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Abstract
Background: The association between fine particulate matter (PM2.5) and lung
cancer (LC) mortality in China is limited. The Beijing-Tianjin-Hebei region is
infamous for serious air pollution. Seven of the top 10 cities with the worst air
quality are located in Hebei Province. Thus, we explored the effect of 10 years of
PM2.5 on the LC mortality rate in Hebei Province.
Methods: We quantified associations between LC mortality and PM2.5 and esti-
mated the LC mortality burden attributed to PM2.5 with predicted county level
LC deaths in 2014.
Results: The 10-year PM2.5 LC mortality associations were non-linear, with
thresholds of 63 μg/m3 overall, 69 μg/m3 for men, 68 μg/m3 for women, 66 μg/m3

for those aged 30–64 years, and 62 μg/m3 for those aged ≥ 65 years. The relative
risks for these groups were 1.09 (95% confidence interval [CI] 1.08–1.10), 1.06
(95% CI 1.03–1.10), 1.20 (95% CI 1.10–1.26), 1.07 (95% CI 1.05–1.11), and 1.10
(95% CI: 1.07–1.13), respectively. There were 2525 (95% CI 2265–2780) LC deaths
attributed to 10-year PM2.5 in 2014, at fractions of 8.3% (95% CI 7.4–9.1%) overall,
5.7% (95% CI 2.8–9.4%) for men, 16.7% (95% CI: 8.3–21.6%) for women, 6.5%
(95% CI 4.7–10.3%) for those aged 30–64 years, and 9.1% (95% CI 6.4–11.5%) for
those aged ≥ 65 years.
Conclusion: Our results suggest that a reduction in the PM2.5 exposure levels
below thresholds would prevent a substantial number of LC deaths in Hebei
Province.

Introduction

Lung cancer (LC) has the highest morbidity and mortality
rate of all malignant tumors.1 Globocan 2012 reported an
estimated 1.8 million new lung cancer cases in 2012 (12.9%
of the total) and 1.59 million deaths, accounting for almost
one in five cancer deaths (19.4% of the total) in the world.2

The latest National Central Cancer Registry (NCCR) data
shows that LC is the leading cause of cancer incidence and
death in China (733 000 new cases with an incidence of
53.86/100000; 591 000 new cases with a mortality rate
of 43.41/100000).3 Hebei Province is located in the north
of China, and accounts for approximately 6% of the national
population. LC was also the leading cause of cancer death in
Hebei province (27 000 new cases with a mortality rate of
37.14/100.000).4

Exposure to ambient air pollution increases mortality
and morbidity and shortens life expectancy. The Global

Burden of Diseases, Injuries, and Risk Factors Study 2015
(GBD 2015) identified air pollution as a leading cause of
global disease burden, especially in low and middle-income
countries.5 Particle mass with an aerodynamic diameter
< 2.5 μm (PM2.5) is the most consistent and robust predic-
tor of mortality.6,7 Long-term exposure to PM2.5 has been
associated with increased mortality, especially from cardio-
vascular and respiratory diseases.8 An increasing number
of studies have reported positive associations of PM2.5 with
LC risk.9,10 Globally, it is estimated that 283 000 deaths
from LC in 2015 could be attributed to exposure to fine
particulate matter air pollution alone.11

Studies have examined the association between air pollu-
tion and LC mortality in China.12 With the rapid economic
growth and increased urbanization of rural areas over the
past decades, severe and widespread air pollution in China
has become a major public health and social issue,
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attracting global attention.13 Notably, the North China
Plain experiences poor air conditions and persistent fog
and haze.13,14 Increasing concern over the adverse influ-
ences of PM2.5 on human health has seen the promotion of
health awareness among citizens. Previous studies have
examined the association between PM2.5 and mortality in
several Chinese cities, including Shanghai, Guangzhou,
Xi’an, and Hong Kong;15–18 however, reports on Hebei
Province are limited. Thus, we examined the association
between the accumulated 10-year PM2.5 exposure with LC
mortality in Hebei Province.

