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Introduction: Chronic obstructive pulmonary disease (COPD) is a leading cause of death and disability worldwide, with smoking
being the primary contributor. This study aims to assess the temporal and spatial trends in the burden of smoking-attributable COPD
from 1990 to 2021 and project future trajectories, providing insights for COPD prevention strategies.

Methods: The data were sourced from the Global Burden of Disease (GBD) 2021 database, incorporating estimates and uncertainty
intervals (Ul) for deaths, disability-adjusted life years (DALYs), and age-standardized rates (ASRs) of smoking-attributable COPD
across 204 countries and regions worldwide. Estimated annual percentage change (EAPC), frontier analysis, decomposition analysis,
and Bayesian age-period-cohort (BAPC) modeling were used to evaluate temporal trends, development-related gaps, drivers of
change, and future burden.

Results: From 1990 to 2021, global smoking-attributable COPD showed a divergence between rising absolute burden and declining
ASRs. Deaths increased from 10,538 (95% UI: 8,724-12,339) hundred to 13,350 (95% UI: 10,533—15,966) hundred, and DALY's rose
from 23,601 (95% UI: 19,648-27,495) thousand to 27,795 (95% UI: 22,234-32,884) thousand, whereas ASRs declined across most
regions. The steepest declines in ASRs were observed in High-middle SDI regions, whereas Middle and Low-middle SDI regions carried
the greatest absolute burden in 2021. Males consistently bore a higher burden than females. DALY's increased with age, peaking at 7074
years. Ageing and population growth were the main contributors to the rise in DALYs, while epidemiological changes had a negative
effect. By 2040, global ASMR and ASDR are projected to decline to 11.62 and 240.32 per 100,000 population, respectively.
Conclusion: Despite global progress in reducing the ASRs of smoking-related COPD, the absolute burden continues to rise. Further
progress may require sustained tobacco control, earlier detection, and improved long-term COPD care, especially in settings where
demographic pressures offset epidemiological gains.

Keywords: chronic obstructive pulmonary disease, smoking, global burden of disease, socio-demographic index, age-standardized
rates

Introduction

Chronic obstructive pulmonary disease (COPD) is a preventable and treatable lung disorder characterized by persistent
respiratory symptoms and spirometry-verified progressive airflow limitation.'* Development of COPD has been asso-
ciated with an aberrant pulmonary inflammatory response to inhaled noxious particles and gases.” Recent global
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estimates attribute more than three million deaths per year to COPD, underscoring its substantial contribution to global
mortality.* As prevalence continues to climb, COPD has moved from the fourth to the third leading cause of death
worldwide and, by 2020, has already surpassed 400 million cases—ten years earlier than the World Health Organization’s
original projection for 2030.">® Numerous factors contribute to COPD development, including air pollution, occupa-
tional exposures, genetic predisposition, recurrent respiratory infections, and socioeconomic factors, all of which play
critical roles in disease onset and progression.’

Major risk factors for COPD remain widespread worldwide. An estimated 2 billion people are exposed to emissions
from biomass-fuel combustion, 1 billion to ambient (outdoor) air pollution, and about 1 billion are current smokers—
thereby exposing a comparable number of nonsmokers to secondhand smoke.® Environmental and occupational hazards
together with tobacco use are the predominant risk factors for chronic respiratory diseases (CRDs). Tobacco smoke is
a complex aerosol of particulate tar and reactive gases that deposits throughout the respiratory tract depending on particle
size, with smaller particles reaching peripheral bronchioles and alveoli and initiating chronic injury of the airway and
parenchyma.’ The chemical constituents drive oxidative stress, persistent airway inflammation, mucociliary dysfunction,
and defective epithelial repair, fostering infection, small airway remodeling, and the progressive airflow limitation that
typifies COPD.'? Global Burden of Disease (GBD) 2021 identified smoking as the leading contributor to COPD DALY's
worldwide, exceeding ambient particulate matter pollution, household air pollution from solid fuels, and occupational
particulate matter, gases, and fumes;'' this provides a clear rationale for examining smoking-attributable COPD burden
separately from total COPD burden. Smoking patterns vary substantially by geography, culture, age, and sex,'? with
prevalence remaining markedly higher among men than among women worldwide.'> They also differ across birth
cohorts, as later-born cohorts in some settings tend to experience lower smoking initiation, higher cessation, and reduced
cumulative lifetime exposure compared with earlier-born cohorts, which may influence future COPD burden.'*

Although the effects of tobacco smoking on COPD have been widely studied, notable gaps persist—particularly the
scarcity of long-term spatiotemporal analyses across diverse geographies and Socio-demographic Index (SDI) strata, as
well as forward-looking burden projections.'>'® Prior GBD evidence has provided important insight into the burden of
COPD attributable to major risk factors across SDI levels, age groups, and sex,'’ but has largely relied on GBD 2019
estimates through 2019 and has not incorporated the GBD 2021 update or the broader analytical framework. Leveraging
data from the GBD 2021 study, the present study updates and extends prior evidence by quantifying temporal and spatial
trends in smoking-attributable COPD burden from 1990 to 2021, delineating heterogeneity by sex, age, region, and SDI
level, conducting frontier and decomposition analyses, and projecting future burden using a Bayesian age-period-cohort
(BAPC) framework. The results of this study would provide policy-relevant evidence to inform the design and targeting
of tobacco-control and respiratory-health interventions worldwide.

