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The increasing concern over chronic respiratory diseases (CRDs) caused by industrial pollution

from particulate matter, gases, and fumes (PMGF) highlights the critical need for a comprehensive
understanding of its spatiotemporal trends to mitigate work-related respiratory disorders effectively.
Data from the Global Burden of Disease 2021 were extracted to analyze the mortality of occupational
PMGF-attributed CRD. The joinpoint regression model was employed to illustrate its trends in age-
standardized mortality rate (ASMR) from 1990 to 2021, facilitating the calculation of average annual
percentage changes (AAPCs). The age-period-cohort (APC) model was used to isolate and quantify the
contributions of age, period, and cohort effects to the observed temporal trends in mortality rates.
From 1990 to 2021, the ASMR of PMGF attributed-CRD decreased from 21.74 (13.34, 30.11) to 12.84
(7.80, 18.20), with an AAPC of -1.69 (-1.82, -1.56). A sharper negative AAPC was detected in females,
pneumoconiosis cases, middle SDI region, and Southeast Asia, East Asia & Oceania. In addition,

some positive AAPCs appeared in low-middle SDI, South Asia, and high-income nations for females.
Although the Western Pacific witnessed the steepest ASMR declines, a rising ASMR was noted in
Nordic and American female COPD patients, with increasing pneumoconiosis ASMR in the Middle East
and North Africa. The total age-specific mortality increased, with a decrease observed in both period
and cohort effect, more pronounced among females. COPD mortality exhibited a steeper decline

than pneumoconiosis in the period and cohort RR, but not for females. The low-middle SDI region

and South Asia led in age-specific CRD mortality, whereas the period and cohort RR experienced the
largest reduction in the high-middle SDI region and Southeast Asia, East Asia & Oceania. However, the
period and cohort RR showed the weakest attenuation in Sub-Saharan Africa and South Asia. Over the
past 32 years, progress has been made in managing industrial PMGF pollution-related CRD; however,
challenges persist, particularly among sub-Saharan Africans, South Asian women, pneumoconiosis
cases in the Middle East and North Africa, and female COPD patients in high-income nations.

Keywords Global burden of Disease (GBD), Occupational particulate matter, gases, and fumes (PMGEF),
Chronic respiratory disease (CRD), Age-standardized mortality rate (ASMR), Age-period-cohort (APC) effect
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AAPC average annual percentage change

APC age-period-cohort

ASMR age-standardized mortality rate

CI confidence interval

COPD Chronic obstructive pulmonary disease
CRD Chronic respiratory disease

DALY disability-adjusted life year
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GARD Global Alliance against Chronic Respiratory Diseases
GBD Global Burden of Disease

GOLD Global Initiative for COPD

ICD-10  Tenth Edition of International Classification of Diseases
LMICs low- and middle-income countries

PMGF particulate matter, gases, and fumes
RR rate ratio

SDG Sustainable Development Goal

SDI socio-demographic index

Ul uncertainty interval

WHO World Health Organization

Chronic respiratory disease (CRD) is a category of progressive pulmonary disorders characterized by partially
alleviated but progressively worsening dyspnea!. There has been growing attention to CRD as an essential public
health issue, particularly considering the substantial disease burden it has placed on low- and middle-income
countries (LMICs)?. An estimated 77.6 million newly diagnosed CRD cases were recorded globally in 2019,
representing a 49.0% rise from 1990. In the same year, CRD was responsible for 4 million deaths, making it
the third leading cause of death, and contributed to 103.5 million disability-adjusted life years (DALYs), which
accounted for 4.1% of the overall DALYs worldwide®. In 2015, the United Nations Sustainable Development
Goals (SDGs) 3.4 called for a one-third decrease in premature mortality from non-communicable diseases,
including CRD, by 2030%. To achieve this, the World Health Organization (WHO) has created multiple alliances,
notably the Global Alliance against Chronic Respiratory Diseases (GARD)?>.

The impact of occupational pollutants, such as dust, particulate matter, aerosols, and smoke, in the
development of CRD, is gaining increasing scholarly interest. Earlier research has evidenced that prolonged
exposure to harmful particles and gases from occupational sources, mainly produced in industries like mining,
manufacturing, and agriculture, would increase the risk of respiratory disorders®. Chronic obstructive pulmonary
disease (COPD) and pneumoconiosis are currently the two most broadly regulated CRDs attributable to
industrial gaseous pollutants, despite differences in their pathophysiological mechanisms. The pathogenesis of
COPD is commonly understood to start with the inhalation of toxicants that induce airway epithelial damage
and chronic inflammation, accompanied by oxidative stress and a protease-antiprotease imbalance, further
exacerbating airway injury, leading to its remodeling and obstruction’. The onset of pneumoconiosis, on the
other hand, is initiated by the inhalation of harmful particles, triggering an inflammatory response that leads
to lung interstitial destruction, fibroblast activation, and scar tissue formation, ultimately impairing the gas
exchange function of the alveolar walls®. Actions to control CRD among occupational groups are extremely
important, as they not only affect both individual health and well-being but also indirectly impact national
economic efficiency and social welfare expenditures.

