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Abstract: PM2.5 is a major environmental health problem and a risk factor for lung cancer. Exposure to PM2.5 has
attracted growing public concern nationwide. Here, we aimed to estimate the cancer in 2015 attributable to PM2.5
in Japan. Ambient air pollution level due to excess concentration of PM2.5 was estimated using geophysically based
satellite-derived PM2.5 concentrations in 2005, with a spatial resolution of 0.5° × 0.5° longitude-latitude, and population
data presented in a 1 km by 1 km grid. We used the WHO guideline value for PM2.5 exposure (≤ 10 μg/m3) as the
optimal level of PM2.5 exposure. By using relative risk from a large-scale cohort study in Japan, we estimated the
population attributable fraction (PAF) for lung cancer, which is positively associated with PM2.5, and aggregated the
results to obtain the PAF among total cancer incidence and mortality. Population-weighted mean PM2.5 level in 2005
was 14.9 μg/m3. Approximately 95.7% of the population was exposed to levels above the WHO guideline value. Lung
cancer attributable to PM2.5 exposure corresponded to 11,922 cases and 7,264 deaths, which accounted for 9.7% and 9.8%
of total lung cancer incidence and mortality, respectively, and 1.2% and 2.0% of total cancer incidence and mortality,
respectively. Substantial geographic variation in PM2.5-attributable incidence and mortality fractions was found, with
cities in western Japan and metropolitan areas having a higher PAF than other municipalities. This study provides
useful information to aid policy-makers and public health agencies in the efficient establishment of environmental
cancer prevention policies.
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Introduction

for lung cancer were estimated to range from 4.7%
to 17.4% in different counties (6). An earlier report
from the US also revealed starkly localized geographic
variation in this mortality burden (7). In addition to
evaluation of the impact of PM2.5 at the national level,
a better understanding of geographic patterns in PAF at
the subnational level will help policy-makers and public
health agencies to improve the quality of public health
practice. Nevertheless, few studies have focused on
the PAF of cancer due to PM2.5 at either the national or
subnational level in Japan.
Here, we aimed to estimate cancer incidence and
mortality attributable to ambient air pollution, with a
special focus on PM2.5 concentration, at the national and
sub-national level (city level) in Japan.

Outdoor air pollution, often referred as ambient air
pollution, is a major environmental health problem which
affects people across all socioeconomic strata in low, middle, and high-income countries. Types of ambient
air pollution include gases (e.g., carbon monoxide, sulfur
dioxide, nitrogen oxides, ozone) and fine particulate
matter (PM), notably PM 2.5 - particles less than 2.5
micrometers in diameter - and PM 10. In 2013, the
International Agency for Research on Cancer (IARC)
confirmed that outdoor air pollution, including PM2.5,
is carcinogenetic to humans (1), and the recent Global
Burden of Disease (GBD) study (GBD 2017) found
that PM2.5 accounted for 5.3% of lung cancer mortality
worldwide, and 5.5% in Japan (2).
Several countries and regions have reported mortality
burdens attributable to PM2.5 at a subnational level (35). In Taiwan, population attributable fractions (PAFs)

Materials and Methods
Cancers associated with air pollution
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IARC has classified particulate matter, a major
component of outdoor air pollution, as carcinogenic to
humans (Group 1), finding a consistent association of
outdoor air pollution with lung cancer (1). Accordingly,
we included lung cancer as the target cancer in the
present estimate.

