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Abstract

Background: China has more than 18% of the global population and over 770 million workers. However, the
burden of disease attributable to occupational risks is unavailable in China. We aimed to estimate the burden of
disease attributable to occupational exposures at provincial levels from 1990 to 2017.

Methods: We estimated the summary exposure values (SEVs), deaths and disability-adjusted life years (DALYs)
attributable to occupational risk factors in China from 1990 to 2017, based on Global Burden of Disease Study (GBD)
2017. There were 18 occupational risks, 22 related causes, and 35 risk-outcome pairs included in this study.
Meanwhile, we compared age-standardized death rates attributable to occupational risk factors in provinces of
China by socio-demographic index (SDI).

Results: The SEVs of most occupational risks increased from 1990 to 2017. There were 323,833 (95% Ul 283,780 -
369,061) deaths and 14,060,210 (12,022,974 - 16,125,763) DALYs attributable to total occupational risks in China,
which were 27.9 and 22.1% of corresponding global levels, respectively. For attributable deaths, major risks came
from occupational particulate matter, gases, and fumes (PGFs), and for the attributable DALYs, from occupational
injuries. The attributable burden was higher in males than in females. Compared with high SDI provinces, low SDI
provinces, especially Western China, had higher death rates attributable to total occupational risks, occupational
PGFs, and occupational injuries.

Conclusion: Occupational risks contribute to a huge disease burden in China. The attributable burden is higher in
males, and in less developed provinces of Western China, reflecting differences in risk exposure, socioeconomic
conditions, and type of jobs. Our study highlights the need for further research and focused policy interventions on
the health of workers especially for less developed provinces in China to reduce occupational health losses
effectively.
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Introduction
China is the most populous country in the world with a

also brings to the workplace a variety of risks that
threaten the health of workers. There are more than 770

population of 1.37 billion [1]. Over the past few decades,
China has emerged as a global leader in manufacturing
with growing competitiveness and increasing impact on
the global economy. However, rapid economic growth
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million workers in China, and more than 200 million
workers are exposed to occupational hazards [1, 2]. It
has become a priority for China to meet the challenges
in the monitoring of the health of workers and in the
improvement of occupational health services.
Occupational risks, as part of environmental hazards,
contribute to the development of many diseases and in-
juries [3-9]. By evaluating burden attributable to occu-
pational risks, accurate and comprehensive data can be
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offered to policymakers to effectively prevent related
health losses. Although attempts have been made to esti-
mate the burden of air pollution at the national level
[10, 11], only a few studies estimated the burden of oc-
cupational carcinogens and injuries and they were lim-
ited to several provinces of China [12—-14]. Additionally,
occupational exposure exhibits spatial and temporal het-
erogeneity and is closely related to socioeconomic levels
in different regions. Therefore, a comprehensive study
on the spatiotemporal trend of the burden of disease at-
tributable to occupational risks is urgently needed in
China.

In this paper, we evaluated the disease burden levels
attributable to 18 occupational risks and their geograph-
ical heterogeneity by socio-demographic index (SDI) in
China from 1990 to 2017, as part of the Global Burden
of Disease Study 2017 (GBD 2017). We aimed to find
out the key problems in occupational health so as to
provide useful information for occupational protection
strategies and interventions in China.

Methods

Overview

The comparative risk assessment (CRA) approach was
developed to estimate levels and trends of sex-specific,
risk-specific, and cause-specific mortality and disease
burden of behavioral, environmental, occupational, and
metabolic risks from 1990 to 2017 for 195 countries and
territories in GBD 2017 [15]. The detailed framework
and data analysis methods have been provided previ-
ously [16-18]. In the CRA framework, the attributable
burden was calculated as the reduction in the current
disease burden if the past population exposure shifted to
the counterfactual level of risk exposure. By using a con-
sistent approach, CRA allows rankings and comparisons
among deaths and DALYs attributable to various risk
factors, providing further data guidance for policy-
makers. SDI as a combined indicator was estimated
based on fertility among women, years of education and
income per person. The SDI of China in 2017 was esti-
mated in our previous article [19]. Here we focused on
accessible data of occupational risks from GBD 2017 to
estimate the disease burden attributable to occupational
exposure in China.

Risk factors and related causes

Risk-outcome pairs satisfying the World Cancer Research
Fund (WCRF) grades of convincing or probable evidence
with biologically plausible associations were included in
GBD 2017 [15]. There are 18 occupational risks, 22 related
causes and 35 risk-outcome pairs included in this study.
The occupational risk factors hierarchy and related causes
were shown in Table 1. There are six risk categories includ-
ing carcinogens, asthmagens, PGFs, noise, injuries, and
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Table 1 Occupational risk factors hierarchy and related causes
included in GBD 2017

Occupational risk factors

Related causes

3
3

Asthmagens

Carcinogens

Asthma

Arsenic Tracheal, bronchus,
and lung cancer
Asbestos Larynx cancer
Mesothelioma
Ovarian cancer
Pneumoconiosis
Tracheal, bronchus,
and lung cancer
Benzene Leukemia
Beryllium Tracheal, bronchus,
and lung cancer
Cadmium Tracheal, bronchus,
and lung cancer
Chromium Tracheal, bronchus,
and lung cancer
Diesel engine Tracheal, bronchus,
exhaust and lung cancer
Formaldehyde Leukemia
Nasopharynx
cancer
Nickel Tracheal, bronchus,

