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Abstract
In the twenty-first century, exposure to air pollution has become a threat to human health worldwide due to industrial development. 
Timely, comprehensive, and reliable assessment and prediction of disease burden can help mitigate the health hazards of air pollu-
tion. This study conducted a two-stage analysis. First, we reported the air pollution–related disease burden globally and for different 
subgroups like socio-demographic index (SDI), sex, and age. We analyzed the trend of the disease burden from 1990 to 2019. In 
addition, we explored whether and how some national indicators modified the disease burden. Second, we predicted the number 
and the age-standardized rates of death and disability-adjusted life years (DALYs) attributable to air pollution from 2020 to 2044 by 
the autoregressive integrated moving average (ARIMA) model and exponential smoothing model. The age-period-cohort (APC) 
model in the maximum likelihood framework and the Bayesian APC model integrated nested Laplace approximations (INLAs) were 
further applied to perform sensitivity analysis. In 2019, air pollution accounted for 11.62% of death and 0.84% of DALY worldwide. 
The corresponding age-standardized rate was 85.62 (95% uncertainty interval (UI): 75.71, 96.07) and 2791.08 (95% UI: 2468.81, 
3141.39) per 100,000 population. From 1990 to 2019, the number of death attributable to air pollution remained stable, and the 
number of DALY exhibited a downward trend. The corresponding age-standardized rates both declined. In some countries with larger 
population densities, higher proportions of elders, and lower proportions of females, the disease burden attributable to air pollution 
was lower. The predicted results showed that the number of air pollution-related death and DALY would increase. This study com-
prehensively assessed and predicted the air pollution–related disease burden worldwide. The results indicated that the disease burden 
would remain very serious in the future. Hence, some relevant policies should be developed to prevent and manage air pollution.
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Highlights   
• In the twenty-first century, exposure to air pollution has become a 
threat to human health worldwide due to economic development.
• The trend in the air pollution-related disease burden from 1990 
to 2019 is assessed by the linear regression model. And the panel 
data model is used to explore potential factors that modify the air 
pollution–related disease burden.
• The autoregressive integrated moving average model and the 
exponential smoothing model are compared to determine the optimal 
model. The age-period-cohort model under the maximum likelihood 
framework and the Bayesian age-period-cohort model integrated 
nested Laplace approximations are used for sensitivity analysis.
• The air pollution–related disease burden of males is higher than that 
of females. The age is directly proportional to the disease burden. And 
regions with lower SDI seem to have a higher disease burden.
• This study comprehensively assesses and predicts the air 
pollution–related disease burden worldwide. The results indicate 
that the air pollution-related disease burden will remain very 
serious in the next 25 years.
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Introduction

Ambient air pollution was considered a risk factor for pre-
mature death with a high direct and indirect impact on the 
social burden (Cohen et al. 2017). Recently, it has attracted 
the attention of quite a few researchers (Shahrbaf et al. 2021; 
Noorimotlagh et al. 2021; Schraufnagel et al. 2019). Studies 
showed that exposure to air pollution increased the risk of 
respiratory disease, cardiovascular disease, type 2 diabetes, 
and cancers in the long term (Beelen et al. 2014; Hoek et al. 
2013; Newby et al. 2015; Brook et al. 2017). Air pollution 
caused nearly nine million preventable premature deaths 
worldwide each year and shortened life expectancy world-
wide by almost 3 years (Münzel et al. 2021). Air pollution 
had gotten worse over the past 3 years. Research showed 
that if we did not take any proactive interventions, air pollu-
tion–related deaths would double by 2050. In addition to the 
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processing to systematically assess the air pollution–related 
disease burden worldwide from 1990 to 2019, providing 
globally representative and comparable results.

In recent years, research on disease burden has become 
more and more popular. Regrettably, most studies only 
estimated the disease burden (Jin et al. 2016; Muthiah and 
Sanyal 2020). To analyze the air pollution–related disease 
burden more comprehensively, we combined disease burden 
prediction and disease burden assessment. The model used 
for disease burden assessment was mainly a linear regression 
model (Li et al. 2021; Lin et al. 2021). Numerous models 
were used to predict the disease burden such as the autore-
gressive integrated moving average (ARIMA) model (Cey-
lan 2020; Zheng et al. 2020) and the exponential smoothing 
model (Fu et al. 2021; Liu et al. 2020) in the time series 
model, and the age-period-cohort (APC) model (Akita et al. 
2014; Ji et al. 2019). Some studies compared the two models 
in the time series model (Adeyinka and Muhajarine 2020; 
Lin et al. 2021; Gecili et al. 2021), but the results were not 
consistent. This research innovatively combined the three 
models, compared the ARIMA model and the exponential 
smoothing model to determine the optimal model, and used 
the APC model for sensitivity analysis.

