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Abstract The aim of this study was to assess the
effects of air pollutants on hospital admissions for
respiratory disease (RD) by using distributed lag
nonlinear model (DLNM) in Lanzhou during 2014—
2019. In this study, the dataset of air pollutants, mete-
orological, and daily hospital admissions for RD in
Lanzhou, from January 1st, 2014 to December 31st,
2019, were collected from three national environ-
mental monitoring stations, China meteorological
data service center, and three large general hospitals,
respectively. A time-series analysis with DLNM was
used to estimate the associations between air pol-
lutants and hospital admissions for RD including
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the stratified analysis of age, gender, and season.
The key findings were expressed as the relative risk
(RR) with a 95% confidence interval (CI) for single-
day and cumulative lag effects (0-7). A total of 90,
942 RD hospitalization cases were identified during
the study period. The highest association (RR, 95%
CI) of hospital admissions for RD and PM, 5 (1.030,
1.012-1.049), and PM,, (1.009, 1.001-1.015), and
NO, (1.047, 1.024-1.071) were observed at lag 07 for
an increase of 10 pg/m?® in the concentrations, and CO
at lag07 (1.140, 1.052-1.236) for an increase of 1 mg/
m® in the concentration. We observed that the RR
estimates for gaseous pollutants (e.g., CO and NO,)
were larger than those of particulate matter (e.g.,
PM, s and PM, ). The harmful effects of PM, 5, PM,,,
NO,, and CO were greater in male, people aged 0-14
group and in the cold season. However, no significant
association was observed for SO,, O;8h, and total
hospital admissions for RD. Therefore, some effective

S. Fang
e-mail: fangshy21@Izu.edu.cn

X. Zhou
e-mail: zhouxw21 @lzu.edu.cn

Y. Bai (X))

School of Public Health, Lanzhou University,
Lanzhou 73000, China

e-mail: baiyana@lzu.edu.cn

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s10653-022-01256-2&domain=pdf
https://doi.org/10.1007/s10653-022-01256-2
https://doi.org/10.1007/s10653-022-01256-2

942

Environ Geochem Health (2023) 45:941-959

intervention strategies should be taken to strengthen
the treatment of the ambient air pollutants, espe-
cially gaseous pollutants (e.g., CO and NO,), thereby,
reducing the burden of respiratory diseases.

Keywords Air pollutants - Respiratory disease -
Hospital admissions - Distributed lag nonlinear
model

Abbreviations
DLNM Distributed lag nonlinear model
RR Relative risk

CI Confidence interval
RD Respiratory disease
PM Particulate matter

NO, Nitrogen dioxide
SO, Sulfur dioxide

CcO Carbon monoxide

0;8h Daily 8-h maximum ozone
SD Standard deviation

Min Minimum

P,s: 25Th percentile

Ps: 50Th percentile

P5: 75Th percentile

Max Maximum

Introduction

With the rapid economic development occurring
in the past 3 decades in China, the level of air pol-
lution has increased from various emission sources.
As the system with the most frequent and extensive
contact between the human body and the external
environment, the respiratory system will inhale a cer-
tain amount of oxygen during outdoor air exchange.
Air pollutants of particulate matter (PM), organic
compounds, and gaseous air pollutants such as sul-
fur dioxide (SO,), nitrogen dioxide (NO,), ozone
(03), and CO (carbon monoxide) can be carriers of
small viruses and bacteria as well as being sensi-
tinogen for respiratory diseases (RD) development
(Cui et al., 2018). And these pollutants have irritant
effects that can induce cough reflex hypersensitivity,
dyspnea, and bronchial hyper-responsiveness (Fang
et al.,, 2019). Hence, the respiratory system is the
main organ affected by air pollution. Numerous epi-
demiological studies have indicated that air pollutants
such as PM, SO,, NO,, O;, and CO are responsible
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for increasing respiratory morbidity in different pop-
ulations around the world, especially from the meg-
acities (Capraz et al., 2017; Chang et al., 2020; Luo
et al., 2018; Phosri et al., 2019; Phung et al., 2016;
Qiu et al., 2018; Sofwan et al., 2021; Vahedian et al.,
2017). For example, a study conducted by Phung et al.
(2016) reported effect estimates (relative risks, RRs)
of 1.007 (95% CI 1.002, 1.013), 1.020 (95% CI 1.010,
1.030), and 1.080 (95% CI 1.060, 1.011) for each
10 pg/m? increment of PM,,, SO,, and NO,, respec-
tively. A study in Arak, Iran reported that a 10 pg/m?
increase in PM, 5, PM,,, SO,, NO,, O;, and 1 mg/m?
in CO resulted RRs of 1.010 (95% CI 0.990, 1.030),
1.010 (95% CI 1.004, 1.017), 1.010 (95% CI 0.998,
1.020), 1.032 (95% CI 1.003, 1.060), 0.975 (95%
CI 0.960, 0.990), and 1.090 (95% CI 1.040, 1.140),
respectively, for respiratory admission (Vahedian
et al.,, 2017). For Istanbul, Turkey, it was reported
that an increase of 10 pg/m® in concentrations of
PM, 5 and NO, over 4 days of lag corresponded to
RR=1.015 (95% CI 1.011-1.020) and RR=1.013
(95% CI 1.010-1.015) increase of respiratory admis-
sion, respectively (Capraz et al., 2017). Luo et al.
(2018) applied a time-series study to evaluate the
association between air pollution and RD hospitaliza-
tion in Taiyuan. The results showed that an increase
of 10 pg/m3 in the levels of PM, s, PM,,, SO,, and
NO, had a RR of 1.005 (95% CI 1.001-1.010), 1.004
(95% CI 1.001-1.008), 1.008 (95% CI 1.003-1.012),
and 1.027 (95% CI 1.010-1.044) for respiratory mor-
bidity. Another study including 17 cities in Sichuan,
China reported that per 10 pg/m’ increase of PM, s,
PM,,, SO,, and NO, corresponded to a RR for 1.005
(95% CI 1.004, 1.007), 1.004 (95% CI 1.003, 1.005),
1.025 (95% CI 1.015, 1.036), and 1.024 (95% CI
1.018, 1.030) increases in overall respiratory admis-
sion (Qiu et al., 2018). Phosri et al. (2019) conducted
Poisson time-series regression model to explore the
relationship between urban air pollutants and hospital
admissions for RD in Bangkok, Thailand, and showed
that each 10 pg/m?® increase of PM,y, NO,, SO,, O,
and 1 mg/m? in CO was associated with a RR of 1.012
(95% CI 1.008-1.016), 1.014 (95% CI 1.010-1.019),
1.054 (95% CI 1.022-1.068), 1.007 (95% CI
1.002-1.012), and 1.077 (95% CI 1.052-1.102) for
respiratory admissions. And in Shenyang, a time-
series study found that per 10 pg/m® increase in
PM, ., PM,,, NO,, SO,, O, and 1 mg/m* in CO con-
centrations were associated with a RR of 1.003 (95%
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CI 0.998-1.007), 1.009 (95% CI 1.005-1.013), 1.041
(95% CI 1.035-1.048), 1.007 (95% CI 1.001-1.014),
0.989(95% CI 0.976, 0.993), and 1.021 (95% CI
1.016-1.025) for respiratory admissions, respectively
(Chang et al., 2020). In Kuala Lumpur, an epidemio-
logical study of the health consequences due to air
pollution exposures concluded that respiratory mor-
bidity in the local residents was significantly associ-
ated with PM,, (RR: 1.055; 95% CI 1.013, 1.098)
(per 10 pg/m® increment), SO, (RR: 0.993; 95% CI
0.931, 1.059) (per 10 pg/m® increment), NO, (RR:
1.100; 95% CI 1.014, 1.93) (per 10 pg/m3 increment),
and CO (RR: 1.116; 95% CI 1.016, 1.226) exposure
(per 1 mg/m3 increment) (Sofwan et al., 2021).
Overall, studies mentioned above mainly discussed
the effects of different ambient air pollutants on risk
of respiratory disease in megacities including Ho
Chi Minh City (Phung et al., 2016), Istanbul (Capraz
et al.,, 2017), Bangkok (Phosri et al., 2019), Kuala
Lumpur (Sofwan et al., 2021), as well as in the Chi-
nese cities of Taiyuan (Luo et al., 2018), Shenyang
(Chang et al., 2020), and Sichuan (Qiu et al., 2018),
and less research was available in the arid inland cit-
ies of northwest China, where the components of
pollution, climate condition, and socio-demographic
status (i.e., disease pattern and socioeconomic charac-
teristic) differ from those cites. In addition, there are
still some insufficiency in current researches. First,
limit study of the health effects of air pollution among
adult residents has been performed (Chang et al.,
2020; Phosri et al., 2019; Qiu et al., 2018). Despite
not being a vulnerable group, adults are generally
exposed to higher levels of air pollution, particularly
from vehicles, due to work-related travel activities.
Second, there are few analogous researches assessing
the relationship from the warm and cold season pro-
spective for different air pollutants. Meanwhile, there
are no similar time-series studies reporting statistical
association between O; (maximum 8-h moving aver-
age) and CO exposure, lag effect, and the RD morbid-
ity. Third, time-series analysis based on the ordinary
Poisson regression model which mainly focuses on
the correlational relationship is widely used in cur-
rent researches. These models can only observe the
average risk estimates of RD morbidity related to
exposure to air pollution during a single-exposure
time window. In recent years, a distributed lag nonlin-
ear model (DLNM), which attracted much attention
from scholars, has revealed an exposure-response

