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Abstract Although the growths of ambient pollutants have
been attracting public concern, the characteristic of the associ-
ations between air pollutants and mortality remains elusive.
Time series analysis with a generalized additive model was
performed to estimate the associations between ambient air
pollutants and mortality outcomes in Shenzhen City for the
period of 2012–2014. The results showed that nitrogen dioxide
(NO2)-induced excess risks (ER) of total non-accidental mor-
tality and cardiovascular mortality were significantly increased
(6.05% (95% CI 3.38%, 8.78%); 6.88% (95% CI 2.98%,
10.93%), respectively) in interquartile range (IQR) increase
analysis. Also, these associations were strengthened after
adjusting for other pollutants. Moreover, similar associations
were estimated for sulfur dioxide (SO2), particulate matter with
an aerodynamic diameter of <10 μm (PM10), and total non-
accidental mortality. There were significant higher ERs of as-
sociations between PM10 and mortality for men than women;
while there were significant higher ERs of associations between

PM10/NO2 and mortality for elders (65 or elder) than youngers
(64 or younger). Season analyses showed that associations be-
tween NO2 and total non-accidental mortality were more pro-
nounced in hot seasons than in warm seasons. Taken together,
NO2 was positively associated with total non-accidental mor-
tality and cardiovascular mortality in Shenzhen even when the
concentrations were below the ambient air quality standard.
Policy measures should aim at reducing residents’ exposure to
anthropogenic NO2 emissions.
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Introduction

Recently, wide-range, recurrent, and continuous haze has dis-
turbed the daily life of Chinese residents and threated to their
health.

The associations of morbidity and mortality of many dis-
eases with air pollutants have been extensively noted and rec-
ognized by numerous researchers in different countries and
regions. For example, the stroke morbidity may be associated
with the lag effect of particulate matter (PM) exposure (Scheers
et al. 2015). Samoli et al. reported the adverse effects of ambi-
ent PM on mortality in Europe and North America (Samoli
et al. 2008). In addition, associations of PM10, SO2, and NO2

with coronary heart disease mortality in eight Chinese cities
were found (Li et al. 2015). Furthermore, some other studies
indicate the associations between childhood emergency depart-
ment (ED) visits/hospitalizations and ozone (O3)/PM2.5

(Gleason & Fagliano 2015, Silverman & Ito 2010).
However, most of the studies on the effects of air pollutants

on morbidity and mortality of relative diseases were
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performed in Canada, USA, and Europe (Chen et al. 2014,
Ferrari et al. 2015, Rodopoulou et al. 2015). Their findings
might not be suitable for China, especially Shenzhen, since
Shenzhen has unique region, local meteorology, demography,
and pollutants.

Shenzhen locates at the southeast of China and next to
Hong Kong. Shenzhen has subtropical monsoon climate.
The method which delimits four seasons is not suitable for
the characteristics of the long summer of Shenzhen. Thus,
the seasonal division rule of warm and hot climate is more
appropriate to indicate the climate situation of Shenzhen (Dai
et al. 2015, Liu et al. 2014). The population and economy
grew rapidly since Shenzhen Special Economic Zone was
established. As a vibrant city, the median age of Shenzhen is
30.73 in the period of 2012–2014 (Shenzhen Statistics Bureau
2015).

Automobile exhaust contributes major ambient air pollu-
tion in Shenzhen. The chemical components of automobile are
complicated, and some of them may have synergistic effects.
The rapid economic growth in Shenzhen boosted the car own-
ership (Xie et al. 2016). From 2012 to 2014, the growth rates
of motor vehicles are 15, 16.5, and 17.44%, respectively. By
the end of 2014, vehicle population is more than 3.19 million
(Shenzhen TrafficManagement Bureau 2015). The increase in
number of motor vehicles exacerbates ambient air pollution
(Chen et al. 2004).

Generally, Shenzhen is not an industrial city, and its air
quality is better compared to those of many other cities of
China. Shenzhen residents are younger; therefore, they may
have better health and less susceptibility to pollutants.
However, Shenzhen’s annual non-accidental morality raised
continually, and the growth is 14.83% during 2012–2014. We
hypothesize that the pollutant levels positively correlate to the
mortalities in Shenzhen even when the pollution is mild, and
that different chemical pollutants have diverse association to
the mortalities.

To validate the hypothesis, we studied the relationship be-
tween air pollutant exposure and characteristics of mortality in
Shenzhen. To obtain better accuracy, we conducted a time
series analysis to evaluate the trends of total non-accidental
mortality, cardiovascular mortality, and respiratory mortality
in Shenzhen, based on a 3-year analysis during the period of
2012–2014. This study also attempts to analyze the disparities
in mortalities as well as the temporal trends according to sex
and age of subgroups.