Polycyclic aromatic

and lung cancer

Tracheal, bronchus,

hydrocarbons and lung cancer

Silica Pneumoconiosis
Tracheal, bronchus,
and lung cancer

Sulfuric acid Larynx cancer

Trichloroethylene
Ergonomic factors

Injuries

Noise

Particulate matter,
gases, and fumes

Kidney cancer
Low back pain
Road injuries
Falls
Drowning

Exposure to
mechanical forces

Poisonings

Other transport
injuries

Other unintentional
injuries

Fire, heat, and hot
substances

Animal contact
Foreign body

Age-related and
other hearing loss

COPD

Pneumoconiosis

ergonomic factors for occupational risks. The occupational
carcinogens include 13 agents classified as Group 1 carcino-
gens by the International Agency for Research on Cancer
(IARC). The exposure definitions, International Classifica-
tion of Diseases (ICD) codes of related cases, and
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epidemiological evidence supporting risk-outcome pairs are
listed in Tables S1-S3.

Estimation of exposure

Data for occupational risk factors were collected from all
accessible resources. The data included raw data on
Chinese economic activity proportions, occupation pro-
portions, employment to population ratio estimates, and
fatal injury rates from the International Labour
Organization, survey data including China National
Population Census, China Intercensal Population Sample
Survey of One-Percent, China International Social Sur-
vey Programme [15]. The Spatio-temporal Gaussian
process regression (ST-GPR) approach was used to inte-
grate multiple data inputs and generate year-specific,
and location-specific estimates. For each occupational
risk, the theoretical minimum risk exposure level
(TMREL) was assumed to no given risk exposure or the
lowest levels of risk exposure without established risk-
outcome (Table S1). Education, geological information
and the socio-demographic level were included in
models as covariates. The estimates differed for (1) occu-
pational carcinogens, occupational noise, and occupa-
tional particulates, (2) occupational ergonomic factors
and occupational asthmagens, and (3) occupational in-
juries using the following equations:

Eplysa = Z (Pe,pﬁy*EAPpﬁy_rs_ﬂ*Exposure rate,\,ﬁe)

e

Er,p,y,s,a = Z (POCC7p,}/*EAPP7y7S7u) (2)

e

Occupational fatal injuries, , , (3)

= Z <Injury mtee,p%s*Populationp‘y_’m*EAPp,y,sﬁa*Pe,pﬂy)
e

Where E,;ys. is the prevalence of exposure for risk fac-
tor r in province p at level 1 in year vy, sex s, and age group
a. P,y is the proportion of economically active population
in province p, economic activity e, and year y. EAP, ., is
economically active population in province p, year y, sex s
and age group a. Exposure rate,) . is the rate of exposure to
risk factor r at level 1 in economic activity e. E, . is the
prevalence of exposure for risk r in province p, year y, sex s,
and age group a. Py, is the proportion of economically
active population in occupation occ in province p, and year
y. Occupational fatal injuries, . is the occupational fatal
injuries counts in province p, year y, sex s and age group a.
Injury rate., is the injury rate of economic activity e in
province p, year y and sex s. Population,, s, is the popula-
tion in year y, province p, sex s and age group a. All occu-
pational risk exposures were estimated for ages 15 and
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older. The estimates were further divided by the sum of all
the estimates to be rescaled to sum as 1 across different
categories.

Relative risks and the population attributable fraction
Information from the cohort, pooled cohort, and case-
control studies was obtained to determine the relative
risk for each risk-outcome pair by systematic reviews in
GBD 2017 [15]. The risk factors were categorized based
on the measurement of exposure: dichotomous, polyto-
mous, and continuous. The relative risks for each expos-
ure category were listed in Tables S4 and S5.

The population attributable fraction (PAF) is the pro-
portion of outcomes or causes in the population that are
attributable to the associated risk factor [20]. It is esti-
mated independently by relative risks and calculated as
the proportion of the decreased outcome among a given
population if the past exposure levels of risk were re-
duced to the counterfactual level of the TMREL in a
given year.

The equation for calculating PAFs of occupational
risks with the exception of injuries:

ZZ;]RRr,c.s,a (x) *Pr,p,y,s,a (x) _RRr,c.p,s,a ( TMRELr,s.a)

PAF, =
Pt ZZ:[RRr,c,s»a (%) *Prpysa (%)

(4)

Where PAF, . is the population attributable frac-
tion for cause ¢ due to risk factor r in province p, year y,
sex s and age group a. RR, s, is the relative risk as a
function of exposure level x (ranged from lowest expos-
ure level (I) to highest exposure level (u)) for risk r,
cause ¢, sex s, and age group a. P, .(x) is the distribu-
tion of exposure for risk r, in province p, year y, sex s,
and age group a. TMREL,, is the theoretical minimum
risk exposure level for risk factor r, sex s, and age group
a.