Methods

Data collection

Observed data of lung cancer deaths
To examine the associations between PM2.5 and LC mor-
tality, county level annual data on LC deaths were collected
from the Hebei Cancer Registration Center of China,
which is responsible for the collection, evaluation, and
publication of cancer statistics from population-based can-
cer registries in Hebei Province each year. We selected
22 cancer registries from 2010 and 2014 for the study,
based on the integrity and quality of LC mortality data. LC
deaths were classified using the International Classification
of Disease for Oncology, version 10 (ICD10). Detailed
information on each case, including year and age at diag-
nosis, gender, and community type (rural or urban area),
was collected. LC deaths were stratified into 12 age groups
for each community: 30–34 years, 35–39, 40–44, 45–49,
50–54, 55–59, 60–64, 65–69, 70–74, 75–79, 80–84, and
85 + years. Population information was collected from the
local statistical bureau or household registry department in
the local public security bureau. We limited analyses to
persons aged at least 30 years as few LC deaths occur
below this age.

PM2.5 data
We obtained data for the annual mean PM2.5 during the
years 2001 to 2014 from a previous publication.19 The
annual mean exposure to PM2.5 was estimated at
0�1 × 0�1� (~11 km × 11 km at the equator) resolution
using estimates from satellites combined with Aerosol
Optical Depth retrievals from Moderate Resolution Imag-
ing Spectroradiometer, Multi-angle Imaging Spectroradi-
ometer, and Sea-viewing Wide Field-of-view Sensor
instruments with the GEOS-Chem chemical transport
model (NASA, Washington, DC, USA), which were subse-
quently calibrated by geographically weighted regression
(GWR). The annual mean ambient concentrations were
then calculated for each grid. This method has previously
been validated in other studies and shows significant

agreement between satellite-derived and ground-based
measurements outside North America and Europe
(R2 = 0.81; slope = 0.68).20 Finally, we linked the LC death
data and 10-year concentrations of PM2.5 during
2010–2014.

Statistical analysis

Modeling PM2.5 lung cancer association
A generalized additive model (GAM) was used to estimate
the association between mortality and air pollutant expo-
sure. In this study, a Poisson age-period-cohort model
allowing for overdispersion was used to assess the associa-
tion between LC mortality and PM2.5 to control for the
effects of age, calendar time (period), and birth cohort
effects. To determine the linearity of the associations
between county average PM2.5 and LC deaths we used a
natural cubic spine for PM2.5. As men are at higher abso-
lute risk of LC than women (because of the high preva-
lence of smoking in Chinese men), we adjusted for gender
in the model. We also adjusted for the community type
(urban vs. rural area). In addition, the log of the popula-
tion size was used as the offset to control for the influence
of population size. The model is described as follows:

Yt � Poisson μtð Þ
Log μt, i

� �
= α+ βAge + S Periodð Þ+ λCohort + ηSex

+ υUrbanity + offsetð log populationð Þ+ S PM2:5,tð Þ

where t and i are the year and site of LC deaths, respec-
tively; Yt, i is the number of observed annual deaths in
year t at site i; α is the intercept; age is a categorical vari-
able of age group for LC death; and β is a vector of coeffi-
cients for age. S(.) is a natural cubic spline, and period
(calendar time) is the year of LC death. Cohort is a cate-
gorical variable representing birth cohort, and λ is vector
of coefficients. Sex represents the gender category, and η is
the vector of corresponding coefficients. Urbanity is a
binary variable that is 1 for urban and 0 for rural areas.
PM2.5 is a period of 10 years PM2.5, with a natural cubic
spline. The degrees of freedom for spline functions were
chosen using Akaike information criterion for quasi-
Poisson models (Q-AIC). The log of the population size
was used as the offset. We examined the effects of PM2.5

on LC death separately for men, women, people aged
30–65 years, and those aged ≥ 65 years.