relationship, as well as a lag-response relationship
from the lag dimension, which indicated the duration
of lag effects (Sofwan et al., 2021; Xie et al., 2019;
Xu et al., 2021). To avoid the limitations of Poisson
regression model, we adopted an advanced method, a
distributed lag nonlinear model (DLNM) which can
represent both nonlinear exposure—response depend-
encies and delay effects.

Lanzhou, which is located in the inland northwest
China, so the unique basin topography and special
meteorological conditions cause air pollutants dif-
ficult to diffuse. Some scholars have reported on the
air pollution and hospitalization effect or outpatient
effect in Lanzhou (Cheng et al., 2021; Dong, Liu,
et al., 2021a). However, those studies did not assess
the lag-response relationship between daily respira-
tory hospital admissions and air pollutants as well
as the adverse health effects of exposure to CO and
O;8h or during seasonal variations. Therefore, we
aim to explore the relationship between daily expo-
sure to PM, 5, PM,,, SO,, NO,, O;8h, and CO and the
risk of hospitalization for RD in Lanzhou. Subgroup
analyses for gender, age, and seasonal periods were
also performed to assess their correction effects.

Data and methods
Study area

Lanzhou, the capital city of Gansu Province, is situ-
ated in the interior of northwest China (35.57°-37.12°
N, 102.59-104.57° E), which has a typical temper-
ate continental climate with four distinct seasons.
According to Lanzhou statistical yearbook 2020, the
city had 4 main districts with a total area of 1100 km?
and a total permanent population of 3.79 million in
2020. The industry of the city is petrochemical, met-
allurgical, and mechanical industries, and so on.

Data sources

According to hospital admission and geographical
locations of Lanzhou urban general hospitals, three
large general hospitals with a complete electronic
medical record system were selected as the data
source. The city territory is located on the slopes
of the mountains and descends from the west to the
east with urban line stretching along the river from
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the north to the south for over 40 km (see Fig. S1).
Residential areas are mainly distributed in strips from
east to west, and these three hospitals are located in
the eastern and western areas of the city, which are
densely populated areas with convenient transpor-
tation. As top three large-scale general hospitals in
Lanzhou, the chosen hospitals have a good reputation
for treating respiratory diseases with their advanced
equipment, complete medical departments, and strong
business and technical capabilities. More than 80%
of local residents choose these hospitals for seeking
medical help (Dong, Liu, et al., 2021a; Dong, Wang,
et al., 2021b). To some extent, we think that these
hospitals account for most of the admissions by the
population. Data on respiratory hospital admissions

China

from January 1, 2014, to December 31, 2019, were
obtained from these hospitals. The locations of these
hospitals are shown in Fig. 1.