Methods

Air pollution and death data

This study was performed based on the death registry system
(2012–2014) in Shenzhen. Individual records of all deaths

were collected in Shenzhen between 2012 and 2014, with
BCUMULATIVE OFFICIAL UPDATES TO ICD-10^
(WHO 2006) for information on causes of deaths (A00-
R94), cardiovascular diseases (ICD-10, I00-I99), and respira-
tory diseases (ICD-10, J00-J99). Personal information of all
deceased individuals was collected on sex, age of death, date
of death, and ICD code.

We calculated daily concentrations of sulfur dioxide
(SO2), nitrogen dioxide (NO2), ozone (O3), and particle
matter 10 (PM10). The measurements of SO2, NO2, O3,
and PM10 were retrieved from Shenzhen Environmental
Monitoring Center. The daily 24-h SO2 mass concentra-
tions were detected by pulse fluorescence SO2 analyzer
(43i, Thermo, MA, USA). The daily 24-h NO2 mass
concentrations were detected by a chemiluminescence
NO-NO2-NOx analyzer (42i, Thermo, MA, USA). The
daily 8-h O3 mass concentrations were detected by an
ultraviolet spectrophotometry O3 analyzer (49i, Thermo,
MA, USA) (Rodopoulou et al. 2015). The daily 24-h
PM10 mass concentrations were detected by the air par-
ticle monitor (TEOM 1405, Thermo, MA, USA), and
the measurement principle of which is taking continuous
direct mass measurements of particulates using a tapered
element oscillating microbalance (TEOM). The data
were obtained from ten monitoring points: Baoan,
Honghu, Huaqiaocheng, Liyuan, Lixiang, Longgang,
Nanhu, Nanyou, Yantian, and Xixiang (Fig. 1). The dai-
ly concentrations provided in this study were daily
mean values measured from these ten monitoring sta-
tions. There were no pollution sources around the mon-
itoring points. The quality control processes of monitor-
ing data were in charged by professional personnel.

According to the standard of climatology division in
Shenzhen, we distinguish the seasons by air temperature.
Five-daymoving average of temperature ≥22 °Cwas regarded
as hot season, while five-day moving average of temperature
<22 °C was regarded as warm season.

Time series analysis

Relative to the total resident population, the daily mortality is
a small-probability event. Therefore, it is approximate to the
Poisson distribution. Since the relationship between death and
the variables is usually non-linear, time series analysis ap-
proach was applied using generalized additive Poisson regres-
sion models (semi-parametric general additive model, GAM)
by the R Project for Statistical Computing, with package
Bmgcv,^ to estimate the associations between air pollutants
and mortalities.

Using time series analysis, the daily mortality was
linked to daily levels of SO2, NO2, O3, and PM10 on the
previous days. Degree of freedom (df) for the time trend
and meteorological variables in our model were assigned

20262 Environ Sci Pollut Res (2017) 24:20261–20272



based on the previous studies (Lee et al. 2015, Lin et al.
2015, 2016b, Tian et al. 2015):

Log E Yð Þð Þ ¼ αþ s t; df ¼ 7=Year*No:of yearsð Þ
þ s Temp1–5; df ¼ 3ð Þ
þ s Humidity0; df ¼ 3ð Þ þ β1*DOW

þ β2*Holidayþ β3*Influenza

Log E (Yt) is the expected mortality count on day t, α is the
model intercept, s() indicates the penalized smoothing splines,
t represents the time series, Temp represents the temperature,
Humidity represents the humidity, DOW represents the day of
week, β1–β3 are the regression coefficients, and Influenza
represents the outbreak of influenza.

The sensitivity was assessed in the smooth function of
time trends (df = 6–9 per year) and meteorological vari-
ables (the previous 3–5 days’ moving average tempera-
ture, df = 3–6, and relative humidity, df = 3–6).
According to the reference and our sensitivity analysis
results, we adopt 7 df for calendar time, 3 df for average
temperature, and 3 df for relative humidity to produce in
the best model fitting. A dummy variable for day of the
week was introduced to control the systematic variation
over time. Also, air pollutants were added separately into
lag models. We separately tested SO2, NO2, O3, and PM10

using same-day, 1–6-days lag. We also examined the ef-
fects of multi-day lags (the previous 1, 2, 3, and 4 days:
lag 0–1, 0–2, 0–3, 0–4, 1–2, 2–3, 3–4, moving average
lags, and excess risk (ER) using interquartile range (IQR)

increases). Moreover, multi-pollutant models were applied
to examine the independent effects of these pollutants.
Furthermore, the association between air pollutants and
deaths in different genders (male and female) and age
groups (age 64 years and younger; age 65 years and
older) were also investigated.

