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Background: Chronic obstructive pulmonary disease (COPD) is the fourth leading cause of death worldwide, of which 41.27% of the 
burden may be related to particulate matter (PM) pollution. Understanding the PM-related burden of COPD at global, national and 
regional levels can provide evidence for public health policies.
Methods: First, the numbers of death and disability-adjusted life year (DALY), and the corresponding age-standardized rates were 
assessed globally and by subtype, including age, sex, sociodemographic index (SDI), country, and region from 1990 to 2021. Second, 
the temporal trend in disease burden was estimated by joinpoint regression analysis. Furthermore, an international health inequality 
analysis was used to assess the inequality slope indices and concentration indices, and frontier analysis was performed to explore the 
current situation and potential improvement of disease burden control. Finally, we constructed an auto regressive integrated moving 
average model to predict PM-related burden of COPD in the next 15 years.
Results: In 2021, the number of COPD deaths and DALYs attributed to PM were approximately 1.54 million and 33.24 million, 
respectively. The age-standardized death rate (ASMR) and age-standardized DALY rate (ASDR) were 1.66 and 1.50 times higher in 
males than in females. Interestingly, the ASMR and ASDR exhibited an increase from 2020 to 2021. The highest COPD burden 
attributed to PM was in low and low-middle SDI regions. Countries with an SDI between 0.3 and 0.6 had the greatest potential to 
reduce the COPD burden attributed to PM, especially in Asia, Oceania, and Africa. In the next 15 years, the ASMR and ASDR of 
COPD attributable to PM for both sexes will decrease, and the difference between male and female patients will be almost nonexistent.
Conclusion: The COPD burden attributable to PM remains a long-term problem globally, especially in males, the older adults, and 
low and low-middle SDI regions.
Keywords: particulate matter pollution, chronic obstructive pulmonary disease, death, disability-adjusted life year, disease burden, 
GBD

Introduction
Chronic obstructive pulmonary disease (COPD), a common respiratory disease, is a major healthcare burden and a cause 
of morbidity and mortality worldwide.1 The most recent Global Burden of Diseases, Injuries, and Risk Factors Study 
(GBD) 2021 data show that COPD is the fourth leading cause of death worldwide, with a mortality rate of 5.48% 
(4.96%–5.92%).2 And COPD will remain the third leading cause of death globally by 2050.3 The total direct cost of 
COPD is 6% of the total health-care budget (38.6 billion Euros annually) and accounts for 56% of the total cost of 
treating respiratory diseases in the European Union.4 Air pollution has been a major contributor to COPD pathogenesis 
for many years.5,6 Air pollution includes particulate matter (PM) pollution, ambient ozone pollution, and nitrogen dioxide 
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pollution, among which PM pollution is the largest contributor to COPD. Indeed, most recent estimates suggest that 
41.27% of the total attributable risk of COPD may be related to PM pollution.7

PM is a mixture of solid, liquid, and gaseous substances in air, and its sources are mainly of two kinds: anthropogenic 
activities and natural sources. The close relationship between PM and chronic respiratory diseases is primarily based on 
the easy deposition of certain particle sizes in the respiratory tract.8 Smaller particles have been suggested to achieve 
greater total lung deposition, greater distal airway penetration, and greater peripheral lung deposition.9,10 It has been 
revealed that PM can significantly affect pulmonary surfactants by altering their physiological, biophysical, and 
morphological properties11 and may also penetrate through the surfactant lining to induce inflammation and oxidative 
stress on surfactant and epithelial cells, ultimately causing lung injury.12–14 According to the 2023 World Air Quality 
Report, a total of 124 (92.5%) out of 134 countries and regions exceeded the World Health Organization (WHO) annual 
PM2.5 guideline value of 5 µg/m3,15 indicating that less than 10% of the world’s countries, areas, and territories breathe 
air that does not pose a health risk.16 In short, there is still a long way to go to combat PM pollution and ensure 
environmental equality worldwide.