Methods

Overview

Data were obtained from the GBD 2021 database, a comprehensive, systematic resource covering 371 diseases and
injuries and 88 risk factors.'® Estimates with 95% uncertainty intervals (Uls) for smoking-attributable deaths, disability-
adjusted life years (DALYs), and age-standardized rates (ASRs) for COPD were extracted. ASRs include the age-
standardized mortality rates (ASMR) and age-standardized disability-adjusted life years (ASDR). Analyses were
performed for 5-year age groups from 30 to 95 years old, with an additional category for >95 years. Because GBD
estimates are generated through statistical modeling and data synthesis rather than direct observation alone, uncertainty
may be greater in settings with sparse or lower-quality primary data. Accordingly, all estimates are reported with 95% Ul,
and these intervals should be interpreted with particular caution in data-sparse locations.

Definition of Smoking and COPD

In GBD 2021, smoking-attributable burden is estimated within the comparative risk assessment (CRA) framework,
which combines population exposure distributions, relative risks, and a counterfactual theoretical minimum risk exposure
level (TMREL)."? Therefore, the attributable burden reflects exposure—risk relationships over the life course rather than
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current smoking status alone. For descriptive purposes, smoking exposure includes the current use of any combustible
tobacco product, whether daily or occasional.'

COPD is defined according to the Global Initiative for Chronic Obstructive Lung Disease (GOLD) criteria, with
a forced expiratory volume in one second (FEV1) to forced vital capacity (FVC) ratio of less than 0.7 following
a spirometry test. The International Classification of Diseases (ICD) codes employed by the GBD study include J41,
J42, J43, J44, and J47 (ICD-10 codes), as well as 491, 492, and 496 (ICD-9 codes), for the identification of cases
related to COPD. In addition to the GOLD criteria, the GBD also takes into account a variety of alternative
diagnostic standards. These include pre-bronchodilator GOLD criteria, lower limit of normal (LLN), and
European Respiratory Society (ERS) guidelines. Because GBD integrates multiple diagnostic definitions across
data sources, including GOLD, LLN, ERS, and related criteria, heterogeneity in diagnostic standards may introduce
uncertainty into burden estimates. In particular, the fixed-ratio GOLD criterion may overdiagnose airflow limitation
in older adults.’

Socio-Demographic Index (SDI)

SDI is a composite measure of overall socioeconomic development, scaled from 0 to 1, with higher values indicating
greater development.”' The present study employed SDI to examine the relationship between the burden of smoking-
attributable COPD and the degree of socioeconomic development. The dataset includes 204 countries and regions,
stratified into five distinct regions based on SDI levels: Low (SDI < 0.47), Low-middle (0.47 < SDI < 0.62), Middle (0.62
< SDI < 0.71), High-middle (0.71 < SDI < 0.81), and High (SDI > 0.81).*2 In addition, the classification system is
segmented into 21 GBD regions, which are distinguished for geographic comparisons.

Time-Trend Analysis

Temporal trends in ASMR and ASDR were quantified using the estimated annual percentage change (EAPC).>*** For
each location, a linear model was fitted to the natural logarithm of the ASR over calendar year. The following equation
was employed to estimate the EAPC:

In(ASR) = a + B x Year + ¢

EAPC =100 x (¢ — 1)

The 95% confidence interval (CI) for the EAPC was derived from the standard error of . Specifically, if the lower limit
entirely above or below 0 indicated a significant increase or decrease; otherwise, the trend was considered stable.

Frontier Analysis

Frontier analysis was conducted in order to examine the non-linear association between the smoking-attributable COPD
burden, measured by ASDR, and the SDI. A deterministic, non-parametric frontier approach was used. After observa-
tions were ordered by SDI, the frontier was defined as the empirical lower envelope of the relationship between SDI and
ASDR, without assuming any prespecified functional form. To improve robustness, 500 bootstrap resamples were
performed, and the frontier estimates were averaged across resamples. For each country or territory, the distance to
the frontier quantifies the gap between the observed burden and the potential minimum, indicating the scope for further
reduction.

Decomposition Analysis

Das Gupta decomposition method was employed to disaggregate the net changes in smoking-related COPD burden
between 1990 and 2021 into the effects of ageing, population growth, and epidemiologic changes.?**® Using 1990 as the
reference year and 2021 as the comparison year, the decomposition analysis was performed on absolute DALY counts.
This methodological approach enabled the disentangling of the overall variation in disease burden and the quantification
of the independent effect of each factor. A thorough examination of these trends has enabled us to develop a more
profound understanding of the potential factors that may lead to changes in the global burden of smoking-induced COPD.
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Bayesian Age-Period-Cohort (BAPC)

To estimate and forecast the future burden of smoking-attributable COPD, the BAPC model was applied. Parameters
were estimated via the Integrated Nested Laplace Approximations (INLA) method in R, incorporating the effects of age,
period, and birth cohort. Age-specific deaths and DALYs, together with the corresponding population data, were
organized into age-by-period matrices for model fitting. Separate projections were generated for males and females,
and the projected age-specific estimates were subsequently used to calculate ASMR and ASDR. The ASMR and ASDR
projections extend through the year 2040, with the results reported as estimates accompanied by their respective 95% CI.
To evaluate the predictive performance of the BAPC model, a back-testing analysis was performed. Data from 1990 to
2011 were used for model fitting, and values for 2012-2021 were predicted and compared with the observed estimates.
The mean absolute percentage error (MAPE) was calculated to quantify prediction accuracy.

