS) indicated that air pollution has a
substantial impact on the respiratory and cardiovascular
systems (Thurston et al., 2017). As a result, many studies
have investigated the effect of air pollutants on cardio-
pulmonary diseases using epidemiological statistical
models. The emphasis of the impact of air pollution on
public health is a reference for formulating air pollution
control and governance policies on a local and even global
scale.
For instance, a study of pulmonary diseases in

developed countries, Islam et al. (2007) found that
exposure to high levels of PM2.5 reduced lung function
through an eight-year follow-up test among adolescents in
12 communities in southern California (USA) from 1994
to 2003. Using a similar approach and with the considera-
tion traffic exposure, Schikowski et al. (2005) found that
long-term exposure to PM10 and NO2 was associated with
poorer lung function for women living near busy roads in
the Rhine-Ruhr Basin of Germany from 1985 to 1994. By
recruiting three groups of people (with heart disease, with
COPD or healthy) older than 60 years, Sinharay et al.
(2018) found that a two hour walk in a clean park may
improve lung function, while this effect is attenuated for
walking in a more polluted area with commercial streets.
Using case-crossover analysis for the period 1999–2009,
Wang et al. (2015) found that exposure to NO2 was an
important risk factor for acute myocardial infarction (AMI)
in Alberta, Canada, especially for people with hyperten-
sion. A Belgian study observed the estimated effect of NO2

and PM10 on AMI was particularly pronounced during
warm seasons (Collart et al., 2015).
With the rapid economic development of China in recent

years, air pollution has become severe (Chan and Yao,
2008), which may have significant effects on human health
(Kan et al., 2008; Huang et al., 2018). Two main methods
have been applied to investigate the short-term exposure of
air pollution on cardiopulmonary diseases, case crossover
(Collart et al., 2015) and time series (Cai et al., 2015). Time
series studies based on the Poisson generalized additive
model (GAM) are more widely used because they yield
better estimate with lower autocorrelation of residuals than
case crossover analysis (Guo et al., 2010a; Ren et al.,
2017). For instance, studies that investigate the effect of
different pollutants on hospital admission rates for

cardiopulmonary diseases using GAM-based time series
have been reported in several major cities in China.
Goggins et al. (2013) found a more significant estimated
impact of NO2 on AMI in the cold season than in the warm
season in Hong Kong (China) and Taiwan (China). This
temperature-dependent relationship was also revealed in
Xu et al. (2017), who found that under colder conditions,
PM2.5 tended to play a more significant role in the risk of
cardiovascular diseases, including ischemic heart disease
(IHD), heart rhythm disturbances (HRD) and heart failure
(HF), in Beijing (China). In addition to the temperature
dependent relationship, the effect of air pollution on
cardiorespiratory diseases may also vary by sex and age
differences in population. Wang et al. (2018b) found that
PM2.5 exerted a more significant estimated effect on
females or people aged 15–60 years in Shanghai (China)
for respiratory diseases, including acute upper respiratory
tract infection, asthma, COPD, etc. Similar results were
found by Zhang et al. (2014), indicating that NO2 played a
vital role in increasing the morbidity of COPD among
women and people aged 19–64 years in Guangzhou
(China). While most of the research in China has focused
on northern inland cities such as Chengdu (Chen et al.,
2021), Wuhan (Ren et al., 2017) and Lanzhou (Zhai et al.,
2021) as well as southern coastal cities such as Guangzhou
(Zhang et al., 2014) and Shanghai (Wang et al., 2018b),
coastal cities in northern China such as Qingdao have not
been well investigated.
Qingdao has seven districts (Laoshan, Shinan, Shibei,

