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Abstract: The impact of air pollution on human health is becoming increasingly severe, and economic
losses are a significant impediment to economic and social development. This paper investigates the
impact of air pollutants on the respiratory system and its action mechanism by using information
on inpatients with respiratory diseases from two IIIA (highest) hospitals in Wuhan from 2015 to
2019, information on air pollutants, and meteorological data, as well as relevant demographic and
economic data in China. This paper describes the specific conditions of air pollutant concentrations
and respiratory diseases, quantifies the degree of correlation between the two, and then provides a
more comprehensive assessment of the economic losses using descriptive statistical methods, the gen-
eralized additive model (GAM), cost of illness approach (COI), and scenario analysis. According
to the findings, the economic losses caused by PM2.5, PM10, SO2, NO2, and CO exposure are USD
103.17 million, USD 70.54 million, USD 98.02 million, USD 40.35 million, and USD 142.38 million, for
a total of USD 454.46 billion, or approximately 0.20% of Wuhan’s GDP in 2019. If the government
tightens control of major air pollutants and meets the WHO-recommended criterion values, the
annual evitable economic losses would be approximately USD 69.4 million or approximately 0.03%
of Wuhan’s GDP in 2019. As a result, the relevant government departments must strengthen air
pollution control to mitigate the impact of air pollution on population health and the associated
economic losses.

Keywords: air pollution; respiratory disease; generalized additive model; scenario analysis; assess-
ment of economic losses

1. Introduction

Air pollution, also known as atmospheric pollution, is defined by the International
Standardization Organization (ISO) as the entry of certain substances into the atmosphere
as a result of human activities or natural processes that present a sufficient concentration
for a sufficient period and, thus, endanger human comfort, health, and welfare and the en-
vironment. The primary sources of air pollutants are industrial production, home furnaces,
heating boilers, transportation, and smoke from forest fires. The six common categories of
pollutants are fine particulate matter (PM2.5), inhalable particulate matter (PM10), sulfur
dioxide (SO2), nitrogen dioxide (NO2), ozone (O3) and carbon monoxide (CO). These six
significant pollutants are known as “criteria pollutants”. National ambient air quality
standards have been set. Air quality is often evaluated using the Air Quality Index (AQI), a
dimensionless index describing the overall condition of urban ambient air quality. The AQI
takes into account the pollution levels of the six air pollutants, namely, PM2.5, PM10, SO2,
NO2, O3, and CO, as specified in the “Technical Regulation on Ambient Air Quality Index
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(on trial) (HJ633-2012)” [1], with larger AQI values indicating heavier pollution levels. In
recent years, health problems caused by air pollution have become increasingly severe and
seriously endanger public health, with the burden of disease caused by it rising every year,
especially in low-income and middle-income countries. It is estimated that outdoor air
pollution exposure caused approximately 4.9 million deaths worldwide in 2017, an increase
of 5.8% compared to 2007 [2]. Among the effects on human health, the correlation between
air pollution and respiratory diseases is the strongest, with numerous epidemiological
and toxicological findings showing that short-term exposure to lowly concentrated air
pollutants, continuous exposure to lowly concentrated air pollutants, and acute exposure
to highly concentrated air pollutants can cause damage to the respiratory system [3–6].

Respiratory disease is a common and frequently occurring disease mainly in the
trachea, bronchi, lungs, and thorax, with coughing, chest pain, and affected breathing in
mild cases and respiratory distress, hypoxia, and even respiratory failure in severe cases.
According to a study conducted by the University of Washington’s Institute for Health
Metrics and Evaluation (IHME), an estimated 545 million people worldwide suffered
from chronic respiratory disease in 2017, a 39.8% increase from 1900, and approximately
3,914,200 people died as a result of chronic respiratory diseases. Chronic respiratory
diseases accounted for 7.0% of all deaths worldwide, ranking third after cardiovascular
diseases (31.8%) and tumors (17.1%) [5]. According to the analysis of disease burden, the
global growth rate of disability-adjusted life years (DALYs) due to chronic respiratory
diseases was 14.5% from 2007 to 2017, with 112 million DALYs in 2017, with chronic
obstructive pulmonary disease (COPD) as one of the top five leading causes of DALYs
worldwide, rising from eighth place in 2007 to fifth place in 2017 [6]. According to data from
the China Statistical Yearbook (2021), the mortality rate from respiratory diseases ranked
fourth among the major disease mortality rates for both urban and rural residents in China
in 2020, at 55.36 per 100,000 residents and 63.64 per 100,000 residents, respectively [7].

Previous studies have demonstrated a strong association between air pollutant expo-
sure and respiratory disease, with air pollutant exposure leading to an increased incidence
of respiratory disease and mortality. Studies have demonstrated an increased risk of respi-
ratory disease hospital visits when air concentrations of PM2.5, PM10, SO2, NO2, and CO
are elevated [8], and a significant increase in hospital admissions for respiratory disease in
children (0–14 years) [9]. Air pollutants have also been associated with respiratory disease
deaths, with 25,600, 252,000, 22,300, 57,300, 31,600, and 45,700 deaths attributable to PM2.5,
PM2.5-10, SO2, NO2, CO, and O3, respectively, in China [10], and other countries, such as
Mexico [11], India [12], and South Korea [13], have also found a link between air pollution
and deaths from respiratory diseases. In terms of specific diseases, the more affected respi-
ratory diseases include COPD, asthma, pulmonary infections, and pulmonary tuberculosis.
Long-term inhalation of air pollutants reduces pulmonary function in COPD patients,
leading to disease progression, more hospital admissions, and higher mortality [14]. For
every 10 µg/m3 rise in PM2.5 concentration, years of life lost (YLLs) in COPD increase
by 0.91 person-years [15]. Furthermore, COPD visits increased when PM2.5 and PM2.5-10
concentrations increased [16], and there was a substantial positive association between
COPD hospital admissions and SO2, NO2, O3, and CO concentrations in the air [17,18].
Air pollution is one of the most important factors contributing to the exacerbation of child-
hood asthma, especially in Europe and the Caribbean, where the prevalence of asthma is
high [19,20]. A prospective cohort study carried out in ten European cities found a link
between the onset of asthma symptoms and short-term PM2.5 and PM10 exposure [21].
A strong positive relationship has also been shown between airborne CO concentrations
and the number of asthma outpatient visits [22], and NO2 and O3 exposure can influence
asthma development and increase the likelihood of hospitalization for asthma [23,24].
When PM2.5 and PM2.5-10 concentrations increased by 10 µg/m3, the excess relative risk
(ERR) for upper respiratory infections (URI) and pneumonia increased by 5.40% and 6.37%,
respectively, according to a study conducted in China [16]. Most bronchiectasis exacer-
bations are assumed to be caused by pathogenic infections. However, pathogens can be
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challenging to identify, and studies have shown that air pollution is a substantial risk
factor for bronchiectasis. A study of 432 patients with a clinical diagnosis of bronchiectasis
after high-resolution computed tomography (HRCT) found that when PM10 and NO2
concentrations increased by 10 µg/m3, the chance of exacerbation increased by 4.5% and
3.2%, respectively [25]; when CO concentrations increased, the number of outpatient visits
for bronchiectasis increased [22]; and when SO2 concentrations increased, it caused an
increase in hospital admissions for bronchiectasis [26]. There is also a correlation between
air quality and the pathogenesis of pulmonary tuberculosis, with studies linking PM2.5,
PM10, NO2, and SO2 exposure to the likelihood of acquiring active pulmonary tuberculo-
sis [27,28], and Korean research found a 1.20-fold rise in tuberculosis detection rates with a
substantial delayed effect when PM10 concentrations increased by one standard deviation
(5.63 µg/m3) [29].