Statistical Analysis

Analyses were stratified by sex, age group, SDI, country, and GBD region. The objective was to elucidate variation in the
burden of smoking-induced COPD among different regions and demographics. Unless otherwise specified, point
estimates were presented with 95% Uls (GBD outputs) or 95% ClIs (model-based statistics such as EAPC). All analyses
and graphical presentations were performed using the R software program (Version 4.4.2).

Results

Global Burden and Trends of Smoking-Related COPD

From 1990 to 2021, the global deaths and DALY attributable to smoking-related COPD exhibited a gradual upward
trajectory, increased by 27% and 18%, respectively (Figure 1A and B). Deaths rose from 10,538 (95% UI: 8,724-12,339)
hundred in 1990 to 13,350 (95% UI: 10,533—15,966) hundred in 2021, while DALY increased from 23,601 (95% UI:
19,648-27,495) thousand to 27,795 (95% UI: 22,234-32,884) thousand (Table 1). Despite the rising counts, both ASMR
and ASDR declined over time (Figure 1C and D). In 2021, the global ASMR and ASDR were 16.12 (95% UL
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Figure | The COPD burden attributable to smoking by SDI regions from 1990 to 2021. (A) deaths; (B) DALYs; (C) ASMR; (D) ASDR.
Abbreviations: COPD, chronic obstructive pulmonary disease; SDI, Socio-demographic Index; ASMR, age-standardized mortality rate; EAPC, estimated annual percentage
change; DALY, disability-adjusted life years; ASDR, age-standardized DALY rate.
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Table | The Global Burden of COPD Attributable to Smoking in 1990 and 2021 and the Temporal Trends During 1990-2021

Location

1990 2021 EAPC
Death Cases ASMR per 10° DALYs ASDR per 10° Death Cases ASMR per 10° DALYs ASDR per 10° ASMR ASDR
No.x102 (95% UI) No. (95% UI) No.x10° (95% UI) No. (95% UI) No.x102 (95% UI) No. (95% UI) No.x10° (95% UI) No. (95% UI) No. (95% CI) No. (95% CI)

Global

Sex

Male

Female

SDI Regions

High SDI

High-middle SDI

Middle SDI

Low-middle SDI

Low SDI

GBD Regions

Andean Latin America
Australasia

Caribbean

Central Asia

Central Europe

Central Latin America
Central Sub-Saharan Africa
East Asia

Eastern Europe

Eastern Sub-Saharan Africa
High-income Asia Pacific
High-income North America
North Africa and Middle East
Oceania

South Asia

Southeast Asia

Southern Latin America
Southern Sub-Saharan Africa
Tropical Latin America
Western Europe

Western Sub-Saharan Africa

10,538 (8,724, 12,339)

8,570 (7,184, 10,049)
1,967 (1,377, 2586)

1,405 (1,148, 1657)
2,983 (2,449, 3514)
3,989 (3,296, 4726)
1,764 (1,333, 2188)
392 (282, 498)

7(59
28 (22, 35)

14 (11, 18)

49 (40, 57)

190 (156, 225)

77 (62, 94)

139 18)

5,457 (4,464, 6,542)
360 (307, 410)

51 (38, 65)

125 (102, 145)

478 (384, 576)

180 (141, 219)
96 12)

1,941 (1,408, 2,440)
543 (428, 655)

40 (31, 48)

35 (28, 42)

167 (136, 198)

747 (609, 877)

27 (19, 35)

29.87 (24.55, 35.06)

58.50 (48.95, 68.45)
9.98 (7.00, 13.12)

12.31 (10.07, 14.54)
34.18 (27.66, 40.46)
50.26 (41.30, 59.30)
36.26 (27.54, 45.56)
23.09 (16.64, 29.70)

3.95 (299, 5.01)
1159 (9.12, 14.30)
6.01 (4.68, 7.44)
L1911, 13.07)
13.06 (1065, 15.60)
11.71 (920, 14.19)
7.12 (472, 9.84)
93.29 (74.65, 111.22)
13.08 (11.09, 14.98)
9.12 (6.67, 11.64)
6.92 (5.65, 8.10)
12.92 (1039, 15.54)
1322 (1027, 16.18)
36.84 (25.39, 50.63)
4425 (3242, 55.84)
2730 (21.39, 33.00)
8.72 (6.82, 10.75)
15.41 (1230, 19.09)
2220 (1791, 26.79)
12.18 (9.92, 1431)
3.71 (260, 4.88)