In our analyses, several sensitivity analyses were per-
formed to explore the robustness of the models. The sen-
sitivity of the variables was assessed in terms of the df of
time trends (6–9), df of mean temperature (3–9), and df of
relative humidity (3–7). We also investigated whether as-
sociations between one pollutant and mortality were sen-
sitive after adjusting for other pollutants by performing
two-pollutant adjusted models where pollutants were in-
cluded simultaneously with the same lag structure (lag02).
For example, in order to analyze the effects of NO2 on
mortality without the confounding of O3, we control O3 in
the model. The model is shown below:

Model ¼ GAM

death∼NO2 þ O3 þ s time; 7*3ð Þ
þs Tmean; df ¼ 3ð Þ þ s Humidity0; df ¼ 3ð Þ
þβ1*DOWþ β2*Holiday þ β3*Influenza

0
BBB@

1
CCCA

Thus, the collinearity issue was taken into consideration
and was solved in present study.

In addition, there are some data missing of death reports
(27/1063, 2.5%) during September and October of 2012.
Expectation-maximization was performed to estimate the
missing value. After time series analysis, the results showed

Fig. 1 Locations of the ten monitoring stations in the district map of Shenzhen, China
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that there is no significant difference between this data miss-
ing and data filling. Thus, in order to maintain objectivity and
facticity, original data were used in our manuscript.

All analyses were conducted in SPSS 20.0 and R 3.1.1.
This study was approved by the Ethics Committee of

Shenzhen Center for Disease Control and Prevention, the per-
mit number is No. 20161018.

Results

Study population and air pollution characteristics

The characteristics of study population, the meteorology, and
air pollutant data were shown in Table 1. The number of total
non-accidental mortality in Shenzhen was 35,261 in 2012–
2014. Total non-accidental mortality, cardiovascular mortality,
and respiratory mortality were all higher for males
(20.28 ± 6.06, 7.23 ± 3.07, 1.74 ± 0.98, respectively) and for
elder (age 65 years and older; 33.46 ± 7.45, 7.83 ± 3.25,
1.95 ± 1.12, respectively). It’s worth mentioning that from
January 1, 2013 to December 31, 2014, there are 93.56%
(683/730) days which the concentrations of daily PM2.5 in
Shenzhen were below the Chinese national standard limit
(0–35 μg/m3 for the first level, 35–75 μg/m3 for the second
level (China 2012)). The daily meteorological condition and
pollution status in Shenzhen were shown in Supplementary
Fig. 1 and Supplementary Fig. 2. The time series analysis of
daily levels of pollutants in Shenzhen suggested that GAM
model was suitable for the present study.

The variabilities of daily total non-accidental mortality
and cardiovascular mortality by years using the time series
were presented in Supplementary Fig. 3A and B. The vari-
ability of daily respiratory mortality could not be shown as
line graph for the limited number of subjects, thus it was
shown in Supplementary Fig. 3C. Supplementary Fig. 4
exhibited an increasing trend of mortalities during the
2012–2014 periods.

Spearman rank correlation analysis

Spearman rank correlation analysis was performed to analyze
the relationship among the air pollutants and the meteorolog-
ical factor (Table 2). The air pollutants were significantly neg-
atively associated with temperature and humidity (comparing
with temperature, rSO2 = −0.163, rNO2 = −0.404,
rPM10 = −0.348; comparing with humidity, rSO2 = −0.504,
rNO2 = −0.063, rO3 = −0.548, rPM10 = −0.568). SO2 was pos-
itively associated with NO2 (r = 0.618), O3 (r = 0.315) and
PM10 (r = 0.738). PM10 was significantly positively associat-
ed with NO2 (r = 0.599) and O3 (r = 0.573).

Regression results

Single-pollutant models

Using a single model, adjusted ER (95% CI) of mortality and
SO2, NO2, O3, and PM10 IQR increases for lag periods (lag0–
lag6, lag01–lag04, lag12, lag23, lag34) were presented in
Fig. 2. Among the lag day analyses, the maximum effects
and the most significant results were both considered as the
criteria for further analysis. Finally, the lag02 day was found
to have the most model fit (Supplement Table 1).

The results showed that SO2, NO2, and PM10 were signif-
icantly associated with total non-accidental mortality, with the
maximum effects observed at lag02 day (3-day moving aver-
age), and the corresponding ER for per IQR increase was 2.84
(95% confidence interval (CI) 0.33%, 5.41%), 6.05 (95% CI
3.38%, 8.78%), and 4.36% (95% CI 1.12%, 7.70%), respec-
tively (P < 0.05). O3 was significantly associated with total
non-accidental mortality only at lag4 day, the corresponding
ER for per IQR increase was 2.48% (95% CI 0.04%, 4.97%)
(P < 0.05). SO2 was significantly associated with cardiovas-
cular mortality, with the maximum effects observed at lag5
day, the corresponding ER for per IQR increase was 3.83%
(95% CI 1.28%, 6.45%) (P < 0.01).