We derived medical records of patients from
the information system of each hospital, includ-
ing gender, age, residential address, date of admis-
sion, and principal diagnosis. All cases were coded
according to International Classification of Dis-
eases, 10th Revision (ICD-10). The respiratory dis-
eases’ data (ICD-10 codes J00-J99) were selected
and targeted in the database. Exclusion criteria: (1)
Patients whose residential address is outside of the
four urban districts in Lanzhou; (2) those who stay
in Lanzhou for less than 6 months; and (3) records
with incomplete information. Finally, hospital

LanZhou

+ Hospital I

@® Monitoring Station

t---District boundaries

Fig. 1 Location of Lanzhou in China and air pollution monitor and hospital
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admissions for respiratory diseases visits (ICD-10
codes J00-J99) were identified as health outcomes.
In addition, hospital admissions for different gen-
der (male and female), and different age groups
(0-14 years, 15-64 years, and > 65 years old) were
also separately analyzed. There were 90,942 admis-
sions for RD during 2014-2019, including 53,549
person times of male, 37,393 person times of
female, 29,210 person times of people 0—14 years
old, 27,406 person times of people 14—64 years old,
and 34,326 person times of people > 65 years old.

Hourly data on air pollution, including PM, s,
PM,,, SO,, NO,, CO, and O;, were obtained from
three national environmental monitoring stations
in the city of Lanzhou. These monitoring sta-
tions are required to be located away from pollution
sources according to the national technical guide-
lines, and monitoring of air pollution was done in
accordance with mandatory quality assurance/qual-
ity control (QA/QC) procedures set by the Ministry
of Ecological Environment in China, ensuring the
quality of automatic environmental air monitor-
ing data. The three stations are concentrated in the
urban area of Lanzhou (their locations are shown in
Fig. 1). Since Lanzhou is located at a narrow, long,
NW-SE-oriented valley basin, and the distance from
east to west and from north to south of Lanzhou
are about 40 km and 3-8 km, respectively, the urban
area is small. Therefore, the three hospitals and the
three monitoring stations are within 5-15 km of one
another, and those data can effectively reflect the situ-
ation of hospitalization of respiratory diseases and the
average air pollution exposure throughout the entire
city of Lanzhou. However, because the addresses of
the patients who came to get treatment were recorded
without detail and standardization from the three
hospitals, the individuals’ residence addresses infor-
mation could not be converted into the correspond-
ing latitude and longitude coordinates. Therefore, we
were not able to use spatial interpolation or pollution
data from the nearest air quality monitoring station
to reflect the exposure level of the hospital popula-
tion (Dong, Wang, et al., 2021b). After consulting the
relevant literature (Chang et al., 2020; Phosri et al.,
2019; Sofwan et al., 2021), daily 24 h concentrations
were calculated from hourly data taken at the 3 moni-
toring stations for all five pollutants except O, which
were calculated as 8 h maximum values (from 10 a.m.
to 6 p.m.).

The daily meteorological data near the ground of
Lanzhou were obtained from China Meteorological
Science Data Sharing Service Network, including
daily average temperature (‘C) and daily average rela-
tive humidity (%).

Statistical analysis

Since daily respiratory hospital admissions approxi-
mate an over dispersed Poisson distribution, and the
relationship between morbidity and air pollutants is
likely nonlinear. Therefore, a quasi-Poisson distribu-
tion with DLNM was used to explore the non-linear
and delayed effects of air pollutant on the number of
respiratory cases. The model is as follows:

Y, ~ quasiPoisson(m,)
Log(m,) = a+ bX,; + ns(Time,, df ) + ns(Tem,, df)
+ ns(RH,,df) + Dow + Hol

where ¢ is the time observed (days); Y, is the depend-
ent variable, number of respiratory admissions at ¢
day; u, is the expected mean of Y; o is the constant of
model; X, represents air pollutant cross basis matrix,
p is the coefficient of the matrix; [/ is the maximum
number of days of lag, and we adopt a natural cubic
spline (ns) function for air pollutant and a polyno-
mial function for lag; Time, is the time variable, day
t, used to control the long-term trend and seasonal-
ity of time; df is the degree of freedom; Tem, is the
average temperature on day #; and RH, is the average
relative humidity of the day #; Dow is the day of the
week effect; and Hol is the day of the holiday effect.
All degrees of freedom in the model were selected
using Akaike Information Criterion for quasi-Poisson
(Q-AIC), and lower the AIC value, better the formula.
For air pollutant, we used an ns function to estimate
the lag space with 3 internal knots placed at equally
spaced values on the log scale and polynomial trans-
formations with 3 df. To control for the long-term
trends and seasonality, we used an ns with 7 df per
year of data for the variable Time,. Meanwhile, a nat-
ural spline with df=3 was also used in order to con-
trol temperature and relative humidity.

Some studies have reported a lag effect of air
pollution on respiratory admissions, which is usu-
ally under seven days (Chang et al., 2020; Chen
et al., 2010; Qiu et al., 2018; Vahedian et al., 2017).
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Therefore, the maximum lag time after exposure
to air pollutants was set to 7 days herein. To effec-
tively depict the lagged effects of air pollutant on
respiratory admissions, we calculated the single-
day lag influence (lag 1, lag2, lag3, lag4, lag5, lagb6,
and lag7) and the cumulative lag influence (lagO1,
lag02, lag03, lag04, lag05, lag06, and 1lagQ7).
Further stratification analysis was performed by
the gender (male and female), age (0-14 years,
15-64 years and > 65 years old), hospital (Lanzhou
University First Hospital, Lanzhou University Sec-
ond Hospital, and Gansu Provincial People’s Hos-
pital), and season [warm season (from May to Octo-
ber) and cold season (from November to the next
April)]. We chose the lag day with the largest esti-
mated effect in the single-pollutant model to con-
duct the following sensitivity analysis. (1) Fitting
two-pollutant models considering the strong corre-
lation between PM, 5 and PM,, (0.857, Table2), in
the following two-pollutant models for PM, 5 and
PM ,, were PM excluded. (2) Changing the degrees
of freedom (6-10 df) in the ns function of time.

We present the associations with the relative risks
(RRs) and 95% confidence intervals (CIs) per 10 pg/
m® increase in the PM, s, PM,,, SO,, NO,, and O,
concentrations and per 1 mg/m’ increase in the
level of CO. All the calculations were done using R

software version 3.6.3 (R Core Team, 2014), with its
“DLNM” package.

