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Abstract
Background In industries worldwide, crystalline silica is pervasive and poses risks of pneumoconiosis and respiratory 
malignancies, with the latter being a knowledge gap in disease burden research that this study aims to address. By 
integrating both diseases, we also seek to provide an in-depth depiction of the silica-attributed disease burden.

Methods Data from the Global Burden of Disease 2019 were extracted to analyze the disease burden due to silica 
exposure. The trends of age-standardized mortality rate (ASMR) and age-standardized DALY rate (ASDR) from 1990 to 
2019, as well as the age-specific number and rate of deaths and disability-adjusted life years (DALYs) in 1990 and 2019, 
were presented using GraphPad Prism software. The average annual percentage changes (AAPCs) on ASMR and ASDR 
were calculated using joinpoint regression models.

Results The global trends of disease burden due to silica exposure from 1990 to 2019 showed a significant decrease, 
with AAPCs on ASMR and ASDR of -1.22 (-1.38, -1.06) and − 1.18 (-1.30, -1.05), respectively. Vietnam was an exception 
with an unprecedented climb in ASMR and ASDR in general over the years. The age-specific deaths and DALYs 
mainly peaked in the age group 60–64. In comparison to 1990, the number of deaths and DALYs became higher 
after 45 years old in 2019, while their rates stayed consistently lower in 2019. Males experienced an elevated age-
specific burden than females. China’s general age-standardized burden of pneumoconiosis and tracheal, bronchus 
& lung (TBL) cancer ranked at the forefront, along with the highest burden of pneumoconiosis in Chilean males 
and South African females, as well as the prominent burden of TBL cancer in Turkish males, Thai females, and overall 
Vietnamese. The age-specific burden of TBL cancer surpassed that of pneumoconiosis, and a delay was presented in 
the pneumoconiosis pinnacle burden compared to the TBL cancer. Besides, the burden of pneumoconiosis indicated 
a sluggish growth trend with advancing age.
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Background
Crystalline silica, being among the Earth’s most abundant 
minerals, serves as a crucial constituent of soil, sand, and 
granite [1]. Exposure to crystalline silica is omnipres-
ent in the environment, encompassing not only natural 
phenomena like volcanic eruptions and sandstorms but 
also prevalent in numerous industries including ore min-
ing, stone processing, fireproof materials manufacturing, 
and ceramic production. The estimated figures of work-
ers exposed to industrial crystalline silica are 23  mil-
lion in China [2], 11.5  million in India [3], 2  million in 
Europe [4], and 1.7 million in the United States [5]. In a 
multitude of socioeconomically challenged developing 
nations, the precise count of silica-exposed workers has 
been severely underestimated due to constraints in the 
existing monitoring approaches [6].

In recent times, the detrimental health impacts caused 
by silica exposure have garnered growing attention as a 
pressing public health problem [7]. Long-term inhala-
tion of crystalline silica particles can directly lead to 
pneumoconiosis, an incurable respiratory occupational 
disease characterized by airway inflammation and inter-
stitial fibrosis [8]. As of 2021, the global pneumoconiosis 
patient count stood at an estimation of 527,500 [9]. Out 
of these, 60,000 new cases were reported in 2017, mark-
ing an alarming 66% surge in comparison to the figures 
recorded in 1990 [10]. Since 2015, although there has 
been a slight decline in the prevalence of pneumoconio-
sis, the mortality associated remained persistently high, 
with a yearly death toll surpassing 21,000 [9]. To cope 
with the grave burden, nine countries including China 
have developed their own National Program for the Elim-
ination of Silicosis (NPES) [11].

Tracheal, bronchus & lung cancer assumes a promi-
nent position among occupational malignancies due to 
its strong correlation with silica exposure, whose car-
cinogenicity to human beings has received official con-
firmation from the International Agency for Research 
on Cancer (IARC) [12]. Upon considering adjustments 
for smoking and other hazard factors that contribute to 
tumor formation, previous studies have affirmed that 
prolonged occupational exposure to silica substantially 
enhances the mortality rate of lung cancer among work-
ers, with a definitive dose-response relationship between 
the concentration of silica exposure and the magnitude 
of the excess mortality rate [13]. Over the past 30 years, 
occupational exposure to silica has emerged as a decisive 

factor contributing to lung cancer deaths in economically 
developing countries [14]. The fact remains that a consid-
erable proportion of silica-expose workers also come into 
contact with other carcinogens, which are likely to syn-
ergize with silica to amplify their tumorigenic properties 
and thus pose a significant challenge to countries in their 
efforts to eradicate occupational respiratory malignant 
neoplasm [15].