To assist health authorities in devising more precise and efficient strategies, conducting systematic research
on the disease burden of occupational particulate matter, gases, and fumes (PMGF) is crucial for evaluating the
threats posed to workers’ respiratory health. Although previous studies have investigated the impact of industrial
PMGF on COPD, some information remains to be further explored, e.g. the burden of pneumoconiosis under
the PMGF context, and how differences in physical function, medical levels at different times, and exposure
variations across generations affect the CRD burden in occupational groups®. Therefore, our research aims
to comprehensively examine the trends in CRD mortality, including COPD and pneumoconiosis, due to
occupational PMGF exposure over the past 32 years, using mortality data from 204 countries or territories
provided by the Global Burden of Disease Study 2021 (GBD 2021) database, and to quantify the age-period-
cohort effects on mortality.

Materials and methods

Original data

Information on our current research was publicly retrieved from GBD 2021 globally between 1990 and 2021
(https://vizhub.healthdata.org/gbd-results/)!°. Relevant data were collected to evaluate the burden of CRD
attributed to occupational PMGEF, with detailed guidelines for extraction illustrated in Additional File 1. In the
GBD 2021 risk hierarchy, the “Risk” item included “Environmental/occupational risks”, “Behavioral risks”, and
“Metabolic risks” at the primary level, which were further broken down into 20 secondary subtypes. Under
“Occupational risks”, a secondary factor, “Occupational particulate matter, gases, and fumes (PMGF)” was
selected as a tertiary risk for our targeted risk factor. The correspondent secondary cause “Chronic respiratory
diseases (CRD)”, along with its subtypes “Chronic obstructive pulmonary disease (COPD)” (J41-J44) and
“Pneumoconiosis” (J60-J65), were identified for our targeted diseases within the primary category “Non-
communicable diseases”, as classified by the Tenth Edition of International Classification of Diseases (ICD-10)
system!!.

Statistical description

GBD 2021 provided the age-standardized mortality rate (ASMR) to analyze disease burden across genders, ages,
calendar years, and regions, accounting for populations across the full age range. However, since our study
focused exclusively on individuals aged 25 years and older, the ASMRs with their 95% uncertainty intervals (UIs)
were recalculated using Monte Carlo simulation, with the GBD Standard Population as a reference!?. The socio-
demographic index (SDI) was adopted to compare the burden between regions at different socio-economic
levels. This composite measure integrated the total fertility rate in females under 25, the educational attainment
of individuals aged 15 and older, and lag-distributed income per capita'®. Therefore, 204 countries and territories
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were classified into five SDI quintiles: low, low-middle, middle, high-middle, and high. Detailed historical SDI
records for each country and territory were provided in Table S1. Considering that socio-economic similarities
and geographical proximity may have contributed to potential health inequalities, 204 countries and territories
were also grouped into seven GBD super regions based on epidemiological similarity and geographic closeness:
Central Europe; Eastern Europe & Central Asia; High-income; Latin America & Caribbean; North Africa &
Middle East; South Asia; South-East Asia, East Asia & Oceania and Sub-Saharan Africa'®.

Statistical interference

The average annual percentage changes (AAPCs) were calculated using joinpoint regression analysis to assess
temporal trends of ASMR within predetermined intervals. Optimal joinpoints were identified based on changes
in slopes and connected through a series of log-linear models, allowing for a maximum of five joinpoints'®. The
equation of joinpoint regression was listed as follows:

E (y‘l‘) _ e,B ot+B1z+6 1 (z—T1)+... +6 p(z—T )+...

where k represented number of turning points, 7, represented unknown turning points, 8 represented constant,
B, represented regression coefficient, §, represented regression coefficient of the kth piecewise function. Only
when the 95% confidence interval (CI) did not include 0 would AAPC be considered statistically significant.