The available literature has primarily concentrated on studies of air pollution’s health
effects on the respiratory system (e.g., mortality, morbidity, and hospital admissions),
with little research on air pollution’s economic losses. Therefore, we take the strong
association between air pollutant exposure and respiratory disease recognized by the
literature mentioned above as the hypothesis of this research. Considering geographical,
air pollutant, and climatic characteristics of Wuhan city, based on data from monitoring
sites of six major air pollutants and inpatients with respiratory diseases from two IIIA
(highest) hospitals in Wuhan, this study assesses the health effects and economic losses
attributable to PM2.5, PM10, SO2, NO2, O3, and CO in the population. The study provides
a reference for the future assessment of the health effects of air pollution and cost–benefit
evaluation for the development of environmental management policies.

2. Materials and Methods
2.1. Sampling Sites and Sample Collection

The city of Wuhan is chosen as the study area in this paper. Wuhan is the largest and
only sub-provincial city in central China and the capital of Hubei Province. It has an area of
8494 square kilometers and is located in the eastern half of the Jianghan Plain at longitude
113◦41′115◦05′ E and latitude 29◦58′31◦22′ N. With the rapid growth of the economy in
recent years, the Wuhan industry scale has expanded, and industrial production not only
consumes energy but also emits a large number of pollutants, including particulate matter
(PM), sulfur oxides (SO), nitrogen oxides (NO), carbon monoxide (CO), and hydrocarbons;
combined with a large number of vehicle emissions, air pollution in Wuhan is more severe
and has caused adverse effects on the population’s health.

Three types of data are used in this study to examine the impact of air pollution on
the number of hospital admissions for respiratory diseases. The first type is data from
the Hospital Information System (HIS) on hospital admissions for respiratory diseases;
the second type is data from ambient air pollutant monitoring; and the third type is some
meteorological data.

The hospitalization data for respiratory diseases are obtained from the HIS of two IIIA
(highest) hospitals in Wuhan, China. This study gathers inpatient cases with respiratory
disease between 1 January 2015 and 31 December 2019. The inpatient’s gender, age, date of
admission, date of discharge, disease diagnosis, length of stay, and inpatient expenditure
are all included in the case information. According to the 10th edition of the International
Classification of Diseases (ICD-10), ICD-10 codes for respiratory diseases are J00~J99,
J12~J18 for pneumonia, and J40~J99 for chronic obstructive pulmonary disease (COPD).
Furthermore, the research object is divided into three age groups: 0–14 years, 15–64 years,
and 65+ years, and the cold and warm seasons were divided based on the month of
inpatient admission, with the warm season lasting from April to October and the cold
season lasting from November to March [30].

The Department of Ecology and Environment of Hubei Province provides data on
air pollutant concentrations [31]. This paper collects data on air pollution monitoring in
Wuhan City from 1 January 2015 to 31 December 2019, including the concentrations of
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six major air pollutants: PM2.5, PM10, SO2, NO2, O3, and CO. Except O3, which has a
daily maximum 8 h average concentration, PM2.5, PM10, SO2, NO2, and CO are all 24 h
average concentrations.

Meteorological information is obtained from the China Meteorological Data web-
site [32]. This article collects data on Wuhan’s average temperature (◦C) and relative
humidity (%) from 1 January 2015 to 31 December 2019.

2.2. Sample Analysis
2.2.1. Statistical Descriptive Analysis

From 1 January 2015 to 31 December 2019, the daily number of hospital admissions for
respiratory diseases, inpatient expenditure, length of stay, and air pollutant concentrations
are presented as X± S; extremum and the percentile are statistically described for the pneu-
mology department of these two IIIA (highest) hospitals. Furthermore, hospital admissions
for respiratory diseases are statistically described using frequencies and percentages based
on disease subgroups, gender groups, age groups, and season groups.

2.2.2. Time Series Analysis

The data for each period in the time series are the combined result of multiple elements.
In this study, the additive model in the time series decomposition method is used to analyze
the daily hospital admissions for respiratory diseases and each air pollutant concentration
from 1 January 2015 to 31 December 2019, including the long-term trend and seasonal
trend and random fluctuation elements. The long-term trend element represents the long-
term trend characteristics of the time series, which can be characterized as a continuous
upward, continuous downward, or smooth trend during the study period. The seasonal
trend element is a cyclical fluctuation influenced by seasonal changes, characterized as a
recurring cyclical change every year during the study period; random events usually cause
the random fluctuation, and its changes are generally irregular. The expression is shown in
Equation (1):

Yt = Tt + St + Rt, t = 1, 2, · · · , n (1)

In Equation (1), Yt is the time series, Tt represents the long-term trend, St is the
seasonal trend, and Rt is the random fluctuation.

2.2.3. Generalized Additive Model

The generalized additive model (GAM) extends the generalized linear model (GLM)
and explains the complex non-linear correlation between the independent and dependent
variables. GAM is widely used in environmental epidemiology to explore the correlation
between air pollutant exposure and disease mortality or morbidity. The occurrence of
hospital admission for respiratory disease is a small probability event for the total number of
people in an area, and its distribution approximately follows the Poisson distribution. Since
the daily hospital admissions for respiratory diseases are tested to have overdispersion,
a GAM based on a quasi-Poisson distribution is developed to analyze the effect of six
major air pollutants—PM2.5, PM10, SO2, NO2, O3, and CO—on changes in the number
of hospital admissions for respiratory diseases. Assuming a log-linear distribution of
pollutants and diseases, we use the number of daily hospitalization events as the outcome
and the daily average pollutant concentration as the predictor, and we smooth the time
trend and meteorological elements, correcting for the weekend effect and the holiday effect.
The model is shown in Equation (2):

log(Ei) = βi(Ci) + ns(Time, d f ) + ns(MT, d f ) + ns(RH, d f ) + DOW + Holiday + α (2)

In Equation (2), Ei represents the expected value of the number of hospital admissions
for respiratory diseases on the i-th day, and Ci represents the average concentration of
air pollutants on the i-th day. The regression coefficient βi is calculated using the model.
Time is the date variable; MT is the daily mean temperature; RH is the daily mean relative
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humidity; DOW is the weekend effect (0 = working day, 1 = weekend); and Holiday is
the holiday effect (0 = non-statutory holiday and 1 = statutory holiday, both of which are
incorporated as factor variables into the model). ns is the natural smooth spline function,
and df is its degree of freedom, which was selected to be 4 for the Time variable [17] and 3
for the MT and RH variables [33]. α is the intercept.