Despite occasional literature reports on the disease 
burden of pneumoconiosis, there is a scarcity of targeted 
research specifically focusing on the burden of silica-
attributed respiratory carcinomas. Therefore, our current 
study was dedicated to addressing this knowledge gap. 
Not only that, but our research would also employ the 
Global Burden of Disease (GBD) database to effectively 
integrate two diseases stemming from silica exposure, 
namely pneumoconiosis and respiratory cancer. To gain 
a thorough understanding, apart from delving into infor-
mation on gender and age in depth, a particular empha-
sis would be placed on comparing the disparities in the 
burden of the two diseases that had been under wide-
spread exploration among the nine countries attending 
the NPES program.

Materials and methods
Original data
Data utilized in our current study were acquired from 
GBD 2019 globally and among countries in the NPES, i.e., 
Brazil, Chile, China, India, Peru, South Africa, Thailand, 
Turkey, and Vietnam, from 1990 to 2019 (https://vizhub.
healthdata.org/gbd-results/). The relevant information 
was extracted to analyze the disease burden attributable 
to silica exposure and the detailed instructions for extrac-
tion have been illustrated in the Additional File section. 
According to the hierarchy in GBD 2019, the “Risk” 
factor contained “Environmental/occupational risks”, 
“Behavioral risks”, and “Metabolic risks” at the primary 
level, with 20 secondary subtypes and 52 tertiary sub-
types [16]. Under one of the tertiary risk factors, that is 
“Occupational carcinogens”, “Occupational exposure to 
silica” was selected in the “Risk” items. The correspond-
ing tertiary causes, “Pneumoconiosis” (J60-J65) and “Tra-
cheal, bronchus & lung (TBL) cancer” (C33-C34), were 
selected. They were situated within the secondary causes, 
categorized as “Neoplasms” and “Chronic respiratory 
diseases”, respectively, under the broader classification of 
“Non-communicable diseases” at the primary level. Both 

Conclusion Our research highlights the cruciality of continuous enhancements in occupational health legislation for 
countries seriously suffering from industrial silica pollution and the necessity of prioritizing preventive measures for 
male workers and elderly retirees.
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of them were identified as underlying causes of death 
according to the International Classification of Diseases, 
Tenth Edition (ICD-10) system.

Statistical description
GBD 2019 employed age-standardized rates to charac-
terize the disease burden due to silica exposure across 
regions, years, and genders. For generating the age-stan-
dardized rates, the World Health Organization (WHO) 
World Standard Population Distribution was used to 
allow comparisons among populations with different age 
structures [17]. The age-standardized rate of mortality 
and DALYs of causes from silica exposure between 1990 
and 2019 were collected for global and nine countries in 
the NPES. The global number and rate of age-specific 
deaths and disability-adjusted life years (DALYs) attribut-
able to silica exposure in 1990 and 2019 were extracted 
by gender. The methods for estimating DALYs attribut-
able to risk factors were elucidated previously [18]. For 
further investigation of differences in disease burden 
related to silica exposure, the trend of age-standardized 
mortality rate (ASMR) and age-standardized DALY rate 
(ASDR) from 1990 to 2019, and the age-specific number 
and rate of deaths and DALYs in 1990 and 2019 were ana-
lyzed for two categories of causes due to silica exposure 
by gender. All the data presentation was conducted by 
using GraphPad Prism version 9.5 software (GraphPad 
Software Inc., CA, USA).