To address the collinearity while separately assessing the effects of age, period, and cohort on mortality, the
age-period-cohort (APC) model was employed to parameterize these three factors as independent variables'.
The age effect, reflecting age-related physiological and pathological changes, was assessed through a longitudinal
age curve fitted with age-specific rates relative to a reference cohort and adjusted for period deviations. The
period effect, reflecting changes in mortality due to human factors such as effective treatments and screening
programs, was assessed using a period rate ratio (RR), which compared age-specific rates in a specified period to
those in a reference period. The cohort effect, reflecting generational differences in mortality due to lifestyle shifts
or varying exposures to risk factors, such as changes in dietary patterns or living environments, was assessed
using a cohort RR, which compared age-specific rates of a given cohort to those of a reference cohort. Net drift
reflected the annual percentage change in the overall rate, while local drift reflected the annual percentage change
in the age-specific rate. The population and mortality data were organized into 5-year age groups, ranging from
the 25-29 age group to the 90-94 age group, with an additional 95+age group. The data were also arranged
into consecutive 5-year periods, from 1992 to 1996 to 2017-2021, and 5-year cohorts, from 1897 to 1902 to
1987-1992. The equation of the APC model was listed as follows:

M =p +a;*xage+ B ; *period + 1y * cohort + €

where M represented the mortality for the ith age group during the jth period; «;, 3 ; and 4 represented
the age, period and cohort effects, respectively; 4 and ¢ represented the intercept and residual, respectively. The
statistical analysis was performed by R version 4.3.3 software (Institute for Statistics & Mathematics, Vienna,
Austria).

Results

Trends of occupational PMGF-attributed CRD mortality from 1990 to 2021

As detailed in Table 1, from 1990 to 2021, the total number of CRD deaths attributed to occupational
PMGF exposure increased from 430,821 (263,222, 597,552) to 590,055 (357,752, 836,205), while the ASMR
significantly decreased from 21.74 (13.34, 30.11) to 12.84 (7.80, 18.20), with an AAPC on ASMR of -1.69 (-1.82,
-1.56) (P<0.001); the death cases surged across most subgroups but showed a decline in the subgroups of
pneumoconiosis, high-middle SDI and Central Europe, Eastern Europe, and Central Asia; a sharper negative
AAPC on ASMR was detected in females than in males (-2.00 (-2.16,-1.83) vs.-1.64 (-1.82,-1.46), both P<0.001),
and in pneumoconiosis compared to COPD (-3.33 (-3.49, -3.18) vs. -1.67 (-1.80, -1.55), both P<0.001); amidst
regional divisions, the middle SDI and Southeast Asia, East Asia, and Oceania exhibited the greatest reductions,
with AAPCs of -2.75 (-3.03, -2.47) and - 3.23 (-3.55, -2.91) (both P<0.001), respectively. As reported in Tables
S1 & S2, a greater negative AAPC was observed in females than in males only in the subgroups of COPD (-2.00
(-2.16, -1.84) vs. -1.61 (-1.80, -1.42)), middle SDI (-3.50 (-3.82, -3.17) vs. -2.26 (-2.49, -2.02)), high-middle SDI
(-2.99 (-3.25,-2.74) vs. -2.61 (-2.87, -2.36)), Southeast Asia, East Asia, and Oceania (-3.83 (-4.23, -3.42) vs. -2.84
(-3.22, -2.47)) (all P<0.001); besides, positive but insignificant AAPCs were seen in regions of low-middle SDI
(0.15 (-0.33, 0.62)) (P=0.545), high-income (0.25 (-0.02, 0.53)) (P=0.065), and South Asia (0.06 (-0.49, 0.60))
(P=0.843) for females.