Previous research has shown that there is a considerable hysteresis effect of ambient
air pollutant exposure on population health, which means that daily air pollutant exposure
may still impact population health after several days. As a result, the effect on the admission
day (Lag0) and the hysteresis effects on the first day (Lag1), second day (Lag2), third day
(Lag3), fourth day (Lag4), fifth day (Lag5), sixth day (Lag6), and seventh day (Lag7) are
examined. In addition, separate models are developed based on gender groups, age groups
(0–14 year group, 15–64 year group, and 65+ year group), season groups (cold season,
warm season), and disease subgroups (pneumonia, COPD) to examine the associations
between each air pollutant and the number of hospital admissions for respiratory diseases
on the admission day and lag days.

The following Equation (3) is used to calculate the percentage change (PC) in the
number of hospital admissions for respiratory diseases and its 95% confidence interval (CI)
for each 10 g/m3 increment in air pollutant concentration:

PC =[exp(βi × 10)− 1]× 100 (3)

In Equation (3), βi refers to the regression coefficient of each air pollutant derived
from Equation (2).

2.3. Methodology of Economic Loss Assessment—Attributable Risk and Cost of Illness Approach

Attributable fraction (AF) and attributable number (AN) are the fundamental indica-
tors of attributable risk (AR). In this study, AN represents the number of excessive hospital
admissions due to air pollutant exposure; AF represents the proportion of excessive hospi-
tal admissions due to air pollutant exposure to the total number of hospital admissions.
It may alternatively be understood as the proportion of the equivalent reduction in hospital
admissions to the overall number of hospital admissions if the population is exposed to air
pollution concentrations below a health-affecting threshold level [7]. Both are computed
using past research, as indicated in Equations (4) and (5).

AF =
n

∑
i=0

{
1− 1

exp[βi × (Ci − C0)]

}
(4)

In Equation (4), AF refers to attributable fraction; βi is the regression coefficient of
each air pollutant derived from Equation (2); Ci is the average concentration of each
air pollutant on the i-th day; C0 refers to a threshold concentration of each air pollutant.
Existing studies do not provide evidence for a defined threshold concentration in the
exposure–response relationship between air pollutant concentrations and health effects [9].
Threshold concentrations for the acute health effects of O3, PM10, SO2, and NO2 exposure
have also not been determined. As a result, a threshold concentration of 0 is used for each
air pollutant in this investigation.

AN = AF×
n

∑
j=1

(
Popj × Proj

)
(5)

In Equation (5), AN refers to the attributable number; Popj is the annual resident pop-
ulation in Wuhan from 2015 to 2019, which is 10,607,700, 10,767,200, 10,892,900, 11,081,100,
and 12,210,000, respectively. Proj refers to the hospital admission rate for respiratory
diseases. Because the data particular to Wuhan are unavailable, the 2017 hospital ad-
mission rate for respiratory diseases in China is utilized universally, which is 810.22 per
100,000 people [10].
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According to Kennelly and Zhang’s relevant research [34,35], the cost of illness (COI)
approach is used to assess the economic losses of hospital admission for respiratory diseases
caused by air pollutant exposure. COI considers the direct inpatient expenditure for
hospital admissions (the direct cost of the illness) and the losses of productivity caused
by hospital admissions (indirect cost of the illness). Daily per capita gross domestic
product (PGDP) is utilized in Wuhan instead of the daily per capita productivity losses [35].
Economic losses are calculated using Equations (6) and (7):

ECOloss = Costmean + Daymean × PGDPday (6)

TECOloss = AN × ECOloss (7)

In Equation (6), ECOloss is the economic losses of an individual inpatient with respira-
tory disease. The term Costmean refers to the average inpatient expenditure for respiratory
disease. The term PGDPday refers to the daily GDP per capita of Wuhan city. The daily
GDP per capita in Wuhan in 2015, 2016, 2017, 2018, and 2019 is USD 56.61, USD 53.51, USD
55.24, USD 59.18, USD 57.46, respectively, using the 2019 Gross Domestic Product (GDP)
index as the base period and deflating the daily GDP per capita from 2015 to 2018 (see
Table 1). In Equation (7), TECOloss is the overall economic losses, and AN is the attributable
number of inpatients.

Table 1. GDP indicator and GDP deflator in China for 2015–2019.

Year GDP Indicator (1978 = 100) GDP Deflator *

2015 3035.9 1.294
2016 3243.5 1.211
2017 3468.8 1.133
2018 3703.0 1.061
2019 3929.2 1.000

Note: * The 2019 GDP indicator is used as the basic period.

The GDP indicator is a relative number reflecting the trend and extent of changes
in GDP over a certain period of time. The GDP indicator is calculated at constant prices,
and this paper uses 1978 as the basic period to calculate the GDP indicator for 2015–2019.
Based on the GDP indicator, we calculate the GDP deflator for 2015–2019 with 2019 as the
price basic period and adjust nominal GDP to real GDP for the corresponding year, which
eliminates the effect of price volatility on GDP per capita.

Furthermore, it is assumed that air pollutant concentrations could be kept reasonably
low during the research period, and the evitable economic losses are calculated using
Equations (4)–(7).

3. Results
3.1. Statistical Description of Admission Data for Respiratory Diseases and Air Pollution
Concentrations

A total of 45,699 inpatients with respiratory diseases were included in the study, that
is, 27,725 male inpatients (60.67%) and 17,974 female inpatients (39.33%). According to
the analysis of the number of respiratory inpatients in different age groups, nearly half
of the inpatients were aged 65 and above, accounting for 44.42% (20,285 cases), while
the inpatients in the 0–14 years old and 15–64 years old groups accounted for 18.26%
(8340 cases) and 37.39% (17,074 cases), respectively. In the patients with respiratory diseases,
pneumonia and chronic obstructive pulmonary disease (COPD) were the majority, among
which 10,724 patients with pneumonia (23.47%) and 11,517 patients with COPD (25.20%)
were hospitalized. The total proportion of the two was 48.67%. Table 2 shows the results.
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Table 2. Basic information for inpatients with respiratory diseases.