NO2 and PM10 were significantly associated with cardio-
vascular mortality, with the maximum effects observed at
lag02 day (3-day moving average), and the corresponding
ER for per IQR increase was 6.88 (95% confidence interval
(CI) 2.98%, 10.93%) and 6.51% (95% CI 1.70%, 11.55%),
respectively (P < 0.05). However, there were no significant
effects observed among the respiratory mortality and SO2,
NO2, PM10, and O3.

The analyses between SO2, NO2, PM10, O3, and subgroups
of mortality were shown in Table 3. In single lag model
(lag02), once the concentration of PM10 is increased per
IQR, total non-accidental mortality of all ages is all signifi-
cantly increased. Once the concentration of NO2 is increased
per IQR, significantly higher ERs of total non-accidental mor-
tality will affect men than women (P < 0.05). Furthermore,
once the concentration of PM10 is increased per IQR, total
non-accidental mortality of all ages is all significantly in-
creased. Once the concentrations of SO2/NO2/PM10 are in-
creased per IQR, significantly higher ERs of cardiovascular
mortality will affect men than women (P < 0.05). Similarly,
once the concentrations of SO2/NO2/PM10 are increased per
IQR, significantly higher ERs of cardiovascular mortality will
affect the elderly (65 years and older) than younger (64 years
and younger) (P < 0.05).

In single lag model (lag4), the total non-accidental mortal-
ity for men showed a significantly higher ER with PM10 and
NO2 in both increase types.Moreover, the total non-accidental
mortality for the elder (65 years and older) showed a signifi-
cantly higher ER with PM10 and O3 in IQR increase type.

20264 Environ Sci Pollut Res (2017) 24:20261–20272



The 10-μg/m3 increasing type was also made in lag models
in the present study. The results were consistent with the IQR
increasing type (Supplement Table 1).

Sensitivity analysis results

Multi-pollutant adjusted analysis

The air pollutants models which showed significant differences
in lag02 day were further analyzed in two-pollutant adjusted
models. The results of lag02 in two-pollutant adjusted models
were shown in Table 4. The adverse effects for NO2 remained
significantly associated with both total non-accidental mortal-
ity and cardiovascular mortality after adjusting for all other
pollutants in IQR increase type. However, the adverse effects
for PM10/SO2 remained significantly associated with both total
non-accidental mortality and cardiovascular mortality only

after adjusting for O3 in IQR increase type. Meanwhile, there
were no significant associations between PM10/SO2 and mor-
tality after adjusting for other pollutants. Moreover, there were
no significant associations between SO2, NO2, PM10, and re-
spiratory mortality after adjusting for other pollutants.

Season analysis

The significant association between NO2 and total non-
accidental mortality was observed in hot season but not in
warm season in lag02 days (Table 5). The significance ap-
peared to be larger after adjusting for other pollutants. A sig-
nificant seasonal pattern with increased counts in hot season
and lower counts in warm season was observed between NO2

and total non-accidental mortality in lag02 days, due to mod-
erate seasonal variability. Meanwhile, the significant associa-
tion between NO2 and cardiovascular mortality was observed

Table 1 Daily frequency of total
non-accidental mortality,
cardiovascular mortality,
respiratory mortality, and
meteorological data for the period
2012–2014

Variable Mean (SD) Median
(25–75th percentile)

Total

Total non-accidental mortality 32.27 (8.70) 33 (28–37) 35,261

Sex

Man 20.28 (6.06) 20 (17–24) 22,147

Woman 12.13 (4.14) 12 (9–15) 13,114

Year

1(≤64) 29.86 (10.67) 26 (31–36) 19,324

2(≥65) 33.46 (7.45) 33 (29–38) 15,937

Cardiovascular mortality 11.99 (4.27) 12 (9–14) 12,845

Sex

Man 7.23 (3.07) 7 (5–9) 7749

Woman 4.87 (2.35) 5 (3–6) 5096

Year

1(≤64) 4.35 (2.08) 4 (3–6) 4548

2(≥65) 7.83 (3.25) 8 (6–10) 8297

Respiratory mortality 2.21(1.29) 2 (1–3) 1929

Sex

Man 1.74 (0.98) 1 (1–2) 1272

Woman 1.32 (0.65) 1 (1–1) 657

Year

1(≤64) 1.24 (0.51) 1 (1–1) 400

2(≥65) 1.95 (1.12) 2 (1–2.75) 1529

Meteorology and air pollutants Mean (SD) Median (25–75%) Interquartile
range (IQR)