The purpose of this study was as follows. First, we aimed 
to report the air pollution–related disease burden globally 
and in different subgroups such as region, sociodemographic 
index (SDI), sex, and age in 2019. Second, we aimed to 
explore the trend of changes in the air pollution–related dis-
ease burden from 1990 to 2019. Third, we explored how 
and if the air pollution-related disease burden was modified 
by some national indicators. Finally, we aimed to use the 
ARIMA model and exponential smoothing model in the time 
series analysis to predict the air pollution–related disease 
burden from 2020 to 2044 and determine the optimal model. 
Furthermore, we applied the APC model in the maximum 
likelihood framework and the Bayesian APC model inte-
grated nested Laplace approximations (INLAs) for sensitiv-
ity analysis. The findings of this study provided an evidence-
based assessment of the effectiveness of current control and 
preventive measures, helped researchers fully understand the 
impact of global air pollution on human health, and provided 
a basis for policy-makers.

Methods

Data collection

The data on air pollution–related death and DALY from 
1990 to 2019 were extracted from the GBD Study 2019 
website (http://​www.​globa​lburd​en.​org/). This was free of 
charge provided by the Institute for Health Metrics and 

impact on human health, air pollution could also cause huge 
economic losses, with an estimated annual loss of 3.8 trillion 
US dollars (McNutt and Dzau 2019). Therefore, a timely, 
comprehensive, and reliable assessment and prediction of 
the global air pollution-related disease burden was required.

Among all air pollutants, ozone and particulate matter 
were of concern due to their negative effects on terrestrial 
ecosystems. Research by Guarin et al. showed that about 
90% of the European urban population was currently 
exposed to high levels of ozone pollution (Guarin et al. 
2019). In 2018, ozone concentrations in 14 of 36 European 
countries exceeded the WHO threshold more than 25 times 
per year, with 87% of monitoring stations monitoring ozone 
values that exceeded long-term target thresholds set by Euro-
pean authorities. Ozone pollution increased people’s risk of 
chronic respiratory and cardiovascular disease (McDonnell 
et al. 2010; Europe 2013; Chen et al. 2018; Rohr 2018). 
Short-term exposure to ozone might also lead to decreased 
lung mucociliary function, thereby weakening the body’s 
resistance (Balajee et al. 2017). About 16,400 people died 
prematurely in the EU each year due to ozone pollution. The 
particulate matter was a major risk factor affecting human 
health. And the particulate matter was closely associated 
with cardiovascular, respiratory, and neurovascular dis-
ease (Shah et al. 2015; Gowers et al. 2012; Bloemsma et al. 
2016). Due to their small size, the particulate matter could 
enter the body and cause some diseases, including respira-
tory diseases (Tian et al. 2020). Studies showed that PM2.5 
might induce airway inflammation and exacerbate wheezing 
symptoms in COPD patients (Chi et al. 2016). For every 
10 μg/m3 increase in PM2.5 concentration, the risk of death 
from lung cancer increased by 9% (Krewski et al. 2009). In 
addition, PM2.5 also had short-term and long-term effects 
on pneumonia (Tian et al. 2019; Zhang et al. 2017). There 
was also an association with COVID-19 (Yao et al. 2020).