Licang, West Coast New Area, Chengyang and Jimo), with
a total population of 9.39 million and a high urbanization
rate of 70%, which is one of the developed cities
worldwide (Wang and Fang, 2016). Since it is a coastal
city located on the Shandong Peninsula downwind of the
North China Plain, severe air pollution events frequently
occur (Ma et al., 2019; Zhang et al., 2019). In contrast to
northern inland cities, the air pollution in Qingdao enhance
heterogeneous reactions due to the increase in sea salt
(Athanasopoulou et al., 2008; Neumann et al., 2016) and
the concentration of Vand Ni is high due to ship emissions,
which is an important contributor of PM2.5 with an annual
contribution of 25% (Bie et al., 2021). Compared to
northern coastal cities such as Yantai, Rizhao and Tianjin
(China), Qingdao experiences more severe air pollution
(Xu et al., 2015). Similarly, in comparison to southern
coastal cities, Qingdao has higher organic carbon and
elemental carbon in winter due to a heating effect (Li et al.,
2017a). Meanwhile, Qingdao has been frequently invaded
by strong haze pollution, particularly during the winter (Li
et al., 2017a; Gao et al., 2020). Together with the
perception of air quality and the associated health risks
of the population in different regions are closely related to
the social and demographic attributes of the individual and
the physical, environmental and social conditions of the
community in which the individual lives (Goggins et al.,
2013; Reames and Bravo, 2019), it is urgent to explore the
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impact of air pollution on public health in Qingdao.
In this paper, we used GAM-based time series methods

to analyze the impact of air pollution in Qingdao on short-
term hospital admissions of AMI and COPD, which are
important factors in the global burden of disease (Lozano
et al., 2012). We also aim to provide a reference value for
the development of air pollution prevention and control
policies.

2 Data and methods

2.1 Data

Daily hospital admissions for AMI and COPD were
obtained from the Affiliated Hospital of Qingdao Uni-
versity from October 1, 2014, to September 30, 2018.
Three branches, located in different districts (Laoshan,
Shinan and West Coast New Area), accept patients from
densely populated urban areas with respiratory and
cardiovascular diseases. AMI (I21) and COPD (J44)
were classified according to the International Classification
of Diseases 10th version (ICD-10) code. Patient informa-
tion included age, sex, and date of visit. Considering the
characteristics of chronic illness and to avoid double-
counting, the recurrent visits of COPD within the same
month was excluded.
Hourly concentrations of six pollutants (particulate

matter with aerodynamic diameter of £2.5 μm (PM2.5),
particulate matter with aerodynamic diameter of £10 μm
(PM10), nitrogen dioxide (NO2), sulfur dioxide (SO2),
carbon monoxide (CO) and ozone (O3)) at nine national
monitoring stations located in seven administrative areas
of Qingdao were collected from the China National
Environmental Monitoring Centre and can represent the

overall pollution characteristics and levels of Qingdao. The
daily mean concentrations of air pollutants over the nine
monitoring sites were used. Pollution data on January 1,
2015, are missing. In addition, we ignored the abnormal
observation results of CO from November 7, 2014, to
November 10, 2014. Daily meteorological data were
collected from the China Meteorological Data Service
Center. The locations of the meteorological data monitor-
ing station, air pollutant monitoring stations and hospital
branches are shown in Table 1.

2.2 Methods

First, the GAMmodel was used to quantify the relationship
between daily pollutant concentrations and the number of
cause-specific hospital admissions (Dominici et al., 2002).
The log-linear GAM was fitted as follows:

LogðYÞ ¼ α þ βX þ ns ðTemperature, df ¼ 3Þ

þ ns ðHumidity, df ¼ 4Þ

þ ns ðTime, df ¼ 7*4Þ

þ DOWþ Holiday, (1)

where Y indicates the observed number of daily hospital
admissions for a particular disease, α is the intercept, β
indicates the log-relative hospital admission rate relative to
the concentration of a certain air pollutant X (e.g., PM2.5,
O3); ns is the nonparametric spline function of tempera-
ture, relative humidity and time; and DOWand holiday are
categorical variables for day of the week and public
holidays, respectively. We used quasi-Poisson likelihood
to account for possible overdispersion in the case count.
For the selection of degrees of freedom, we initially used a

Table 1 The locations of the hospital branches and air pollutant monitoring stations