Temperature (°C) 23.16 (5.65) 24.7 (19.03–28.10) 9.07

Relative humidity (%) 75.57 (13.44) 78 (70–85) 15

SO2 μg/m
3 10.34 (4.96) 9.41 (6.95–12.32) 5.37

NO2 μg/m
3 44.93 (17.12) 41.55 (32.82–53.03) 20.21

PM10 μg/m
3 57.30 (30.17) 49.64 (33.47–74.36) 40.89

PM2.5 μg/m
3 (2013.1.1–2014.12.31) 37.62 (22.60) 33.93 (19.63–49.17) 29.54

O3 μg/m
3 56.70 (22.72) 51.85(39.16–71.4) 32.24
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in hot season but not in warm season in lag02 days. The
counts were significant and appeared to be larger after
adjusting for SO2, O3, and PM10. There were no significant
associations between SO2, PM10, total non-accidental mortal-
ity, and cardiovascular mortality in either warm season or hot
season. There were no significant associations between SO2,
NO2, PM10, and respiratory mortality in either warm season or
hot season.

Exposure-response analysis

Fig. 3A plotted the exposure-response relationships between
air pollutants (SO2, NO2, PM10, and O3) and total non-
accidental mortality. The 25–75% ambient pollutant concen-
trations were considered as reasonable and credible ranges.
The shapes of SO2 and PM10 curves were similar and approx-
imate linear at the 25–75% ambient levels. There was an in-
flection point in the shape of NO2 curve at the ambient NO2

levels, and then the shape of NO2 curve tends to become linear
at higher ambient concentrations.

Fig. 3B plotted the exposure-response relationships be-
tween air pollutants (SO2, NO2, and PM10) and cardiovascular
mortality. The shapes of SO2 and PM10 curves were similar
and approximate linear at the 25–75% ambient levels. The 25–
75% ambient levels of NO2 are 33.47–74.36 μg/m3. The
shapes of NO2 curve were approximate linear at the 33.4–
40.91-μg/m3 NO2 levels. There was a peak in the shape of
NO2 curve at 40.92-μg/m

3 NO2 levels, and then the shape of
NO2 curve tended to become a horizontal line at 40.93–
74.36-μg/m3 NO2 levels.

Discussion

In this time series study, we demonstrated positive correlations
between ambient NO2 and mortality outcomes (total non-
accidental mortality and cardiovascular mortality). The asso-
ciation became stronger when the co-pollutants (SO2, O3, and
PM10) were adjusted in two-pollutant adjusted models. Men
and subjects age 65 years and older appeared to be more
sensitive to ambient NO2. Ambient SO2 and PM10 were also
positively associated with daily mortality, but the associations
were not always significant after different lag analyses or
adjusting for co-pollutants. The significant associations be-
tween effects of SO2 and PM10 on total non-accidental mor-
tality and cardiovascular mortality on lag02 day were ob-
served in single-pollutant model. Meanwhile, co-pollutant
analysis showed that the significant associations were not con-
founded by O3.

We examined the concentration-response relationship
using a smoothing function; the result suggested an approxi-
mately linear relationship without an obvious threshold. Thus,
we used the non-threshold model.

Shenzhen has undergone rapid economic growth through
industrialization and urbanization, which could be character-
ized by extension of building and traffic density. Therefore, as
one of the crucial constituent of traffic-related pollutants, an
overload of NO2 in Shenzhen is not strange. In our study, the
rise of NO2 significantly raised the total non-accidental mor-
tality risk at lag0, lag1, lag2, lag3, lag4, lag01, lag02, lag03,
lag04, lag12, lag23, and lag34; increasing NO2 significantly
raised the cardiovascular mortality risk at lag0, lag1, lag01,
lag02, lag03, lag04, and lag12, but not at lag5 and lag6 days;

Table 2 Spearman rank
correlation analysis Temperature Humidity SO2 NO2 O3 PM10

Temperature Spearman
correlation

1.000 0.110** −0.163** −0.404** −0.022 −0.348**

P(2-tailed) 0.000 0.000 0.000 0.471 0.000

Humidity Spearman
correlation

1.000 −0.504** −0.063* −0.548** −0.568**

P(2-tailed) 0.000 0.036 0.000 0.000

SO2 Spearman
correlation

1.000 0.618** 0.315** 0.738**

P(2-tailed) 0.000 0.000 0.000

NO2 Spearman
correlation

1.000 0.028 −0.599**

P(2-tailed) 0.347 0.000

O3 Spearman
correlation

1.000 0.573**

P(2-tailed) 0.000

PM10 Spearman
correlation

1.000

P(2-tailed)

*P < 0.05.

**P < 0.01.
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these results indicate rapid effect of short-term NO2 exposure
on mortality outcomes.