23,601 (19,648, 27,495)

19,347 (16,359, 22,615)
4,253 (3,087, 5,495)

3,321 (2,725, 3,899)
6,302 (5,250, 7,368)
8,779 (7,306, 10,388)
4,225 (3,206, 5,215)
960 (702, 1,211)

14 (11, 18)
64 (51, 77)

34 (27, 41)

125 (104, 145)

481 (402, 560)

160 (129, 192)

37 (25, 51)

11,404 (9353, 13,624)
893 (769, 1016)
131 (99, 164)

300 (248, 351)
1,291 (1,039, 1,537)
469 (373, 562)

23 (16, 32)

4671 (3458, 5793)
1275 (1015, 1522)
100 (80, 119)

91 (73, 110)

383 (316, 444)
1579 (1294, 1840)
75 (54, 98)

619.26 (513.93, 721.20)

1,153.6 (974.89, 1,350.10)
205.55 (149.09, 265.86)

295.46 (242.74, 346.62)
662.96 (551.54, 779.67)
953.07 (788.04, 1,129.47)
757.26 (579.41, 938.32)
475.7 (351.51, 602.07)

75.99 (57.88, 95.34)
264.05 (20846, 319.57)
132.83 (105.02, 161.49)
26451 (21927, 307.91)
319.05 (265.76, 371.73)
215.18 (172,68, 258.59)
169.46 (11478, 231.53)
1,583.70 (1,290.64, 1,885.68)
313.29 (269.19, 356.86)
194.05 (146.05, 243.35)
154.94 (128.12, 181.40)
363.95 (29381, 431.59)
294.16 (232.55, 356.10)
818.89 (570.83, 1114.45)
911.90 (67262, 1,136.61)
555.44 (439.24, 666.67)
213.15 (170.12, 254.80)
355.30 (285.70, 428.86)
449,05 (367.72, 524.07)
266.31 (218.94, 309.97)
88.25 (63.65, 115.68)

13,350 (10,533, 15,966)

11,029 (8,710, 13,251)
2,320 (1,636, 3,161)

1,736 (1,323, 2,166)
2,863 (2,188, 3,522)
4,816 (3,679, 5,924)
3,290 (2,615, 4,005)
639 (479, 803)

12 (8, 16)
27 (20, 36)
31(23,39)

48 (38, 58)

145 (112, 177)

119 (89, I51)

21 (14, 29)

5,757 (4,272, 7,285)
171 (139, 203)

64 (47, 82)

170 (127, 217)

796 (593, 1,007)
320 (247, 391)

15 (11, 20)

3,703 (2875, 4,588)
922 (743, 1,109)
53 (39, 68)

45 (36, 56)

202 (152, 257)

695 (520, 870)

35 (26, 45)

16.12 (1268, 19.29)

31.20 (24.43, 37.48)
494 (349, 6.73)

7.43 (5.73, 9.18)
1474 (11.25, 18.09)
21.02 (16.13, 25.85)
2747 (2181, 33.52)
1697 (1271, 21.25)

216 (153, 29)
4.6 (335, 6.03)
569 (4.25,7.17)
6.61 (5.28, 8.04)
6.23 (4.83, 7.59)
5.08 (3.80, 6.45)
457 (3.13, 6.37)
3056 (22.68, 38.48)
474 (387, 5.63)
488 (3.57, 6.36)
2.68 (2.05, 3.38)
1132 (8.50, 1427)
879 (6.71, 10.72)
2423 (1743, 32.73)
30.26 (23.48, 37.23)
17.12 (13.84, 20.63)
591 (437, 7.50)
9.06 (7.02, 11.40)
8.12 (6.08, 10.37)
6.39 (4.88, 7.90)
221 (158, 2.85)

27,795 (22,234, 32,884)

22,843 (18,383, 26,947)
4,952 (3,630, 6,491)

4,040 (3,160, 4,936)
5,562 (4,429, 6,757)
9,510 (7,477, 11,518)
7,193 (5,755, 8,715)
1,475 (1,136, 1,842)

25 (18, 32)
57 (43, 73)

70 (53, 87)

128 (103, 153)

380 (298, 456)

240 (185, 302)

64 (45, 87)

10,446 (8,000, 12,958)
452 (372, 532)

180 (135, 229)

375 (292, 469)
2,024 (1,565, 2,509)
851 (668, 1,033)
40 (30, 54)

8,051 (6,283, 9,895)
2,159 (1,768, 2,588)
121 (92, 149)

129 (103, 158)

450 (343, 564)
1,440 (1,115, 1,756)
113 (83, 142)

325.52 (26032, 385.52) | 226 (-237,-2.16) | -231 (-2.39, -2.23)

595.27 (478.16, 703.87) —2.28 (-2.37, -2.18)

~2.62 (~2.80, ~2.44)

~2.36 (-2.44, -2.29)

106.2 (77.92, 138.98) 239 (-2.52, -2.26)

190.05 (149.49, 230.91) —1.72 (-1.79, - 1.66) —1.44 (-1.48, —1.40)