Site Longitude Latitude Administrative district

Meteorological data monitoring
station

120.3333°E 36.0666°N Qingdao Shibei District

Air pollution data monitoring
stations

120.6659°E 36.2403°N Qingdao Laoshan District

120.4587°E 36.0852°N Qingdao Laoshan District

120.4001°E 36.2403°N Qingdao Chengyang District

120.3905°E 36.1851°N Qingdao Licang District

120.3471°E 36.0699°N Qingdao Shibei District

120.3664°E 36.1032°N Qingdao Shibei District

120.4134°E 36.0654°N Qingdao Shinan District

120.2992°E 36.0544°N Qingdao Shinan District

120.1926°E 35.9586°N Qingdao West Coast New Area

Hospital branches 120.4536°E 36.1019°N Qingdao Laoshan District

120.3277°E 36.0670°N Qingdao Shinan District

120.1563°E 35.9871°N Qingdao West Coast New Area
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range of 3 to 5 degrees of freedom for temperature, relative
humidity and 5–7 degrees of freedom for time based on
previous studies (Bell et al., 2004; Guo et al., 2009; Cai et
al., 2014; Zhang et al., 2014) and then applied Akaike
information criteria (AIC) to identify the most suitable
degrees of freedom for each specific variable, with
selection of the degrees of freedom achieving the minimum
AIC (Li et al., 2017b) (Table S1). We used the likelihood
ratio test to evaluate the difference between linear and
nonlinear simulations (Table S2).
When establishing the basic model, we considered the

single-day lag effect (lag 0 to lag 7, where lag 1 represents
bringing in the air pollutant and meteorological data of the
previous day into the model, etc.) and cumulative lag (lag
01 to lag 06, where lag 01 represents bringing in the
average air pollutant and the previous day, etc.). The
analyses took into consideration age, sex, and season as
factors that contribute to a potential modify the effect from
air pollution (Touloumi et al., 2006; Kan et al., 2008). In
this study, age was classified into two groups (0–64 years
and over 65 years old), and season was divided into the
warm season (April to September) and cold season
(October to March). To evaluate the exposure effect of
multiple pollutants, we also selected the day with the
largest effect of the single pollution model to make the
two-pollutant models.
After the GAM model was fitted, the regression

coefficient β and standard error were used to calculate
the relative risk (RR), and the upper and lower limits at the

95% confidence interval (95% CI) were used for an
interquartile range (IQR) increase in pollutant concentra-
tions. To facilitate comparison with other research, we also
present the estimated changes in the risk of hospitalizations
for air pollutant concentration increments of 10 μg/m3. All
statistical tests were two-sided, with statistical significance
set at P< 0.05. For the subgroup analysis, the P value used
for the statistical significance was adjusted based on
Bonferroni correction (Table S3). The GAM model was
analyzed using the mgcv package in R 3.3.1.

3 Results

The distributions of hospital admissions for AMI and
COPD, air pollutants and meteorological data in Qingdao
from October 1, 2014, to September 30, 2018, are shown in
Table 2. The numbers of patients with AMI and COPD
during this period were 25299 and 255597, respectively.
The number of male hospitalizations for AMI (17100) and
COPD (173953) were 68% of the cause-specific hospita-
lizations. Regardless of sex, the majority of the patients
were older than 65 years, constituting 61% (15345
patients) and 76% (194766 patients) of the AMI and
COPD patients, respectively.
Figure 1 shows the time series of air pollutant

concentrations over the study period. With the exception
of a clear decreasing trend of SO2, the other air pollutants
fluctuated over different years. For example, the mean

Table 2 Distribution of daily hospital admissions of AMI and COPD, air pollutant data and meteorological data in Qingdao, China (from October 1,

2014, to September 30, 2018)