In China, the air quality standards (24-h level, 8-h for O3)
of SO2, NO2, O3, and PM10 should not exceed 50, 80, 100,
and 70 μg/m3, respectively. Our results showed that concen-
trations of pollutants in Shenzhen were within these standards.
But concentration of NO2 in Shenzhen was higher than the
year mean standards (40 μg/m3). Therefore, our results might
partly attribute to the higher median concentrations of NO2

(44.93 μg/m3). The results of strong relationship between am-
bient NO2 and total non-accidental mortality are consistent
with the study in Nanjing, China (Lu et al. 2015). They re-
ported that mortality risks were associated with ambient con-
centrations of NO2 (51.5 ± 19.8 μg/m

3). Being consistent with

the present results, Italian researchers also reported that there
were significant effects of NO2 on natural, cardiac, and respi-
ratory mortality in Italian cities (Chiusolo et al. 2011).

Ambient PM pollution has been considered as a potential
risk factor for mortality (Brunekreef & Holgate 2002,
Stafoggia et al. 2015). Some studies have reported the health
effect of PM10 (Carreras et al. 2015, Lin et al. 2015, Nasser
et al. 2015, Pinheiro Sde et al. 2014). One interesting study
examined the effectiveness of the air pollution controllingmea-
sures during the 2010 Asian Games period in Guangzhou and
found a significant reduction in PM10 concentration, followed
by obvious mortality reduction (Hualiang Lin et al. 2014).
Ting Wang et al. found that there were strong associations
between daily cardiovascular and ambient PM10 exposure

Fig. 2 Risk estimates were expressed as excess risk (ER) with 95% CI
per IQR increase of daily mean concentration of SO2, NO2, O3, and PM10

with different lag days (single lags for the current day (lag0) to 6 days
before the current day (lag6); 1 day before the current day to 2 days before

the current day (lag12), lag23, lag34, and multi-day lags for the current
day and prior 1 day before (lag01), 2 days (lag02), 3 days (lag03), and
4 days (lag04))

Environ Sci Pollut Res (2017) 24:20261–20272 20267



(10–503 μg/m3) in Tianjin Binhai New Area. Similarly, our
results demonstrated that PM10 was associated with total non-
accidental mortality and cardiovascular mortality in Shenzhen
in lag02 days.

There were no significant associations between SO2, NO2,
O3, PM10, and the respiratory mortality in present study. This
may be partly due to the climate of Shenzhen. Some re-
searchers observed significant inactiveness of some respirato-
ry viruses under relatively higher temperature (Chan et al.
2015). Besides, another reason for these outcomes is that the
air pollutions in Shenzhen are within the current air quality
standards (Perez et al. 2015).

Meanwhile, the daily mean ambient O3 concentration in
Shenzhen (32.24 μg/m3) is slightly higher than that in Korea
(31.44 μg/m3) and Japan (29.04 μg/m3). Sanghyuk Bae et al.
reported the non-linear concentration-response relationships
between daily mean ambient O3 concentration and the daily
number of non-accidental death in Japanese and Korean cities
(Bae et al. 2015). Our result is consistent with their studies.
However, there were no significant associations between O3

and the cardiovascular mortality and O3 and the respiratory
mortality in the present study.

After two-pollutant adjusted model analyses, it should be
noticed that the levels of O3 could significantly modify the
effects of NO2, SO2, and PM10 on total non-accidental mortality
and significantly modify the effects of NO2 and PM10 on car-
diovascular mortality in the present study. Some studies argued
that NO2 and O3 might act through similar biological pathways
and increase mortality risks (Lang-Yona et al. 2016).

After seasonal analyses, the positive associations of NO2

with total non-accidental mortality were only found in hot
seasons, but not in warm seasons, even after adjusting for
other pollutants. Similarly, the positive associations of NO2

with cardiovascular mortality were only found in hot seasons,
but not in warm seasons, even after adjusting for SO2, SO2 +
O3, and SO2 + O3 + PM10. These seasonal trends are

consistent with the previous study in Shenzhen (Dai et al.
2015). There were significant associations between SO2,
PM10, and total non-accidental mortality or cardiovascular
mortality in the whole year data, but no significant associa-
tions in either warm season data or hot season data. The pos-
sible reason is that the study power was reduced in subgroup
analyses.

From the exposure-response curves, we observed ap-
proximate linear association between pollutants (SO2 and
PM10) and total non-accidental mortality and association
between pollutants (SO2 and PM10) and cardiovascular
mortality. What is more, we observed significant increases
in mortality risk even when the concentrations of air pollut-
ants were within the current air quality standards. Therefore,
we did not set any thresholds for this curve. Besides, we
could see that the 95% CI in relationships between air pol-
lutants (SO2, NO2, and PM10) and total non-accidental mor-
tality was much narrower than that of between air pollutants
(SO2, NO2, and PM10) and cardiovascular mortality. This
result demonstrated that relationships between air pollutants
and total non-accidental mortality are better than relation-
ships between air pollutants and cardiovascular mortality
with respect to the reliability of sample indexes to estimate
the population parameter.