Statistical inference
For the summarization of trends of ASMR and ASDR 
within a predetermined interval, the measures of aver-
age annual percentage changes (AAPCs) on ASMR and 
ASDR were calculated through the joinpoint regression 
analysis. The best-fitting points were identified by the 
changing slopes and connected to a series of log-lin-
ear models; with a maximum of 5 joint points [19]. The 
equations of joinpoint regression models were listed as 
follows:

 E (y|x) = eβ0+β1x+δ1(x−τ1)+···+δk(x−τk)+...

where k was the number of turning points, τk was the 
unknown turning points, β0 was the constant, β1 was the 
regression coefficient, δk was the regression coefficient 
of the kth piecewise function. Therefore, AAPCs with 
their corresponding 95% confidence intervals (CIs) were 
obtained to quantify the overall trends, and only when 
the upper and lower limits of the CI were both < 0 or 
both > 0 would the AAPC be assessed to be significantly 
different from 0. The AAPC was estimated using Join-
point version 5.0.2 software (National Cancer Institute, 
Bethesda, MD, USA).

Results
Overall trend of disease burden due to silica from 1990 to 
2019 for global and NPES countries
The ASMR and ASDR of disease burden due to silica 
exposure showed an obvious downward trend on a global 
scale, especially among men, as exhibited in Fig. 1. China 
boasted a commanding lead over other countries in terms 
of silica-attributable disease burden except for ASMR 
in men. The ASMR and ASDR consistently decreased in 
the general population and males in China, where the 
declining tendency seemed not notable before 2005, but 
became more pronounced after that (Fig.  1A, B and D, 
and 1E). Despite some occasional fluctuations, a prevail-
ing downward trend was evident in ASMR and ASDR in 
Chile and South Africa. Turkey’s ASMR and ASDR once 
dropped to their lowest point in 2003. Vietnam stood as 
a unique exception since its ASMR and ASDR were on 
a gradual increase year after year (Fig.  1A and D). The 
national silicosis elimination programs mainly began in 
the first decade of this century for most countries, coin-
ciding with a notably accelerated decline in ASMR and 
ASDR observed in Chilean male workers (Fig. 1B and E), 
Thai female workers (Fig.  1C and F), and general South 
African workers (Fig. 1A and D). More original data were 
displayed in Tables S1 and S2.

As offered in Table 1, the global disease burden due to 
silica exposure from 1990 to 2019 exhibited a significant 
annual change rate, with AAPCs on ASMR and ASDR in 
the general population of -1.22 (-1.38, -1.06) and − 1.18 
(-1.30, -1.05), respectively. The largest annual rate of 
change was observed in South Africa, reaching − 3.45 
(-3.92, -2.98) and − 3.58 (-4.11, -3.04) on ASMR and 
ASDR in general, respectively. The annual change rate in 
Vietnam, on the contrary, displayed an unprecedented 
surge, as evidenced by AAPCs on ASMR and ASDR of 
1.54 (1.45, 1.63) and 1.58 (1.51, 1.66), respectively in gen-
eral. Females in Brazil, Chile, and India also experienced 
anomalous growth.

Overall age-specific disease burden due to silica in 1990 
and in 2019
As displayed in Fig. 2A, the worldwide death cases from 
silica exposure exhibited a noticeable increase starting 
at the age of 30, with the age-specific deceased numbers 
reaching the peak point in the age group 60–64, and the 
age-specific mortality achieving the zenith in the age 
group 70–74 in both 1990 and 2019. Compared to 1990, 
the death number before the age of 45 remained relatively 
lower and a reversal appeared after 45 years old when the 
death number became higher in 2019. However, the mor-
tality stayed consistently lower in 2019 than that in 1990 
across all age groups. In Fig. 2B, the global silica-attrib-
utable DALY demonstrated a similar growth trend from 
the age of 25, where the age-specific DALY numbers and 
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DALY rates both hit their highest point in the age group 
60–64 in both 1990 and 2019; despite that, the subse-
quent DALYs decreased at a more rapid pace. The global 
age-specific death and DALY due to silica exposure for 
males were elevated compared to females across various 
age ranges in both 1990 and 2019 as revealed in Fig. 2C 
and D. The trend of mortality and DALY with increas-
ing age among men and women was almost akin to the 
general population. More original data were displayed in 
Table S3.