Understanding the PM pollution-related burden of COPD at global, national and regional levels can provide evidence 
and directions for environmental control, public health policies and disease prevention and control strategies. Several 
previous studies have focused on the burden of chronic respiratory diseases or the disease burden attributable to PM 
pollution in the past decades.17–19 Only a few studies have focused on the burden of COPD attributable to PM pollution, 
but these studies were limited to a single country or region, and they are somewhat outdated.20,21 To address these gaps, 
we used the latest GBD 2021 study database to summarize the PM pollution-attributable COPD burden according to age, 
sex, region, country, and sociodemographic index (SDI).

Methods
Overview
GBD 2021 estimates were given for 371 diseases and injuries; 88 risk factors; 204 countries and territories; 54 GBD 
regions; 22 GBD super regions; five SDI categories; 25 age groups; females, males, and both sexes combined; and for the 
years 1990–2021.22,23 The indicators produced by GBD 2021 include deaths, DALYs (quantifying both years lost to 
premature mortality and years lived with disability (YLDs)), YLDs (quantifying non-fatal health loss), and years of life lost 
(YLLs; quantifying fatal health loss). Data sources include vital registration and verbal autopsy data, as well as surveys, 
censuses, surveillance systems, and cancer registries.24 In this study, we used the concept of age-standardized death rate 
(ASMR), age-standardized DALY rate (ASDR), estimated annual percentage change (EAPC), and SDI, as explained below.

The ASMR represents the number of deaths per 100000 persons after age standardization, and the ASDR represents the 
YLDs and YLLs per 100000 persons after age standardization. The EAPC can reflect trends in the ASMR/ASDR over specific 
time intervals.25,26 When the EAPC is positive, then the overall trend is increasing, and a higher absolute value indicates 
a greater change in the trend. The SDI is a composite indicator of development status that is strongly correlated with health 
outcomes.27 A location with an SDI of 1 would have a theoretical maximum level of health-related development.

Study Data
All data used in this study were extracted from the GBD 2021 results,2 including the following: (1) Global PM pollution- 
attributable COPD age- and sex-specific deaths and DALYs, death rates, and DALY rates, from 1990 to 2021; (2) PM 
pollution-attributable COPD deaths and DALYs, ASMR, and ASDR by 204 countries and territories from 1990 to 2021; 
(3) PM pollution-attributable COPD sex-specific deaths and DALYs, ASMR, and ASDR by SDI categories from 1990 to 
2021; (4) PM pollution-attributable COPD deaths and DALYs, ASMR, and ASDR by 54 GBD regions from 1990 to 
2021; and (5) PM pollution-attributable COPD deaths and DALYs, ASMR, and ASDR by 22 GBD super regions. The 
PM pollution-attributable COPD burden in the population younger than 25 years was almost zero, so we divided the 
population aged over 25 years into 15 groups: 25–29, 30–34, 35–39, 40–44, 45–49, 50–54, 55–59, 60–64, 65–69, 70–74, 
75–79, 80–84, 85–89, 90–94, and 95+ years of age.
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Statistical Analysis
First, the COPD deaths and DALY number, ASMR, and ASDR attributable to PM pollution were reported globally and by 
different sub-types, including age, sex, SDI, countries, and regions, from 1990 to 2021. Second, the corresponding EAPC 
values from 1990 to 2021 were estimated using the linear regression model. Third, joinpoint regression analysis was 
performed to obtain the annual percentage change (APC) in the ASMR and ASDR of COPD attributable to PM pollution at 
the global level for both males and females, which is one of the most effective methods for studying disease time trends.28 

In addition, an international health inequality analysis29 was used to assess the inequality slope indices and concentration 
indices for deaths and DALYs of COPD attributable to PM pollution from 1990 to 2021 worldwide. Frontier analysis30 was 
performed to explore the current situation and potential improvement in disease burden control in each country under the 
SDI conditions for each year. Finally, we constructed an auto-regressive integrated moving average (ARIMA) model31 to 
predict disease burden between 2021 and 2036. Joinpoint 5.2.0 and R 4.4.1 software were used for database construction, 
collation, and analysis. A P-value < 0.05 was considered statistically significant.