There are a few limitations in present study. Firstly, we
only had 3-year completed and accurate data. We will
keep collecting data, and long-term time series analyses
will be completed in the near future. Moreover, modeling
the associations between air pollutants and mortality
outcomes, even after adjusting for covariates, cannot
completely reflect the causal effects for other influence
factors. Another limitation of this study was that we did
not have access to ambient PM2.5 data, limiting our ability
to control for its potential confounding effect. Though,
one of the multi-city studies in China reported a signifi-
cant mortality effect and burden associated with ambient

Table 3 The analysis of excess risk (ER) with 95% CI for mortality per IQR increases of SO2, NO2, O3, and PM10 by subgroups

Variable IQR increases

Total non-accidental mortality SO2 NO2 O3 PM10

Gender m 3.19 (−0.07, 6.55) 4.96 (1.52, 8.52)** 2.99 (−1.04, 7.18) 1.33 (0.31, 2.35)*

w 2.10 (−1.63, 5.97) 5.61 (1.64, 9.74)** 1.74 (−3.13, 6.85) 0.74 (−0.42, 1.92)
Age 64 2.59 (−0.83, 6.13) 5.68 (2.01, 9.50)** 2.77 (−1.67, 7.41) 1.11 (0.04, 2.19)*

65 2.90 (−0.48, 6.41) 4.86 (1.31, 8.52)** 3.45 (−1.03, 8.14) 1.10 (0.05, 2.16)*

Cardiovascular mortality

Gender m 5.49 (0.83, 10.35)* 7.42 (2.51, 12.57)** 6.10 (−0.14, 12.73) 2.33 (0.88, 3.79)**

w 0.92 (−4.3, 6.43) 6.02 (0.43, 11.92)* −0.99 (−7.81, 6.33) 0.39 (−1.25, 2.06)
Age 64 1.86 (−3.5, 7.52) 5.61 (−0.17, 11.73) 1.27 (−5.74, 8.82) 1.25 (−0.45, 2.98)

65 4.66 (0.23, 9.29)* 7.56 (2.91, 12.42)** 4.37 (−1.54, 10.65) 1.70 (0.34, 3.09)*

*P < 0.05.

**P < 0.01.
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PM2.5 in South China (Lin et al. 2016a). However, in
view of the low concentration of PM2.5, there might also
be hardly any confounding effects of PM2.5 to NO2 con-
centration in Shenzhen City.

Conclusions

In conclusion, the present study identified the adverse effects
of NO2, SO2, and PM10 on the total non-accidental mortality

Table 4 ER of total non-accidental mortality, cardiovascular mortality,
and respiratory mortality for IQR increases of SO2, NO2, and PM10 after
adjusting for other pollutants in lag02 day

Variable IQR increases

Effects on total non-accidental mortality

SO2 Single 2.84 (0.33, 5.41)*

Adj. for NO2 −0.42 (−3.33, 2.55)
Adj. for O3 2.68 (0.05, 5.38) ***

Adj. for PM10 0.84 (−2.67, 4.47)
NO2 Single 6.05(3.38, 8.78)***

Adj. for SO2 6.31 (3.11, 9.6)***

Adj. for O3 6.01 (3.34, 8.74)***

Adj. for PM10 5.9 (2.67, 9.22)***

PM10 Single 4.36 (1.12, 7.70)**

Adj. for SO2 3.57 (−1.01, 8.38)
Adj. for O3 4.64 (0.92, 8.49)**

Adj. for NO2 0.31 (−3.44, 4.20)
Effects on cardiovascular mortality

SO2 Single 14.52 (−0.05, 31.23)
Adj. for NO2 0.77 (−14.30, 18.49)
Adj. for O3 12.68 (−2.33, 30.00)
Adj. for PM10 0.40 (−17.52, 22.21)

NO2 Single 6.88 (2.98, 10.93)***

Adj. for SO2 6.76 (2.14, 11.59)**

Adj. for O3 6.85 (2.95, 10.90)***

Adj. for PM10 5.69 (1.02, 10.58)***

PM10 Single 6.51(1.70, 11.55)**

Adj. for SO2 6.41 (−0.46, 13.75)
Adj. for O3 6.47 (1.02, 12.22)***

Adj. for NO2 2.47 (−3.12, 8.38)
Effects on respiratory mortality

SO2 Single 5.81 (−2.69, 15.06)
Adj. for NO2 0.80 (−8.82, 11.44)
Adj. for O3 5.36 (−3.47, 14.99)
Adj. for PM10 −2.04 (−13.06, 10.37)

NO2 Single 10.26 (−1.16, 20.17)
Adj. for SO2 9.77 (−0.92, 21.62)
Adj. for O3 10.24 (−1.14, 20.16)
Adj. for PM10 6.47 (−4.11, 18.22)

PM10 Single 12.87 (−1.33, 25.73)
Adj. for SO2 15.01 (−1.31, 34.03)
Adj. for O3 14.05 (−0.99, 28.79)
Adj. for NO2 8.02 (−5.24, 23.13)

*P < 0.05.