Type Variable Mean�SD Min 25th 50th 75th Max IQR

Hospital
admissions

AMI (Total) 14�8 0 7 14 20 51 13

AMI (Age< 65 years) 6�4 0 3 5 8 33 5

AMI (Age≥65 years) 9�5 0 4 8 12 32 8

AMI (Male) 10�6 0 5 9 14 36 9

AMI (Female) 5�3 0 2 4 7 20 5

COPD (Total) 121�72 6 54 115 166 367 112

COPD (Age< 65 years) 31�15 3 19 29 41 107 22

COPD (Age≥65 years) 90�59 3 34 85 127 307 93

COPD (Male) 81�49 6 35 77 113 252 78

COPD (Female) 40�24 0 18 38 55 121 37

Air
pollutants

PM2.5 (μg/m
3) 43.3�33.6 5.8 21.2 33.5 54.0 311.7 32.8

PM10 (μg/m
3) 86.4�51.3 16.5 51.2 73.4 106.7 454.7 55.5

NO2 (μg/m
3) 34.6�16.2 2.5 23.2 32.1 43.1 107.6 19.9

SO2 (μg/m
3) 20.4�14.7 3.2 10.4 17.0 24.9 113.0 14.5

CO (mg/m3) 0.8�0.01 0.3 0.5 0.7 0.9 3.2 0.4

O3 (μg/m
3) 71.9�29.3 12.5 48.7 69.6 90.8 188.1 42.1

Meteorological
data

Temperature (°C) 13.9�9.4 – 11.5 5.5 14.7 22.0 31.0 16.5

Humidity (%) 68.8�16.7 16 56 71 83 100 27
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Fig. 1 Time series of daily levels of pollutant concentrations during the study period.
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seasonal PM2.5 concentration was highest in the winter of
2015, during which transport from the north and west of
Qingdao played a major role (Gao et al., 2020) and severe
pollution over the upwind areas (i.e., North China Plain)
was attributable to the modulation of El Niño (Zhang et al.,
2019). The majority of the air pollutants levels exceeded
World Health Organization (WHO) guidelines (Interim
Target-2). When lower standards such as Grade II of the
ambient air quality standards (GB 3095-2012) of China
were implemented, most of the air pollutants satisfied the
criteria except PM2.5 and PM10. The number of days
exceeding or satisfying the standard is summarized in
Table S4 in the supporting materials.
The single-day lag model results are shown in Table S5

for AMI and COPD, indicating that AMI was significantly
associated at a lag of one day (lag 1). The risk of
hospitalizations was estimated to increase by 0.73% (95%
CI: 0.12%, 1.37%), 0.39% (95% CI: 0.01%, 0.79%),
1.60% (95% CI: 0.22%, 3.01%), 2.50% (95% CI: 0.43%,
4.63%) and 0.1% (95% CI: 0.03%, 16.29%) for pollutant
increases of 10 μg/m3 for PM2.5, PM10, NO2, SO2 and CO,
respectively. For COPD hospital admission, associations
were statistically significant for NO2, SO2 and CO, with
increases of 1.36% (95% CI: 0.31%, 2.43%), 1.60% (:
0.17%, 3.05%) and 0.05% (95% CI: 0.00%, 0.10%) in
hospitalizations per 10 μg/m3 increase at lag 0, respec-
tively. The association for SO2 was slightly higher if a lag
of 1 day was considered.
To investigate the potential nonlinearity of the influence

of air pollutants on AMI and COPD, we estimated the
exposure response curves for PM2.5, PM10, NO2, SO2 and
CO with the risk of AMI (lag 1) and NO2, SO2 and CO
with the risk of COPD (lag 0) hospitalizations, as shown in
Fig. 2. The selection of lags was based on the statistical
significance displayed in Table S5. Statistical significance

tests were applied to the results based on the linear
assumption model and the nonlinear hypothesis model
with likelihood ratios (Table S2), yielding in general non-
significant difference except the relationship between CO
and COPD. Under the linear assumption, most of the
exposure response curves behave in a linear manner,
despite the occasional inflection points. For example, the
PM2.5 concentration seemed to exert the largest relative
risk to AMI when pollution levels exceeded approximately
100 μg/m3, indicating that AMI patients were more
sensitive to high levels of PM2.5. The effect of SO2 on
COPD tends to be flat after 60 μg/m3. The impact of CO on
COPD visits has an inflection point around 1.5 mg/m3,
after which the risk increases significantly.
Figure 3 shows the estimated risk exerted by air