Linearity of the association
If a linear relationship was observed between PM2.5 and
LC death, the linear term of PM2.5 was used to calculate
relative risk (RR), interpretable as the risk of cancer death
with a 10 μg/m3 increase of PM2.5. If the relationship was
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non-linear, we detected the threshold of the association by
iteratively estimating the AIC of the GAM model using
1 unit increment in PM2.5 within the identified range of
threshold, based on the visual detection of the exposure-
response plots. The concentrations of PM2.5 with the lowest
AIC were chosen as the threshold. The LC RR associated
with PM2.5 below the threshold was set at 1. The effect of
PM2.5 with 100 μg/m3 increment above the threshold was
then estimated using linear threshold function.

Assessing lung cancer death attributed to PM2.5

There were 30 590 LC deaths in Hebei Province (67.3%
men) in 2014, with approximately three out of 10 LC
deaths occurring in the 30–64 age group (8638) and seven
out of 10 in the ≥ 65 age group (21 952). County level LC
deaths attributed to PM2.5 were calculated as follows:

ALCDi = RRi−1=RRið Þ* LCDi;

where i is county i; ALCD is LC deaths attributed to
PM2.5; RRi is the relative risk of LC deaths associated with
PM2.5 at county i above the threshold; and LCDi is number
of LC deaths at countyi. We assessed ALCD in the subgroups
(men, women, people aged 30–64 years, and those aged
≥ 65 years), as the RRs were different in different groups.
Finally, we calculated the fraction of ALCD attributed to

PM2.5 as follows:

NAFLCD= SUM ALCD1− ið Þ=SUM LCD1− ið Þ,

where i is county i; NAFLCD is provincial level fraction
of LC deaths attributed to PM2.5; SUM (ALCD1−i) is the
total number of LC deaths attributed to PM2.5 in
22 counties in Hebei Province; and SUM (LCD1−i) is the
total number of LC deaths in Hebei Province. We also
assessed NAFLCD in the subgroups (men, women, people
aged 30–64 years, and those aged ≥ 65 years).

Results

Figure 1 shows that Hebei Province is located between lon-
gitude 113 and 36 north latitude. Data on the geographical
variation in LC deaths obtained from 22 cancer registries
in Hebei Province are shown in Figure 2. Figure 3 illus-
trates the spatial distribution of the PM2.5 concentration in
2014 across Hebei Province. Specifically, concentrations
are high in central and southern Hebei Province and low
in Southwest Hebei Province.
Figure 4 shows the associations between 10 year PM2.5

exposure and LC deaths in different groups. The associa-
tions were non-linear with the thresholds; when under theFigure 1 The location of Hebei Province in China.

Figure 2 The location of the 22 registries and lung cancer mortality
rate for people aged ≤ 30 years in Hebei Province from 2010 to
2014. <20.00, 20.01–30.00, 30.01–40.00, 40.01–50.00, 50.01–60.00,
60.01–70.00, and >70.00.
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threshold, 10 year-PM2.5 had no impact on lung cancer
death. The estimated thresholds were 630 μg/m3 for all
LCs, 690 μg/m3 for men, 680 μg/m3 for women, 660 μg/
m3 for those aged 30–64 years, and 620 μg/m3 for those
aged ≥ 65 years (Table 1).
The RRs of LC death associated with one 100 μg/m3

increase of PM2.5 varied from 1.06 to 1.20 depending on
gender and age (Table 1). The RRs were 1.09 (95% CI
1.08–1.10) for all LC, 1.06 (95% CI 1.03–1.10) for men, 1.20
(95% CI 1.10–1.26) for women, 1.07 (95% CI 1.05–1.11) for
those aged 30–64 years, and 1.10 (95% CI 1.07– 1.13) for
those aged ≥ 65 years, indicating that women and the
elderly had a higher risk of LC mortality associated with
PM2.5 than men and those aged 30–64 years.
Table 2 shows the absolute number of LC deaths in