As shown in Fig. 1A and B, from 1990 to 2021, China, Thailand, and several Central and Eastern European
nations witnessed the steepest declines in the ASMR of PMGF-attributed CRD, with AAPC values classified in
the first octile (< -2.85 for males and < -2.47 for females); the downward ASMR among males from Australia and
very few Western European nations, as well as among females from Japan and South Korea, was also associated
with AAPC values in the first octile; in addition, a rising ASMR was noted in females from Nordic countries
and the United States, as indicated by AAPC values within the final octile (0.33-3.36). As found in Fig. 1C, S1A
& S1C, countries with AAPC in the first octile (< -2.84 for males and < -2.52 for females) for COPD-related
ASMR largely overlapped with those whose AAPC in the first octile for CRD-related ASMR also occurred; a
coincidence of countries was also discovered, where COPD-related ASMR in females showed positive AAPC
values in the last octile (0.37-3.36), with CRD-related ASMR in females also exhibiting comparable positive
AAPC values in the last octile. As discovered in Fig. 1D, S1B & S1D, the greatest decreases in pneumoconiosis-
related ASMR, as reflected by AAPC values in the first octile (< -6.41 for males and < -4.62 for females), were
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AAPC in ASMR, “P-
Group 2Death, 1990 PASMR, 1990 Death, 2021 YASMR, 2021 1990-2021 value
Overall CRD 430,821 (263222, 597552) | 21.742 (13.339, 30.109) | 590,055 (357752, 836205) | 12.839 (7.803, 18.201) | -1.690 (-1.816, -1.564)* | <0.001
Male 289,316 (142672, 444488) | 34.822 (17.292, 53.577) | 416,299 (208060, 641502) | 20.887 (10.474, 32.255) | -1.638 (-1.820, -1.456)* | <0.001
Female 141,505 (63922, 229853) | 12.548 (5.652, 20.367) | 173,755 (76743, 285334) | 6.723 (2.969,11.035) | -1.995 (-2.156, -1.834)* | <0.001
COPD 424,804 (257226, 591294) | 21.449 (13.048,29.804) | 585,297 (353062, 831325) | 12.736 (7.702, 18.095) | -1.673 (-1.800, -1.546)* | <0.001
Pneumoconiosis 6017 (4831, 7588) 0.293 (0.237, 0.366) 4758 (3840, 6542) 0.103 (0.083, 0.141) -3.333(-3.490, -3.176)* | <0.001
Low SDI 23,130 (13092, 33604) 23.727 (13.686, 34.532) | 44,530 (26529, 63636) 20.885 (12.569, 29.707) | -0.370 (-0.752,0.013) | 0.058
Low-middle SDI 74,692 (42281,110163) | 27.120 (15.532, 40.120) | 166,192 (98476, 236838) | 24.658 (14.742, 35.049) | -0.273 (-0.742,0.198) | 0.255
Middle SDI 186,857 (116126, 258324) | 41.903 (26.242, 57.849) | 227,995 (139426, 323459) | 17.874 (11.001, 25.342) | -2.753 (-3.031, -2.474)* | <0.001
High-middle SDI | 113,163 (69702, 158232) | 23.059 (14.277, 32.175) | 107,954 (65082, 156271) | 10.030 (6.048, 14.525) | -2.649 (-2.943, -2.354)* | <0.001

High SDI

32,804 (18800, 47436) 5.165 (2.961, 7.467) 43,166 (24454, 63882) 3.330 (1.880, 4.921) -1.413 (-1.526, -1.299)* | <0.001

Central Europe,
Eastern Europe, and
Central Asia

18,129 (10242, 26380) 7.152 (4.079, 10.370) | 11,193 (6259, 16425) 3.033 (1.696, 4.456) 2,671 (-3.072, -2.269)* | <0.001

High-income

30,980 (17319, 45634) 4.463 (2.494, 6.572) 42,444 (23617, 63038) 3.080 (1.707, 4.566) -1.171 (-1.451, -0.890)* | <0.001

Caribbean

Latin America and

9201 (5476, 13084) 8.923 (5.337, 12.735) 18,879 (11440, 26853) 5.788 (3.513, 8.238) -1.373 (-1.835, -0.908)* | <0.001

North Africa and
Middle East

6312 (3391, 9487) 8.382 (4.543, 12.625) 11,319 (6304, 17002) 5.641 (3.176, 8.466) -1.262 (-1.389, -1.136)* | <0.001

South Asia

83,465 (46101, 124338) | 33.307 (18.662, 49.909) | 196,926 (116338, 281827) | 28.349 (16.896, 40.491) | -0.497 (-1.115,0.125) | 0.117

Southeast Asia, East
Asia, and Oceania

271,027 (168922, 375183) | 59.129 (37.158, 81.812) | 290,479 (178247, 416466) | 21.645 (13.349, 31.023) | -3.231 (-3.554, -2.907)* | <0.001

Sub-Saharan Africa

11,708 (6929, 16656) 12.439 (7.460, 17.669) | 18,814 (11390, 26894) 9.246 (5.660, 13.143) -0.952 (-0.993, -0.911)* | <0.001

Table 1. CRD Mortality due to Occupational PMGF exposure in 1990 and 2021 with AAPC from 1990-2021.
Abbreviations: AAPC: average annual percentage change; ASMR: age-standardized mortality rates; COPD:
chronic obstructive pulmonary disease; CRD: chronic respiratory disease; PMGF: particulate matter, gases, and
fumes; SDI: socio-demographic index. *The number of deaths was derived by summing across all age groups.
"The ASMR was calculated by adjusting the mortality rates for each age group to a standard population. “The
AAPC was statistically significant with a P value <0.05.

concentrated in Western European nations, alongside the United States and Canada; conversely, regions with
growing ASMR of pneumoconiosis, i.e. positive AAPC in the last octile (0.50-8.04 for males and 2.32-15.87),
included the Mideast, North Africa, and Russia.