The equation for calculating PAFs of occupational
injuries:

Occupational fatal injurie -TMREL

S
P:YsS:a
PAF, pysa —

Fatal injuries,, ,  ,

Where PAF,, . is the population attributable fraction
in province p, year y, sex s and age group a. Occupa-
tional fatal injuriesy, . is the occupational fatal injuries
counts in province p, year y, sex s and age group a. Fatal
injuries, . is the total fatal injuries counts in province
p, year y, sex s and age group a, which were obtained
from causes of death in GBD 2017 [15]. And the PAFs
of multiple risks are aggregated by a mediation adjust-
ment to calculate the excess attenuated risk. The PAFs
for different causes were shown in Table Sé6.
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Estimation of attributable burden

For the given exposure risk-outcome pair, the attrib-
utable deaths were estimated as total deaths for the
outcome multiplied by the PAF for the risk-outcome
pair [15]. The other three metrics of burden including
years of life lost (YLLs), years lived with disability
(YLDs), and DALYs (the sum of YLLs and YLDs)
were also assessed in a similar way. The attributable
burden was estimated by location, age, sex, and year.
The standard population from WHO was used to
calculate age-standardized deaths and DALYs per
capita for each country.

Summary exposure values

Summary exposure values (SEV) is an exposure
metric of the risk-weighted prevalence of each risk
[15]. SEV standardizes the prevalence by relative risks
of related causes to offer a concise comparable sum-
mary of risk exposure for different locations and
years. The range of SEV is from 0 to 100%, where 0%
indicates no given risk exposure in a population, and
100% means the total population is exposed to the
maximum possible level for a given risk.
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Results

There were SEVs for 17 occupational risks with the excep-
tion of occupational injuries in GBD 2017 (Table 2). The
leading exposure category for SEVs was ergonomic fac-
tors, followed by asthmagens, noise, and PGFs. All-age
SEVs of 15 in 17 occupational risks increased from 1990
to 2017 in China. Age-standardized SEVs for three risks
increased by more than 20% from 1990 to 2017: occupa-
tional exposure to benzene, trichloroethylene, and chro-
mium. Conversely, SEVs for occupational ergonomic
factors and asthmagens decreased by more than 20%.

As shown in Table 3, there were 323,833 (95% UI
283780-369,061) deaths attributable to total occupa-
tional risks in 2017, China, which accounted for 27.9%
of global attributable deaths. The deaths attributable to
PGFs, carcinogens, injuries, and asthmagens accounted
for 57.8, 21.1, 20.8, 0.2% of deaths attributable to total
occupational risks in 2017, respectively. From 1990 to
2017, age-standardized death rate attributable to injuries,
PGFs and asthmagens declined by more than 60%, but
the rate attributable to carcinogens increased by 16.8%.

As shown in Table 4, there were 14,060,210 (12,022,
974 - 16,125,763) DALYs attributable to total occupa-
tional risks in 2017, China, which accounted for 22.1%

Table 2 All-age and age-standardized summary exposure values for occupational risk factors, 1990, and 2017 in China, with mean

percentage change for 1990-2017

Occupational risks  All-age SEVs Age-standardized SEVs
1990 2017 Percentage change 1990 2017 Percentage change
(%) (%)
Asthmagens 14.18 (11.46-17.52) 1335 (11.15-15.77) —584(=1948-10.57)  14.15 (11.43-1733) 10.77 (9.04-12.74) —23.89(-34.57--12.36)

Ergonomic factors  21.04 (19.22-22.91) 16.62 (14.42-19.04)

Carcinogens

—20.99(-32.18-947)

2097 (19.21-22.75) 1340 (11.66-15.30) —36.10(—44.96--26.78)

Arsenic 0.32 (0.13-0.55) 0.55 (0.22-0.92) 67.96 (54.02-83.30) 0.35 (0.14-0.59) 040 (0.16-0.67) 12.88 (3.53-23.23)
Asbestos 0.30 (0.22-043) 0.70 (0.62-0.76) 131.64 (5245-229.15) 043 (0.32-0.59) 0.51 (0.45-0.56) 20.10(=19.30-64.12)
Benzene 0.50 (0.31-0.88) 0.67 (040-1.19) 34.52 (27.40-43.40) 046 (0.28-0.82) 0.57 (0.34-1.02) 22.65 (16.16-30.74)
Beryllium 0.09 (0.08-0.09) 0.13 (01 13) 51.82 (46.12-57.95) 0.09 (0.09-0.09) 0.09 (0.09-0.10) 1.80(=1.99-5.95)
Cadmium 0.17 (0.16-0.18) 0.28 (0.26-0.31) 67.92 (55.20-81.64) 0.18 (0.18-0.19) 0.21 (0.19-0.22) 12.83 (4.22-22.04)
Chromium 0.34 (0.32-0.35) 0.60 (0.55-0.65) 78.75 (63.86-94.15) 0.36 (0.35-0.38) 043 (0.40-047) 20.18 (10.22-30.54)
DEE 41 (1.36-1.46) 41 (2.28-2.55) 71.01 (60.03-82.29) 1.52 (147-1.58) 1.75 (1.65-1.85) 14.92 (7.51-2245)
Formaldehyde 0.78 (0.74-0.81) 1.02 (0.92-1.11) 30.80 (18.62-44.18) 0.73 (0.69-0.76) 0.87 (0.79-0.94) 19.28 (8.09-31.25)
Nickel 0.36 (0.12-0.94) 0.54 (0.18-1.42) 5127 (40.12-64.95) 0.39 (0.13-1.01) 0.39 (0.13-1.03) 1.63(-5.88-10.79)
PAHs 0.68 (0.65-0.70) 1.19 (1.10-1.28) 76.01 (61.72-90.71) 0.73 (0.70-0.76) 0.86 (0.80-0.93) 18.33 (8.70-28.24)
Silica 3.20 (1.68-6.99) 449 (2.30-9.68) 40.16 (29.8-51.94) 345 (1.81-7.54) 325 (1.67-7.01) —5.75(=12.79-2.12)
Sulfuric acid 0.76 (0.55-1.31) 1.20 (0.86-2.12) 58.34 (47.62-69.35) 0.82 (0.59-1.41) 0.87 (0.62-1.53) 6.32(-0.87-13.70)
0.19 (0.18-0.19) 0.34 (0.32-0.36) 80.12 (69.16-93.03) 0.20 (0.20-0.21) 0.24 (0.23-0.26) 21.05 (13.63-29.70)