Results
COPD Burden Attributable to PM Pollution Globally from 1990 to 2021
In 2021, the numbers of COPD deaths and DALYs attributed to PM pollution were approximately 1.54 million [95% 
uncertainty intervals (UI): 1.21–1.92] and 33.24 million (95% UI: 26.68–41.34), respectively, accounting for 41.27% of 
all deaths and 41.66% of all DALYs of COPD. The corresponding ASMR and ASDR values were 18.51 (95% UI: 
14.64–23.13) and 389.5 (95% UI: 312.59–484.62) per 100,000 population, respectively (Table 1). The number of deaths 
and DALYs were 1.28 and 1.26 times higher in males than in females, and the corresponding ASRs (ASMR and ASDR) 
were 1.66 and 1.50 times higher, respectively (Table 1). The global burden of COPD attributable to PM pollution across 
age and sex groups separately in 2021 is shown in Figure 1.

Globally, the ASRs for deaths and DALYs exhibited a continuous downward trend from 1990 to 2021 [(ASMR: 1990−1995 
APC = −0.60; 1995−2004 APC = −2.32; 2004−2007 APC = −5.08; 2007−2016 APC = −2.98; 2016−2019 APC = −4.90), 
(ASDR: 1990−1995 APC = −0.87; 1995−2004 APC = −2.41; 2004−2007 APC = −4.34; 2007−2021 APC = −3.11)]. Similarly, 
the ASRs for deaths and DALYs showed a persistent downward trend in both males and females. It is worth noting that there was 
an increase in males and females from 2020 to 2021 (Figure A.1 and Table A.1).

COPD Burden Attributed to PM Pollution by SDI Categories from 1990 to 2021
In 2021, the low-middle SDI region had the highest number of deaths at 607,910 and DALYs at 13,679,316, and the 
highest ASRs also occurred in the low-middle SDI region (Table 1 and Figure 2). For males, the highest ASRs were 
observed in the low-middle SDI region, followed by those in the low SDI, whereas for females, the highest ASRs were 
observed in the low SDI region, followed by the low-middle SDI region (Figure 2 and Table A.2).

From 1990 to 2021, the ASMR and ASDR of COPD attributed to PM pollution showed a declining trend in all SDI 
regions; the percentage change was the largest in the high-middle SDI region, and the absolute change was the largest in 
the middle SDI region (Figure 2 and Table A.2). In the high-SDI, low-middle-SDI, and low-SDI regions, the downward 
trend of ASRs was higher in females than in males. However, a reverse trend was observed in the high-middle SDI and 
middle SDI regions (Table A.2). Notably, there was an increase in the high-middle SDI, middle SDI, and low-middle SDI 
regions for males and females from 2020 to 2021 (Figure 2).

Additionally, there was an adaptive association between ASRs and SDI. The ASRs for deaths and DALYs showed an 
inverted “U” relationship with SDI, with the rate exhibiting a gradual increase when the SDI was <0.4 but a decrease 
after the SDI became >0.4 and a slow decrease when the SDI was >0.7 (Figure A.2).

COPD Burden Attributed to PM Pollution by Country and Region
In 2021, the highest numbers of COPD deaths and DALYs attributed to PM pollution were observed in India (deaths: 
651,899.64, 95% UI: 531,634.17–778,203.14; DALYs: 14,540,058.44, 95% UI: 11,973,481.80–17,162,069.56), followed by 
China and Bangladesh. As for the corresponding ASRs, the country with the highest ASRs was Papua New Guinea (ASMR: 
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Table 1 COPD Deaths and DALYs, ASMR and ASDR Attributable to PM Pollution Globally, and by Sex, SDI Regions, and Its EAPC from 1990 to 2021

Location Deaths No. × 104 (95% UI) ASMR per 100,000 No. (95% UI) EAPC No. (95% CI) 

1990–2021

DALYs No. × 104 (95% UI) ASDR per 100,000 No. (95% UI) EAPC No. (95% CI) 

1990–2021
1990 2021 1990 2021 1990 2021 1990 2021

Global 149.02 (123.80 to 169.89) 153.53 (121.47 to 191.83) 42.53 (35.33 to 48.43) 18.51 (14.64 to 23.13) −2.96 (−2.8 to -3.12) 3350.98 (2811.71 to 3809.21) 3323.87 (2668.01 to 4133.67) 877.48(736.13 to 995.54) 389.5 (312.59 to 484.62) −2.87 (−2.74 to -3)