Age-period-cohort effect of occupational PMGF-attributed CRD mortality

The global net drift in CRD mortality attributed to PMGF was —2.52% (-2.62%, -2.42%), with males at -2.31%
(-2.43%, -2.19%) and females at -3.18% (-3.32%, -3.05%), and local drifts for all age groups were below 0.05%
(Fig. 2D, Table S4). The overall CRD death rate increased from 0.19/10° in the 25-30 age group to 109.42/10°
in the 85-90 age group, followed by a gradual decline (Fig. 2A). A similar pattern was observed in males and
females, with peak rates of 209.50/10° and 51.77/10°, respectively (Fig. 2A). The total CRD mortality rate
decreased between 1992 and 2021, with the period RR falling from 1.56 (1.53, 1.59) to 0.85 (0.84, 0.86) (Fig. 2B).
The downward trend was more pronounced among females (1.80 (1.76, 1.85) to 0.84 (0.83, 0.86)) than males
(1.48(1.45,1.51) t0 0.84 (0.82, 0.85)) (Fig. 2B). From 1917 to 1992, cohort effects dropped monotonically, despite
earlier fluctuations, and females had higher cohort RRs than males before 1947, with their RRs becoming lower
afterward (Fig. 2C).

Net drifts in PMGF-attributed mortality were —2.49% (-2.59%, -2.39%) for COPD and -3.84% (-4.01%,
-3.67%) for pneumoconiosis, with the corresponding local drifts for all age groups not exceeding 0.07% and
—2.22% (Fig. 3D, Table S4). The age-related trend in COPD death rate closely mirrored that of CRD, peaking
at 109.01/10° in the 85-90 age group, whereas pneumoconiosis mortality remained nearly constant across all
age groups (Fig. 3A). The death rates for both conditions exhibited similar age effects in males and females
(Figures S2A & S5A). Between 1992 and 2021, the period RR for pneumoconiosis mortality (1.86 (1.78, 1.94)
to 0.73 (0.70, 0.76)) declined more steeply than that for COPD mortality (1.56 (1.52, 1.59) to 0.85 (0.84, 0.86))
(Fig. 3B). While the cohort RR for pneumoconiosis mortality has experienced a continuous decline since 1897, a
monotonic decrease in COPD mortality was not observed until 1917 (Fig. 3C). In males, the period and cohort
effects for both diseases paralleled those seen in the general population; however, among females, a striking
reversal was found, with the decline in COPD surpassing that of pneumoconiosis (Figures S2B, S2C, S5B & S5C).

Net drifts in CRD mortality attributable to PMGF among the five SDI regions ranged from —4.30% (-4.47%,
-4.13%) to -0.74% (-0.98%, -0.49%), with local drifts uniformly staying below 1.02% across all age groups (Fig. 4D,
Table S4). The low-middle SDI region had the highest CRD mortality within all SDI regions for the age groups
25-30 to 90-95 (from 0.13/10° to 284.92/10°), before dropping to second place in the 95 +age group (Fig. 4A).
This was followed by the low SDI region, ranked second, where the CRD mortality rate increased monotonically,
and the middle SDI region, ranked third, where it peaked in the 85-90 age group (Fig. 4A). In contrast, the age
effect on CRD mortality in the high-middle and high SDI regions remained consistently lower than the global
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Fig. 1. AAPCs in ASMR of occupational PMGF attributed-CRD from 1990-2021 for males (A), females (B),
COPD (C), and pneumoconiosis (D), by countries. The map was generated using R version 4.3.3 software
(Institute for Statistics & Mathematics, Vienna, Austria) (https://cran.r-project.org/bin/windows/base/old/4.3.
3/).

average (Fig. 4A). The age-related CRD mortality in males resembled that of the general population across SDI
regions, while in females, it was nearly identical in the low and low-middle SDI regions for age groups under 85-
90 (Figures S3A & S6A). From 1992 to 2021, the period RR for CRD mortality experienced the largest reduction
in the high-middle SDI region (2.04 (1.98, 2.10) to 0.73 (0.72, 0.75)), with the smallest decrease observed in the
low-middle SDI region (1.16 (1.10, 1.22) to 0.95 (0.91, 0.98)) (Fig. 4B). Similar period effects appeared in males
across all SDI regions, however, the greatest and the mildest declines in females occurred in the middle SDI and
high SDI regions, respectively (Figures S3B & S6B). The cohort RR for CRD mortality in areas with middle-to-
high SDI decreased steadily after 1917, most sharply in the high-middle SDI region, while the declining trend in
the low-middle and low SDI regions did not emerge until 1932 (Fig. 4C). Sex-specific cohort RR showed parallel
trends, except for females, where the steepest decline in cohort effect occurred in the middle region (Figures
S3C & S6C).