However, there were no studies that systematically 
assessed the global burden of air pollution–related disease 
in recent years. Most studies exploring the air pollution-
related disease burden were conducted in one or several 
countries (Nunes et al. 2021; Khomenko et al. 2021; India 
State-Level Disease Burden Initiative Air Pollution Collabo-
rators 2021b). Due to the different timing of the studies and 
the inconsistent methods of data collection and processing, 
it was difficult to compare and synthesize the results of these 
studies. Therefore, to prevent and control air pollution, it 
was urgent to assess the global air pollution–related disease 
burden, predict its development trend, and provide a basis 
for the formulation of relevant health policies. The Global 
Burden of Disease (GBD) Study 2019 listed air pollution as 
a risk factor (GBD 2019 Risk Factors Collaborators, 2020). 
The database contained air pollution–related data on the 
death and disability-adjusted life years (DALY) from 1990 
to 2019. It used standardized methods for data collection and 
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Evaluation (IHME). The data for air pollution in the GBD 
database included two pollutants, ambient ozone pollution, 
and particulate matter pollution. The GBD study 2019 was a 
systematic survey that assesses the health effects of diseases, 
injuries, and risk factors based on age, sex, and region. The 
details of the methodology had been described in previous 
publications (GBD 2019 Blindness and Vision Impairment 
Collaborators 2021a; Roth et al. 2020; GBD 2017 Causes 
of Death Collaborators 2018). The following was a brief 
introduction to the GBD study 2019. First, the period of this 
study was from 1990 to 2019. Second, the scope of the study 
was global. All countries and territories were divided into 7 
super-regions and 21 regions based on geographic contigu-
ity and epidemiological homogeneity. At the same time, all 
countries and territories were divided into five areas accord-
ing to the socio-demographic index (SDI) indicator. They 
were high SDI, high-middle SDI, middle SDI, low-middle 
SDI, and low SDI. The SDI indicator was a comprehensive 
measure of developmental level based on average education 
level, total fertility, and per capita income, ranging from 
worst zero to best one hundred. We chose air pollution from 
the database as the risk, death, and DALY for measures.

We collected the following national indicators from the 
World Bank databases to explore some potential factors 
affecting the disease burden attributable to air pollution 
(https://​datab​ank.​world​bank.​org/​home.​aspx#): (1) greening 
indicator: forest area; (2) demographic indicators: including 
the proportion of the population ages 65 years and above in 
the total population, population density, population growth, 
and female of the total population; (3) socioeconomic indi-
cators: including adjusted national income, adjusted national 
income per capita, annual GDP growth, and annual GDP 
per capita growth; (4) urban characteristic: urban population 
of the total population. Since partial data were missed, we 
selected the above data from 121 countries and territories 
from 1990 to 2019 in the end.

The data of the APC model were as follows. The popula-
tion forecast data came from the 2019 revised edition of the 
population of the world outlook (https://​popul​ation.​un.​org/​
wpp/​Downl​oad/​Stand​ard/​CSV/). The standardization of the 
World Health Organization (WHO) in 2000–2025 demo-
graphic data came from a public website (https://​seer.​cancer.​
gov/​stdpo​pulat​ions/​world.​who.​html/).

Statistical analysis

This study conducted a two-stage analysis: disease burden 
assessment and disease burden prediction. In the section on 
disease burden assessment, first, we assessed the air pollu-
tion–related disease burden in 2019 and analyzed it by sub-
groups such as age and sex. In addition, we analyzed whether 
the disease burden attributable to different types of air pollu-
tion varied by country and territory according to the dominant 

pollutant. We described the air pollution–related disease 
burden by using the number and the age-standardized rates 
of death and DALY. Second, the estimated annual percent-
age change (EAPC) from 1990 to 2019 was calculated by a 
linear regression model to reflect the trends in the air pollu-
tion–related disease burden. The t-test and the Kruskal–Wallis 
test were used to compare the differences in disease burden 
among different subgroups. Cluster analysis was used to com-
pare the air pollution–related, the particulate matter pollu-
tion–related, and the ambient ozone pollution–related disease 
burden across countries and territories. Finally, the relationship 
between some national indicators and the air pollution–related 
disease burden was analyzed using a panel data model. The 
panel data model consisted of three models. They were the 
fixed-effects model, the mixed-effects model, and the random-
effects model (Horio et al. 2013). The likelihood ratio test was 
first performed. When the data did not differ significantly in 
units and time, the mixed-effects model was used to blend the 
data and estimate the parameters using ordinary least squares. 
Otherwise, the Hausman test was used to choose between the 
other two models. If the null hypothesis of Hausman’s test was 
accepted, the random-effects model should be adopted (Song 
et al. 2021).