Trend of cause-specific disease burden due to silica from 
1990 to 2019 for global and NPES countries
The ASMR and ASDR of TBL cancer and pneumoconio-
sis demonstrated a striking downward trend at a global 
level, with a specific focus on males, as presented in 
Figs. 3 and 4. China and Chile both shared a noticeably 
higher ASMR of pneumoconiosis in the general popula-
tion and males (Fig.  3A and B), while South Africa was 
another high-burden nation for female pneumoconiosis 
alongside China (Fig. 3C). As for TBL cancer, the ASMR 
and ASDR rankings of Turkey, China, and Vietnam in 
the general population and males were among the high-
est (Fig. 4A, B, D and E); Turkey, initially experiencing an 
absolute advantage, underwent a swift decline until 2003, 

Table 1 Overall trends on age-standardized rates o mortality and DALY from silica exposure, 1990–2019
Country AAPCs on ASMR from 1990 to 2019 AAPCs on ASDR from 1990 to 2019

Both Sexes Male Female Both Sexes Male Female
Global -1.22 (-1.38, -1.06) -1.53 (-1.72, -1.34) 0.08 (-0.07, 0.22) -1.18 (-1.30, -1.05) -1.38 (-1.54, -1.22) -0.13 (-0.25, -0.01)
Brazil -0.51 (-0.64, -0.37) -0.70 (-0.85, -0.55) 0.98 (0.88, 1.08) -0.77 (-0.93, -0.62) -0.89 (-1.16, -0.61) 0.73 (0.56, 0.90)
Chile -2.14 (-2.58, -1.69) -2.38 (-2.83, -1.92) 1.37 (0.86, 1.88) -1.96 (-2.53, -1.39) -2.28 (-2.84, -1.71) 1.37 (1.06, 1.70)
China -1.29 (-1.44, -1.14) -1.67 (-1.85, -1.48) 0.05 (-0.09, 0.19) -1.17 (-1.36, -0.98) -1.30 (-1.59, -1.01) -0.27 (-0.46, -0.08)
India -0.82 (-1.30, -0.33) -0.78 (-1.29, -0.27) 1.54 (1.12, 1.98) -0.52 (-0.95, -0.08) -0.54 (-0.86, -0.22) 1.04 (0.79, 1.28)
Peru -2.17 (-3.20, -1.13) -2.53 (-3.89, -1.16) -0.73 (-1.31, -0.14) -2.17 (-3.13, -1.20) -2.55 (-3.83, -1.25) -0.84 (-1.45, -0.23)
South Africa -3.45 (-3.92, -2.98) -3.40 (-3.92, -2.88) -3.18 (-3.70, -2.66) -3.58 (-4.11, -3.04) -3.54 (-4.23, -2.84) -3.57 (-4.11, -3.03)
Thailand -0.96 (-1.30, -0.62) -0.67 (-1.06, -0.27) -1.39 (-1.75, -1.03) -0.99 (-1.32, -0.68) -0.71 (-1.06, -0.35) -1.49 (-1.78, -1.19)
Turkey -1.28 (-1.58, -0.98) -1.30 (-1.60, -0.99) -0.05 (-0.35, 0.25) -1.51 (-1.82, -1.19) -1.54 (-1.81, -1.26) -0.23 (-0.54, 0.08)
Vietnam 1.54 (1.45, 1.63) 1.26 (1.16, 1.36) 2.37 (2.24, 2.51) 1.58 (1.51, 1.66) 1.32 (1.22, 1.41) 2.33 (2.13, 2.53)
DALY: disability-adjusted life year; AAPC: average annual percentage change; ASMR: age-standardized mortality rate; ASDR: age-standardized DALY rate

Fig. 1 The age-standardized rates of aggregate mortality and DALY for pneumoconiosis and TBL cancer due to silica exposure for global, Brazil, Chile, 
China, India, Peru, South Africa, Thailand, Turkey, and Vietnam, from 1990 to 2019. DALY: disability-adjusted life year
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whereas Vietnam experienced a rapid rise in the recent 
decade. China, in addition, took the lead in the ASMR 
and ASDR of TBL cancer among women, with Thailand 
and Vietnam following closely behind (Fig. 4C and F). In 
the first decade of the 21st century, with the widespread 
implementation of silica elimination programs, there was 
a remarkable decrease in the burden of pneumoconio-
sis for Chinese general workers (Fig. 3A and D), Chilean 
male workers (Fig. 3B and E), and South African female 
workers (Fig. 3C and F), as well as a substantial reduction 
in the burden of TBL cancer for general South African 
workers (Fig. 4A and D), Turkish male workers (Fig. 4B 
and E), and Thai female workers (Fig.  4C and F). More 
original data were displayed in Tables S4, S5, S6 and S7.