Trichloroethylene
Noise

PGFs

8.11 (7.67-857)
8.30 (6.88-10.32)

12.30 (11.75-12.95)

51.73 (46.79-57.63)

12.12 (10.08-14.70) 46.09 (35.82-55.38)

9.23 (8.73-9.83)
928 (7.72-1142)

9.24 (8.82-9.76)
9.18 (7.7-11.22)

0.12(-2.85-3.28)
—1.10(-4.69-2.89)

SEV Summary exposure value, Ul Uncertain interval, PGFs Particulate matter, gases, and fumes, DEE Diesel engine exhaust, PAHs Polycyclic aromatic hydrocarbons
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Table 3 Deaths and age-standardized death rate for occupational risk factors, 1990, and 2017 in China, with mean percentage
change for 1990-2017

Occupational risks Deaths Age-standardized death rate (per 100,000)
1990 2017 Percentage 1990 2017 Percentage
change (%) change (%)
Asthmagens 3039 (1765-4108) 792 (631-992) —739(-82.0-49.8) 030 (0.17-042) 0.04 (0.03-0.05) —87.1(=91.3--74.6)
Carcinogens 26,546 (20385-33,149) 68,396 (53282-85,467) 157.7 (121.5-2004) 3.00 (2.33-3.70) 3.50 (2.75-4.35) 16.8(—0.1-36.8)
Arsenic 1324 (514-2188) 3725 (1402-6118) 1814 (149.0-2186) 0.14 (0.05-0.23) 0.18 (0.07-0.29) 299 (15.1-47.1)
Asbestos 5796 (3962-8718) 24,264 (16700-32,287) 3187 (1854-4514) 0.78 (0.54-1.17) 1.36 (0.94-1.81) 736 (20.0-126.9)
Benzene 380 (107-643) 372 (108-625) —222(-159-233) 003 (0.01-0.05) 0.02 (0.01-0.03) —32.0(—42.0--15.0)
Beryllium 57 (47-68) 149 (122-179) 1614 (132.5-1884) 1 (0.00-0.01) 0.01 (0.01-0.01) 20.7 (82-33.0)
Cadmium 129 (109-150) 364 (302-434) 182.1 (148.9-219.8) 0.01 (0.01-0.02) 0.02 (0.01-0.02) 30.2 (15.2-47.3)
Chromium 244 (216-277) 727 (625-830) 197.5 (163.3-235.1)  0.03 (0.02-0.03) 0.03 (0.03-0.04) 373 (21.8-54.1)
DEE 2762 (2418-3125) 8083 (6960-9319) 192.7 (155.7-2249) 0.28 (0.25-0.32) 0.38 (0.33-0.44) 35.1 (186-49.7)
Formaldehyde 408 (317-505) 391 (306-494) —42(-20.7-14.5)  0.03 (0.03-0.04) 0.02 (0.02-0.03) —41.1(-49.9--31.6)
Nickel 1488 (292-3334) 3803 (762-8450) 1555 (126.1-188.6) 0.15 (0.03-0.34) 0.18 (0.04-0.40) 18.0 (44-33.1)
PAHs 852 (722-980) 2500 (2092-2937) 1935 (1574-231.2)  0.09 (0.07-0.10) 0.12 (0.10-0.14) 355 (19.4-52.8)
Silica 13,260 (8742-18,469) 25,073 (14869-35,605) 89.1 (51.3-1239) 146 (0.97-2.02) 1.23 (0.74-1.73) —15.7(-=34.0-1.0)
Sulfuric acid 419 (173-778) 719 (301-1348) 718 (56.5-91.2) 0.04 (0.02-0.08) 0.03 (0.01-0.06) —21.3(-284--124)
Trichloroethylene 4 (1-7) 14 (3-26) 2854 (172.9-364.0) 0.00 (0.00-0.00) 0.00 (0.00-0.00) 81.1 (27.8-118.2)
Injuries 142,834 (120521-167,777) 67,461 (57132-79,340) —52.8(-61.9-41.0)  11.95(10.10-14.02) 3.84 (3.25-4.52) —67.9(-74.0--59.8)
PGFs 240,075 (197593-281,136) 187,184 (148439-228,139) —22.0(— 31.5--5.1) 37.20 (29.5-44.73)  11.36 (882-14.03) —69.5(—725-63.2)
All' occupational 412,493 (362216-461,292) 323,833 (283780-369,061) —21.5(—295--10.8) 5245 (44.51-6048) 18.74 (16.17-21.56) —64.3(—67.5--59.3)