Variable n (%)

Gender
Male 27,725 (60.67)

Female 17,974 (39.33)
Age (years)

0~14 8340 (18.26)
15~64 17,074 (37.39)

65+ 20,285 (44.42)
Disease subgroups

Pneumonia 10,724 (23.47)
COPD 11,517 (25.20)

Other diseases 23,458 (51.33)

According to the gender and age distribution of inpatient hospital admissions with
respiratory diseases, the findings of this paper show that males predominate among inpa-
tients with pneumonia and COPD, accounting for 56.13% and 70.83%, respectively; when
the age groups are examined, more inpatients with pneumonia are aged 0–14 years and 65+
years, accounting for 32.94% and 39.08%, respectively. See Table 3 for further information.

Table 3. Gender and age distribution of inpatients with respiratory diseases.

Variable

Pneumonia (n = 10,724) COPD (n = 11,517) Others (n = 23,458)

Cases Percentage
(%) Cases Percentage

(%) Cases Percentage
(%)

Gender
Male 6019 56.13 8154 70.80 13,552 57.77

Female 4705 43.87 3363 29.20 9906 42.23
Age (years)

0~14 3532 32.94 0 0.00 4808 20.50
15~64 3001 27.98 3138 27.25 10,935 46.62

65+ 4191 39.08 8379 72.75 7715 32.89

3.1.1. Characteristics of Numbers of Hospital Admissions for Respiratory Diseases

An analysis of the daily number of hospital admissions for respiratory diseases in this
article indicates that the average daily number of hospital admissions is 25.05 people; when
particular types of diseases are examined, the average daily number of hospital admissions
is 5.87 people for pneumonia and 6.31 people for COPD. Males have a greater average
daily number of hospital admissions than females, with 15.18 people for the former and
9.84 people for the latter. The average daily number of hospital admissions rises with
age. The 65+ age group has the greatest average daily number of hospital admissions
(11.11 people), followed by the 15–64 age group (9.41 people) and the 0–14 age group
(4.62 people). According to a season analysis, the average daily hospital admissions in the
warm and cold seasons are 25.58 and 24.52, respectively. Table 4 shows the results.

A time series decomposition analysis of hospital admissions from 2015 to 2019 indi-
cates an increasing tendency in the number of day-to-day hospital admissions for respira-
tory diseases, with significant seasonal fluctuations, with more admissions in winter and
spring and fewer in summer and fall. Long-term trends and seasonal fluctuations in the
number of daily hospital admissions for pneumonia and COPD are broadly consistent with
the patterns observed in the disease-specific analysis for all respiratory diseases.

3.1.2. Characteristics of Inpatient Expenditure for Respiratory Diseases

In order to eliminate the impact of price fluctuations on the inpatient expenditures
of respiratory diseases, the price deflator is applied to the inpatient expenditures from
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2015 to 2018 based on the Consumer Price Index (CPI) published on the official website of
the National Bureau of Statistics [36], using the CPI of 2019 as the base period. The CPI
deflators for 2015–2019 are calculated to be 1.089, 1.067, 1.051, 1.029, and 1.000, respectively.

Table 4. Basic information for the period of 2015–2019 on the number of daily hospital admissions
for respiratory diseases.

Variable X ± S Min 1 P25
2 P50

3 P75
4 Max 5

All inpatients 25.05 ± 12.07 0 16 24 33 77
Disease subgroups

Pneumonia 5.87 ± 3.87 0 3 5 8 23
COPD 6.31 ± 3.57 0 4 6 8 30
Gender

Male 15.18 ± 7.84 0 10 15 20 49
Female 9.84 ± 5.29 0 6 9 13 36

Age (years)
0~14 4.62 ± 3.13 0 2 4 6 20

15~64 9.41 ± 5.34 0 5 8 13 32
65+ 11.11 ± 6.08 0 7 10 15 53

Season
Cold season 24.52 ± 13.28 0 15 24 33 77

Warm season 25.58 ± 10.74 0 18 25 32 67
1 Minimum; 2 25th percentile; 3 50th percentile (median); 4 75th percentile; 5 maximum.

This study looked at the inpatient expenditures for respiratory diseases and discov-
ered that the median of inpatient expenditures is USD 1334.18. When particular disease
categories were examined, inpatient expenditures for pneumonia were lower than those for
COPD, with the former having a median of USD 1131.18 and the latter having a median of
USD 1486.65. Males had greater inpatient expenditures than that of females, with a median
of USD 1488 and USD 1162.77, respectively. The higher the age, the higher the inpatient
expenditures. The 65+ age group had the greatest inpatient expenditures, with a median
of USD 1843.32, followed by the 15–64 age group, with a median of USD 1296.84, and the
0–14 age group, with a median of USD 622.33. The examination of inpatient expenditures
by season revealed that the median was greater for inpatients in the cold season than for
those in the warm season, with the former costing USD 2200.55 and the latter costing USD
1613.34. See Table 5 for further information.

Table 5. Basic information for the period of 2015–2019 on the inpatient expenditure for respiratory diseases (unit: USD).

Variable X ± S Min 1 P25
2 P50

3 P75
4 Max 5

All inpatients 2370.76 ± 967.37 1.29 774.49 1334.18 2489.42 142,717.11
Disease subgroups

Pneumonia 2286 ± 2230.45 12.04 705.73 1131.18 2258.07 98,337.68
COPD 2390.32 ± 1492.43 1.86 1045.09 1486.65 2538.34 79,745.31
Gender

Male 2655.08 ± 1374.98 1.29 825.82 1488.00 2818.49 142,717.11
Female 1930.95 ± 1261.26 1.29 723.32 1162.77 2019.55 93,152.57

Age (years)
0~14 680.03 ± 417.34 11.19 514.12 622.33 789.19 10,817.72

15~64 2121.07 ± 1560.15 1.86 830.85 1296.84 2173.50 92,695.38
65+ 3234.6 ± 1912.49 1.29 1163.24 1843.32 3715.42 142,717.11

Season
Cold season 2364.84 ± 1024.72 2.48 1719.98 2200.55 2786.48 98,337.68

Warm season 1711.03 ± 929.33 1.29 1043.22 1613.34 2248.95 142,717.11
1 Minimum; 2 25th percentile; 3 50th percentile (median); 4 75th percentile; 5 maximum.
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An examination of inpatient expenditures by year from 2015 to 2019 reveals an upward
trend for inpatients with respiratory diseases, with the greatest inpatient expenditure in
2019 at a median of USD 1451.05 and the lowest inpatient expenditure in 2015 at a median
of USD 1277.43. Analysis of specific diseases revealed an upward trend in inpatient
expenditures for inpatients suffering from pneumonia and COPD, with the median for
pneumonia inpatients rising from USD 989.86 in 2015 to USD 1281.29 in 2019, and the
median for COPD inpatients rising from USD 1439.08 in 2015 to USD 1523.13 in 2019.
Figure 1 shows one example of this.
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Figure 1. Trends in inpatient expenditure for respiratory diseases for 2015–2019.