In the section on disease burden prediction, we predicted 
the number and the age-standardized rates of air pollution-
related deaths and DALY from 2020 to 2044 by using the 
ARIMA model and the exponential smoothing model in 
time series analysis. To verify the stability of the predic-
tion results, sensitivity analysis was further performed using 
the APC model under the maximum likelihood framework 
and the Bayesian APC model integrated nested Laplace 
approximations (INLAs). Mean absolute percentage error 
(MAPE) was used as a model evaluation indicator to deter-
mine the best model for predicting the trend of the air pollu-
tion–related disease burden. For a more precise forecast, we 
calculated the number of changes in three cases based on the 
rate observed in 2019, including the rate remaining stable, 
decreasing by 1% per year, and increasing by 1% per year. 
In addition, we considered air quality improvements from 
vehicle electrification and other technologies in the ARIMA 
model used to predict future disease burden to see if future 
disease burden trends remain consistent.

All data collation and analysis were performed by R (ver-
sion 4.0.2) software. And the world map was drawn using 
ArcGIS software.

Results

The air pollution‑related disease burden in 2019

In 2019, the number of air pollution-related death was 6.67 
million (95% uncertainty intervals (UI): 7.49 million, 5.90 
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million), which accounted for 11.62% of global death. The 
corresponding age-standardized death rate was 85.62 (95% 
UI: 75.71, 96.07) per 100,000 population. The number of 
air pollution–related DALY was 21.33 million (95% UI: 
18.89 million, 23.95 million) accounting for 0.84% of global 
DALY in 2019. However, the corresponding age-standard-
ized rate of DALY related to air pollution was 2791.08 (95% 
UI: 2468.81, 3141.39) per 100,000 population.

As shown in Fig. 1, the different indicators’ regularity 
of the regions grouped according to SDI was different. The 
number and corresponding age-standardized rates of air 
pollution–related death and DALY in high SDI locations 
were lower than in others. The age-standardized rates of 
death and DALY in low SDI locations were the highest. 
The number of death in middle SDI locations and the num-
ber of DALY in low-middle SDI locations were the highest. 
Regarding gender, the number and age-standardized rates of 
death and DALY attributable to air pollution were different 
between males and females. In 2019, the age-standardized 
rate of DALY and the age-standardized rate of death related 
to air pollution for males were 1.37 times higher and 1.50 
times higher than that of females, respectively. We further 
explored whether the differences between males and females 
were present across all age groups. The results are shown in 
Supplementary Fig. S14 , Fig. S15, Fig. S16,  Supplemen-
tary Fig. S17. In the indicators of the deaths number and 
DALY number, the numbers were slightly higher in females 
than in males in the age group of 0–9. Furthermore, more 
women were affected by air pollution than men at the age 
of 80 and above. However, the number of deaths and DALY 
was higher in males than in females in all other age groups. 
The death rate and DALY rate of women were slightly 
higher than men at ages 0–9. Also, men and women were 
roughly the same at the age of 10–14. In addition, the death 
rate and DALY rate of males were higher than females in all 
other age groups. Therefore, we could conclude that the dif-
ferences between males and females nearly persisted across 
all age groups except for younger and older segments of 
the population. Figure 1 shows the age-standardized rates 
of death and DALY for different age groups.

The air pollution–related disease burden varied widely 
around the world. In 2019, the largest air pollution–related 
number of death (1.85 million, 95% UI: 1.57 million, 2.17 
million) was observed in China, followed by India, Paki-
stan, and Nigeria across the 204 countries and territories 
(Supplementary Table S3). The age-standardized death 
rate ranged from 3.14 (95% UI: 0.90, 6.05) in Iceland to 
432.93 (95% UI: 348.13, 524.38) per 100,000 population in 
Solomon Islands. Meanwhile, the largest number of DALY 

(53.50 million, 95%UI: 46.59 million, 60.92 million) attrib-
utable to air pollution was observed in India, followed by 
China, Nigeria, and Pakistan. The age-standardized DALY 
rate ranged from 79.09 (95% UI: 22.40, 148.54) in Iceland to 
11,839.88 (95% UI: 9443.57, 14,457.57) in Solomon Islands 
(Fig. 2).