281.31 (22353, 341.61) ~330 (-353,-3.07) | 330 (-348, -3.11)

379.97 (297.64,460.97) | -320 (-3.34,-306) | -3.31 (-342,-3.19)

542.25 (432.86, 659.20) ~0.75 (-0.87, ~0.63) | -0.99 (~1.08, ~0.91)

335.21 (255.29, 419.43) —0.79 (-0.97, -0.61) —1.07 (-1.18, —0.95)

4291 (31.06, 56.7) ~1.56 (-1.68, —1.43) | —1.55 (-1.64, —1.46)

104.24 (78.53, 132.94) 3,17 (-3.39, -2.95) | -3.16 (-336, -2.97)

128.60 (98.71, 160.48) -037 (-061,-0.13) | -029 (-0.52, ~0.07)

157.67 (126.36, 190.87) —1.93 (-2.17, —1.68) —2.10 (-2.37, -1.83)

17427 (137.45, 208.09) ~2.17 (-2.29, ~2.05) ~1.76 (~1.87, ~1.65)

99.13 (76.45, 125.12) -297 (-3.19, -275) | -2.82 (-3.03, -2.61)

11640 (83.45, 158.43) ~143 (-1.61,-125) | -120 (137, -1.03)

508.68 (387.70, 633.16) ~4.07 (-427,-3.88) | -4.09 (-4.25, -3.93)

129.52 (10665, 152.50) | —420 (-4.59, -3.80) | -3.82 (-4.23, -3.42)

113.96 (85.12, 145.17) —2.25 (-2.34, -2.16) —1.93 (-2.02, -1.85)

73.13 (57.66, 90.80) 327 (-345,-3.08) | 244 (-252,-236)

303.03 (235.42, 374.47) ~0.50 (-0.68, -0.32) | -0.61 (-0.76, ~0.45)

199.59 (156.74, 242.97) | —1.25 (-1.38, -1.12) | —1.24 (-1.32, —1.16)
549.31 (40265, 734.15) | —1.53 (-1.62, ~1.44) | —1.45 (~1.54, ~136)
591.70 (464.04, 727.28) | —1.06 (-121,-0.91) | —131 (-1.41,-1.21)
353.74 (28847, 423.88) | —1.68 (-182,-1.53) | —1.62 (-1.73, ~1.50)
138.28 (10551, 170.25) | —1.12 (-1.41,-083) | —1.31 (~1.54, ~1.08)
228.28 (18035, 280.24) | —2.03 (-240, ~1.66) | —1.67 (-1.98, —1.36)
176.20 (133.86, 221.14) | ~3.79 (-408, -349) | -3.60 (-389, -3.32)
151.56 (11888, 183.30) | —2.07 (-2.15,-1.99) | —1.78 (-1.85,~1.71)
57.95 (4245, 73.13) ~1.52 (-1.60, ~1.44) | ~1.26 (-132, ~1.20)

Note: Bold text indicates row headers and subgroup labels and is used for formatting purposes only.

Abbreviations: ASMR, age-standardized mortality rate; ASDR, age-standardized DALYs rate; DALYs, disability-adjusted life years;

demographic Index; Cl, Confidence interval.

No., number; EAPC, estimated annual

percentage change; Ul, Uncertainty interval; SDI, Socio-
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12.68-19.29) and 325.52 (95% UI: 260.32-385.52) per 100,000 people, respectively. EAPC was —2.26 (95% CI: —2.37
to —2.16) for ASMR and —2.31 (95% CI: —2.39 to —2.23) for ASDR, indicating sustained downward trajectory (Table 1).

Regional Burden and Trends of Smoking-Related COPD
In 1990, the burden of smoking-related COPD was primarily concentrated in Middle and High-middle SDI region
(Table 1 and Figure 1). By 2021, deaths and DALY increased in all SDI regions except for the High-middle SDI region.
The most substantial increase was observed in Low-middle SDI region, which rose to rank second, following Middle SDI
region (Table 1 and Figure 1A and B). The highest ASMR and ASDR in 2021 were observed in Low-middle SDI region,
with values of 27.47 (95% UI: 21.81-33.52) and 542.25 (95% UI: 432.86-659.20) per 100,000 population, respectively
(Table 1 and Figure 1C and D). From 1990 to 2021, the EAPCs of ASMR were negative in all SDI regions. The most
pronounced decline was observed in High-middle SDI region, with EAPC of —3.30 (95% CI: —3.53 to —3.07) (Table 1).
Among the 21 GBD regions, both in 1990 and 2021, East Asia and South Asia exhibited a substantially higher burden of
COPD attributable to smoking compared to other regions (Table 1 and Figure 2A and B). In 2021, East Asia reported the
highest deaths (5,757 hundred; 95% UI: 4,272—7,285) and DALY's (10,446 thousand; 95% UI: 8,000-12,958), followed by
South Asia with 3,703 (95% UI: 2,875—4,588) hundred deaths and 8,051 (95% UI: 6,283-9,895) thousand DALYs. With
respect to ASR, East Asia exhibited the highest ASMR and ASDR in 1990 (Table 1). By 2021, East Asia maintained its
position as the region with the highest ASMR, while South Asia surpassed East Asia in terms of ASDR. Conversely, Andean
Latin America consistently exhibited the lowest burden in both 1990 and 2021, across all indicators (Table 1). The EAPCs for
both ASMR and ASDR were negative in all GBD regions. East Asia demonstrated the most significant decrease in ASDR,
exhibiting an EAPC of —4.09 (95% CI: —4.25 to —3.93). This was followed by Eastern Europe (Table 1).