As depicted in Table 2, the global burden of pneumoco-
niosis and TBL cancer from 1990 to 2019 demonstrated 
a significant annual change rate in the general popula-
tion, as evidenced by the AAPCs of pneumoconiosis on 
ASMR and ASDR of -3.05 (-3.22, -2.88) and − 1.96 (-2.21, 
-1.72), respectively, and AAPCs of TBL cancer on ASMR 
and ASDR of -0.52 (-0.61, -0.42) and − 0.74 (-0.84, -0.65), 

respectively. Pneumoconiosis among almost all NPES 
countries showed a reduced rate of annual change. How-
ever, the TBL cancer burden in India and Vietnam under-
went unprecedented growth, while both Brazil and Chile 
also experienced similarly atypical upward rates of annual 
change in the burden of TBL cancer among women.

Age-specific cause-specific disease burden due to silica in 
1990 and in 2019
According to Fig. 5A and D, no matter in 1990 or 2019, 
when excluding certain young adults and the elderly, the 
worldwide disease burden of TBL cancer due to silica 
exposure surpassed that of pneumoconiosis. The maxi-
mum of TBL cancer deaths and DALYs was predomi-
nantly observed at the age of 60–64. In contrast to 1990, 
the year 2019 witnessed an upsurge in both the death 
and DALY number of TBL cancer across all age brackets, 
while the mortality and DALY rates experienced a notice-
able rise after the age of 70. The pinnacle disease burden 
of pneumoconiosis manifested itself after 65 years old, 
presenting a delay compared to the zenith period of TBL 

Fig. 2 The global age-specific numbers and rates of aggregate mortality and DALY for pneumoconiosis and TBL cancer due to silica exposure in 1990 
and in 2019. DALY: disability-adjusted life year
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cancer. Even though the pneumoconiosis death number 
in the 80 + age group, as well as the DALY number in the 
45 + age group, exceeded the levels in 1990, the mortal-
ity and DALY rates in every age cohort stayed lower than 

that recorded in 1990. The men’s burden of two specific 
causes demonstrated a trend resembling that of the gen-
eral population as age increased, as illustrated in Fig. 5B 
and E. Based on Fig. 5C and F, it was observed that the 

Fig. 4 The age-standardized rates of TBL cancer mortality and DALY due to silica exposure for global, Brazil, Chile, China, India, Peru, South Africa, Thailand, 
Turkey, and Vietnam, from 1990 to 2019. DALY: disability-adjusted life year; TBL: tracheal, bronchus & lung

 

Fig. 3 The age-standardized rates of pneumoconiosis mortality and DALY due to silica exposure for global, Brazil, Chile, China, India, Peru, South Africa, 
Thailand, Turkey, and Vietnam, from 1990 to 2019. DALY: disability-adjusted life year
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Table 2 Trends on age-standardized rates of cause-specific mortality and DALY from silica exposure, 1990–2019
Country AAPCs on ASMR from 1990 to 2019 AAPCs on ASDR from 1990 to 2019