Sex

Male 82.78 (69.34 to 95.81) 86.05 (65.83 to 110.77) 56.28 (47.14 to 64.81) 23.94 (18.29 to 30.95) −3 (−2.8 to -3.21) 1892.05 (1580.64 to 2176.75) 1854.91 (1440.08 to 2343.10) 1116.49 (934.34 to 1282.3) 477.36 (370.99 to 604.13) −2.98 (−2.82 to -3.14)

Female 66.24 (49.43 to 78.39) 67.48 (50.69 to 86.30) 32.99 (24.71 to 39.09) 14.42 (10.83 to 18.43) −2.98 (−2.85 to -3.12) 1458.93 (1108.66 to 1720.27) 1468.96 (1146.77 to 1828.99) 693.86 (527.8 to 816.78) 317.51 (248.26 to 395.01) −2.8 (−2.69 to -2.91)

SDI regions

High SDI 5.77 (3.93 to 7.83) 4.16 (2.94 to 5.53) 5.07 (3.45 to 6.89) 1.71 (1.21 to 2.27) −3.75 (−3.57 to -3.92) 126.13 (84.63 to 171.79) 88.73 (62.73 to 117.92) 112.2 (75.34 to 152.88) 41.32 (29.41 to 54.87) −3.4 (−3.26 to -3.54)

High-middle SDI 37.79 (30.94 to 43.9) 19.29 (14.54 to 27.06) 44.45 (36.2 to 51.46) 10.02 (7.56 to 14.03) −5.56 (−5.16 to -5.96) 773.76 (637.37 to 894.74) 371.49 (286.28 to 501.56) 828.64 (682.78 to 959.91) 189.81 (146.28 to 256.12) −5.43 (−5.1 to -5.76)

Middle SDI 64.49 (54.1 to 73.81) 50.52 (36.19 to 70.82) 83.58 (70.28 to 95.68) 22.39 (16.03 to 31.49) −4.61 (−4.33 to -4.89) 1424.24 (1208.96 to 1627.73) 1032.48 (757.06 to 1431.49) 1562.84 (1327.22 to 1777.94) 416.1 (304.58 to 578.43) −4.6 (−4.36 to -4.83)

Low-middle SDI 31.28 (24.5 to 37.38) 60.79 (49.5 to 71.71) 64.94 (50.78 to 77.94) 51.4 (41.61 to 60.84) −0.61 (−0.46 to -0.75) 775.73 (618.04 to 912.57) 1367.93 (1124.39 to 1602.14) 1379.76 (1099.12 to 1620.99) 1030.36 (844.29 to 1201.46) −0.87 (−0.75 to -0.98)

Low SDI 9.63 (7.59 to 11.65) 18.71 (15.5 to 21.62) 56.34 (44.2 to 68.11) 49.85 (41.51 to 57.52) −0.19 (−0.02 to -0.36) 249.75 (197.73 to 296.31) 461.89 (385.82 to 530.31) 1206.64 (957.74 to 1427.49) 1021.71 (856.62 to 1172.94) −0.47 (−0.37 to -0.56)

Abbreviations: DALYs, disability-adjusted life years; ASMR, age-standardized deaths rate; ASDR, age-standardized DALYs rate; EAPC, estimated annual percentage change; SDI, socio-demographic indices; CI, confidential interval.
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106.04, 95% UI: 77.11–136.03; ASDR: 2015.1, 95% UI: 1497.62–2565.92), followed by Nepal and the Democratic People’s 
Republic of Korea. The lowest ASRs for both deaths and DALYs were observed in Finland (ASMR: 0.17, 95% UI: 0.02–0.37; 
ASDR: 4.40, 95% UI: 0.63–9.59), followed by Estonia and Iceland (Figure 3 and Table A.3).

Figure 1 Global burden of COPD attributable to PM pollution among different sexes and ages in 2021. (A–B) ASMR of COPD attributable to PM pollution, (C-D) ASDR of 
COPD attributable to PM pollution. 
Abbreviations: COPD, chronic obstructive pulmonary disease; PM, particulate matter; DALY, disability-adjusted life year; ASMR, age-standardized death rate; ASDR, age- 
standardized DALY rate.