EAPC of ASDR
25

0.0

-25

Persian Gulf Balkan Peninsula Southeast Asia WestAfrica  Eastern
M

Figure 2 The burden of COPD attributable to smoking for both sexes in 204 countries and territories. (A) ASMR in 2021; (B) ASDR in 2021; (C) The EAPC of ASMR
between 1990 and 2021; (D) The EAPC of ASDR between 1990 and 2021.

Abbreviations: COPD, chronic obstructive pulmonary disease; ASMR, age-standardized mortality rate; EAPC, estimated annual percentage change; ASDR, age-
standardized disability-adjusted life years rate.
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National Burden and Trends of Smoking-Related COPD

With respect to national burden, China and India had the highest smoking-related COPD deaths and DALY in 1990 and
remained consistent in 2021 (Tables S2 and S3). In 2021, DALY reached 10,187 (95% UI: 7,747-12,691) thousand in
China and 6,682 (95% UI: 5,199-8,310) thousand in India (Table S3). Relative to 1990, China experienced a 9.4%
decrease in DALYSs, whereas India showed an 82.7% increase. For ASMR, China had the highest ASMR in 1990
(96.37 per 100,000; 95% UI: 77.06-115.04), followed by Nepal (88.39 per 100,000; 95% UI: 61.21-118.16) and
Myanmar (73.92 per 100,000; 95% UI: 53.54-97.36). By 2021, Nepal ranked first in ASMR, followed by Myanmar
and Kiribati (Table S4 and Figure 2A). ASDR showed a largely similar ranking pattern (Table S5). Most countries
exhibited declines in ASMR and ASDR over time (Table S1 and Figure 2C and D). The largest reductions were observed
in Singapore, Ukraine, and Belarus, whereas Georgia experienced the largest increase, indicating substantial hetero-
geneity in global progress (Tables S6 and S7).

Patterns of Smoking-Related COPD by Sex and Age

Burden differed by sex throughout 1990 to 2021, with males consistently exceeding females in deaths and DALY's
(Table 1 and Figure 3A and B). Male deaths increased from 8,570 (95% UI: 7,184-10,049) hundred to 11,029 (95%
UI: 8,710-13,251) hundred. Female deaths rose modestly from 1,967 (95% UI: 1,377-2,586) hundred to 2,320 (95%
UI: 1,636-3,161) hundred. ASMR and ASDR decreased in both sexes, with steeper declines in females, as reflected by
larger absolute EAPCs (Table 1). Age-specific patterns showed deaths peaked in the 75-79 age group and DALY in
the 70—74 age group, with both declining thereafter. In contrast, both the age-specific death rate and DALY rate
continued to rise with age, reaching their highest levels in the 90-94 age group (Figure 3C and D). This discrepancy
may reflect the composite nature of DALYs, which include both years of life lost and years lived with disability.
Absolute DALYs may peak earlier because more individuals survive with substantial COPD-related health loss,
whereas age-specific death and DALY rates continue to increase in the oldest age groups as frailty, disease severity,
and mortality risk accumulate.
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Figure 3 Temporal trends and age structure of the burden of smoking-attributable COPD by sex. (A) The number of deaths and ASMR from 1990 to 2021; (B) The number
of DALYs and ASDR from 1990 to 2021; (C) The number of deaths and death rate in 2021; (D) The number of DALYs and DALY rate in 2021. Bars correspond to the left
y-axis and lines correspond to the right y-axis in all panels. Black error bars and dashed lines indicate 95% uncertainty intervals.

Abbreviations: COPD, chronic obstructive pulmonary disease; ASMR, age-standardized mortality rate; DALY, disability-adjusted life years; ASDR, age-standardized DALY rate.
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Frontier Analysis and Decomposition Analysis

Frontier analysis illustrated each location’s distance to the efficiency frontier for ASDR given its SDI from 1990 to
2021. The distance generally decreased with higher SDI, implying that low SDI countries still have more potential
for improvement (Figure 4A). In 2021, among lower-SDI countries, Somalia, Burkina Faso, Niger, Ethiopia, and
Benin were closest to the frontier, indicating relatively strong performance at their development level. In contrast,
among the countries with higher SDI, Denmark, the United States, the United Kingdom, the Netherlands, and
Belgium are the furthest from the frontier, suggesting more room for reduction than expected for their SDI. The 15
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Figure 4 Frontier analysis of the relationship between the SDI and ASDR for smoking-attributable COPD. (A) Temporal shift from 1990 to 2021, with color gradients (light
to dark purple) indicating changes over time; (B) Cross-sectional analysis in 2021, where each point represents a country or region. The black line denotes the efficiency
frontier; representing the lowest theoretically attainable ASDR at a given SDI level. Country names in black highlight the |5 countries with the largest deviations from the
frontier. Names in blue denote low-SDI countries with minimal deviation, while names in red represent high-SDI countries with substantial deviation. The color of each point
reflects the direction of ASDR change from 1990 to 2021: purple indicates a decrease, and red indicates an increase.