We analyze inpatient expenditure trends by gender from 2015 to 2019 and reveal
an upward tendency for both male and female inpatients. Male inpatients’ median of
inpatient expenditure trend grows from USD 1413.52 in 2015 to USD 1648.57 in 2019;
female inpatients’ median of inpatient expenditure increases from USD 1119.02 in 2015 to
USD 1263.08 in 2019. Figure 2 shows an example of this.
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Figure 2. Trends in inpatient expenditure for different genders for respiratory diseases for 2015–2019.

The analysis of the trend of inpatient expenditures by age from 2015 to 2019 revealed
that the trend of inpatient expenditure for the 0–14 year group is insignificant during the
study period; inpatient expenditure for the 15–64 year group shows an increasing trend,
with the median expenditure increasing from USD 1242.28 in 2015 to USD 1392.6 in 2019.
In contrast, expenditure for the 65+ age group varies, the median remains continuously
over USD 1500, reaching a low of USD 1765.87 in 2015 and climbing to USD 1829.59 and
USD 1949.25 in 2018 and 2019, respectively. Figure 3 shows an example of this.
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Figure 3. Trends in inpatient expenditure for different ages for respiratory diseases for 2015–2019.

3.1.3. Characteristics of Length of Stay for Respiratory Diseases

A study of the length of stay in hospital of inpatients with respiratory illnesses reveals
a median of 9 days. In the disease-specific study, COPD patients have a greater median
number of hospital days (10 days) than that of pneumonia inpatients (8 days). Males spend
more time in the hospital than females, with a median stay of 9 days for the former and
8 days for the latter. The median number of hospital days increases with age, with the 65+
age group having the most, with a median of 11 days, and the 15–64 and 0–14 age groups
having a median of 8 days and 5 days, respectively. According to an analysis of the length
of stay by season, the median number of length of stay for inpatients hospitalized in both
the cold and hot seasons is 9 days. Table 6 shows the detailed information.

Table 6. Basic information for the period of 2015–2019 for the length of stay for respiratory diseases.

Variable X ± S Min 1 P25
2 P50

3 P75
4 Max 5

All inpatients 9.31 ± 2.27 1 8 9 10 350
Disease subgroups

Pneumonia 8.68 ± 4.99 1 7 8 10 180
COPD 10.17 ± 3.57 1 8 10 12 130
Gender

Male 9.79 ± 3.17 1 8 9 11 76
Female 8.52 ± 2.73 1 7 8 10 39

Age (years)
0~14 4.63 ± 2.08 1 4 5 6 39

15~64 8.50 ± 4.63 1 7 8 9 350
65+ 11.53 ± 3.39 1 10 11 13 197

Season
Cold season 9.38 ± 2.54 1 8 9 10 350

Warm season 9.26 ± 1.93 1 8 9 10 191
1 Minimum; 2 25th percentile; 3 50th percentile (median); 4 75th percentile; 5 maximum.

3.1.4. Characteristics of Changes in Air Pollutants

The average concentrations of pollutants in Wuhan from 2015 to 2019 are as fol-
lows: PM2.5, 54.07 µg/m3; PM10, 87.32 µg/m3; SO2, 11.24 µg/m3; NO2, 44.97 µg/m3; O3,
92.83 µg/m3; and CO, 1.020 mg/m3, with SO2, O3, and CO meeting the national level
one standard (the annual average concentration of SO2: 15 µg/m3; the maximum daily
8 h average concentration of O3: 100 µg/m3; and the 24 h average concentration of CO:
4 mg/m3), while PM2.5, PM10, and NO2 exceeded the national level two standard (annual
average concentration of PM2.5: 35 µg/m3; the annual average concentration of PM10:
70 µg/m3; the annual average concentration of NO2: 40 µg/m3) (see Table 7). The country
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has set corresponding ambient air quality standards for these six categories of air pollutants.
According to the revised Ambient Air Quality Standards (GB3095-2012) in 2012, the annual
average values of the primary air quality standards for PM2.5, PM10, SO2, NO2, O3, and
CO, are 15 µg/m3, 40 µg/m3, 20 µg/m3, 40 µg/m3, 100 µg/m3, and 4 mg/m3, respectively,
where higher levels indicate higher pollution levels as shown in Table 8. The number
of days in Wuhan when the daily average concentration of pollutants did not meet the
national level one standard accounted for 65.93% for PM2.5, 77.60% for PM10, 5.70% for
NO2, and 35.21% for O3, and the number of days when the daily average concentration of
pollutants did not meet the national level two standard accounted for 19.82% for PM2.5,
9.20% for PM10, 5.70% for NO2, 13.53% for O3 of the total.

Table 7. Basic Information for the period of 2015–2019 for air pollutants in Wuhan.

Air Pollutants X ± S Min 1 P25
2 P50

3 P75
4 Max 5

PM2.5 (µg/m3) 54.07 ± 34.99 4 30 46 67 281
PM10 (µg/m3) 87.32 ± 47.75 3 53 81 112 618
SO2 (µg/m3) 11.24 ± 7.66 2 6 9 14 74
NO2 (µg/m3) 44.97 ± 18.94 11 30 42 56 119
O3 (µg/m3) 92.83 ± 53.51 4 53 85 122 281

CO (mg/m3) 1.020 ± 0.301 0.416 0.810 0.990 1.170 2.672
1 Minimum; 2 25th percentile; 3 50th percentile (median); 4 75th percentile; 5 maximum.

Table 8. Ambient Air Quality Standards (GB 3095-2012) concentration value.

Pollutants Average Time
Concentration Value

Concentration Unit
Level One Level Two

PM2.5
Annual average 15 35

µg/m3

Daily average 35 75

PM10
Annual average 40 70
Daily average 50 150

SO2
Annual average 20 60
Daily average 50 150

NO2
Annual average 40 40
Daily average 80 80

O3 Eight hour average 100 160

CO Daily average 4 4 mg/m3

3.2. Quantitative Analysis of the Impact of Air Pollutants on Hospital Admissions for
Respiratory Diseases

In this study, a generalized additive model (GAM) is developed for each air pollutant
and the number of hospital admissions for respiratory diseases. Except for O3, the results
show that the daily average concentrations of PM2.5, PM10, SO2, NO2, and CO have an
association with hospital admissions for respiratory disease, with PM2.5, PM10, SO2, and
CO all having the strongest hysteresis effect on the seventh day (Lag7), while NO2 has the
strongest hysteresis effect at Lag6. For PM2.5, PM10, SO2, and CO concentration rises by
10 µg/m3, the number of hospital admissions for respiratory disease increases by 0.90%
(95% CI: 0.47, 1.32), 0.60% (0.18, 1.02), 0.49% (0.07, 0.90), 0.47% (0.05, 0.88), 0.98% (0.56,
1.39), and 1.71% (1.29, 2.12).