Net drifts in PMGF-related CRD mortality across seven GBD super regions varied from —4.49% (-4.63%,
-4.36%) to -0.93% (-1.24%, -0.61%), with corresponding local drifts not surpassing 1.23% across all age groups
(Fig. 5D, Table S4). Age-specific CRD mortality in South Asia led all GBD regions, increasing linearly from
0.11/10° in the 25-30 age group to 378.51/10° in the 95 + age group, while Southeast Asia, East Asia, and Oceania
followed closely, seeing mortality peak in the 90-95 age group (Fig. 5A). Except for the 95 +age group in Sub-
Saharan Africa, age-related rates in the rest of the areas remained below the global level, particularly in Central
Europe, Eastern Europe, and Central Asia where growth trends were extremely weak (Fig. 5A). Age effects
followed the general trend in males, and exceeded the global average in Sub-Saharan Africa for all age groups
in females (Figures S4A & S7A). Between 1992 and 2021, Southeast Asia, East Asia, and Oceania experienced
the largest decrease in the period RR for CRD mortality, with Central Europe, Eastern Europe, and Central
Asia coming in second (Fig. 5B). In contrast, the period effect showed the weakest attenuation in Sub-Saharan
Africa and South Asia (Fig. 5B). For males, the period RR showed the most marked decline in Central Europe,
Eastern Europe, and Central Asia, whereas for females, the smallest decrease was observed in high-income
nations (Figures S4B & S7B). From 1907 on, the cohort effect for CRD mortality in Southeast Asia, East Asia,
and Oceania declined most dramatically, with Central Europe, Eastern Europe, and Central Asia showing the
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Fig. 2. APC effects on occupational PMGF-attributed CRD mortality by sexes: age-specific mortality (A),
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second-largest reduction (Fig. 5C). In females, these two regions also showed the largest reduction in cohort
RR, while for males, the cohort RR in both regions became nearly equal starting in 1917 (Figures S4C & S7C).

Discussion

Despite CRD being a class of irreversible and currently untreatable conditions, it is still possible to implement
preventive measures to reduce the risk of developing the disease and slow its progression!”. Occupational PMGF
has increasingly been recognized as another significant risk factor for pulmonary conditions among workers, in
addition to the well-established risk of smoking!®. The GBD 2021 database indicates objective gender and regional
differences in CRD mortality attributable to occupational PMGF exposure. Our study not only highlighted these
disparities but also included an analysis of age, period, and cohort effects, thereby enhancing the reliability and
persuasiveness of the results. We aim to further investigate the underlying mechanisms of gender and location-
based disparities in respiratory disease mortality resulting from workplace PMGF exposure, with the goal of
providing more targeted guidance for the revision and implementation of future occupational health strategies.

Our observations over the past 32 years indicate that occupational PMGF-related CRD death rates have
remained higher in men, reflecting the male dominance in traditional industries that expose workers to elevated
levels of particulate matter and aerosols. This trend aligns with the overall higher mortality for all types of
CRD in men during the same period'. We observe that despite a general decline in PMGF-attributed CRD
mortality, women exhibited a more marked decline, particularly in the improvement of COPD mortality, which
was notably greater than that in men. Previous studies have shown that when exposed to the same amount of
tobacco as men, women exhibited heightened susceptibility to COPD; conversely, they were expected to derive
greater benefits from COPD intervention?’. We hypothesize that similar mechanisms may be involved in the
onset of COPD induced by occupational dust. Current APC analysis further emphasizes a growing gender gap,
where men’s age-specific death rates rose significantly with age, while women showed a steadily intensifying
decline in mortality between the recent and early birth cohorts. Our research highlights the importance of
implementing gender-sensitive occupational health policies, notably in majority-male workplaces in LIMICs,
where considering gender differences can challenge stereotypes held by occupational health professionals and
ensure equal health protection for both genders.