Except daily relative humidity, the data of daily
temperature, and the data of daily concentrations of
PM, s, PM,,, SO,, NO,, CO, and O;8h disobeyed
normal distribution, so spearman correlation analysis
was used to explore the relationship between daily air
pollutants and meteorological factors.

Results

Table 1 summarizes the results of the descriptive sta-
tistics on hospital admissions with RD, concentration
of air pollutants and meteorological factors in Lan-
zhou City during 2014-2019. The daily mean count
of RD hospital admissions was 42 (range, 1-149 vis-
its/day). The daily RD hospital admissions per day for
male, female, age 0-14 years, age 15-64 years, and
age > 65 years were 24, 17, 13, 12, and 16, respec-
tively. Daily average concentrations were 48.97 pg/
m? for PM, 5, 114.90 pg/m® for PM,,, 21.13 pg/m’
for SO,, 47.36 pg/m? for NO,, 88.24 pg/m? for O;8h,
and 1.24 mg/m?> for CO during the study period. The
average concentration of SO, meets the requirements
of the secondary standard (60 pg/m’®) in Chinese
Ambient Air Quality Standard, and that of PM,,
PM,,, and NO, all exceed the secondary standards

Table 1 Descriptive

. . Mean+SD Min Pys Ps, P Max

statistics of hospital

admissions for RD, air Respiratory admissions

pollutants levels, and All 42423 1 24 38 56 149

meteorological factors in -

Lanzhou City, 2014-2019 Male 24+14 0 13 23 33 81
Female 17+10 0 9 15 24 68
0-14 years 13+ 0 7 12 18 41
15-64 years 12+9 0 5 11 18 61
> 65 years 16+10 0 7 15 22 63
Air pollutants
PM, 5 (pg/m®) 48.97+26.89  9.00 31.36 4257  59.17 278.00
PM,, (ng/m?) 114.90+£82.92  16.00 71.00  99.53 136.56  1484.54
SO, (pg/m?) 21.13+13.83  3.54 10.38 17.00  28.25 81.87
NO, (pg/m®) 4736+17.25 7.80 36.09 4591  54.62 146.60
0,8h (pg/m®) 88.24+38.77  8.00 58.00 82.00 114.00  222.00
CO (mg/m®) 1.24+0.71 0.20 0.76 1.00 1.53 4.65
Meteorological factors
Temperature (C) 11.34+9.83 —-12.30 240 12.70  19.90 30.40
Humidity (%) 51.03+15.08 11.71 39.50  51.17  62.00 96.09
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in Chinese Ambient Air Quality Standard (35 pg/
m?, 70 pg/m?, and 40 pg/m>, respectively). The daily
average temperature and relative humidity were 11.34
°C and 51.03%, respectively.

Figure 2 shows the time-series plots of daily RD
hospital admissions and air pollutants daily concen-
tration in Lanzhou from January 1, 2014 to December
31, 2019. The daily RD hospital admissions exhibit
regular seasonal fluctuation, and RD hospital admis-
sions in cold season (55 visits/day) were much higher
than in warm season (47 visits/day) (P=0.000).

CO had similar characteristics of periodic fluctua-
tion, which were higher in the cold season and lower
in the warm season. However, the level of O;8h
showed an inverse trend. The average concentrations
of PM, 5 (51.35 pg/m’® vs. 30.29 pg/m®, P=0.000),
PM,, (117.40 pg/m® vs. 76.53 pg/m’, P=0.000),
SO, (27.05 pg/m? vs. 11.36 pg/m®, P=0.000), NO,
(61.53 pg/m® vs. 43.42 pg/m®, P=0.000), and CO
(1.45 mg/m? vs. 0.74 mg/m>, P=0.000) in cold sea-
son were higher than those in warm season except for
058h (78.92 pg/m? vs. 117.99 pg/m?, P=0.000).

The concentrations of PM, s, PM,,, SO,, NO,, and

a “ ~
L, 20r 14007, 210 11800 g 210 1150
£ PM, ; concentrations isa E‘i 2 PM,, concentrations Tg g SO, concentrations )
‘g 180F RD hospital admissions 1777 g 180y RD hospital admissions {1500 2 180 - RD hospital admissions 50 5";
- o - o =
“ 3
E 150} WS E s} Z Eusof &
= -] 41200 2 o
= {0y = s =2 %0 o
£ 12or w & 1200 g E120 1 2
? 4200 5 -5_ - 900 £ = 2
S o} 0% 3 g 8w loo E
a £ = 1600 = o g
~ U100 § a 60 - g = o g
= = H 430 o
= S 130 & =
w30 lso S 2 30 S =30 2
g = > 2
2 = 2 /A =
0 r ; : , , 08 R o : : , , Y 0o = 0 ’ : Y ; . o &
2014 ' 2015 2016 2017 ' 2018 = 2019 a 2014 ' 2015 ' 2016 | 2017 ' 2018 | 2019 =] 2014 2015 2016 2017 2018 2019
Year = Year
o Year L300, 2107 1600 g 210 18 %
E
% NO, concentrations g‘) g Oy concentrations E g CO concentrations ; =
‘g 1801 T hospital sdustssions {0 = g 1801 RD hospital admissions 1500 2 oz 180F RD hospital admissions E
- o -
£ % 2 1. &
E 10} g < 150f w S E o} 63
= g = s = ls %
S 120 o £ 1201 T 1201 2
£ 8 2 = e 8 2
] H150 S ? 1300 s B 4 2
£ 9o E = %0r ‘é s 90 - R s
2 {10 2 2 {200 £ o £
& 60t g & e0f § 2 g
> £ = ] o o 2 g
E % 150 8 F 30 100 g = , S
a = A > 8 =
0 ettt o v S A 0o 8 0 : . . . : o Z 0 o s O 0 8
2014 2015 ' 2016 ' 2017 ' 2018 ' 2019 2014 2015 ' 2016 2017 2018 = 2019 2014 2015 2016 2017 2018 2019

Year Year Year

Fig. 2 Time series of respiratory hospital admissions and air pollution concentrations in Lanzhou, China, 2014-2019

Table 2 The coefficient of spearman rank correlation (r) between daily air pollutants and weather conditions in Lanzhou, 2014—
2019