risks

Uls Uncertainty intervals, PGFs Particulate matter, gases, and fumes, DEE Diesel engine exhaust, PAHs Polycyclic aromatic hydrocarbons

of global attributable DALYs. The DALYs attributable to
occupational injuries, PGFs, ergonomic factors, noise,
carcinogens, and asthmagens accounted for 32.4, 28.3,
14.3, 12.4, 11.7, and 0.8% of DALYs attributable to total
occupational risks in 2017, respectively. From 1990 to
2017, occupational injuries were consistently the leading
risk of attributable DALYs in China. Although age-
standardized DALY rate attributable to total occupa-
tional risks declined by 56.1%, occupational exposure to
trichloroethylene, asbestos, chromium, polycyclic aro-
matic hydrocarbons (PAHs), and diesel engine exhaust
(DEE) increased by more than 20%. Among all related
causes, COPD was the leading cause of the attributable
burden in 2017 (Table S7).

For different genders, we have not observed a wide dif-
ference in SEV between males and females (Table S8).
Deaths attributable to total occupational risks in males
were over 2.0 times than in females in 2017. As shown
in Fig. 1, the leading risk was occupational PGFs for
deaths in both sexes, but for DALYs, the leading risk
was occupational PGFs in females and occupational in-
juries in males. DALYs attributable to total occupational
risks were higher in males than in females.

Age-standardized death rates attributable to total oc-
cupational risks, carcinogens, asthmagens, PGFs, and in-
juries in the provinces of China grouped by SDI in 2017

are shown in Fig. 2. Compared with high SDI provinces,
low SDI provinces had higher death rates attributable to
total occupational risks, occupational PGFs, and occupa-
tional injuries. Western China, especially for Yunnan
and Tibet, had the highest death rates attributable to
total occupational risks, while Liaoning and Heilongjiang
in Eastern China had the highest death rates attributable
to occupational carcinogens. The highest death rates at-
tributable to occupational PGFs and injuries mainly con-
centrated in Western China. Age-standardized DALY
rates attributable to total occupational risks by the prov-
inces of China in 2017 showed similar results that West-
ern China had higher occupational age-standardized
DALY rates than other regions in China (Fig. 3).

Discussion

To our knowledge, this study presents the first com-
prehensive assessment so far of burden attributable to
occupational risks at the provincial level of China in
2017. China has a huge labor force. The most up-to-
date estimation of the disease burden attributable to
occupational exposures provides important insights
into health losses related to occupational risks in
China. Meanwhile, the standardized assessment of at-
tributable burden to different risk factors enables dir-
ect comparison and priority ranking.
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Table 4 DALYs and age-standardized DALY rate for occupational risk factors, 1990, and 2017 in China, with mean percentage
change for 1990-2017

Occupational risks

DALYs, in thousand

Age-standardized DALY rate (per 100,000)