Abbreviations: SDI, Socio-demographic Index; ASDR, age-standardized disability-adjusted life years rate; COPD, chronic obstructive pulmonary disease.
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Figure 5 Decomposition analysis of changes in smoking-attributable COPD DALYs from 1990 to 2021. The decomposition, based on absolute DALY (x10°) counts, includes
contributions from population ageing, population growth, and epidemiological changes. Positive values indicate an increase in DALYs due to the respective component, while
negative values represent a reduction. Black dots represent the net overall change contributed by all three components combined.

Abbreviations: COPD, chronic obstructive pulmonary disease; DALYs, disability-adjusted life years; SDI, Socio-demographic Index.

most distant locations included Nepal, Kiribati, Myanmar, Papua New Guinea, North Korea, and others
(Figure 4B).

Decomposition analysis revealed that global DALY's increased by 4194 thousand between 1990 and 2021. Population
growth and population ageing contributed increases of 17,521 thousand and 4,978 thousand DALYs, respectively,
whereas epidemiological changes reduced DALYs by 18,305 thousand. Relative to the overall net increase, these
corresponded to contributions of 417.74%, 118.70%, and —436.43%, respectively (Table S8). These large relative
percentages reflect the fact that the absolute contributions of the individual components were much larger than the
final net change, because positive and negative effects offset one another. Ageing had a positive impact in all SDI
regions, except Low SDI region. Population growth was positive in all five SDI regions. Conversely, epidemiological
changes offset increases in global DALY, a pattern that was generally consistent across SDI strata. All three components
had the largest impacts in Middle SDI, underscoring this stratum as a priority for targeted interventions (Table S8 and
Figure 5).

Future Projections of Smoking-Related COPD Burden
The BAPC model projected continued decline in smoking-related COPD burden over the next 19 years (Figure 6). By
2040, ASMR is predicted to decline to 11.62 per 100,000 population and ASDR to 240.32 per 100,000 population
(Tables S9 and S10). By sex, ASDR in males is estimated to decrease by 23.56%, while females are projected to
experience a 34.50% decline, indicating a greater relative improvement in women.

In the back-casting validation, the MAPE values for ASMR and ASDR across both sexes, males, and females were all
below 10% (Table S11), indicating reasonable agreement between predicted and GBD-observed values.

Discussion

COPD is one of the leading causes of morbidity and mortality worldwide. Smoking is the primary modifiable risk factor
for COPD. Despite sustained declines in ASMR and ASDR for smoking-attributable COPD since 1990, absolute deaths
and DALYs increased. Decomposition analysis attributed this divergence primarily to demographic change, population
growth and population ageing. Marked heterogeneity by development level, geography, sex, and age underscores the
need for context-specific prevention and control strategies.
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Figure 6 Future forecasts of global burden of COPD attributable to smoking from 2022 to 2040 based on the BAPC model. (A) ASMR; (B) ASDR.
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A previous GBD study assessed the burden of smoking-related COPD and reported declining ASDR in nearly all SDI
regions. Although the authors did not explicitly state the global trend, the figures in their report indicate a downward
trajectory.'” Our findings are consistent with this pattern, showing a continued decline in the global ASDR of smoking-
related COPD between 1990 and 2021. This study also noted that the burden of smoking-related COPD was greater in
males and increased with age, peaking at 85-89 years. Similarly, our study found that males experienced a substantially
higher burden. However, we observed that the global DALY rate peaked later, at 90-94 years. This variation may be due
to differences in the study period, data updates, and methodological approaches. Compared with earlier studies, our
analysis incorporates the most recent data and provides a more nuanced assessment by incorporating advanced analytical
approaches, including BAPC modeling and decomposition analysis, providing a more up-to-date and comprehensive
view of global and regional trends.

At the global level, declining ASMR and ASDR are consistent with strengthened tobacco-control policies, earlier
detection, and improvements in COPD management in many settings.>’ > Despite these global trends, Nepal’s ASMR
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and ASDR remained high in both 1990 and 2021, likely due to the persistent prevalence of smoking and the ongoing
socioeconomic challenges experienced by the nation.***

Nevertheless, absolute burden increased, particularly in Low-middle and Middle SDI strata, where rapid demographic
expansion and ageing offset epidemiologic gains. These patterns align with the decomposition findings, in which
population growth and ageing contributed positively to DALY changes, whereas epidemiologic change contributed
negatively, suggesting real—but insufficient—progress against risk and disease severity. The results of the decomposition
analysis further support this conclusion. Inadequate tobacco control measures, limited access to healthcare, and delays in
COPD diagnosis and treatment may also contribute to the growing absolute burden in settings with limited resources.*