pollutants on AMI by sex, season, and age. If the entire
period was considered (black lines in Fig. 3), it showed the
correlation of estimated AMI risk with the male sex cohort
was not significant but the correlation with female sex
cohort was significant, such as for PM2.5, NO2 and SO2.
Age was not significant in the warm season but showed
some significance, i.e., PM10 for people younger than 65
years old and SO2 for elderly people older than 65 years
old. When season was taken into consideration, more
significant results emerged. The effect of the cold season
seemed to strengthen the sex and age characteristics of the
AMI onset of pollutants, showing a particularly significant
impact on females or people older than 65 years old. For
female patients, the changes in percentage of visiting
during the cold season were 1.34% (95% CI: 0.64%,
2.97%) for PM2.5, 1.16% (95% CI: 0.38%, 1.98%) for
PM10, 4.16% (95% CI: 1.32%, 7.18%) for NO2, and 5.61%
(95% CI: 1.86%, 9.60%) for SO2 at lag 1 day and for the
elderly were 0.96% (95% CI: 0.40%, 2.16%), 0.90% (95%
CI: 0.31%, 1.51%), 2.89% (95% CI: 0.75%, 5.14%) and

Fig. 2 Estimated exposure-response curve: relative risk of AMI (a) hospital admissions for lag 1 pollution for daily average NO2, SO2,
CO, PM2.5 and PM10 concentrations and COPD (b) for lag 0 pollution for daily average NO2, SO2 and CO concentrations.
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3.34% (95% CI: 0.63%, 6.36%) at lag 1 day, respectively.
However, after adjusting the P value with Bonferroni
correction (Fig. 3), we found that in the multiple subgroup
analysis, the results of the age group were not statistically
significant.
For COPD, only NO2 and SO2 exerted significant

impacts; thus, their impact by sex and age was further
investigated. The effect of NO2 (Fig. 4) on sex and age was
not significantly different. While SO2 was quite different
(Fig. 5), it showed a particularly significant impact on
females and the elderly. The percentage changes in the visit
rate were 2.60% (95% CI: 0.93%, 4.32%) and 1.86% (95%
CI: 0.29%, 3.48%) at lag 1, respectively. The effect of
pollutants on the visit rate of COPD did not seem to be
affected by seasonality in our study.
In addition to the single-day lag effect, the cumulative

lag may also play a role. Through the examination of the
influence of air pollutants on AMI and COPD based on a
number of cumulative lag days, the effect of air pollutants
on AMI was not significant, while NO2 and SO2 exerted a
significant influence on COPD. For instance, both NO2 and
SO2 share similarity in affecting COPD significantly for
the subgroups, primarily for females and the elderly (≥65
years old) (Fig. 4); however, the cumulative days differ. A
significant effect occurred mainly at lag 01 days from NO2,
whereas a significant influence was achieved for SO2 over
lag 01 to lag 06 days, especially at lag 03 days (Table S6
and Fig. 5).

In the AMI two-pollution model at lag 1 day, CO was
still significant in the cold season after adjusting for other
pollutants, and the estimate was higher (Table 3). For
example, after adjustment for CO and PM2.5, the RR value
rose from 1.051 (95% CI: 1.021–1.082) to 1.078 (95% CI:
1.006–1.155). Several pollutants were still significant even
after adjusting for O3 and had a slightly stronger impact on
AMI hospital admission (Table S7). However, the impact
of other pollutants on hospital admission was weakened or
insignificant after adjustment. In the COPD two-pollutant
model, the confounding effect of pollutants is almost
insignificant.
To make a comprehensive comparison with other

studies, a number of references were compiled and are
shown in Tables S8 and S9 for respiratory and cardiovas-
cular diseases and are discussed later.

4 Discussion

For AMI, we found that PM2.5, PM10, NO2, SO2 and CO
had a significant effect (Table S5), which is consistent with
previous studies focusing on Europe and other cities of
China (Samoli et al., 2006; Guo et al., 2009; Lin and Kuo,
2013; Lin et al., 2013; Lee et al., 2015; Xu et al., 2017). A
review paper by Brook et al. (2010) illustrated that both
short-term and long-term exposure to particulate matter
played important roles in affecting cardiovascular disease

Fig. 3 Percentage changes (95% CI) in AMI all and subgroups for hospital admissions reported in different study periods (entire period,
cold period and warm period) with pollutant concentration increases of 10 μg/m3 at Lag 1. “*” represents P< 0.05; “**” represents
P< 0.01. Adjust P value after Bonferroni correction: season_age: 2.90 � 10–4, season_gender: 0.58.
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Fig. 4 Percentage change (95% CI) in COPD subgroups for hospital admissions and a NO2 concentration increase of 10 μg/m3 during
the entire study period single-day lag and multiday lag. “*” represent P< 0.05; “**” represent P< 0.01.