1990 2017 Percentage 1990 2017 Percentage
change (%) change (%)
Asthmagens 194.5(144.5-244.7) 114.8(79.8-158.3) —41.0(-545--209)  17.39(12.85-21.92) 6.28(4.34-8.68) —63.9(—72.6--50.8)
Carcinogens 766.0(590.4-959.8) 1650.5(1260.4-2089.6) 115.5(87.2-147.1) 7863(60.59-98.03) 80.49(62.23-101.39) 24(=11.2-17.94)
Arsenic 404(15.7-66.8) 101.8(38.3-167.1) 152.2(123.1-185.8)  4.05(1.58-6.69) 4.77(1.80-7.83) 17.9(44-337)
Asbestos 124.8(85.7-190.1) 442.1(304.7-589.5) 2543(135.1-3756)  14.57(10.06-22.02) 22.94(15.85-30.54) 57.5(6.0-108.6)
Benzene 20.1(5.6-33.9) 17.1(5.0-28.7) —14.7(-27.7-88) 1.56(0.44-2.65) 1.01(0.29-1.69) —35.5(-45.8-17.8)
Beryllium 1.8(1.5-2.1) 4.1(3.3-49) 133.7(107.5-160.1)  0.18(0.15-0.21) 0.19(0.16-0.23) 9.3(-2.3-20.5)
Cadmium 39(33-4.6) 10.0(8.3-11.9) 152.9(121.3-187.0)  0.39(0.33-0.46) 0.47(0.39-0.56) 18.2(4.4-34.0)
Chromium 7.5(6.6-84) 19.9(17.2-22.8) 166.8(135.6-2014)  0.75(0.66-0.84) 0.93(0.81-1.07) 24.8(104-40.6)
DEE 84.3(74.2-95.5) 220.9(190.9-253.5) 161.9(129.2-191.1)  845(7.44-9.55) 10.35(8.97-11.87) 22.5(7.5-35.9)
Formaldehyde 19.9(15.2-24.8) 16.5(13.0-20.7) —172(-314--03) 1.64(1.26-2.03) 0.91(0.72-1.12) —44.6(- 52.9--35.0)
Nickel 45.5(8.9-101.5) 104.0(20.8-231.5) 128.7(102.0-1584)  4.56(0.90-10.19) 4.87(0.98-10.84) 7.0(=54-20.8)
PAHs 26.0(22.0-29.8) 68.4(57.1-80.0) 163.1(129.3-1980)  2.60(2.21-2.99) 3.21(2.68-3.76) 23.1(7.9-39.1)
Silica 396.2(259.5-548.7) 6734(395.7-961.1) 70.0(37.3-99.9) 40.31(26.54-55.58) 32.12(19.09-45.62) —203(-35.6--6.1)
Sulfuric acid 13.0(54-24.3) 20.9(8.8-39.0) 60.3(45.9-78.7) 1.30(0.54-2.43) 0.97(0.41-1.82) —254(=32.2-16.9)
Trichloroethylene  0.1(0.0-0.2) 04(0.1-0.8) 2445(1453-3130)  0.01(0.00-0.02) 0.02(0.00-0.04) 66.8(18.3-99.6)
Ergonomic factors 22456(1544.9-3125.8) 2010.5(1372.6-2791.7) —10.5(-204--0.5) 196.81(135.56-275.34) 107.48(74.45-147.55)  —454(- 504--39.5)
Injuries 8670.1(7298.9-10,281.7) 4557.6(3748.9-5420.7) —474(—57.8-344)  705.89(594.31-836.67) 268.58(221.03-319.58) —62.0(— 69.4--52.5)
Noise 1000.0(678.0-1427.0) 1742.2(1186.1-2455.4) 74.2(69.6-79.4) 95.44(65.10-134.64) 90.92(61.88-128.17) —47(=7.0-24)
PGFs 5281.4(4504.0-6043.7) 3984.6(3368.8-4617.9) —246(-306-129)  660.90(557.37-760.57) 21642(181.99-253.00) —67.2(-69.6-62.2)

All occupational
risks

18,157.6(15,945.0-20,433.3)  14,060.2(12,023.0-16,125.8) —22.57(—30.3--14.0) 1755.07(1543.63-1971.82) 770.18(662.71-885.84) — 56.1(—60.4--51.3)

Uls Uncertainty intervals, DALYs Disability-adjusted life year, PGFs Particulate matter, gases, and fumes, DEE Diesel engine exhaust, PAHs Polycyclic

aromatic hydrocarbons

The SEV provides a concise and comparable summary
of risk exposure for different locations and years [15].
Rapid industrialization in China has been accompanied by
increased occupational carcinogen exposures. Our study
showed SEVs of most occupational carcinogens increased
in the past 28 years, especially for asbestos, trichloroethyl-
ene. Over the past half-century, the production of asbestos
in the world has been transferred to developing countries
[21]. China produces about 16% of global total output and
is the second-biggest consumer of asbestos in 2016 [22].
Trichloroethylene use has been increased with China’s
growing telecommunications, electronic, and microelec-
tronics industries since the early 1990s [23].

China has the largest occupational disease burden in
the world. We estimated that 0.3 million deaths and 14.1
million DALYs were attributable to total occupational
risks in 2017, China, which might be attributed to the
huge number of labor force. Occupational injuries were
the leading risk for attributable DALYs in China. A pre-
vious report showed occupational injuries and disabil-
ities were common among Chinese workers [24]. In
comparison, the leading risk for occupational burden
was ergonomic factors in developed countries. Socioeco-
nomic inequality is one of the main reasons for this

difference [24—28]. The type and income of occupations,
age, and education levels are important influence factors
of occupational injuries [25, 26]. The economic transi-
tion from agriculture to manufacturing industry causes
the migration of great rural labor forces into factories,
and migrant workers have become an important part of
the population who are subject to occupational hazards
[29, 30]. For example, migrant workers account for 80%
of total workers in the construction industry [24]. With
poor educational backgrounds, migrant workers are only
able to locate jobs with low wages, high-risk operation,
and long working hours. They also have a lower sense of
self-protection and less experience. Almost all of the oc-
cupational injuries and deaths are preventable [31].
Therefore, more vocational training and safety education
targeting migrant workers are necessary to prevent
health loss in China.

Although the burden attributable to all occupational
risks is higher in China, it has declined more than 50%
over the past three decades. The Chinese government has
made numerous efforts to protect the health of workers
in China, including revision of the occupational law, de-
velopment of new technologies and monitoring of occu-
pational diseases. It is further supported by coincidence
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of increased SEVs for occupational noises, PGFs, benzene
and formaldehyde and reduced burden attributable to
these risks. However, the burden attributable to occupa-
tional carcinogens, especially for asbestos, trichloroethyl-
ene, chromium, PAHs, and DEE still shows marked
increases. Notably, among the 13 occupational carcino-
gens included in this study, only cancers caused by ar-
senic, asbestos, benzene, and chromium are classified
into occupational cancer in the Categories and Catalogs

of Occupational Diseases in China. Thus, our results pro-
vided basis for policymakers to reevaluate the potential of
cancers caused by other nine carcinogens as national
legal occupational disease.