Figure 2 Change trends in the ASMR and ASDR of COPD attributable to PM pollution by SDI regions for both, males and females from 1990 to 2021. (A–C) ASMR of 
COPD attributable to PM pollution, (D–F) ASDR of COPD attributable to PM pollution. 
Abbreviations: COPD, chronic obstructive pulmonary disease; PM, particulate matter; DALY, disability-adjusted life year; ASMR, age-standardized death rate; ASDR, age- 
standardized DALY rate.
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In 2021, across the 54 GBD regions, Asia had the highest number of deaths and DALY cases (deaths: 
1,391,256.98, 95% UI: 1,102,884.05–1,738,830.18; DALYs: 29,470,959.98, 95% UI: 23,749,777.24–
36,544,637.12), followed by the World Bank Lower Middle Income and Limited Health System. The region 
with the highest ASRs was Oceania (ASMR: 75.80, 95% UI: 55.55–96.04; ASDR: 1,494.73, 95% UI: 1,120.13
–1,893.97), followed by South Asia and South Asia – WB. The region with the lowest ASMR was the high- 
income Asia Pacific (0.91, 95% UI: 0.52–1.38), whereas the country with the lowest ASDR was Australasia 
(21.84, 95% UI: 12.67–31.31) (Table A.4).

From 1990 to 2021, the EAPC of COPD ASMR attributable to PM pollution was positive in 5.88% of 
countries and territories, indicating an overall upward trend in 12 of 204 countries, and the top three countries 
with increasing death burden were Antigua and Barbuda, Libya, and Georgia (Table A.3). Additionally, the EAPC 
of COPD ASDR attributable to PM pollution was positive in 5.88% of countries and territories, and the top three 
countries with increasing DALY burden were Antigua and Barbuda, Lesotho, and Libya (Table A.3).

Health Inequality Analysis
The slope index of COPD deaths attributable to PM pollution increased slightly from −7.93 (95% C1: −10.05 to −5.80) in 
1990 to −5.76 (95% C1: −6.91 to −4.62) in 2021, and the concentration index decreased from 0.25 in 1990 to 0.18 in 
2021 (Figure A.3). Similarly, the slope index of COPD DALYs attributable to PM pollution increased slightly from 
−236.21 (95% C1: −288.18 to −184.25) in 1990 to −186.34 (95% C1: −215.87 to −156.81) in 2021, and the concentra
tion index decreased from 0.26 in 1990 to 0.22 in 2021 (Figure A.3).

Figure 3 COPD deaths and DALY number, ASMR, and ASDR attributable to PM pollution globally, by different countries and territories in 2021. (A) Deaths number of 
COPD attributable to PM pollution, (B) ASMR of COPD attributable to PM pollution, (C) DALYs number of COPD attributable to PM pollution, (D) ASDR of COPD 
attributable to PM pollution. 
Abbreviations: COPD, chronic obstructive pulmonary disease; PM, particulate matter; DALY, disability-adjusted life year; ASMR, age-standardized death rate; ASDR, age- 
standardized DALY rate.
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Frontier Analysis of the Association Between ASRs of PM Pollution-Associated COPD 
and SDI
The results of the frontier analysis based on the ASMR and ASDR for COPD attributed to PM pollution were consistent. 
The 15 countries furthest from the frontier fit line include Papua New Guinea, Nepal, Democratic People’s Republic of 
Korea, India, Myanmar, Vanuatu, Lesotho, the Solomon Islands, Pakistan, Kiribati, Bangladesh, Madagascar, Samoa, 
Lao People’s Democratic Republic, Sao Tome and Principe. The five countries closest to the frontier fit line in the lower 
SDI countries were Burkina Faso, Somalia, Niger, Mozambique, and Djibouti. The five countries furthest from the 
frontier fit line in the higher SDI countries were the Republic of Korea, Taiwan (Province of China), the Netherlands, 
Denmark, and the United Kingdom (Figure 4). Notably, only Lesotho showed an increase in the burden of ASMR and 
ASDR from 1990 to 2021.