PM, 5 PM,, SO, NO, CO 0;8h Temperature Relative humidity
PM, 5 1.000 0.857* 0.659* 0.454% 0.715* —0.414* —0.511%* —0.135%
PM,, 1.000 0.580* 0.435% 0.552* —0.220% —0.373* —0.381*
SO, 1.000 0.494% 0.799* —0.483* —0.639* —0.250*
NO, 1.000 0.567* —0.044* —0.281%* —0.167*
CO 1.000 —0.478* —0.540* —0.038
0;8h 1.000 0.643%* —0.303*
Temperature 1.000 -0.012
Relative humidity 1.000

*P<0.05
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Table 2 shows the correlation between air pollut-
ants and meteorological factors through the Spear-
man rank correlation coefficient. In the following,
“r’ is used to represent the correlation coefficient.
Daily PM, s, PM,,,, SO,, NO,, and CO concentrations
were significantly positively correlated with each
other (r ranged from 0.435 to 0.857), among which
the highest significant correlation was found between
PM, s and PM,, (r=0.857), followed by SO, and CO
(r=0.799). O;8h was weakly and negatively corre-
lated to other pollutants (r ranged from — 0.483 to
— 0.044). All air pollutants were negatively correlated
with temperature, except for O;8h (r=0.643), and all
air pollutants were negatively correlated with relative
humidity, except for CO (r=— 0.038, P>0.05).

Figure 3 shows the three-dimensional plots of
relative risks (RRs) of RD admissions along single-
pollutant models at lag 0 ~lag 7 days. The distributed
lag surface indicated that there was obviously positive
association between RD hospitalization and air pol-
lutants (excluding SO, and O;8h), and the adverse
effects were observed on the current day for four
air pollutants (PM, 5, PM,,, NO,, CO). The RRs of
higher pollutant concentrations were more fluctuat-
ing during the lag period than that by low concentra-
tion. The RRs tended to decrease and were sometimes
smaller than those at lower concentrations during the
lag period. However, no significant association was
observed between RD morbidity and SO, and O58h.

RRs and 95%ClIs of air pollutants (per 10 pg/m?
increase and 1 mg/m® increase in CO) for RD admis-
sions in single-lag models are presented in Table 3.
Statistically significant positive associations were
shown at lag 02 to lag 07 for PM, s, at lag 03 to lag
07 for PM,,, at lag O day in single-day lag and in all
cumulative lags for NO,, at lag 01 to lag 07 for CO.
And the highest RRs estimates were observed at lag
07 for PM, s 1.030 (1.012, 1.049), for PM,, 1.009
(1.001, 1.015), for NO, 1.047 (1.024, 1.071), and for
CO 1.140 (1.052, 1.236), respectively. For particulate
matter, the adverse effect of PM, s was higher than
that of PM,,. Obviously, CO had the strongest impact
on RD admissions among all pollutants. In Table 3,
we can also observe that the RR estimates for gase-
ous pollutants (e.g., CO, and NO,) were larger than
those of particulate matter (e.g., PM,s and PM,).
Conversely, we found no significantly association
between SO, or O;8h and total RD admissions.

@ Springer

Figure 4 illustrates the results of subgroup analy-
sis by different genders in single-pollutant model.
When stratified by gender, PM, 5 was statistically sig-
nificant positive associated with RD hospital admis-
sions for male at lag 02 to lag 07, for female at lag
03 to lag 07, while PM,, showed significant associa-
tion with RD hospital admissions for male at lag 03
to lag 07, for female at lag 04 to lag 07. NO, and CO
were statistically significant associated with RD hos-
pital admissions for male and female at all cumulative
lags. The highest RR estimate was all observed at lag
07 for air pollutants (PM, 5, PM,,, NO,, and CO) in
male and female, and RR estimate of air pollutants on
RD hospital admissions in male was slightly higher
than female; it meant that male were more vulnerable
to air pollutants exposure except for SO, and O;8h.
However, we did not find significant associations
between SO, and O;8h and hospitalizations for RD in
different genders.

Figure 5 presents the effect estimates of age-spe-
cific analyses in different lag days. Different from
the whole population, the significant associations of
PM, 5, NO,, and CO were observed on lag O in chil-
dren (aged 0—14). In children group (aged 0-14 years
old), both PM, 5, PM, 5, NO,, and CO showed positive
associations in all cumulative exposure models (lag01
to lag07), and the most obvious effects were observed
on lag07. In aged 15-64 years, only NO, (lag 01 to
lag 04) and CO (lag 02 to lag 05 and lag 07) were
significantly associated with hospital admissions for
RD. In aged > 65 years, PM, 5 (lag 3, and lag 04 to
lag 05), NO, (lag 01 to lag 07), and CO (lag 02 to
lag 04) were significantly associated with hospital
admissions for RD. Besides, SO, (lag 01 to lag 02)
was significantly associated with hospital admissions
for RD only in children group, and there was no obvi-
ous association observed between O;8h and hospital
admissions for RD in all the three age groups. The
strongest associations were observed in aged 0-14
group, and it showed that those 0—14 years were gen-
erally more vulnerable to the daily air pollution expo-
sure except for O;8h.

Table 4 shows the associations between RD hos-
pitalizations and air pollutants of different lag days
by season. The association between air pollutants
(PM, 5, PM,, NO,, and CO) and RD morbidity was
stronger in cold season (lag2, lag3, and lag 02 to lag
06 for PM, s, at lag 02 to lag 04 for PM,,, at lag O
to lag 2 day in single-day lag and in all cumulative
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Fig. 4 The RRs (95% CI) of hospital admissions for respiratory associated stratified by gender

lags for NO,, at lag2, and lag 01 to lag 07 for CO)
than in warm season period. Associations of RD
hospitalizations with different exposures (PM, s,
PM,,, SO,, NO,, and CO) were positive in warm
season period but were not statistically significant.

0;8h (lag 0 and in all cumulative lags) was nega-
tively associated with RD morbidity in the cold sea-
son, but the associations were not significant in the
warm season.
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Fig. 5 The RRs (95% CI) of hospital admissions for respiratory associated with air pollutants at various lags by age

Figure 6 shows the exposure—response curves for
the associations of six air pollutants (lag07) with RD
admission. Overall, all exposure-response curves
were almost linear and increasing with no obvious
thresholds, except for O;8h. For the curve of SO, and

@ Springer

0;8h, no association between these two pollutants
and RD admission was found.