Fig. 5 Percentage change (95% CI) in COPD subgroups for hospital admissions with a SO2 concentration increase of 10 μg/m3 during
the entire study period single-day lag and multiday lag. “*” represent P< 0.05; “**” represent P< 0.01.

Table 3 Relative risk (95% CI) at lag 1 day of AMI hospital admissions in two-pollutant models, CO as the main pollutant

Model Whole period Cold season Warm season

CO 1.038(1.013–1.063)* 1.051(1.021–1.082)* 0.976(0.921–1.035)

+ PM2.5 1.039(0.989–1.091) 1.078(1.006–1.155)* 0.994(0.906–1.089)

+ PM10 1.037(1.001–1.075)* 1.040(0.982–1.101) 0.990(0.923–1.062)

+ NO2 1.031(0.995–1.068) 1.053(1.005–1.103)* 0.959(0.890–1.032)

+ SO2 1.029(0.996–1.064) 1.059(1.016–1.103)* 0.947(0.879–1.021)

+ O3 1.037(1.012–1.062)* 1.050(1.019–1.083)* 0.980(0.921–1.042)

Notes: “*” represent P< 0.05.
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incidence. According to the results of our study, PM2.5 had
a greater impact on the rate of AMI hospital admissions
than PM10, and a similar conclusion was drawn in the
study on daily CVD mortality rate in Shanghai by Kan
et al. (2007), who found a more detrimental effect from
PM2.5 in comparison to the coarse particulate matter
(PM10–2.5) on cardiovascular patients. Another mechanism
pointed out by Stone et al. (2000) was that particulate
matter might increase calcium influx and cause oxidative
stress responses after exposure to macrophages. In
contrast, the influencing mechanism of NO2 was through
the enhancement of fibrinogen, a risk factor for cardio-
vascular disease (Pekkanen et al., 2000). The effect of SO2

was mainly through the production of degraded hemoglo-
bin, which subsequently reduced the permeability of red
blood cells and resulted in the lack of oxygen in organs
(Baskurt et al., 1990). In results, the estimation of SO2 was
the most significant. At a 1-day lag, the hospital admission
for AMI increased by 2.50% (95% CI: 0.43%, 4.63%) for
every 10 μg/m3 increase. CO is a recognized cardiovas-
cular toxin, and exposure to high environmental levels can
cause myocardial infarction (Marius-Nunez, 1990). How-
ever, even at low levels of exposure, carboxyhemoglobin
can aggravate myocardial ischemia in patients with
coronary artery disease (Allred et al., 1989), which
supports the conclusion that although the CO concentra-
tion in Qingdao has always been below Grade II (Table
S4), it still has a significant impact on AMI hospital
admissions. There were no significant relationships
between O3 and the incidence of AMI in our study
which is consistent with prior literature (Kan et al., 2008;
Lin et al., 2013; Wang et al., 2015). However, a study
conducted by Chang et al. (2005) using a case-crossover
analysis method found that O3 in Taiwan (China) had
positive associations with cardiovascular admissions,
especially in the warm season during 1997–2001, which
may be related to the subtropical climate in Taipei (China)
and the high concentration during the warm season, may
explained by the variable reduce of heart rate due to a
decrease in vagal tone (Gold et al., 2000).
Regarding the lag effect for AMI (Table S5), the short-

term response of one day lag was found by other studies in
southern Europe (Stafoggia et al., 2013) and Canada (Stieb
et al., 2009). However, the number of lag days showed a
statistically significant impact of air pollutants on AMI
might not be the same in different studies, i.e., lag 0 days
(Middleton et al., 2008; Kim et al., 2012) and lag 2 days
(Xu et al., 2017). Nevertheless, a study of particulate
matter and the number of daily cardiovascular emergencies
in Beijing (China) showed that the impact of PM2.5 on
cardiovascular emergencies was most significant at a lag of
7 days, exhibiting an RR of 1.012 (95% CI: 1.002–1.022)
(Su et al., 2016). Based on a large number of references
shown in Table S8, it can be seen that most studies indicate
that a statistically significant impact of air pollutant on
AMI may be obtained when a lag day of 0 to 2 is applied;