Predicted Results from 2021 to 2036
The predicted results of the ARIMA model showed that the ASMR and ASDR of COPD attributable to PM pollution for 
both sexes will decrease from 2021 to 2036. When predicting the ASMR, for males and females, the ARIMA(0, 1, 1) and 
ARIMA(0, 1, 1) models were selected, respectively, with AIC values of 69.26 and 26.85, AICc values of 70.15 and 
27.74, and BIC values of 73.56 and 31.15, respectively. The global ASMR of males and females was projected to 
decrease by 57.56% (2036: 10.16, 95% CI: 2.21 to 18.11) and 54.99% (2036: 6.49, 95% CI: 2.49 to 10.50), respectively, 
and the difference between males and females was expected to decrease slightly. When predicting the ASDR, for males 
and females, the ARIMA(0, 1, 0) and ARIMA(1, 1, 0) models were selected, respectively, with AIC values of 241.43 and 

Figure 4 Frontier analysis based on the ASMR and ASDR of COPD attributable to PM pollution and SDI in 204 countries and territories. (A–B) ASMR of COPD 
attributable to PM pollution, (C–D) ASDR of COPD attributable to PM pollution. The solid black line is the frontier, and the dots represent countries and territories. Black 
fonts represent the 15 countries and territories with the largest effective difference (e.g., Papua New Guinea, Nepal, Democratic People's Republic of Korea). Blue fonts 
represent the 5 frontier countries and territories with low-SDI (<0.5) and low effective difference (e.g., Burkina Faso, Somalia, Niger), and red fonts represent the 5 
countries and territories with high–SDI (>0.85) and relatively high effective difference [e.g., Korea, Taiwan (Province of China), the Netherlands]. Overall, the greater the 
effective difference (where the distance between the solid black line and the dots is far), the greater the potential for improving the disease burden. This result indicates that 
countries with SDI ranging from 0.2 to 0.6 have greater potential for improving COPD burden attributed to PM. 
Abbreviations: COPD, chronic obstructive pulmonary disease; PM, particulate matter; DALY, disability–adjusted life year; ASMR, age–standardized death rate; ASDR, age– 
standardized DALY rate; SDI, socio–demographic index.
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207.69, AICc values of 241.86 and 208.58, and BIC values of 244.3 and 212, respectively. The global ASDR of males 
and females is projected to decrease by 64.79% (2036: 168.10, 95% CI: 82.13 to 254.08) and 47.36% (2036: 167.14, 
95% CI: 81.23–253.05), respectively, and the difference between males and females is expected to be almost nonexistent 
(Figure 5 and Table A.5).

Discussion
To the best of our knowledge, this is the first study to comprehensively assess and quantify the PM pollution-attributable 
COPD burden by age, sex, region, country, and SDI at the global level and then predict the future tendency of the disease 
burden. Using the latest GBD dataset, our study revealed several significant findings. (1) Globally, the COPD burden 
attributed to PM pollution has shown a downward trend from 1990 to 2021. Males and older adults remain high-risk 
populations. (2) The disease burden was significantly controlled in high-middle SDI and middle SDI regions. However, 
more attention should be paid to low and low-middle SDI regions, especially in countries with SDI less than 0.4. While 
pursuing economic development, positive measures should also be taken to balance the negative effects of environmental 
pollution on public health. (3) Antigua and Barbuda, Libya, Lesotho, these countries with a majority of African ethnicity, 
saw an increase in disease burden from 1990 to 2021. Now, Asia had the highest number of deaths and DALY cases, 
especially in India and China; Oceania has the highest ASRs, especially in Papua New Guinea.

The elderly male population remains the main group contributing to the disease burden of COPD attributable to PM 
pollution. The sex difference in COPD is consistently common, owing to congenital genetic susceptibility, acquired 
living habits, and other factors. Smoke is an important source of indoor PM. Although the lungs of females are more 
susceptible to smoking,32 the proportion and number of pack-years of smoking are much higher in males,33 resulting in 
a much heavier burden of COPD in males. Many human production activities, such as construction, fuel, factory dust, 
textiles, welding, and transportation, are important sources of PM.34 There is direct evidence that long-term exposure to 