Although East Asia and South Asia have made notable strides toward lowering the burden of COPD, they still
account for the highest numbers of deaths and DALYs globally. This persistent burden likely reflects the combined
effects of sustained tobacco exposure, large and ageing populations, and continuing challenges in healthcare infrastruc-
ture, early diagnosis, and long-term disease management across countries in these regions.>® Non-smoking inhalational
exposures, including biomass smoke in some settings, may also contribute to this regional heterogeneity.>’ China and
India illustrate these contrasting patterns. Although China has experienced a decrease in the number of DALY related to
smoking-attributable COPD in recent years, it continues to report the highest number of deaths and DALYs, which may
partly reflect the impact of its large and ageing population. By contrast, India has experienced substantial increases in
both deaths and DALYs, which may also be influenced by differences in smoking patterns and tobacco products,
including bidi use in some settings, as well as persistent barriers to healthcare access and timely diagnosis.*®** These
findings suggest that further reductions in burden in these regions will require not only strengthened tobacco-control
policies but also improved access to accurate diagnosis, spirometry-based assessment, and long-term chronic respiratory
care.*!*2

Sex- and age-specific patterns were stable and biologically plausible. Males bore higher burdens than females across
outcomes, consistent with greater cumulative smoking exposure in many settings.*> Burden increased with age, with
DALYs peaking in the 70-74 age group and rates (death/DALY rate) peaking at older ages, reflecting the combined
effects of cumulative exposure, age-related lung function decline, and comorbidity.**** These findings reinforce the need
to intensify cessation among men, while expanding early detection and comprehensive, life-course COPD care for ageing
populations. The projected greater relative decline in ASDR among females than among males by 2040 should, however,
be interpreted cautiously. This projected pattern may not be uniform across all settings, as smoking trajectories among
women have not improved consistently across populations and periods. Given the long latency between smoking
initiation and COPD onset, this pattern may reflect sex-specific differences in historical smoking uptake, cessation,
and cumulative exposure rather than immediate changes in current smoking behavior.*>*” In addition, because the BAPC
model incorporates cohort effects, the projected declines may be consistent with more favorable smoking histories in
later-born cohorts in some settings, whereas older cohorts with heavier cumulative exposure may continue to sustain
a substantial burden.*®*°

The frontier analysis indicates that the burden of COPD attributable to smoking generally decreases with rising levels
of socioeconomic development. However, certain countries exhibit a discernible discrepancy between their observed
burden and the expected levels based on the SDI. Such discrepancies suggest that socioeconomic development alone does
not fully explain variation in smoking-attributable COPD burden. Countries located close to the frontier may not
necessarily represent optimal performance, because lower observed burden could also reflect underdiagnosis, incomplete
ascertainment, or limited diagnostic capacity in some settings.’>>' Conversely, high-SDI countries that remain well
above the theoretical minimum may reflect not only the legacy effects of historical smoking exposure and population
ageing,'>**%3 but also differences in healthcare-system performance, early detection, and long-term disease manage-
ment. In addition, co-exposures such as biomass fuel smoke may contribute to COPD burden in ways not fully captured
by an SDI-based frontier framework.>” These findings suggest that sustained tobacco control should be complemented by
stronger case finding, spirometry access, and chronic respiratory care, even in higher-SDI settings.

Decomposition analysis identified demographic transitions as the dominant drivers of smoking-attributable COPD
burden: population ageing and growth continue to push deaths and DALYs upward, only partially offset by advances in
prevention, diagnosis and treatment. The disproportionate impact in Middle SDI settings signals a critical inflection
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point, with demand from demographic change outpacing health-system capacity.* Priority responses include sustained
tobacco control, expanded early detection (risk-based case finding and spirometry) and accessible long-term management
integrated into primary care. If effectively implemented at scale, these measures may help mitigate the future burden of
tobacco-related COPD in these regions.

Several limitations of this study should be considered. First, reliance on GBD data introduces potential biases due to
the limitations of model-based estimates, especially in regions with insufficient primary data.’® Second, the cross-
sectional nature of some data limits our ability to establish causal relationships between smoking-related COPD burden
and various demographic or regional factors. Third, although decomposition clarifies the direction and relative magnitude
of demographic versus epidemiologic forces, unmeasured factors (eg, air pollution trends, occupational exposures, or
care quality) may also influence trajectories. Fourth, smoking-attributable estimates in GBD are derived from
a comparative risk assessment framework using fixed exposure-response functions,”® which may not fully capture
heterogeneity in tobacco product types across settings, particularly in lower-income regions where products such as
bidis, kreteks, or waterpipe are more common.

Conclusions

In conclusion, although the age-standardized burden of smoking-attributable COPD declined globally from 1990 to 2021,
absolute deaths and DALY continued to rise, particularly in Middle and Low-middle SDI settings where demographic
expansion and ageing offset epidemiological gains. The burden remained disproportionately high in males and older
adults, and some high-SDI settings still showed considerable room for further reduction relative to their level of
development. Looking ahead, the burden is projected to continue declining through 2040. However, sustaining this
progress will likely require stronger tobacco control, earlier detection, improved long-term COPD management, and
better implementation of prevention strategies in settings facing the greatest demographic pressure.
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