Table S1 shows the RRs and correspond-
ing 95% ClIs of RD at lag07 in the two-pollutant
model. Overall, the effects of the two-pollutant
models were generally similar to the results in the
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Fig. 6 The exposure—response curves between air pollutants and hospital admissions for respiratory at lag07

single-pollutant models. The significance of most
pollutants remains robust after the adjustment of
co-pollutants. In the sensitivity analyses, the asso-
ciations of each air pollutant exposure with RD
admissions were robust when changing the df for
calendar time (6-10 df per year) (Table S2). The
results suggest that the model fitted well and results
were robust.

Except for SO, and O58h, significant associations
were observed between the levels of four pollutants
(PM, 5, PM,,, NO,, and CO) and respiratory admis-
sions in the three study hospitals, but the associa-
tions of all six air pollutants had no distinct difference
across the three hospitals studied (Supplementary
Material Fig. S2).

Discussion

In this study, DLNM model was used to analyze
the link between air pollutants and hospital admis-
sions for respiratory diseases in Lanzhou from 2014
to 2019, and we observed positive and significant
associations between short-term exposure to PM, s,
PM,,, NO,, and CO and total RD hospital admissions
hospitalization, and the effect estimates were largest

@ Springer

on lag 07 days. In the subgroup analysis, we found
that exposure to these four pollutants significantly
increased the risk of respiratory admission among
males and individuals aged 0-14 years. In addi-
tion, seasonal variation also impacted the risk of RD
patients. The exposure-response curves for the asso-
ciations between RD and these four pollutants were
linear and increasing with no obvious thresholds.

In line with most previous findings, we found that
short-term exposure to particulate matter (PM) is
positively associated with the daily rates of hospi-
talizations for RD. For a 10-pug/m® increase in expo-
sures to PM, 5 and PM,,, the effect estimates for RD
admissions were 1.030 (95% CI 1.012, 1.049), and
1.009 (95% CI 1.001, 1.015), respectively. Capraz
et al. (2017) found that 10-pg/m? increase in PM,
and PM,, was significantly associated with admis-
sions for RD, with the RR of 1.015 (95% CI 1.011,
1.020) and 1.006 (95% CI 1.003, 1.009), respectively.
Similarly, a study in Taiyuan found that a 10-pg/
m? increase in PM, 5 and PM,, concentrations was
associated with respiratory admissions, with an RR
of 1.005 (95% CI 1.001, 1.010) and 1.004 (95% CI
1.001, 1.007), respectively (Luo et al., 2018). Another
study conducted in Hefei, China, also indicated that
per 10-pug/m? increase in PM, 5 at lag 12 days was
associated with an RR of 1.068 (1.017 to 1.121) in
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respiratory morbidity, and each 10-pg/m? increase in
PM, at lag12 corresponded to an RR of 1.057 (1.010
to 1.107) in respiratory morbidity (Xie et al., 2019).
Meanwhile, these studies suggested that PM, 5 had a
slightly larger harmful effect than did PM,, Although
the relative risks for respiratory diseases in Lanzhou
were similar to those findings from previous studies,
we found differences in estimates for different cities.
The variability of estimates in different cities is influ-
enced by a number of factors, such as demographic
and socioeconomic characteristics, PM pollution in
various regions, and environmental factors.

SO, comes mainly from the burning of fossil
fuels. With the promotion of clean energy in Lanzhou
recently, the concentration of SO, in the air showed a
substantial reducing trend from the beginning of 2014
through to 2019. In this study, the mean concentration
of SO, in Lanzhou was 21.13 pg/m?, which could be
considered as low level compared with some megaci-
ties and heavily polluted cities including Ho Chi Minh
City, Vietnam (30.3 ug/m3) (Phung et al., 2016),
Arak, Iran (54.8 pg/m?) (Vahedian et al., 2017), Tai-
yuan (69.3 pg/m?) (Luo et al., 2018), and Shenyang
(55.0 pg/m3) (Chang et al., 2020). Hence, we did not
find significant associations between the concentra-
tions of SO, and RD morbidity. A study in Lanzhou,
China (the same area as this study) from 2001 to 2005
showed that the average concentration of SO, was
79.09 pg/m® and total RD hospital admissions were
significantly increased by 3.4% (RR=1.034, 95% CI
1.002, 1.067) per inter-quartile range increase in SO,
(Tao et al., 2014). Comparing Tao’s study (Tao et al.,
2014) with this study, the mean concentrations of SO,
during different periods showed a decrease, mainly
attributable to the large-scale deployment of flue gas
desulfurization at China’s power plants (Wang et al.,
2014), the strict control of SO, industrial emissions
(Wang et al., 2021), innovation in engine technology
and the use of clean fuels. Evidence from Wuhan also
showed that cleaner fuel with a lower SO, levels has
been associated with substantial reductions in respira-
tory morbidity (Wang, 2017). Therefore, improving
ambient air quality as a modifiable risk factor has
been shown to reduce respiratory diseases.

This study showed positive significant associations
between NO, with respiratory admissions and NO,
had the greater adverse effect on RD hospital admis-
sion than PM. Our findings in respiratory morbidity
in-line with some previous studies conducted in Asia

(Phosri et al., 2019; Phung et al., 2016; Sofwan et al.,
2021; Vahedian et al., 2017), Turkey (Capraz, et al.,
2017), and China (Chang et al., 2020; Luo et al.,
2018). However, the effect sizes were different among
studies, The differences may be associated with NO,
concentration level, various population and their sus-
ceptibility, NO, emission sources distribution, and
methods and routes of exposure among different
regions and periods, and also may be associated with
the different study designs and model specifications.

Until now, studies for the effects of O; on respira-
tory admissions are still insufficient and the results
remain inconsistent. In this study, we found statisti-
cally non-significant association of O; perlO-pg/
m’increase with total RD morbidity. Conversely,
some other studies from different areas reported pro-
tective or adverse effects of O; on respiratory admis-
sions. On one hand, exposure to low concentrations
of O; might have provided protection from RD mor-
bidity (Chang et al., 2020; Vahedian et al., 2017). On
the other hand, estimates for Thailand studies showed
elevated risks for respiratory admissions (Phosri
et al., 2019). These inconsistent findings indicate the
need for further research.