Both Sexes Male Female Both Sexes Male Female
Pneumoconiosis
Global -3.05 (-3.22, -2.88) -3.18 (-3.36, -3.00) -1.53 (-1.73, -1.32) -1.96 (-2.21, -1.72) -2.05 (-2.29, -1.81) -0.99 (-1.09, -0.90)
Brazil -1.03 (-1.37, -0.70) -1.08 (-1.35, -0.80) 1.13 (0.53, 1.74) -0.99 (-1.41, -0.56) -1.01 (-1.42, -0.59) 0.63 (-0.03, 1.30)
Chile -2.85 (-3.51, -2.20) -2.73 (-3.39, -2.06) -1.40 (-2.03, -0.77) -2.99 (-3.43, -2.55) -2.96 (-3.41, -2.51) -1.05 (-1.57, -0.53)
China -3.23 (-3.42, -3.04) -3.20 (-3.40, -3.01) -2.50 (-2.74, -2.25) -1.96 (-2.36, -1.55) -1.94 (-2.33, -1.54) -1.83 (-2.19, -1.46)
India -2.82 (-3.09, -2.56) -2.65 (-3.46, -1.84) -0.87 (-1.71, -0.02) -2.57 (-3.04, -2.09) -2.59 (-3.16, -2.02) -0.59 (-0.70, -0.47)
Peru -5.66 (-6.52, -4.79) -5.66 (-6.53, -4.78) -4.06 (-5.72, -2.37) -5.29 (-6.07, -4.50) -5.27 (-6.06, -4.48) -3.72 (-5.14, -2.28)
South Africa -1.04 (-1.59, -0.49) -0.66 (-1.65, 0.33) -1.68 (-2.41, -0.94) -1.14 (-1.79, -0.48) -0.87 (-1.77, 0.03) -2.39 (-3.32, -1.44)
Thailand -4.30 (-4.49, -4.10) -4.49 (-4.69, -4.29) -1.54 (-2.60, -0.48) -0.09 (-0.26, 0.08) -0.04 (-0.20, 0.13) -1.15 (-2.19, -0.10)
Turkey -4.78 (-5.23, -4.32) -4.74 (-5.18, -4.29) -2.26 (-2.83, -1.68) -4.86 (-5.60, -4.12) -4.86 (-5.56, -4.15) -1.99 (-2.30, -1.68)
Vietnam -2.39 (-2.43, -2.36) -2.87 (-2.90, -2.83) -0.56 (-0.62, -0.49) 0.83 (0.76, 0.90) 0.74 (0.66, 0.81) -0.73 (-0.79, -0.67)
Tracheal, Bronchus, and Lung Cancer
Global -0.52 (-0.61, -0.42) -0.72 (-0.87, -0.56) 0.17 (0.03, 0.32) -0.74 (-0.84, -0.65) -0.92 (-1.07, -0.77) -0.05 (-0.16, 0.07)
Brazil -0.33 (-0.46, -0.21) -0.51 (-0.60, -0.41) 0.93 (0.81, 1.05) -0.58 (-0.70, -0.45) -0.77 (-0.87, -0.67) 0.74 (0.62, 0.85)
Chile -0.52 (-0.96, -0.07) -0.97 (-1.45, -0.48) 1.87 (1.55, 2.18) -0.80 (-1.25, -0.36) -1.24 (-1.77, -0.71) 1.66 (1.37, 1.95)
China 0.15 (-0.03, 0.34) 0.14 (-0.11, 0.39) 0.26 (0.12, 0.41) -0.15 (-0.38, 0.07) -0.14 (-0.33, 0.05) -0.08 (-0.19, 0.03)
India 1.17 (0.84, 1.50) 1.25 (1.08, 1.42) 2.24 (1.88, 2.59) 1.12 (0.82, 1.42) 1.15 (0.98, 1.32) 2.15 (1.70, 2.61)
Peru -1.46 (-2.33, -0.58) -1.66 (-2.67, -0.65) -0.67 (-1.24, -0.10) -1.56 (-2.46, -0.67) -1.76 (-2.78, -0.73) -0.80 (-1.41, -0.20)
South Africa -4.23 (-4.76, -3.70) -4.38 (-4.91, -3.85) -3.77 (-4.31, -3.24) -4.45 (-4.95, -3.95) -4.59 (-5.17, -4.01) -3.96 (-4.55, -3.38)
Thailand -0.91 (-1.25, -0.57) -0.59 (-0.99, -0.20) -1.37 (-1.70, -1.05) -1.04 (-1.37, -0.72) -0.75 (-1.11, -0.39) -1.49 (-1.78, -1.19)
Turkey -1.09 (-1.39, -0.78) -1.10 (-1.40, -0.80) -0.01 (-0.30, 0.28) -1.27 (-1.66, -0.88) -1.30 (-1.58, -1.03) -0.22 (-0.54, 0.10)
Vietnam 1.58 (1.49, 1.67) 1.31 (1.21, 1.41) 2.40 (2.26, 2.53) 1.60 (1.52, 1.68) 1.34 (1.24, 1.43) 2.35 (2.15, 2.55)
DALY: disability-adjusted life year; AAPC: average annual percentage change; ASMR: age-standardized mortality rate; ASDR: age-standardized DALY rate

Fig. 5 The global age-specific numbers and rates of cause-specific (pneumoconiosis and TBL cancer) death and DALY due to silica exposure in 1990 and 
in 2019. DALY: disability-adjusted life year; TBL: tracheal, bronchus & lung
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disease burden of TBL cancer overwhelmingly exceeded 
that of pneumoconiosis in female workers, although 
the disease burden of pneumoconiosis indicated an 
extremely sluggish growth trend with advancing age. 
More original data were displayed in Tables S8 and S9.