2014 in Hebei Province and the fraction of LC mortality as
a result of PM2.5. Overall, 8.3% of LC deaths (approxi-
mately 2525 deaths) could be attributed to PM2.5. Com-
pared with 5.7% in men, roughly 16.7% of LC deaths in
women in Hebei Province could be explained by PM2.5.
Similarly, roughly 6.5% and 9.1% of LC deaths in those
aged 30–65 and ≥ 65 years were attributed to PM2.5,
respectively.

Discussion

In the past several decades, China has achieved rapid eco-
nomic growth, industrialization, and urbanization, with
annual increases in gross domestic product of 9.7% from

1979 to 2015 according to the Chinese Statistical Yearbook
2016. As a result of the rapid development of industrializa-
tion, counties with high level PM2.5 are mainly located in
the densely populated regions, such as the Beijing-Tianjin-
Hebei region and the North China Plain.21 Particularly in
Hebei Province, emissions caused by an increase in the
number of coalmines, cement plants, motor vehicles, and
boilers, coupled with the influence of meteorological fac-
tors, has contributed to the aggravated state of PM2.5 pollu-
tion. According to data from China’s Ministry of
Environmental Protection, seven cities in Hebei Province
ranked in the top 10 most heavily polluted cities in China
from 2013 to 2016.
Recently, the International Agency for Research on Can-

cer (IARC) concluded that outdoor air pollution causes
LC.22 Guo et al. showed that the RR of LC mortality associ-
ated with one increase of 10 μg/m3 of ambient PM2.5 was
1.08 (95% CI 1.07–1.09) in China.12 A prospective cohort
study showed that each 10 μg/m3 increase of PM2.5 in
exposure was associated with LC mortality (RR 1.17, 95%
CI 0.98–1.14).23 Other studies from the United States and
Europe have reported that ambient air pollutants, includ-
ing particulate matter, are related to LC death.10,24 Our
findings are comparable with a recent meta-analysis of
17 studies that reported that one 10 μg/m3 increase in
PM2.5 was associated with an RR of 1.11 (95% CI
1.05–1.18) for LC mortality.25

In earlier studies, the association between air pollutants
and health outcomes has been linear. This assumption may
have been made because PM2.5 concentrations in the
United States and Europe are considerably lower than
those in China, thus, non-linearity of the relationship at
high levels of PM2.5 concentrations was not observed.
However, recent studies have shown that there are thresh-
old effects for LC mortality and incidence. Consequently,
any previous estimation of the burden of disease that has
assumed linearity might overestimate the disease burden
attributed to PM2.5.
We also evaluated the role of PM2.5 by gender and found

a significantly greater RR for LC mortality among women
than men. This might be a consequence of the much lower
smoking prevalence in women (~4%) compared to men
(~48%) in Hebei Province.26 Previous studies have shown
that the impact of air pollution on LC exists mainly in
never-smokers, which would explain the stronger effect in
women than in men.24,27 Radon is a well-established cause
of LC in never smokers.28 In addition, Yin et al. showed
that exposure to cooking oil fumes was associated with
increased LC risk in Chinese non-smoking women (odds
ratio 1.59, 95% CI 1.13–2.23).29 Although the IARC evalua-
tion was not specific to never-smokers, one important fea-
ture of studies of air pollution from coal burning in China
(and to a lesser extent other countries) is that they

Figure 3 Spatial distribution of 10-year PM2.5 concentration in 2014 in
Hebei Province.
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included a large number of never-smoking women, espe-
cially in Hebei Province.30 The PM2.5 LC mortality associa-
tion was also stronger in the elderly than in the young.31