PM10 only has a hysteresis effect on hospital admissions for respiratory disease at Lag7.
This shows that hospital admissions with an increase of 0.71% (0.45, 0.97) are associated
with each 10 µg/m3 increment of PM10 concentration. With each 10 µg/m3 increment
of SO2 concentration at Lag1, Lag2, Lag3, Lag4, Lag6, and Lag7, hospital admissions
for respiratory diseases increase by 5.80% (3.33, 8.33), 6.86% (4.39, 9.40), and 7.80% (5.30,



Atmosphere 2021, 12, 1628 12 of 18

10.36). At Lag6 and Lag7, NO2 and CO have a hysteresis effect on the number of hospital
admissions for respiratory disease. This shows that hospital admissions with an increase
of 0.76% (0.13, 1.40) and 0.74% (0.10, 1.39) are associated with each 10 µg/m3 increment
of NO2 concentration, and hospital admissions with an increase of 0.07% (0.08, 0.19) and
0.13% (0.08, 0.19) are associated with each 10 µg/m3 increment of CO concentration.

Inpatients are divided into two groups based on whether they have pneumonia or
COPD, and there is a difference in the association of hospitalization due to air pollutants
between the two groups. Inpatients with pneumonia are more susceptible to PM2.5, PM10,
SO2, NO2, and O3, in addition to CO. The average daily concentrations of PM2.5, PM10,
SO2, NO2, and O3 have a correlation with pneumonia hospital admissions, with PM2.5
having an influence on pneumonia hospital admissions at Lag1, Lag2, Lag5, Lag6, and
Lag7, with the biggest hysteresis effect at Lag7.

With each 10 µg/m3 increment of PM2.5 concentration, hospital admission increases
by 2.11% (1.23, 2.98). SO2 influences pneumonia hospital admissions at Lag1, Lag3, Lag4,
Lag6, and Lag7, with the biggest hysteresis effect at Lag7. With each 10 µg/m3 increment
of SO2 concentration, hospital admission increases by 13.33% (7.78, 19.16). NO2 influences
the pneumonia hospital admissions at Lag6 and Lag7, with the biggest hysteresis effect at
Lag6. With each 10 µg/m3 increment of NO2 concentration, hospital admissions increase
by 2.0% (0.69, 3.33). PM10 and O3 only have a hysteresis effect on pneumonia hospital
admissions at a single lag day. With each 10 µg/m3 increment of PM10 concentration at
Lag7, hospital admissions increase by 0.82% (0.30, 1.35). With each 10 µg/m3 increment of
O3 concentration at Lag1, hospital admissions increase by 0.78% (0.04, 1.52). The analysis
result of COPD shows that only the average daily concentrations of PM2.5, SO2, and
CO have a relationship with COPD hospital admissions. PM2.5 influences the COPD
hospital admissions at Lag1 and Lag7, with the biggest hysteresis effect at Lag7. With
each 10 µg/m3 increment of PM2.5 concentration, hospital admission increases by 1.9%
(1.12, 2.69). SO2 influences the COPD hospital admissions at Lag1, Lag2, and Lag7, with
the biggest hysteresis effect at Lag1. With each 10 µg/m3 increment of SO2 concentration,
hospital admission increases by 6.50% (1.93, 11.27). CO only influences the COPD hospital
admissions at Lag7. With each 10 µg/m3 increment of CO concentration, hospital admission
increases by 0.19% (0.08, 0.30).

Similar to the categorization of disease type, this research develops the GAM of each
air pollutant and the number of hospital admission for respiratory disease by gender, age,
and season. The analysis results reveal gender disparities in the risk of hospital admissions
for respiratory disease due to air pollutants, with males bearing a more significant effect;
i.e., the percentage change in the number of hospital admissions for respiratory disease
due to air pollution is more significant for males. There were age differences in the risk of
hospital admissions for respiratory diseases caused by air pollutants, with PM2.5, PM10,
SO2, and NO2 having a more significant effect on people aged 0–14 years, while O3 and
CO had a more significant effect on people aged 65+ years. The risk of hospitalization for
respiratory diseases caused by air pollution was seasonally related, with PM2.5, PM10, O3,
and CO having a sizable effect during the summer.

3.3. Assessment of Economic Losses
3.3.1. Analysis Results of Attributable Risk

To make the results easier to understand, attributable analysis is applied for each
air pollutant to determine the lag day with the greatest hysteresis effect (i.e., the biggest
regression coefficient calculated by the GAM) on hospital admissions for respiratory disease.
Table 9 shows the lag days with the greatest hysteresis effect of each air pollutant, as well
as their regression coefficients (β). Lag1–Lag7 in the table represent the hysteresis effects of
each air pollutant on the first day (Lag1), second day (Lag2), third day (Lag3), fourth day
(Lag4), fifth day (Lag5), sixth day (Lag6), and seventh day (Lag7) of hospital admissions.
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Table 9. The lag days with the greatest hysteresis effect of each air pollutant and regression coefficients (β).

Variable PM2.5 PM10 SO2 NO2 O3 CO

All inpatients Lag7 (0.0017) Lag7 (0.0007) Lag7 (0.0080) Lag6 (0.0008) - Lag7 (0.0001)
Disease Subgroups

Pneumonia Lag7 (0.0021) Lag7 (0.0008) Lag7 (0.0125) Lag6 (0.0020) Lag1 (0.0008) -
COPD Lag7 (0.0019) - Lag1 (0.0063) - - Lag7 (0.0002)
Gender

Male Lag7 (0.0020) Lag7 (0.0009) Lag7 (0.0100) Lag7 (0.0011) Lag6 (0.0005) Lag7 (0.0001)
Female Lag7 (0.0013) Lag7 (0.0005) Lag2 (0.0069) - - Lag7 (0.0001)

Age (years)
0~14 Lag7 (0.0026) Lag7 (0.0009) Lag7 (0.0163) Lag6 (0.0018) - -
15~64 Lag7 (0.0015) Lag7 (0.0006) Lag3 (0.0086) - - Lag7 (0.0001)

65+ Lag7 (0.0014) Lag7 (0.0008) Lag7 (0.0074) Lag7 (0.0011) Lag4 (0.0006) Lag7 (0.0002)

Air pollutant exposure has a negative impact on the population’s respiratory health.
Our research shows the attributable fractions, which represent the proportion of excessive
hospital admissions due to air pollutant (PM2.5, PM10, SO2, NO2, and CO) exposure to
the total number of hospital admissions, are 8.50%, 5.81%, 8.80%, 3.33%, and 11.73%,
respectively. Based on the attributable fraction, further estimation shows that the number
of hospital admissions for respiratory diseases attributable to PM2.5, PM10, SO2, NO2, and
CO exposure is 37,600, 25,700, 35,700, 14,700, and 51,800, respectively. The attributable
risk differed by disease subgroups, gender groups, and age groups; for example, more
males than females are hospitalized for respiratory disease due to PM2.5, 22,800 for the
former and 14,800 for the latter with attributable fractions of 9.70% and 6.50%, respectively.
The number of hospital admissions for respiratory diseases due to PM10 rose with age,
with 5700 cases (ages 0–14), 7500 cases (15–64), and 12,600 cases (65+) with attributable
fractions of 6.98%, 4.55%, and 6.40%, respectively. SO2 caused more hospital admissions
for pneumonia (12,300 cases) than COPD (7600 cases), with attributable fractions of 11.84%
and 6.81%, respectively. See Table 10 for details.