**P < 0.01.

***P < 0.001.

Table 5 Percent change (ER% (95%CI)) of total non-accidental
mortality and cardiovascular mortality per IQR increases of SO2, NO2,
and PM10 after adjusting for other pollutants in warm and hot seasons,
respectively, in lag02 day

Variable Warm Hot

Effects on total non-accidental mortality

SO2 Single −1.60 (−4.96, 1.87) 2.14 (−1.88, 6.33)
Adj. for NO2 −2.45 (−6.00, 1.23) −4.54 (−9.85, 1.07)
Adj. for O3 −1.58 (−5.03, 2.00) 2.29 (−2.06, 6.82)
Adj. for PM10 −4.09 (−8.70, 0.76) 1.18 (−4.41, 7.09)

NO2 Single 1.55 (−1.73, 4.93) 7.1 (2.44, 11.97)**

Adj. for SO2 2.38 (−1.14, 6.01) 11.15 (4.30, 18.45)**

Adj. for O3 1.52 (−1.85, 5.01) 7.28 (2.51, 12.26)**

Adj. for PM10 1.68 (−2.13, 5.63) 8.83 (2.92, 15.08)**

PM10 Single 0.73 (−3.27, 4.91) 3.33 (−2.74, 9.77)
Adj. for SO2 4.29 (−1.54, 10.46) 2.05 (−6.31, 11.16)
Adj. for O3 0.97 (−3.21, 5.33) 5.22 (−3.04, 14.18)
Adj. for NO2 −0.32 (−4.91, 4.50) −3.52 (−10.52, 4.03)

Effects on cardiovascular mortality

SO2 Single −5.56 (−22.21, 14.67) 4.64 (−16.56, 31.23)
Adj. for NO2 −9.39 (−26.34, 11.47) −18.87 (−41.32, 12.16)
Adj. for O3 −5.13 (−22.36, 15.92) 4.24 (−18.34, 33.07)
Adj. for PM10 −17.68 (−37.85, 9.05) −1.76 (−28.62, 35.22)

NO2 Single 2.22 (−2.65, 7.33) 6.3 (−0.60, 13.69)
Adj. for SO2 3.09 (−2.13, 8.58) 11.17 (0.97, 22.41)*

Adj. for O3 2.15 (−2.86, 7.41) 6.40 (−0.65, 13.95)
Adj. for PM10 2.14 (−3.53, 8.13) 7.70 (−1.00, 17.16)

PM10 Single 1.55 (−4.43, 7.89) 3.15 (−5.83, 12.99)
Adj. for SO2 6.10 (−2.78, 15.79) 3.68 (−8.84, 17.90)
Adj. for O3 1.97 (−4.27, 8.60) 4.44 (−7.60, 18.05)
Adj. for NO2 0.19 (−6.67, 7.54) −2.87 (−13.31, 8.83)

Effects on respiratory mortality

SO2 Single 6.18 (−7.10, 21.35) −0.12 (−12.38, 13.86)
Adj. for NO2 2.55 (−11.05, 18.24) −7.30 (−23.27, 11.98)
Adj. for O3 8.31 (−5.61, 24.29) 0.53 (−12.62, 15.66)
Adj. for PM10 −4.51 (−20.69, 14.96) 0.12 (−16.78, 20.45)

NO2 Single 11.64 (−1.35, 26.35) 5.61 (−8.71, 22.17)
Adj. for SO2 10.82 (−2.77, 26.31) 12.26 (−9.00, 38.49)
Adj. for O3 10.85 (−2.47, 25.99) 6.23 (−8.45, 23.25)
Adj. for PM10 7.27 (−7.10, 23.88) 9.50 (−9.01, 31.77)

PM10 Single 15.66 (−1.35, 35.59) −0.39 (−18.38, 21.57)
Adj. for SO2 20.05 (−3.47, 49.31) −0.52 (−24.89, 31.78)
Adj. for O3 19.35 (−1.29, 40.64) 2.29 (−21.65, 33.54)
Adj. for NO2 10.56 (−8.08, 32.98) −7.66 (−28.28, 18.88)

*P < 0.05.

**P < 0.01.
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and the cardiovascular mortality in Shenzhen, especially in
men and elder subgroups in hot seasons. Our results suggested

that the health risks caused by ambient NO2 in current con-
centrations would be greatest for citizens. Therefore, much
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more attention and efforts are urgently needed to protect res-
idents from air pollutants. Moreover, controlling the amount
of vehicles and alleviating vehicular emissions seem to be one
of the effective ways to resolve the air pollution issue in
Shenzhen.
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