Rarely studies from China have explored the tem-
poral association between CO and hospital admis-
sions for RD. In this time-series study in Lanzhou,
CO was found to be positively associated with res-
piratory admissions and the estimates tended to be
stronger at the cumulative lag patterns. An increase
of 1 mg/m? of CO was significantly associated with
respiratory admissions, with the highest effect that
was observed at lag 07 (RR=1.140, 95% CI 1.052,
1.236). Phosri et al. (2019) reported that each 1 mg/
m® increase of CO was positively associated with
RD morbidity, with an RR of 1.077 (95% CI 1.052,
1.102). Another study conducted in Kuala Lumpur,
Malaysia found that ambient CO was associated with
an increased risk of RD in single-pollutant model
(Sofwan et al., 2021). In China, a study of Shen-
yang found that the average concentration of CO was
1.02 +0.45 mg/m? (the limit for CO in China is 4 mg/
m?), and the study suggested a positive association
between CO [RR and 95% CI 1.021 (1.016, 1.025)
per 1 mg/m® increase] and RD morbidity (Chang
et al., 2020). In this study, the average concentration
of CO was 1.24+0.71 mg/m® (below the limit for
CO in China). Those meant that the effects of CO to
RD can be observed at the population level even at

@ Springer



956

Environ Geochem Health (2023) 45:941-959

low concentrations. The toxicological findings have
revealed that exposure to CO may not directly affect
respiratory tract, but it is associated with altering the
ability of hemoglobin to carry oxygen to peripheral
tissues (Manisalidis et al., 2020). Hence, it is possible
to exacerbate the symptoms of respiratory diseases.

Subgroup analysis demonstrated that air pollut-
ants were significant associations with respiratory
morbidity in various gender and age groups. Through
gender-stratified investigation, we discovered that the
effects of PM, 5, PM,;, NO,, and CO on RD hospi-
tal admissions in males were slightly stronger than
females, which was similar to results in the study
conducted in other foreign cities (Phosri et al., 2019;
Vahedian et al., 2017). However, it was inconsistent
whether or not gender is a modifier for the associa-
tion between pollutant and RD patients. For exam-
ple, some other foreign or Chinese single-city stud-
ies in Ho Chi Minh (Phung et al., 2016), Taiyuan
(Luo et al., 2018), and Shenyang (Chang et al., 2020)
documented that females were more susceptible to
air pollution (PM,,, SO,, NO,) than males. Such
inconsistency could be linked to diverse physiologi-
cal characteristics in females and males. Addition-
ally, personal characteristics (e.g., routine activity,
smoking, occupation, etc.) or socioeconomic sta-
tus indicate an important factor in air pollution out-
comes. The reasons for our gender-specific findings
are unclear and need further investigation. In addi-
tion, the concentrations of PM, s, PM,,, NO,, and
CO were significantly associated with RD morbidity
for children (<14 years) and the elderly (>65 years)
compared with people aged 15-64 years, which is
also supported by previous findings on RD patients
(Chang et al., 2020; Fusco et al., 2001; Phosri et al.,
2019; Qiu et al., 2018; Vahedian et al., 2017). There
are several possible explanations for this increased
association with children. First, the child’s respiratory
system is not fully developed. Second, children have a
higher respiratory rate which increases the dose they
receive. Third, children generally tended to spend
more time outdoors in physical activity than adults
(Qiu et al., 2018). For the elderly, they were more
vulnerable to exposure to air pollutants, mainly due
to pathogen exposure, aging, and comorbidity, which
could impair immune defenses and respiratory func-
tion, resulting in respiratory infections (Chang et al.,
2020; Luo et al., 2018).
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In the season-specific analysis, we found that
the associations of PM, 5, PM,,, NO,, and CO with
RD hospitalizations during the cold season were
stronger than in the warm season, which were con-
sistent with two previous studies conducted in Shang-
hai and Shenyang (Chang et al., 2020; Chen et al.,
2010). However, other studies have showed differ-
ent seasonal changes. For example, Qiu et al. (2016)
found that the effects estimates of PM on respiratory
patients existed a little higher but insignificant effects
in warm season than that in cold season. Likewise,
Wang et al., (2017) reported that the associations of
PM, s, PM,,, NO,, and CO with RD morbidity in
cold seasons were stronger than that in hot seasons,
but insignificant in two seasons. There are several
possible explanations for this phenomenon. Different
from the cities or regions studied above, low annual
temperature in Lanzhou resulted in burning fossil
fuels like coal for heating for up to 5 months a year,
where air pollutant levels are high in winter due to
wide use of coal heating. As the urban area is located
in the valley basin covering 1100 square kilometers,
the surrounding mountains make the air hard to circu-
late. Moreover, less rain and low wind in the cold sea-
son may help the accumulation of air pollutants. This
phenomenon might be a vital reason for the rise in
the amount of patients who were admitted to the hos-
pital for respirator disease in winter. In contrast, we
also found that O,8h was negatively associated with
RD hospital admissions in cold season; these conclu-
sions are inconsistent. In Shenyang, China, respira-
tory admissions in spring decreased negatively with
O; concentration change (Chang et al., 2020). Wong
et al. (1999) study in Hong Kong, China found a posi-
tive association between O; and respiratory diseases
admissions in cold season. On the other hand, another
study has suggested an adverse effect of ozone on
respiratory hospital admissions in warm season (Gu
et al., 2020). Altogether, the inconsistency in effects
of ozone on respiratory diseases admissions may be
dependent on its concentration or people’s behavior.
For example, O; concentrations vary significantly in
summer and winter; the O; concentration was signifi-
cantly higher in summer than in winter. Additionally,
in the cold season, people mostly stay indoors, and
ventilation is reduced because of heating. Therefore,
the effect of O; exposure should be interpreted with
caution, and further investigation is needed to clarify
these contradictory results.
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The exposure—response relationship curves showed
the significantly positive associations between RD
hospital admissions and the concentration of PM, s,
PM,,, NO,, and CO, and all curves presented simi-
lar linear trends without thresholds effect and without
peak value, which was almost consistent with some
studies. For example, studies in Thailand (PM,,
NO,, CO) (Phosri et al., 2019), Shenyang (NO,, CO)
(Chang et al., 2020), and Taiyuan (PM, 5, PM,,, NO,)
(Luo et al., 2018) in China discovered that positive
linear relationship between RD hospital admissions
and air pollutants. However, a national time-series
analysis study on 184 Chinese cities showed that
the curves between admissions for RD and PM, 5 or
PM,,, concentration were nonlinear and had no peak
value (Tian et al., 2019). A study in Kuala Lumpur,
Malaysia found that all exposure—response curves of
PM,,, NO,, and CO for respiratory admissions dem-
onstrated a non-linear trend: exposure to air pollut-
ants concentrations demonstrated an increase in the
risk of respiratory admissions, then it flattened out
(NO,) or decreased (PM,,, CO) at higher concentra-
tions (Sofwan et al., 2021). The above differences in
the exposure-response curves may be related to air
pollutant mixture, the composition of particulate mat-
ter, and population sensitivity in different regions and
periods.