Figure 5 Projections of the ASMR and ASDR of COPD attributable to PM pollution by 2036 based on the ARIMA model. (A–B) ASMR of COPD attributable to PM 
pollution, (C–D) ASDR of COPD attributable to PM pollution. Red lines represent the true trend of ASMR and ASDR of COPD attributable to PM pollution during 1990- 
2021; yellow dot lines and shaded regions represent the predicted trend and its 95% C1. 
Abbreviations: COPD, chronic obstructive pulmonary disease; PM, particulate matter; DALY, disability-adjusted life year; ASMR, age-standardized death rate; ASDR, age- 
standardized DALY rate; CI, confidence interval.
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different sizes and concentrations of PM is associated with lung function differently between sexes,35 which is consistent 
with the results of this study. More precisely, in north China, each 5 μg/m3 increase in PM2.5 and PM10 was associated 
with decreases in forced vital capacity (FVC) of 54.6 mL and 42.9 mL among males and of 38.7 mL and 31.1 mL among 
females, respectively. However, among the Indian population exposed to PM pollution, females had a higher prevalence 
of obstructive respiratory abnormalities than males.36 These different findings may be due to sex differences in the 
susceptibility to PM pollution from different sources37 and sex,38 region, or race differences39 in disease knowledge and 
awareness of medical treatment, which deserve further investigation in the future.

Since 1990, the ASMR and ASDR of COPD attributable to PM pollution have shown a significant downward trend in 
high-middle and middle SDI regions, indicating that PM pollution optimization policies and COPD management measures 
have achieved obvious effects and that people’s health awareness has increased in these regions. The frontier analysis 
identified the minimum disease burden that could be achieved at different SDI levels; this suggests that there are several 
countries, ie, those identified as having actual disease burdens that are higher than their potential minimum disease burdens, 
that can still improve the burden of COPD attributable to PM pollution by optimizing policies and resource allocation. 
Oceania had the highest disease burden worldwide, but the concentrations of PM2.5 and PM10 in Oceania were not more 
than 50% globally,40 suggesting that efforts to improve the disease burden should focus on the popularization of health-care 
services and the improvement of patient health awareness and COPD management. South Asia had the second highest 
disease burden globally, which may be related to the high concentration of PM2.5, low economic level, and lack of medical 
resources. In 2021, the top three cities with the highest PM2.5 concentration were Bangladesh, Pakistan, and India,41 all of 
which belong to South Asia, and this PM2.5 concentration far exceeded (by 10 times) the WHO standard,42 suggesting that 
reducing solid fuels such as municipal coal and wood for heating and using cleaner gas or liquid fuels is necessary and that 
a greater allocation of health-care resources toward low-income countries may also be an effective measure.

Health inequities, defined as disparities in access to health-care resources driven by social determinants,43 are particularly 
evident among COPD patients who reside in rural areas, belong to marginalized communities, have lower socioeconomic status, 
or live alone.44,45 These groups often experience delays in accessing timely and effective treatment and disease management. 
Between 1990 and 2021, the slope and concentration indexes for deaths and DALYs with PM pollution-attributable COPD 
showed modest global improvements. However, significant gaps remain, particularly in underserved populations. Integrating 
artificial intelligence (AI) technologies into the prediction, early warning, clinical decision-making, treatment, and rehabilitation 
management of COPD offers innovative solutions. For example, AI-driven tools like EBCare,46 a wearable smart mask that 
monitors breath condensation and analyzes biomarkers in exhaled air, are expected to offer a more sensitive, convenient and low- 
cost alternative to traditional spirometry for early warning, diagnosis, and disease monitoring. Additionally, AI can optimize 
resource allocation by predicting high-risk areas for PM pollution exposure and identifying vulnerable populations based on 
socioeconomic factors enabling targeted interventions.47,48 AI-powered telemedicine platforms further bridge healthcare access 
gaps by providing remote consultations and virtual diagnostics for underserved populations.49 By leveraging AI technologies, 
policymakers and health-care providers can implement equitable strategies to reduce the burden of PM pollution-attributable 
COPD. These innovations enhance early detection, timely intervention, and sustainable health-care solutions, ultimately 
contributing to global efforts to address health disparities and achieve universal health coverage.