Table 10. Attributable analysis results of hospital admissions for respiratory diseases due to air pollutants.

Variable PM2.5 PM10 SO2 NO2 O3 CO

Attributable Fraction (%, 95% CI)
All inpatients 8.50 (6.54, 10.40) 5.81 (3.73, 7.82) 8.80 (5.80, 10.27) 3.33 (0.57, 6.00) - 11.73 (3.42, 19.27)

Disease Subgroups
Pneumonia 10.19 (6.18, 13.97) 6.60 (2.47, 10.51) 11.84 (7.35, 16.04) 8.35 (3.01, 13.34) 6.29 (0.34, 11.76) -

COPD 9.91 (6.05, 13.55) - 6.81 (2.15, 11.15) - - 16.05 (8.01, 23.33)
Gender

Male 9.70 (7.24, 12.07) 7.10 (4.51, 9.60) 9.95 (7.13, 12.66) 4.83 (1.32, 8.20) 4.29 (0.59, 7.80) 12.76 (7.40, 17.79)
Female 6.50 (3.22, 9.62) 4.05 (0.59, 7.36) 7.10 (3.36, 10.63) - - 8.78 (1.68, 15.32)

Age (years)
0~14 12.11 (7.79, 16.16) 6.98 (2.34, 11.34) 15.18 (10.22, 19.77) 7.64 (1.47, 13.36) - -

15~64 7.53 (4.21, 10.70) 4.55 (0.99, 7.95) 8.74 (4.94, 12.34) - - 12.99 (6.05, 19.38)
65+ 7.42 (4.40, 10.32) 6.40 (3.27, 9.41) 7.75 (4.32, 11.01) 4.82 (0.68, 8.76) 4.95 (0.71, 8.94) 9.79 (3.28, 15.83)

Attributable Number (1000 cases, 95% CI)
All inpatients 37.6 (28.9, 46.) 25.7 (16.5, 34.6) 35.7 (25.7, 45.4) 14.7 (2.5, 26.5) - 51.8 (15.1, 85.2)

Disease Subgroups
Pneumonia 8.8 (6.4, 14.5) 6.8 (2.6, 10.9) 12.3 (7.6, 16.6) 8.7 (3.1, 13.8) 6.5 (0.4, 12.2) -

COPD 9.5 (6.7, 15.1) - 7.6 (2.4, 12.4) - - 17.9 (8.9, 26.0)
Gender

Male 22.8 (19.4, 32.4) 19.0 (12.1, 25.8) 26.7 (19.1, 33.9) 13.0 (3.5, 22.) 11.5 (1.6, 20.9) 34.2 (19.8, 47.7)
Female 14.8 (5.6, 16.7) 7.0 (1, 12.8) 12.3 (5.8, 18.5) - - 15.3 (2.9, 26.6)

Age (years)
0~14 6.9 (6.4, 13.2) 5.7 (1.9, 9.2) 12.4 (8.3, 16.1) 6.2 (1.2, 10.9) - -

15~64 14.0 (6.9, 17.6) 7.5 (1.6, 13.1) 14.4 (8.1, 20.2) - - 21.3 (9.9, 31.8)
65+ 16.7 (8.6, 20.2) 12.6 (6.4, 18.5) 15.2 (8.5, 21.6) 9.5 (1.3, 17.2) 9.7 (1.4, 17.5) 19.2 (6.4, 31.1)
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3.3.2. Results of Economic Loss Assessment

Hospital admission for respiratory diseases due to air pollutant exposure causes eco-
nomic losses to both society and individuals. According to the analysis in this paper, the per
capita economic losses of inpatient expenditure is approximately USD 2746.35, and the eco-
nomic losses attributable to PM2.5, PM10, SO2, NO2, and CO exposure are USD 103.17 mil-
lion, USD 70.54 million, USD 98.02 million, USD 40.35 million, and USD 142.38 million,
respectively, accounting for approximately 0.20% of Wuhan’s GDP in 2019. As demon-
strated in Table 11, the economic losses from hospital admissions due to air pollution
differed by disease subgroups, gender groups, and age groups.

Table 11. Economic losses of inpatients for respiratory disease due to air pollutants (95% CI) (unit: million USD).

Variable PM2.5 PM10 SO2 NO2 O3 CO

All inpatients 103 (79, 126) 71 (45, 95) 98 (70, 125) 40 (7, 73) - 142 (41, 234)
Disease subgroups

Pneumonia 24 (18, 40) 19 (7, 30) 34 (21, 46) 24 (9, 38) 17 (1, 32) -
COPD 26 (18, 41) - 21 (7, 34) - - 50 (25, 73)
Gender

Male 63 (53, 89) 52 (33, 71) 73 (53, 93) 36 (10, 60) 35 (5, 64) 104 (60, 145)
Female 41 (15, 46) 19 (3, 35) 34 (16, 51) - - 35 (7, 61)

Age (years)
0~14 19 (17, 36) 16 (5, 25) 34 (23, 44) 17 (3, 30) - -
15~64 38 (19, 48) 21 (4, 36) 39 (22, 56) - - 59 (27, 87)

65+ 46 (24, 56) 34 (18, 51) 42 (23, 59) 26 (4, 47) 36 (5, 65) 53 (18, 85)

4. Discussion and Conclusions

The main conclusions and discussion from the study and analysis are as follows:
The frequency of respiratory hospitalizations in Wuhan has increased in recent years,

and there is a link between changes in respiratory hospitalizations and exposure to the
air pollutants PM2.5, PM10, SO2, NO2, O3, and CO, particularly in those with pneumonia,
males, and those aged 0–14 years. Furthermore, respiratory hospitalization caused by air
pollution results in certain economic losses and burdens society and individuals financially.
As a result, relevant government departments should be urged to improve air pollution
management to reduce the impact of air pollution on population health and associated
economic losses, hence improving health benefits and economic advantages.