This may be because the elderly are more sensitive to air
pollution both in terms of physiology and behavior, but
may also reflect a greater cumulative lifetime exposure to
air pollution in those aged over 65.
Our previous studies have shown that LC incidence and

mortality in Hebei Province has increased over the past

40 years. The LC mortality rate in 1973–1975 was
38.46/100 000, ranking first among all cancer deaths, but
significantly increased to 189.15% in Hebei Province from
2010 to 2011.32 Environmental pollution, age, and gender
are important contributors to LC mortality; however, rare
studies have also reported that PM2.5 leads to LC mortality.
In China in 2013, approximately 251 250 LC deaths, on

average 13 500 people in each province, were attributable
to smoking.33 In Hebei Province in 2013, the number of
LC deaths attributed to PM2.5 was less than a fifth of those
attributed to smoking. By far, the greatest risk contributing

Table 1 Relative risk of lung cancer mortality associated with a
100 μg/m3 increase in 10-year PM2.5 above the thresholds in different
groups

Groups
Thresholds
(μg/m3)

Annual mean
PM2.5 (μg/m3)

Relative risk
(95% CI)

All 630 63 1.09 (1.08–1.10)
Men 690 69 1.06 (1.03–1.10)
Women 680 68 1.20 (1.10–1.26)
Aged 30–64 660 66 1.07 (1.05–1.11)
Aged ≥ 65 620 62 1.10 (1.07–1.13)

CI, confidence interval.

Table 2 Lung cancer deaths and fraction attributed to PM2.5 in China
in 2014

Groups
Lung cancer deaths

attributed (n)
Fraction

attributed (%)

All 2525 (2265–2780) 8.3 (7.4–9.1)
Men 1165 (582–1942) 5.7 (2.8–9.4)
Women 1667 (830–2167) 16.7 (8.3–21.6)
Aged 30–65 564 (403–888) 6.5 (4.7–10.3)
Aged ≥ 65 1995 (1396–2525) 9.1 (6.4–11.5)
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Figure 4 The associations between 10-year PM2.5 and lung cancer mortality in Hebei Province during 2010–2014 using a spatial age-period-cohort
design: (a) overall cohort, (b) men, (c) women, (d) those aged 30–64 years, and (e) those aged ≥ 65. A natural cubic spline with foue degrees of
freedom was used for PM2.5.
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to LC mortality is cigarette smoking; however, our results
could enhance public awareness regarding the health risk
caused by PM2.5. The public should not overestimate the
effect of PM2.5 on LC, because the government has taken
effective measures to curb air pollution.
To our knowledge, this study is the first to investigate

the effect of long-term PM2.5 exposure on LC mortality
and the LC mortality burden attributed to PM2.5 in Hebei
Province. We have taken into account 10 years of cumula-
tive exposure to air pollution in order to more fully under-
stand the mechanisms underpinning the association.
There are some limitations to our study. First, the 22 reg-

istry sites were selected by convenience and because of the
data quality from these registries. These 22 sites are not
fully representative of Hebei Province (although they cover
15.3% of the population); however, this is unlikely to have
resulted in any appreciable underestimation or overestima-
tion of the LC burden attributed to air pollution. Estimates
of effect size are not dependent on representative popula-
tions; rather they require populations where there is het-
erogeneity in the exposure of interest. Secondly, although
we have taken 10 years of PM2.5 into account, this period
of observation was short. Thirdly, because of data availabil-
ity we were not able to adjust for multiple pollutants, such
as sulfur dioxide, nitrogen dioxide, and ozone.
Our findings suggest that ambient PM2.5 is significantly

and positively associated with an increased risk of LC mor-
tality in Hebei Province, with distinct threshold effects.
Female never-smokers are particularly at risk of atmo-
spheric particulate pollution. Air pollution is currently the
primary issue in the field of environmental health in Hebei
Province. Thus, effective control measures to reduce partic-
ulate matter pollution in Hebei Province need to be taken
to reduce the exposure risk of PM2.5.
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