these results are consistent with the findings in our study.
Regarding whether seasonal temperature changes might

affect the change in estimated values, our results showed
that during the cold season, the impact of air pollutants on
the incidence of AMI was more dramatic (Fig. 3). This
finding is supported by the study of Goggins et al. (2013),
showing that the hospitalization rate of AMI in Hong Kong
(China) and Taipei (China) may increase by 3.7% and
2.6% for each degree reduction starting from 24°C,
respectively. A similar finding was also drawn for most
studies in Asia (Chang et al., 2005; Lee et al., 2015; Su
et al., 2016). Another study in Charleroi, Belgium, by
Collart et al. (2015) found that the risk of AMI admission
was significantly enhanced by PM10 and NO2 during the
warm season, attributable to longer exposure times during
the warm season. A comparably stronger relationship of
PM2.5-IHD (ischemic heart disease) ERVs was also found
during high temperature days (>11.01°C) in Beijing
(China) (Xu et al., 2017).
In terms of sex, we found that females were more

susceptible to air pollution than males, consistent with
other studies (Kan et al., 2008; Zhang et al., 2011; Chen et
al., 2012; Lin et al., 2013; Su et al., 2016). This was
primarily connected to the stronger responsiveness to
airways and enhanced particle deposition in the lungs of
females (Kim and Hu, 1998; Kohlhäufl et al., 1999). In
contrast, the studies by Xu et al. (2016) and Chen et al.
(2018) showed a statistically significant influence of air
pollution on CVD for males but not for females, likely
caused by compounding factors such as smoking (Cohen et
al., 2017). This contributes to our findings the number of
male patients with AMI was more than twice that of female
patients (Table 2). Although after adjusting the P value
with Bonferroni correction, the sex subgroup analysis in
the cold season did not show significant differences.
In regard to age, the elderly was more likely to be

affected by air pollution and subsequently have a higher
risks of suffering AMI, supported by a number of studies in
China and abroad (Kan et al., 2008; Chen et al., 2012;
Goggins et al., 2013; Lin and Kuo, 2013; Wang et al.,
2015; Chen et al., 2018). It might be the result of the
decline of body functions and a fragile cardiovascular
system and organs (Fischer et al., 2003).
In the multi-pollutant model, prior research indicates

that the confounder between pollutants would increase the
incidence of cardiopulmonary diseases more than single
pollutants (Guo et al., 2010b; Lee et al., 2015). However,
our results showed that after adjusting for co-pollutants,
the estimates were reduced or insignificant, except when
adjusting for O3, and in the cold season when CO is the
main pollutant, the estimates were still significant, but the
changes were almost negligible (Tables 3 and S7). A study
by Guo et al. (2009) in Beijing (China) on the relationship
between particulate matter and cardiovascular emergency
departments also concluded that in the multipollutant
model, no significant statistical association between air
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pollutants and CVD was found. Similar conclusions are
also reflected in many studies (Stafoggia et al., 2013;
Newell et al., 2017). Wang et al. (2018b) indicated that
although pollutants are highly correlated, they do not have
confounder effects. Some scholars contend that pollutants
have relatively independent effects (Xu et al., 2017).
Compared to cardiovascular diseases, the pathogenesis

of respiratory diseases such as COPD is different (Fischer
et al., 2003; Chang et al., 2005; Chen et al., 2012; Phung
et al., 2016), which may lead to different responses of
COPD to air pollution. We found a statistically significant
relationship between gas pollutants, including NO2, SO2,
and COPD, while no significant correlation was observed
between particulate matter (i.e., PM2.5 and PM10) and
COPD (Table S5), inconsistent with a few previous studies
(Dominici et al., 2006; Samoli et al., 2006; Cai et al.,
2014). For instance, Wang et al. (2018a) conducted lung
function tests based on a large population sample and
found that relatively high PM2.5 concentrations, such as
annual mean concentrations greater than 50 μg/m3, tend to
be a risk factor for COPD. However, the mean annual
PM2.5 concentration in Qingdao is 43.3 μg/m3 (Table 2),
possibly not high enough to significantly affect COPD.
Meanwhile, Wang et al. (2018a) demonstrated that other
factors, such as family history of diseases and education
level, might also play vital roles in modulating COPD, and
these confounding factors could yield an insignificant
relationship between PM2.5 and COPD. Consistently, the
pulmonary function test conducted in Europe indicated that
PM2.5 was not necessarily related to COPD (Götschi et al.,
2008).
Regarding the lag effect of air pollution on COPD (Fig.