Based on the quantitative analysis of the impact on hospital admissions for respiratory
diseases due to air pollution, this paper found that the total economic losses on hospital
admission for respiratory disease due to air pollution in Wuhan during the study period
were USD 454.46 million, accounting for approximately 0.20% of Wuhan’s GDP in 2019.
PM2.5, SO2, and CO generate far greater economic losses than PM10, NO2, and O3. As a
result, the government should step up its prevention and control measures for PM2.5, SO2,
and CO.

We may examine the essential scenario analysis of the economic losses of the impact
of air pollution on human health based on the aforementioned findings. Assuming that the
daily concentrations of PM2.5, PM10, SO2, NO2, O3, and CO are at a relatively low level
in Wuhan from 2015 to 2019, four scenarios are presented for keeping these six types of
air pollutants at relatively low levels, and the evitable economic losses under different
scenarios are further assessed. The scenario analysis findings are presented in the table
below. In the best-case scenario, assuming that PM2.5 and PM10 concentrations during the
study period are within the WHO-recommended criterion values (annual average PM2.5
concentration: 10 µg/m3, and annual average PM10 concentration: 20 µg/m3), the annual
evitable economic losses would be USD 16.88 million and USD 10.88, respectively. If the
average SO2 concentration limits are 4 µg/m3, 6 µg/m3, 8 µg/m3, and 10 µg/m3 over the
research period, the annual evitable economic losses would be USD 12.45 million, USD
8.73 million, USD 5.01 million, and USD 1.14 million, respectively. If the average NO2
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concentration limits are 10 µg/m3, 20 µg/m3, 30 µg/m3, and 40 µg/m3 over the research
period, the annual evitable economic losses would be USD 6.3 million, USD 4.44 million,
USD 2.72 million, and USD 0.86 million, respectively. The study revealed a significant
association between O3 exposure and hospital admissions for pneumonia inpatients, male
inpatients, and inpatients aged 65+ years with respiratory disease, with O3 having the
highest impact on hospital admissions for male respiratory inpatients. If the average O3
concentration limits are 20 µg/m3, 40 µg/m3, 60 µg/m3, and 80 µg/m3 over the research
period, the annual evitable economic losses would be USD 4.87 million, USD 3.43 million,
USD 2 million, and USD 0.57 million, respectively. If the average CO concentration limits
are 0.25 µg/m3, 0.50 µg/m3, 0.75 µg/m3, and 1.00 µg/m3 over the research period, the
annual evitable economic losses would be USD 21.75 million, USD 14.74 million, USD
7.58 million, and USD 0.14 million, respectively. Table 12 shows the detailed findings of
the study for the different disease subgroups, gender groups, and age groups for the four
scenarios for each pollutant.

Table 12. Scenario analysis of evitable economic losses at relatively low levels of air pollutant concentrations in Wuhan.

Air
Pollutants

Annual Average
Concentrations of

Pollutants in the Air
under Four Scenarios

Evitable Economic Losses under Different Scenarios of Decreasing Air Pollutant
Concentrations (Million USD)

All
Inpatients

Disease Subgroups Gender Groups Age Groups

Pneumonia COPD Male Female 0~14 15~64 65+

PM2.5

10 µg/m3 16.88 4.72 5.01 11.73 5.01 4.44 5.58 6.58

20 µg/m3 13.02 3.58 4.01 9.01 3.86 3.29 4.29 5.15

30 µg/m3 9.01 2.58 2.86 6.30 2.72 2.15 3.00 3.72

40 µg/m3 5.01 1.29 1.72 3.43 1.57 1.14 1.72 2.15

PM10

20 µg/m3 10.88 2.86 - 8.01 3.00 2.43 3.15 5.29

40 µg/m3 7.58 2 - 5.58 2.00 1.57 2.15 3.72

60 µg/m3 4.15 1 - 3.15 1.14 0.86 1.29 2.15

80 µg/m3 0.86 0.14 - 0.57 0.29 0.14 0.29 0.57

SO2

4 µg/m3 12.45 4.15 2.72 9.30 4.29 4.29 5.01 5.29

6 µg/m3 8.73 2.86 2 6.44 3.00 2.86 3.58 3.86

8 µg/m3 5.01 1.43 1.29 3.72 1.72 1.43 2.00 2.29

10 µg/m3 1.14 0.43 0.72 0.43 0.00 0.43 0.72

NO2

10 µg/m3 6.3 3.72 - 5.58 - 2.72 - 4.01

20 µg/m3 4.44 2.58 - 4.01 - 1.86 - 2.86

30 µg/m3 2.72 1.57 - 2.29 - 1.14 - 1.72

40 µg/m3 0.86 0.43 - 0.72 - 0.29 - 0.57

O3

20 µg/m3 4.87 2.72 - 4.87 - - - 4.15

40 µg/m3 3.43 1.86 - 3.43 - - - 2.86

60 µg/m3 2.00 1 - 2.00 - - - 1.57

80 µg/m3 0.57 0.14 - 0.57 - - - 0.43

CO

0.25 mg/m3 21.75 - 7.58 14.31 6.44 - 9.01 8.01

0.50 mg/m3 14.74 - 5.29 9.73 4.29 - 6.01 5.58

0.75 mg/m3 7.58 - 2.86 5.01 2.29 - 3.15 2.86

1.00 mg/m3 0.14 - 0.29 0.14 0.14 - 0 0.14
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Based on the preceding scenario analysis and discussion, it is evident that the health
and economic returns of improved air pollution control are considerable to some extent.

This paper’s research methodology is relatively generalizable. When examining
the influences of air pollution on human health and calculating economic losses, this
research takes Wuhan as an example. As a result, by understanding the number of hospital
admissions for respiratory diseases, inpatient expenditure, length of stay, and the general
situation and temporal trends of air pollutant concentrations in a given region, it is possible
to quantitatively assess the effects of air pollutants on the number of hospital admissions
for respiratory diseases and the associated economic losses in that region, which can serve
as a benchmark for assessing the health effects of air pollution.

The data for this study came from two IIIA (highest) hospitals in Wuhan, where the
hospital information system is well established, ensuring data accuracy. Furthermore,
in order to study the respiratory health effects of air pollutants, this study uses the COI
to estimate the economic losses associated with air pollution, making the findings more
relevant for policy guidance and providing a reference for cost–benefit analysis in formu-
lating air pollution control policies. However, there are several limitations to this research.
The study relies on air pollutant concentration data from fixed location monitoring sta-
tions rather than individual air pollutant exposure, and it excludes other personal data,
such as lifestyle, socioeconomic status, and comorbidities, which could give bias to effect
estimation. Future studies should focus on obtaining individual exposure data and in-
corporating questionnaires to obtain more personal information to assess the respiratory
impacts of air pollution more accurately. Second, data from hospitals on respiratory inpa-
tients include both unintentional and purposeful admissions. In the future, more data on
patient hospitalization should be collected, with some planned inpatients eliminated and
only the number of unintentional inpatients included for model fitting, resulting in more
scientifically valid findings.
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