Some studies have proved the lag in the effect of
air pollutants on the RD hospital admissions, and the
results varied with regions: in this study, PM, 5, PM,,,
NO,, and CO at lag 07 days were observed to be the
strongest associated with RD hospital admissions.
The study in Iran (Vahedian et al., 2017) showed that
PM, s atlag7, PM,, at lag 0, and CO at lag0 were sig-
nificantly associated with RD hospitalizations. Study
in Thailand (Phosri et al., 2019) showed that PM,,
NO,, and CO at lag 01 day were strongest associated
with respiratory admission. Study in Turkey (Capraz
et al.,, 2017) showed that the highest association of
each pollutant with total RD hospital admission was
observed with PM, 5 and NO, at lag 4 and PM,, at
lag 0. The study in Shenyang, China (Chang et al.,
2020) showed that PM,,, NO,, and CO at lag0 were
observed to be the highest association with daily RD
hospital admissions. The study in Taiyuan, China
(Luo et al., 2018) showed that PM, 5 at lag 02 days
and PM,, and NO, at lag 05 days were observed to
be strongly and significantly associated with RD hos-
pitalization. All those researches are different from

the results of this study. The same study area with this
paper showed that PM, 5 at lag 07 days was strongest
associated with hospital outpatient visits in child with
RD (Dong, Wang, et al., 2021b), which was similar
to this study. This may be attributed to the special
valley terrain of Lanzhou. Besides, Lanzhou City is
high in the southeast and low in the northwest, which
hinders the horizontal flow of airflow; thus, the lag
days were longer in this study. The reasons for the
above differences in the studies on the lag effect of
air pollution on admission for RD may be related to
the topography in different areas, the different levels
of air pollution, and different periods (Dong, Wang,
et al., 2021b).

The strengths of our study are noteworthy. As we
know, this was the first study to examine the associa-
tion between air pollutants and the risk of respiratory
missions in Lanzhou, China. Second, compared with
the Poisson regression model, we adopted DLNM to
systematically assess the relationships among expo-
sure, lag effect, and RD morbidity. Third, we explored
whether the effects of air pollutant on the risk of
RD morbidity were affected by season or subgroups
(gender and age). Nevertheless, our study has some
limitations. First, this study is an ecological study.
Although confounding factors such as temperature,
humidity, and some gaseous pollutants were adjusted
during model fitting, there are still some potential
factors (such as use of air conditioners, purifiers use,
etc.) that may affect particle toxicity and susceptibil-
ity to human health. Furthermore, individual char-
acteristics such as smoking and drinking, marriage
and childbirth, occupational history, chronic disease
history, medication use, household heating method,
cooking fuel usage, indoor stay time daily ventilation
time, and other information would affect the morbid-
ity of respiratory. And further researches are needed
to confirm our findings. Second, respiratory diseases
cover a wide range of specific diseases [such as
asthma, collapse of part or all of the lung (pneumo-
thorax or atelectasis), swelling and inflammation in
the main passages (bronchial tubes) that carry air to
the lungs (bronchitis), chronic obstructive pulmonary
disease, lung cancer, lung infection (pneumonia),
abnormal buildup of fluid in the lungs (pulmonary
edema), even COVID-19)] The associations of overall
respiratory diseases with air pollutants do not neces-
sarily imply that each respiratory disease is related to
air pollutants. Picking out specific respiratory disease
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categories in future work will be beneficial. Third,
the reasons of respiratory diseases include infection,
occupational exposure, smoking, environmental pol-
lution, immune-related respiratory diseases, genetic-
related respiratory diseases, and lung manifestations
of systemic diseases. Therefore, air pollution is only
one of the causes of respiratory diseases, it should
be cautious to extrapolate our results. Fourth, the air
pollutant concentrations were averaged from at the
fixed monitoring sites as a proxy for individual expo-
sure levels, without excluding the influence of spatial
heterogeneity of air pollution. It is not completely
equivalent to the actual individual exposure concen-
tration, which may reduce the accuracy of the con-
clusion. Moreover, our research only used the data in
Lanzhou, China, and further studies with more sam-
ples and multiple cities as well as more related factors
should be done for validating the potential spatial het-
erogeneity of the health effects of air pollutants.

Conclusion

In this study, based on DLNM of time-series analy-
sis, we investigated the effect of air pollutants (PM, s,
PM,,, SO,, NO,, O;8h, and CO) for respiratory hos-
pital admissions in Lanzhou during 2014-2019. Our
results indicate that PM, 5, PM,,, NO,, and CO were
positively associated with daily hospital admissions
for respiratory diseases (RD), and the highest esti-
mated effects were observed at lag 07 days. Among
all pollutants, the strongest impact on RD admissions
was found in CO, followed by NO,, PM, s, and PM,,,.
Males and people aged 0-14 group population for
RD were more vulnerable to air pollutions, the asso-
ciations appeared to be more evident in the cold sea-
son than in the warm season. The exposure-response
curves between RD hospital admissions and the
concentration of PM, s, PM;;,, NO,, and CO at lag
07 days were almost linear and increasing with no
thresholds. Therefore, some effective intervention
strategies should be taken to strengthen the treatment
of the ambient air pollutants, especially gaseous pol-
lutants (e.g., CO and NO,), thereby, reducing the bur-
den of respiratory disease.
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