The study indicates that the effectiveness of controlling occupational pneumoconiosis from particulate matter
in male workers has been notably better than for COPD, a result of the sustained efforts by industrial hygiene
practitioners worldwide. The introduction of the Global Program for the Elimination of Silicosis in 1995 has led
to a remarkable decrease in pneumoconiosis deaths attributed to various causes?'. However, as with previous
findings, the notably rapid increase in pneumoconiosis-related deaths in the Middle East and North Africa
remained striking, suggesting the necessity for oriented occupational health legislation and accountability®*. In
comparison, COPD control remains far from optimal. Despite the Global Initiative for COPD (GOLD) stressing
the importance of early screening, its widespread adoption in many LMICs is hindered by poor healthcare
accessibility, low public awareness, and limited financial resources?. Although early screening has successfully
reduced the mortality of occupational dust-related COPD in Western Pacific countries, it has failed to curb
the rising trends among women in the United States and Nordic countries, as our study reveals. The growth
in the United States figures may be associated with a rise in COPD deaths among African American women?*.
Meanwhile, the COPD scenario in the Nordic countries is alarming, with mortality rising annually, as COPD
is often misclassified as a complication, leading to an underestimation of the true death rate?®. The growing
occupational health burden among women in the United States and Nordic countries points to the fact that,
despite the early adoption of strict occupational safety measures, prolonged exposure to even minimal doses of
pollutants may still result in substantial cumulative effects, presenting a new challenge to the existing industrial
hygiene limits in economically developed regions.

From the APC model, we observe an age effect on PMGF-attributed CRD mortality, marked by a steady
rise from the 25-30 to the 85-90 age group. This age-dependent trend may be explained by the decline in
pulmonary tissue elasticity and the weakening of airway immune defenses, both of which contribute to symptom
deterioration in the elderly®. The sudden decrease in CRD deaths in the 90 +age group may reflect the presence
of other competing causes of death. The age effect in South Asia’s low and low-middle SDI regions, characterized
by a clear upward trajectory, far ahead of other areas, underscores the challenges posed by the gradual aging
of the local population, which will inevitably worsen the burden on already limited and unevenly distributed
healthcare resources in managing occupational respiratory diseases?’. The growing age-specific occupational
health burden emphasizes the need to prioritize screening for middle-aged and older individuals as a high-risk
group, and underscores the importance of more timely and personalized occupational health interventions for
this population.

In South Asia, the progressive shift of CRD mortality attributable to PMGF toward the elderly group, notably
in underdeveloped countries, underscores the necessity for local occupational health administrations to enhance
their focus on the health of the retired population. What’s more, South Asian women have experienced a modest
increase in PMGF-related CRD deaths over the past 32 years, with positive annual average changes in India
and Pakistan, possibly shedding light on the critical shortage of equitable healthcare opportunities available to
local women?®. As is widely recognized, gender biases, entrenched in South Asian traditional culture, lead to a
prioritization of men’s health needs. Coupled with women’s generally lower educational levels, these cognitive
constraints severely limit their capacity to obtain external information®’. Therefore, it can be anticipated that
improving respiratory health among women in South Asia will require not only financial investment and
personnel training but also the initiation of policy guidance, the promotion of cultural awareness to eradicate
gender biases, and the establishment of legally binding regulations.

Regarding Sub-Saharan Africa, the current study observes an age effect, mildly higher than the global average,
but only in women’s PMDF-related CRD death. This finding appears inconsistent with the severe challenges the

Scientific Reports |

(2025) 15:11924 | https://doi.org/10.1038/541598-025-90406-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

region currently faces in controlling long-term pulmonary diseases. According to existing literature, there has
been a lack of sufficient awareness and evaluation of the true status of COPD in Sub-Saharan Africa, which
may lead to a substantial underestimation of the actual data®. The SDI often reflects the healthcare standard,
resulting in a typically negative correlation with the occurrence of CRD. However, our analysis reveals that in
low-SDI regions, largely represented by Sub-Saharan Africa, the age-related mortality rate did not rank first,
as originally anticipated. Furthermore, over the past 32 years, only Kenya and Zimbabwe have experienced
a positive annual change in mortality, while the remaining countries have seen a decline in mortality. These
flawed survey findings, though only reflecting the tip of the iceberg in chronic disease control efforts in the sub-
Sahara, also suggest that the region is facing a critical phase in its healthcare reform process. Despite local health
policies and resources having historically been focused on addressing infectious diseases such as HIV/AIDS and
tuberculosis, chronic non-communicable diseases are set to emerge as the leading cause of death in the coming
years®!. Given the economic burden arising from the dual healthcare dilemma in the sub-Sahara, relying solely
on international donations and loans is inadequate to tackle the new challenges. Hence, it is crucial for local
policymakers to establish a fair and efficient system for allocating healthcare expenditure to better confront the
current circumstances®. Meanwhile, occupational health strategies in the sub-Saharan region should gradually
move away from merely adopting generic standards set by international organizations and instead focus on
formulating more localized policies that are better aligned with the region’s specific occupational health realities.