According to Supplementary Fig. S5 , Fig. S6, Fig. S7, 
Supplementary Fig. S8, the countries with the largest num-
ber of DALY cases caused by particulate matter in 2019 
were India and China, followed by Nigeria and Pakistan. 
The number of deaths cases was highest in China and India, 
followed by Pakistan, Nigeria, Indonesia, and Bangladesh. 
There are no countries whose age-standardized DALY rate 
and age-standardized death rate appear to be particularly 
high. As for air pollution caused by ozone, the countries 
with the largest number of DALY cases and deaths cases 
were India, followed by China, then Pakistan, the USA, and 
Bangladesh. The age-standardized DALY rate was highest 
in Nepal, the Democratic People’s Republic of Korea, and 
India, followed by Bhutan, Bangladesh, China, and Pakistan. 
The countries with the highest age-standardized death rate 
were the same as the age-standardized DALYs rate but fol-
lowed by Bhutan, China, Spain, Bangladesh, and Italy.

The trend of the air pollution‑related disease 
burden from 1990 to 2019

From 1990 to 2019, the number of air pollution-related death 
remained stable, and the number of DALY exhibited a down-
ward trend. The corresponding age-standardized rates were 
both fallen. The air pollution–related disease burden varied 
substantially among different subgroups. For instance, the 
number of air pollution–related death showed a downward 
trend in some regions with higher SDI. However, in some 
areas with lower SDI, there were upward trends. However, 
the corresponding age-standardized rates showed downward 
trends in all SDI regions. The number of air pollution–related 
DALY and the corresponding age-standardized rate declined 
in all SDI regions from 1990 to 2019. In addition, the trends’ 
differences in the disease burden between males and females 
from 1990 to 2019 were observed. Except for the number 
of air pollution–related death for males increased, the other 
indicators for both sexes showed a downward trend. Differ-
ent air pollution–related disease burdens for different age 
groups showed an inconsistent trend (Fig. 3).

We used the t-test and the Kruskal–Wallis test to compare 
the differences in disease burden among different subgroups. 
The results showed that the differences between different 
subgroups were all statistically significant (Supplemen-
tary Table S1). In addition, 204 countries and territories 
were divided into four categories (a: significant growth; b: 
a slight increase; c: remain stable or decrease slightly; d: 

Fig. 1   Numbers and age-standardized rates of death and DALY 
attributable to air pollution in different subgroups in 2019. DALY, 
disability-adjusted life year

◂
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Fig. 2   Numbers and age-stand-
ardized rates of air pollution–
related death and DALY across 
countries in 2019. DALY, 
disability-adjusted life year
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significantly decreased) through cluster analysis to compare 
the disease burden. The results are presented in Supplemen-
tary Fig. S1-Supplementary Fig. S2.

The 204 countries and territories were divided into four 
categories according to the two pollutants of particulate mat-
ter and ozone respectively (a: significant growth; b: a slight 
increase; c: remain stable or decrease slightly; d: signifi-
cantly decreased) through cluster analysis to compare the 
disease burden. The results are presented in Supplementary 
Fig. S9, Fig. S10, Fig. S11, Supplementary Fig. S12.

Modified effect of national indicators on the air 
pollution–related disease burden

The greening indicator forest area was significantly associ-
ated with the number of air pollution–related DALY and 
was not significantly associated with the number of air pol-
lution–related death, the age-standardized death rate, and 
the age-standardized DALY rate. Each increase of one unit 
of forest area would increase the number of 0.0000070288 
for DALY. In terms of demographic indicators, the air pol-
lution–related disease burden was lower in countries with 
larger population densities, higher proportions of elders, 
and lower proportions of females. However, the results 
of various indicators were different, as shown in Supple-
mentary Table S1. Regarding socioeconomic indicators, 
countries with a higher economic level appeared to have 

a lower air pollution–related disease burden. Among the 
urbanization indicators, we found that the proportion of 
the urban population was directly proportional to the num-
ber of air pollution–related deaths. But other indicators 
seem to be the opposite (Supplementary Table S2).