The western provinces in China have the highest death
and DALY rates attributable to occupational risks. The
spatial inequality of disease burden for occupational haz-
ards is similar to previous studies on environmental and
occupational burden of diseases in Iran [28, 32], which
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Ratio of provincial age-standardized death rates(per 100,000) to the median death rate of all provinces
B <075 0.75-0.99 | 1.00-1.24 _ | 1.25-1.49 [ 1.50-1.74 [ >=1.75

QOccupational risks Occupational carcinogens | Occupational asthmagens Occupational PGFs Occupational injuries
China 18.74 (16.17-21.56) 3.50 (2.75-4.35) 0.04 (0.03-0.05) 11.36 (8.82-14.03) 3.84 (3.25-4.52)
High SDI provinces
Beijing 3.36 (2.31-4.54) 0.03 (0.02-0.05)
Macao 0.02 (0.02-0.04)
Hong Kong 3.04 (2.23-4.06) 0.03 (0.02-0.04)
Shanghai 249 (1.71-3.42)
Tianjin 4.41 (3.04-6.02)
Guangdong 16.12 (13.18-19.41) 3.34 (2.35-4.58) 0.05 (0.03-0.07) 9.61(7.16-12.11) 312 (2.44-3.91)
Jiangsu 17.92 (14.43-21.97) 3.20 (2.19-4.45) 0.04 (0.03-0.05) 11.40 (8.37-14.89) 3.28 (2.57-4.15)
Liaoning 14.20 (11.41-18.06) 3.22 (2.52-4.07)
Shandong 16.21 (13.22-19.85) 3.74 (2.63-5.00) 0.03 (0.02-0.05) 9.17 (6.77-12.35) 3.27 (2.57-4.15)
Zhejiang 15.52 (12.44-19.07) 3.35(2.24-4.68) 8.83 (6.38-11.69) 3.32(2.58-4.16)
Middle SDI provinces
Fujian 15.02 (12.30-18.10) 3.05 (2.09-4.26) 8.19(5.91-10.73) 3.70 (2.81-4.70)
Inner Mongolia 17.79 (14.49-21.83) 3.75(2.65-5.17) 10.44 (7.72-13.84) 3.58 (2.80-4.55)
Jilin 4.46 (3.11-6.03) 3.54 (2.79-4.52)
Hebei 17.47 (14.39-21.38) 4.53 (3.26-6.07) 0.03 (0.02-0.04) 9.14 (6.70-12.71) 3.77 (2.94-4.75)
Heilongjiang 16.64 (13.33-21.34) 7.44 (5.30-12.42) 3.68 (2.90-4.60)
Shanxi 14.05 (11.26-17.54) 2.85(1.954.01) 7.37 (5.25-10.30) 3.82 (2.98-4.81)
Hubei 20.45 (16.45-24.73) 3.04 (2.154.15) 13.44 (10.01-17.17) 3.89 (3.05-4.93)
Guangxi 19.55 (15.78-24.28) 2.82 (1.94-3.91) 12.56 (9.15-16.30) 4.09 (3.22-5.19)
Hainan 14.64 (11.64-17.83) 0.05 (0.03-0.07) 9.05 (6.34-11.66) 412 (3.21-5.35)
Henan 15.82 (12.79-20.29) 2.96 (2.15-3.99) 8.85 (6.39-13.22) 3.99 (3.16-5.07)
Hunan 26.11 (21.23-31.81) 5.11(3.68-6.89) 0.04 (0.02-0.05) 4,04 (3.19-5.18)
Shaanxi 13.42 (10.98-16.56) 2.36 (1.60-3.33) 4.07 (3.18-5.11)
Xinjiang 27.30 (21.33-33.65) 2.36 (1.79-3.10) 0.05 (0.03-0.07) 3.99 (3.12-5.05)
Low SDI provinces
Chongaing 23.85(19.23-29.71) 3.27 (2.28-4.68) 0.03 (0.02-0.05) 16.22 (12.06-21.06) 433 (3.41-5.47)
Sichuan 28.46 (22.94-34.74) 3.53 (2.49-4.74) 0.03 (0.02-0.04) 4.37 (3.42-5.50)
Jiangxi 23.08 (18.71-27.87) 3.77 (2.82-5.01) 0.04 (0.03-0.08) 14.57 (10.88-18.54) 4.70(3.71-5.84)
Ningxia 16.32 (13.23-19.77) 0.03 (0.02-0.05) 9.77 (7.18-12.67) 4.75 (3.69-6.01)
Anhui 16.74 (13.66-20.43) 271 (1.88-3.71) 0.04 (0.03-0.06) 9.13 (6.62-12.21) 4.86 (3.82-6.05)
Qinghai 27.23 (21.86-32.90) 2.48 (1.82-3.24) 0.03 (0.02-0.04) 5.05 (3.91-6.43)
Yunnan 2.95 (2.19-4.00) 5.10 (4.03-6.35)
Gansu 27.18 (21.76-32.99) 0.03 (0.02-0.04) 5.32 (4.17-6.77)
Guizhou 26.64 (21.88-31.66) 2.98 (2.05-4.01) 5.93 (4.56-7.56)
Tibet