5), our results showed a significant cumulative lag effect of
NO2 and SO2 on COPD, consistent with a few studies
focusing on Shanghai, China (Kan et al., 2008) and the
Netherlands (Fischer et al., 2003) (Table S9). The exact
mechanism modulating the lag is unclear so far, requiring
future efforts to delve into the mechanism.
The seasonal influence of air pollutants on COPD was

not significant in our study, which is supported by Liu et al.
(2017), who investigated pediatric outpatient visits for
respiratory diseases in Yichang, Hubei, China. However,
seasonal differences were revealed by other studies, with
some showing significance in the cold season (Kan et al.,
2008; Cai et al., 2014; Lee et al., 2015; Wang et al., 2018b)
and others in the warm season (Middleton et al., 2008;
Stieb et al., 2009; Zhang et al., 2014). In revealing the
differences in sex and age subgroups in responding to the
influence of air pollutants on COPD (Figs. 4 and 5), our
study’s finding that women and the elderly were more
vulnerable to air pollution is generally consistent with prior
research (Kan et al., 2008; Tao et al., 2014; Xu et al.,
2016).
The exposure response curve had an inflection point

under the assumption of linearity, indicating that the public
health benefits of air pollution concentration control may

vary depending on the slope. Similar results have also
appeared in other literature. For instance, Xu et al. (2017)
found a consistent exposure response curve like this study,
which is steeper at high concentrations between PM2.5 and
cerebrovascular diseases in Beijing, while Liu et al. (2017)
illustrated comparable variation pattern between SO2 and
COPD (Fig. 2 in this study vs. Fig. 4 in Liu et al., 2017)
which tends to become flat when the concentration of SO2

exceeds a certain value. This striking feature implies the
necessity and importance of emission reduction and a
subsequent decrease in air pollutant concentration, as well
as the dependence of hospital admission risk reduction on
the slope. Specifically, the reduction in high concentrations
of PM2.5 is likely to be most effective in reducing the risk
of AMI hospital admission considering the strong correla-
tion, the same can be said for the relationship between CO
and COPD. However, the effectiveness is relatively low for
COPD if only high SO2 concentration is reduced due to the
nearly flat or even negative slope (Fig. 2).
There are a couple of limitations in our study. First, only

one hospital is selected in Qingdao due to data availability,
and if possible, more hospitals might be included in the
examination of the relationship between air pollutants and
human health in the future. Second, the distributions of air
pollutant observations are limited, which will cause
exposure measurement errors to a certain extent. There-
fore, a more intensive observation network could be
enhanced, or experimental methods of portable air quality
measuring instruments could be tested in the future.
Nevertheless, please note that a sensitivity test was
conducted by selecting four closest stations to the three
branches of the hospital, yielding comparable exposure-
response results to that based on nine stations. Third, the
high correlation between pollutants will cause estimation
bias due to the collinearity of the model (Table S10). Last,
compounding factors such as smoking and individual
lifestyle were not taken into consideration and deserve
further investigation in the future.

5 Conclusions and summary

Overall, our study revealed significant effects of air
pollutants on cardiorespiratory diseases, we found that
PM2.5, PM10, NO2, SO2 and CO exhibited a significant
short-term association with AMI in the single-pollutant
model, especially for the elderly and females during the
cold season. In contrast, for COPD, only NO2 and SO2

displayed clear cumulative lag associations with COPD
admission for females and the elderly. The exposure
response curve may provide useful guidance in the
enforcement of air quality control aiming to achieve the
maximal benefit in both protecting human health and
maintaining the progress of the economy. Given the close
relationship exhibited in the exposure response curve, we
suggest that the timely notification of near-term forecasts
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of health impacts due to air pollution may be a good
alternative to emission control.
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