Predictions of the air pollution–related disease 
burden

We used the ARIMA model and exponential smooth-
ing model in time series analysis to predict the air pol-
lution–related disease burden from 2020 to 2044. The 
results of the ARIMA model showed that the number of 
death for males would increase and would remain stable 
for females in the future 25 years. Other indicators for both 
sexes would continue to decrease (Fig. 4). The results of 
the exponential smoothing model showed that the number 
of air pollution–related death and the age-standardized 
death rate would remain stable. Furthermore, the number 
of air pollution–related DALY and the age-standardized 
DALY rate would decline (Fig. 5). The model evaluation 
indicator of MAPE showed that the exponential smoothing 
model was worse than the ARIMA model for predicting 
the trend of air pollution–related disease burden.

To assess the stability of the predictions, we fur-
ther used the APC model in the maximum likelihood 

Fig. 3   The global trend and subgroup analysis of disease burden attributable to air pollution from 1990 to 2019
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framework and the Bayesian APC model integrated 
nested Laplace approximations to predict the future air 
pollution–related disease burden for sensitivity analysis. 
The Bayesian APC model could not predict the age-stand-
ardized DALY rates due to problems with the data. The 
results showed that the future age-standardized rates of 

air pollution–related death and DALY would remain sta-
ble or continue to decrease. Although the trends of death 
and DALY rates were similar for males and females, the 
indicators for females were significantly lower than for 
males. Despite the estimated decreases in the rates of 
death and DALY attributable to air pollution, the number 

Fig. 4   Predicted trends in the 
numbers and the age-standard-
ized rates of death and DALY 
attributable to air pollution 
by sex by using the ARIMA 
model. The shaded part is a 95% 
confidence interval
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of death and DALY would continue to increase over the 
next 25 years. These might be due to global population 
growth. The shaded part of Supplementary Fig. S3 and 
Supplementary Fig. S4 showed that the number of death 
and DALY changed dramatically if the corresponding rates 
increased or decreased by 1% per year, further highlighting 
the importance of preventive measures and policies.

Discussion

This study comprehensively assessed and predicted the 
global air pollution–related disease burden and made 
notable discoveries. Globally, air pollution was respon-
sible for 11.62% of death and 0.84% of DALY in 2019, 
underscoring that air pollution was a severe threat to 
global human health. The study also presented significant 
differences in the air pollution–related disease burden 
in terms of subgroups such as region, sex, and age and 
identified subgroups that deserved attention. We identi-
fied several national indicators related to air pollution, 
too. Moreover, we used multiple models to predict the air 
pollution–related disease burden, which provided a basis 
for future policy and measures. These findings could help 
us fully understand the health impacts of air pollution and 
contribute to the development of public policies.

This study presented a comprehensive assessment of the 
global status and trends in the air pollution–related disease 
burden. Cohen and his colleagues (Cohen et al. 2017) stud-
ied the air pollution–related disease burden in 2015. The 
results showed that PM2.5 pollution was the fifth most 
prominent risk factor for death in 2015. In that year, expo-
sure to PM2.5 caused 4.2 million deaths and 103.1 mil-
lion DALY, representing 7.6% of global deaths and 4.2% 
of global DALY. In addition, Yin’s research showed that 
1.24 million people died from air pollution in China in 2017 
(Yin et al. 2020). A study in India reported that air pollution 
caused 1.67 million deaths in 2019, accounting for 17.8% 
of the total death nationwide (India State-Level Disease 
Burden Initiative Air Pollution Collaborators, 2021b). The 
conclusion indicated that the air pollution–related disease 
burden was high and had a significant negative economic 
impact. The results of these studies were consistent with 
our research, although these estimates used older data. And 
these fully indicated that air pollution posed an enormous 
disease burden globally. Meanwhile, this study indicated that 
the age-standardized rate and the number of death, as well as 
DALY, were higher in males than in females. The possible 
reasons were as follows. First, this might be because of the 
differences in airway anatomy between males and females. 
Females had smaller lumen and disproportionately thicker 
bronchial walls than males (Manisalidis et al. 2020). Second, 
differences in hormones, organ size, and body size between 

males and females might affect the transport and tissue depo-
sition of pollutants, resulting in gender differences in air 
pollution–related disease burden (Clougherty 2010). Finally, 
differences between men and women in social roles, personal 
activity preferences, and active treatment seeking might also 
explain the gender differences observed in this study.