Fig. 2 Age-standardized death rates (per 100,000) attributable to total occupational risks, occupational carcinogens, occupational asthmagens,
occupational PGFs, and occupational injuries in the provinces of China grouped by SDI, 2017. SDI: socio-demographic index; PGFs: particulate
matter, gases, and fumes
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Fig. 3 Age-standardized DALY rate (per 100,000) attributable to total occupational risks by the provinces of China, 2017. DALY: disability-adjusted life-year
J

Heilongjiang

—

might be attributed to the regional inequality of socioeco-
nomic level and medical services of occupational diseases.
Institutions certificated to diagnose the occupational dis-
ease concentrate in big cities and developed areas, with
few institutions in less developed areas, especially for
Western China. The imbalance between supply and de-
mand is challenging the medical services of occupational
diseases for workers from the western region.

A number of limitations exist in our estimates. The
most important limitation is the lack of accessible
data on the prevalence of occupational exposure in
China. Scarce data are available for the specific expos-
ure levels of occupational risks, compared with air
pollution and hazards in drinking water [11, 33-35].
The exposure levels are estimated by the proportion
of the population in specific types of work where the
exposures are expected. The exposure assessment for
occupational carcinogens was based on carcinogen ex-
posure (CAREX) database, which included 32 million
workers exposed to almost all known and suspected
carcinogens in the 15 countries of the European

Union in the early 1990s [36, 37]. However, workers
in developing countries are likely to be exposed to
higher levels of occupational hazards than developed
countries. Employing CAREX data may underestimate
the health effects in developing countries [38]. Mean-
while, China is a top producer of cement, coal, iron,
steel with rich mineral reserves and resources. Rapid
industrialization in China in recent years also brings
more categories of jobs and occupational hazards.
More efforts are required to more accurately deter-
mine the proportion of the working population ex-
posed to occupational hazards in China.

Due to the stringent causal criteria, many risk-outcome
pairs were hampered to be included in GBD estimates,
which leads to underestimation of the disease burden at-
tributable to occupational risks, in comparison with other
published studies [39-42]. For example, benzene can
cause not only leukemia but also myelodysplastic syn-
dromes, multiple myeloma and non-Hodgkin lymphoma
[43-45]. Apart from lung cancer, arsenic exposure can
also cause urothelial skin and

cancer, cancer,
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cardiovascular diseases [46]. Meanwhile, disabilities in
GBD methods are associated with health conditions con-
fined to the most common sequelae of occupational ex-
posure but not mental disorders [42, 47]. Furthermore,
there are joint effects attributable to co-exposure of mul-
tiple occupational hazards. For example, exposure to ben-
zene interacts with work stress can reduce birth weight in
petrochemical workers [48]. As most of the occupational
risk-outcome pairs cannot be accessed by randomized
controlled trials, evidence from epidemiological studies
and toxicological studies deserves consideration in future
estimates [49].

Finally, there are many uncertainties of applying the
default parameters from the developed country to China.
The relative risk is a critical parameter for the PAF and
SEV estimations. It is derived from prospective observa-
tional studies and case-control studies by systematic re-
views [15]. However, most of the relative risks come
from studies conducted in high-income countries with
lower occupational exposure, rather than low- and
middle-income countries, which may cause biased esti-
mates of PAF and SEV for a given population [49].
Moreover, the estimation of the TMREL is also a key
step in the calculation of the PAF. A minor change of
the TMREL can lead to relatively large changes in the
PAF [49]. For all occupational risks, the TMREL is de-
fined as no corresponding occupational exposure or
background level to a given risk [15]. However, the back-
ground level of occupational hazards including carcino-
gens, asthmagens, and noises is often difficult to specify
[36]. Additional epidemiological studies in regions with
both high and low occupational exposure should be en-
couraged and supported to estimate relative risks and
TMREL more accurately in China.

A human capital approach is suggested as an alternative
method to provide accurate estimates of the impact of
chemical exposure on population health [42, 49, 50]. It is
a health economic method to assign monetary costs asso-
ciated with adverse outcomes, including but not limited to
traditional physical health such as cognitive deficits [42,
49]. A hybrid approach of the existing GBD method and
the human capital approach should be encouraged to ob-
tain more comprehensive and accurate estimates of the
burden attributable to occupational risks.

Although the current method in GBD could not
fully estimate the impacts of occupational risks on
population health, the results were estimated from all
accessible resources to produce relatively valid esti-
mates up till now. Moreover, we take socioeconomic
impact into our estimates to analyze differences
among regions with different levels of development.
Further work to increase the quality and availability
of data are expected to devote adequate evidence for
more valid estimates in China.
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In conclusion, China is facing a tremendous disease
burden attributable to occupational risk factors. Al-
though the burden attributable to total occupational
risks decreased between 1990 and 2017, the burden at-
tributable to occupational carcinogens is rising greatly.
The attributable burden is higher in males, and in less
developed provinces of Western China. Our estimates
will benefit policymakers to focus on preventing and re-
ducing the health losses of workers in China.
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