Projected trends over the next 15 years suggested a sustained decline in the ASMR and ASDR of COPD attributed to PM 
pollution, with diminishing gender disparities. This positive trajectory reflects advancements in air quality regulations, 
healthcare accessibility, and awareness of environmental health risks in the future. Despite projected improvements in 
COPD burden, climate risks and energy emissions, which are closely linked to air pollution events,50 have shown worrying 
trends in recent years. According to the 2024 report of the Lancet Countdown on health and climate change, global climate 
change manifests through extreme weather events (eg, heatwaves, prolonged dry spells), posing unprecedented threats to 
human health worldwide.51 These extreme weather events elevated PM concentrations through dust storms. Additionally, in 
2023, global energy-related carbon emissions did not decline, but reached an all-time high, indicating that reliance on fossil 
fuels remains unchanged.51 Therefore, climate action, energy choices, and end-control of pollution will be critical strategies in 
future decades, particularly in developing countries. Notably, socio-demographic factors, such as aging populations and 
declining baseline mortality rates, have emerged as more significant determinants than pollution exposure levels in shaping 
future health burdens.52 Consequently, proactive responses to aging populations through improving socio-economic 
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conditions, and improving COPD healthcare equity, accessibility, and continuity will also be essential strategies for reducing 
the disease burden, especially in low- and middle-income countries. Although the ARIMA model is a powerful predictive tool, 
it relies on the stationarity assumption. As the prediction time span extends, uncertainty significantly increases, and it may fail 
to capture sudden changes or new influencing factors (such as major public health events, the rapid development of artificial 
intelligence technology, etc.) in a timely manner, all of which may affect the accuracy of the model’s predictions.

Despite the numerous findings on the COPD burden attributed to PM pollution, this study still has some limitations. 
Firstly, regarding data sources, this study primarily relies on the GBD estimates.53 However, disparities in medical standards, 
diagnostic criteria, and data collection capabilities across countries may compromise the quality of the GBD data. 
Additionally, the GBD study employed modeling techniques to estimate missing data, which inevitably introduces 
a degree of uncertainty. Secondly, concerning research methodology, as the GBD data was from observational study, the 
causal relationship between PM pollution and COPD cannot be regarded as absolute, only under specific hypothetical 
conditions. Furthermore, this article focuses on analyzing the impact of various factors, including age, sex, SDI, country, and 
region, on the COPD burden attributable to PM pollution, but does not account for other potential influencing factors, such as 
racial differences and genetic predispositions. Third, the PM pollution in the GBD database presents overall data without 
refinement of PM categories (eg, PM1, PM2.5, and PM10) and sources, so it is unclear whether the age and sex differences in 
COPD burden attributable to PM pollution are related to different PM particle sizes and different sources. Fourth, the GBD 
database covers 204 countries and territories, but the COPD burden attributed to PM pollution by provinces, cities, and towns 
could not be obtained. Fifth, in low SDI regions, the disease burden might be underestimated because of underdiagnosis of 
COPD due to limited equipment and supply for spirometry, limited financial and human resources, limited access to training 
and trained technicians, poor resident poverty, and lack of education.54 Nevertheless, compared with all sources, the data 
from the GBD study is the most comprehensive and standardized because it leverages the expertise of over 11,000 
collaborators and uses improved methods to update the full time series estimates from 1990 to 2021.23

Conclusion
In conclusion, the COPD burden attributed to PM pollution has demonstrated a decline trend, but significant health 
inequities persist. Males, older adults, and populations in low SDI regions are high-risk groups for PM pollution- 
attributable COPD burden and deserve focused attention and targeted prevention and treatment. So, governments must 
implement region-specific strategies encompassing climate action, energy transition, precision exposure control, AI- 
powered COPD wearables, and telemedicine networks to sustainably mitigate related disease burdens from compounding 
environmental risks and COPD burden.

Highlights
● This study presents the latest results on the PM pollution-attributable COPD burden by age, sex, region, country, and 

SDI at the global level and then predicts trends over the next 15 years.
● At the SDI level, the relationship between ASRs and SDI showed an inverted “U” shape, with a peak at SDI = 0.4.
● Males and older adults are at high risk for PM pollution-caused COPD deaths and DALYs.
● India, China, and Bangladesh have the greatest number of deaths and DALYs.
● Oceania, South Asia, and Africa have the greatest potential to reduce PM pollution-caused COPD.
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