Southeast Asia, East Asia, and Oceania have witnessed the most rapid descent in CRD mortality due to
occupational dust over the past few decades, as demonstrated by our research results, with the APC model also
confirming that both its period and cohort effects have declined to the greatest extent. The reduction in period
effects is indicative of the remarkable advancements in early screening technologies across the Asia-Pacific
region, including lifelong screening for dust-exposed workers and targeted screening for high-risk populations
of obstructive lung diseases, complemented by long-term and systematic care and treatment for patients,
yielding promising results®>. The decline in cohort effects, in another sense, reflects the noticeable improvements
in working conditions for those born more recently, particularly through the regular and stringent monitoring
of pollutants like aerosol and particulate matter in the workplace, thereby diminishing their potential harm to
workers’ respiratory health at the source. Despite this, the situation of occupational respiratory disease control
in Southeast Asia, East Asia, and Oceania is still far from optimistic, with its second-highest age-related death
rate which sends numerous critical warnings. As China and Indonesia, two traditionally large population
countries, transition into an aging society, the costs and difficulties in managing CRD are inevitably increasing®.
Consequently, local chronic disease prevention programs should be prioritized in key areas to maximize
the efficiency of public health resources. Given the cumulative effects and delayed health repercussions of
occupational PMGF exposure, the establishment of systematic, long-term, and even lifelong occupational health
monitoring for the large workforce in this area, especially in densely populated countries, is necessary.

We also note a clear reduction in the absolute number of CRD deaths due to PMGF exposure in Central
Europe, Eastern Europe, and Central Asia over the past 32 years. The APC model further indicates that the age-
dependent mortality in this region has shown minimal growth, with both period and cohort effects experiencing
some of the largest declines. Social development in the region is highly heterogeneous. Although Central
European countries such as Poland and Hungary have progressively aligned their healthcare systems with Western
Europe since joining the European Union, many Central Asian nations continue to struggle with legacy issues
stemming from historical upheavals, resulting in outdated medical infrastructure and a shortage of healthcare
professionals®. The high-middle SDI regions, including most Central European countries, have observed the
sharpest decrease in period and cohort effects on mortality, outpacing other SDI regions. This trend, as reported
in our analysis, underscores the far-reaching impact of thirty years of social transformation on chronic disease
control. Thus, this seemingly “favorable” number, overall, is likely the outcome of an unfair averaging method
that incorporates Central European data. More in-depth analyses at the country level should be performed in the
future to enhance the precision and rigor of the findings. Because of the considerable inequalities in healthcare
facilities and professionals within the region, occupational chronic disease management strategies should focus
on enhancing cross-nation collaboration and experience sharing, while providing additional technical support
and financial assistance to relatively resource-limited countries.

Before delineating our conclusions, it’s crucial to address the inevitable shortcomings present in our current
study. First of all, given that our data utilized was derived from GBD 2021, a database with multiple avenues,
the heterogeneity in data quality as well as the potential underreporting have influenced the robustness of our
findings. Secondly, variability in inherent diagnostic standards and actual diagnostic results across regions, with
some cases erroneously attributed to risk factors other than occupational PMGFE, would potentially bring out an
underestimation of the real CRD burden associated with this specific hazard. Last but not least, the APC model,
while meticulously evaluating the age-period-cohort effect, omitted the inclusion of other possible risk factors
that might influence mortality.

Conclusion

Our current study has, for the first time, analyzed the effects of age, period, and cohort on the long-term trends
of CRD mortality attributable to occupational PMGF exposure, with comparisons across different gender,
regional, and disease subgroups. We have substantial global improvements over the past 32 years, particularly
among women, pneumoconiosis patients, and Asia-Pacific nations with medium-to-high development levels, in
effectively addressing industrial PMGF pollution-related CRD. However, ongoing challenges remain, notably for
sub-Saharan individuals, South Asian women, some pneumoconiosis cases in the Middle East and North Africa,
and certain female COPD patients in high-income countries, who require enhanced public health policy support
and a greater allocation of healthcare resources.
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Data availability
The datasets generated and analyzed during the current study are available in the Global Burden of Disease 2021
datasets (https://vizhub.healthdata.org/gbd-results/).
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