Discussion
The current study reported the recent trends in deaths 
and DALYs of silica-attributed disease burden with a 
focus on age, gender, cause, and regional divisions, over 
the past three decades. Based on the GBD 2019 data, 
although a downward trend in mortality and DALY due 
to silica exposure existed at a global level, the situation 
seemed not to be entirely consistent in countries suffer-
ing from long-term and serious industrial silica pollution. 
The silica-induced disease burden was concentrated in 
the elderly population, with higher mortality and DALY 
found in males for all age groups and in TBL cancer 
patients for most age groups.

During the past 30 years, substantial improvement has 
been achieved globally in the containment of silica, as our 
research revealed, while the burden of diseases associ-
ated with silica exposure has shown a substantial reduc-
tion. Unfortunately, the changes in the burden of diseases 
among female workers displayed a lack of consistency to 
the worldwide trend, while the women’s annual rate of 
change on the ASMR did not show a significant pattern, 
potentially attributed to the unusually positive AAPCs in 
female workers among several populous countries, e.g., 
Brazil, China, and India. Additionally, the female work-
ers’ annual rate of change on ASMR for silica-attributed 
TBL cancer also demonstrated a weak growing tendency, 
prompting us to be aware of the probable consequences 
caused by occupational carcinoma burden in females on 
socio-economic development. Our results showed that 
both ASMR and ASDR in women correspond to 25% 
of the men, but this was seriously inconsistent with the 
actual proportion of male and female industrial workers 
in most countries. For example, in Brazil and Chile, male 
workers have occupied the vast majority of mining and 
mineral transformation jobs. A reasonable explanation 
for the women’s increasing burden of TBL cancer was the 
rapid growth in tobacco product consumption among 
female workers in more recent decades..

Inconsistency was also observed in the annual trend 
of disease burden among countries encountering seri-
ous occupational silica pollution, which signified the 
discrepancies in economic progress and occupational 
health regulations among nations [20]. China occupied 
the top spot among NPES countries regarding the disease 
burden associated with silica exposure, and the acceler-
ated decrease of its disease burden, particularly pneu-
moconiosis after 2005 could be credited to systematic 
industrial upgrading with the widespread introduction 

of ventilation equipment and wet operation methods 
[21]. Chilean male workers also exhibit persistently high 
ASMR of pneumoconiosis, which could be largely blamed 
on their extensive reliance on the copper mining industry 
[22]. South Africa, known for its prominent gold mining 
industry, had a notable involvement of women in plati-
num transportation and processing, accounting for the 
alarmingly high ASMR of pneumoconiosis among female 
workers which occasionally surpassed that of China [23]. 
The flourishing growth of construction materials pro-
duction, automobile manufacturing, as well as steel and 
non-ferrous metal processing industries, contributed 
to Turkey’s overwhelming burden of TBL cancer in the 
early years [24]. Fortunately, the Turkish government 
had been committed to occupational hygiene legislation 
and the disease burden was largely brought under con-
trol, despite a temporary rebound in 2003 arising from 
the inadequate implementation of protective measures 
accompanying new equipment [25]. In the last 30 years, 
Vietnam has faced a gradual and continuous climb in 
the disease burden due to silica exposure, with TBL can-
cer being a critical concern, as suggested by the positive 
AAPCs, which presented substantial challenges to the 
country’s initiatives in industrial silica control [26]. The 
upward trends in Vietnam possibly originated from the 
implementation of the NPES program involving training 
and improved diagnosis of older workers who had been 
previously unrecognized with silica-related diseases. The 
remaining countries, e.g. Brazil, showed only a very slight 
downward trend in the burden of silica-related diseases, 
possibly due to variations in the incidence across differ-
ent industries and age groups domestically [27].