Meanwhile, the differences between ages might be 
related to lung aging (Brandsma et al. 2017). In addi-
tion, this study indicated that lower SDI regions appeared 
to have a higher air pollution–related disease burden. 
According to WHO data, approximately 91% of premature 
deaths caused by air pollution occur in low- and middle-
income countries (McNutt and Dzau 2019). Some other 
studies also showed that people living in developing coun-
tries bear a higher air pollution–related disease burden, 
such as 91% of the 4.2 million premature deaths in 2016 
occurred in low-income and middle-income countries 
where exposure was higher, which was consistent with 
our study (Turner et al. 2020; Tiotiu et al. 2020). These 
results might be because higher SDI countries had rela-
tively strict control over air pollution, and they had more 
medical resources compared to lower SDI regions (Watts 
et al. 2021). In addition, residents of areas with lower SDI 
worked in environments where air pollution could hardly 
be controlled.

By using panel models to analyze the relationship 
between specific national indicators and the air pollu-
tion–related disease burden, we further learned about the 
factors that influence air pollution. Our study indicated 
that the degree of urbanization was directly proportional 
to the number of death attributable to air pollution, which 
could be explained by that the traffic emissions were more 
severe in urban (Hankey and Marshall 2017; Brugha and 
Grigg 2014). With the progress of industrialization and 
urbanization worldwide, energy consumption, especially 
fossil energy, increased dramatically, which has led to 
growing global air pollution (Bereitschaft and Debbage 
2013; Betha et al. 2014; Wang et al. 2014). The global 
urbanization rate reached 55% in 2018. In the future, 
urbanization would be more rapid, and the urban popula-
tion would continue to increase. This would make the air 
pollution–related disease burden much more severe than 
expected globally. In this regard, there were some effective 
measures we could take, such as urban re-planning and 
design, to address the impact of urbanization on air pol-
lution. This study showed that a higher proportion of for-
est area would reduce the number of air pollution–related 
DALY, which accorded with many previous studies (Aerts 
et  al. 2020; Diener and Mudu 2021; Sun et  al. 2020). 
Therefore, governments, institutions, and organizations 
needed to take several actions to increase and protect the 
green area and maximize the benefits of green space to 
deal with air pollution.
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Our study presented evidence for reductions in the 
age-standardized rates over the past 30 years. This was 
consistent with many other studies (Amann et al. 2020; 
Gou et al. 2020; Yue et al. 2020). The number of air pol-
lution–related death fluctuated, and the number of DALY 
decreased from 1990 to 2019 as the combined result of a 
series of environmental protection measures and people’s 

attention to environmental pollution over the past dec-
ades. Our predictions showed that the age-standardized 
rates would remain stable or decline in the next 25 years. 
However, the number of death and DALY attributable to 
air pollution would increase. This might be because of 
the population growth and aging trends (Han et al. 2018; 
Zhao et  al. 2021). Therefore, practical strategies and 

Fig. 5   Predicted trends in the 
numbers and the age-standard-
ized rates of death and DALY 
attributable to air pollution by 
sex by using the exponential 
smoothing model. The shaded 
part is a 95% confidence 
interval
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measures should be proposed to strengthen the manage-
ment and prevention of risk factors such as smoking. At 
the same time, some options to improve clinical diagnosis 
and treatment should be proposed to curb the increas-
ing trend of the air pollution–related disease burden and 
reduce the disease burden.

However, this study had some limitations. First, the 
assessment of the disease burden was carried out at the 
country and region levels. However, some countries were 
vast, and the burden of disease could vary significantly 
between different provinces in a country. This was the issue 
that we could consider investigating further in the future. 
Second, the GBD database had defects such as data qual-
ity assurance. Finally, many other national indicators might 
be associated with the air pollution–related disease burden. 
However, since partial data were missed, analysis was not 
possible. Therefore, we will further assess the trend of the 
disease burden in different regions of countries. Beyond 
that, we need to better translate our research into action and 
develop public policies.

Conclusions

In conclusion, our findings showed that air pollution posed 
a substantial global disease burden and called for action 
and interventions by health policymakers. This study also 
revealed subgroups more severely affected by air pollution. 
In addition, we predicted the disease burden over the next 
25 years, and the results showed that the situation remained 
grim. Based on these findings, more targeted and effective 
policies and measures should be developed to reduce the 
adverse air pollution–related health effects.
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