Within the two specific causes due to silica expo-
sure, TBL cancer occupied a much greater proportion, 
mainly on account of the carcinogenicity of silica that 
had been officially recognized [12]. On one side, silica 
could directly trigger the onset of tumorigenesis by caus-
ing DNA damage and mutations in respiratory epithelial 
cells; on the flip side, gradual malignant transformation 
would occur in pulmonary fibrous nodules as a result 
of sustained inflammatory stimulation [28]. TBL can-
cer is strongly associated with the presence of silicosis; 
hence, typically, the mortality curves of the two should 
exhibit similarity. However, there was a significant dis-
crepancy between the DALYs for pneumoconiosis and 
TBL cancer from Turkey. This could be explained by a 
considerable portion of workers exposed to a variety of 
occupational risk factors simultaneously, whose poten-
tial causes for occupational TBL cancer were specified 
as factors other than silica. The elusive presentation of 
early signs of TBL cancer also made the screening pro-
cess more complex, resulting in delayed diagnosis and 
missed opportunities for the optimal treatment win-
dow [29]. Therefore, it is crucial to offer early screening 
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technologies for occupational populations at high risk of 
lung cancer from exposure to silica or other industrial 
pollutants. Commonly adopted techniques, for example, 
low-dose computed tomography (CT), have been proven 
to significantly enhance the accuracy of diagnosing early 
malignant lung nodules [30]. In addition, it is worth not-
ing that the peak age range for the disease burden of 
TBL cancer appeared earlier than that of pneumoconio-
sis, as the development of malignant neoplasm was also 
affected by a combination of factors including cigarette 
smoking, radiation operation, and industrial pollutants, 
undoubtedly reducing the availability of the labor force 
and increasing extra social security expenditures [31].

The disease burden showed considerable distinc-
tions between the two genders. With the progression of 
age, males encountered a notable increase and subse-
quent decrease in the burden of pneumoconiosis, sug-
gesting the dominance of males in traditional industries 
with the production of silica exposure at high levels, for 
example, ore mining, stone cutting, and glass processing 
[32]. The peak burden of male pneumoconiosis emerging 
after 65 years old implied that its impact on employees 
was more reflected in their personal quality of life dur-
ing their senior years rather than their labor productiv-
ity; nonetheless, it is crucial to guarantee the provision of 
regular medical surveillance even after their retirement 
[33]. Females, conversely speaking, exhibited an uncom-
monly slow-paced rise in pneumoconiosis mortality and 
DALY as age advanced, highlighting the fact that female 
employees, despite being exposed to occupational silica 
dust, tended to be clustered in industries with relatively 
lower levels of pollution [34]. In recent years, an increas-
ing number of women from developing nations have 
set out to join the workforce, further augmenting their 
potential for silica exposure [35].

The age range reaching the maximum disease burden 
due to silica exposure in 2019 was generally delayed than 
that in 1990, underscoring the efforts made to control 
silica had brought about a certain degree of age post-
ponement in the onset of associated diseases, while 
suggesting the mounting challenge of implementing rel-
evant social security measures in the context of an aging 
population [36]. Additional evidence of the intensifying 
situation regarding silica oversight was the actual num-
ber of deaths and DALYs in the elderly in 2019 which 
still exceeded those of 1990, although the mortality and 
DALY rates in 2019 were lower across the board com-
pared to 1990.

Before outlining our conclusions, we must confront 
the unavoidable shortcomings that exist in the current 
study. First of all, the data utilized was sourced from GBD 
2019 which was gathered from multiple avenues, and the 
unevenness in data quality has impacted the robustness 
of our findings. Secondly, the GBD 2019 did not collect 

other silica-related diseases apart from TBL cancer and 
pneumoconiosis, and unfortunately, some patients’ direct 
causes of death had been classified as other respiratory 
diseases or malignant neoplasms, potentially leading to 
an underestimation of the real disease burden due to sil-
ica exposure. At last, given that our data was estimated 
from monitoring systems, there were probably temporal 
lags in different metrics that accurately represented the 
actual burden.

Conclusion
Our research has pointed out the unfavorable situation 
for occupational silica control in several countries heav-
ily affected by serious industrial silica pollution despite 
an overall downward trend in global silica-attributed 
disease burden, and it is thus imperative to continue 
advancing occupational health legislation there. In light 
of the higher burden of silica-related diseases observed in 
male workers, elderly retirees, and TBL cancer patients, 
underscores the necessity of prioritizing these three 
specific cohorts when enacting preventive measures for 
addressing occupational silica hazards.
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