position (latitude and longitude). The gridded data
covered an area between 122°-154° east longitude and
20°- 46° north latitude.
To assign exposure to PM 2.5 , we used surface
PM 2.5 concentrations estimated by the Atmospheric
Composition Analysis Group (12). The provided data
were estimates of annual mean exposure to PM 2.5 in
2005 and 2000, with a spatial resolution of 0.01° ×
0.01° longitude-latitude. The group estimated PM2.5
concentrations using information from satellite-,
simulation- and monitor-based sources (13). A
geographically weighted regression (GWR) model was
used to correct discrepancies between the satellite-based
estimated PM2.5 and monitor-based PM2.5 levels.
The PM2.5 data used in this study covered an area
between 122°-154° east longitude and 20°- 46° north
latitude. As with the population data, the PM2.5 data in
2005 were used for the main analysis and the PM2.5 data
in 2000 were used for sensitivity analysis.
To estimate annual average PM 2.5 concentrations
at the national and city levels, we added the longitudelatitude coordinate code computed from the grid-ID to
the population data, then linked the population and PM2.5
concentration data using the longitude-latitude coordinate
code as the matching key with the nearest neighbor
matching method.
Next, city codes were assigned to each grid using the
intersect tool (ArcToolbox/Analysis tools/Overlay) of the
ArcGIS (ArcGIS Pro, version 2.5.2; ESRI Inc, Redlands,
CA, USA) geographic information system. This tool
can create geometric intersections of any number of
feature layers. In this study, we created an intersection
between the city layer and gridded data layer; where a
grid intersected two or more cities, the grid contained
the codes of all intersected cities. Finally, we calculated
population-weighted PM2.5 concentrations at the city
level using following formula (14):

Theoretical minimum risk exposure level
For this study, we used the WHO guideline value for
PM2.5 exposure (10 μg/m3) as reference (8). The latent
period - the interval period between "exposure" to
PM2.5 above the reference and the increase in risk of
cancer of the lung - is unknown. Based on previous
epidemiological studies of exposure, we assumed a
latent period of 10 years, and accordingly calculated the
number of avoidable cancers in 2015 using the estimated
PM2.5 exposure in 2005.
Distribution of PM2.5 exposure and population-weighted
PM2.5 exposure estimates
Because nationwide observation data of PM2.5 were
not available before 2009, when environmental quality
standards for PM 2.5 were established in Japan, the
distribution of PM2.5 exposure and population-weighted
PM2.5 exposure was estimated using population and PM2.5
concentrations data.
We obtained the population data from Japanese
Census data in 2005 and 2000 (9,10). We used the
population data in 2005 for the main analysis and that
in 2000 for sensitivity analysis. The spatial distribution
of population in 2005 is illustrated in Figure 1. The
population data are presented in grids of 45 seconds
longitude by 30 seconds latitude, which is also known
as the Basic Grid Square (11). Each grid-square was
given a unique ID computed on the basis of geographical

Figure 1. The spatial distribution of
population in Japan in 2005, with a
spatial resolution of 1km × 1km grid.
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the RR per 10-unit increase in the average concentration
of PM2.5, and RRx-x0 is the RR at exposure x compared
to that with the reference exposure x0. In our study,
RRs of PM2.5 on lung cancer incidence and mortality
were assumed to be equal. Consequently, RR10unit (95%
confidence interval) of lung cancer, 1.26 (1.14-1.36)
for men and 1.17 (0.98-1.39) for women, was used for
estimation of PAF of cancer due to air pollution.

where WPM k is the population-weighted PM 2.5
concentration estimate in city k, Nk is the number of
grid in city k, PMik is the PM2.5 concentration in grid i in
city k, Popk is the population in city k, and Popik is the
population in grid i in city k.

Estimation of population attributable fractions (PAFs)
For lung cancer, PAF at the national level was calculated
by sex as:

Cancer incidence and mortality in Japan in 2015
Cancer incidence data in 2015 were estimated using
the annual estimate of cancer incidence in 2013 by
the Monitoring of Cancer Incidence in Japan project
(15). We used an age and period spline model. This
type of model is often used for short-term projection
of cancer incidence in Japan (16). The sex- and agespecific incidence data for target cancers were coded
in accordance with the International Statistical
Classification of Diseases and Related Health Problems,
10th edition (ICD-10), using the morphology code of the
International Classification of Disease for Oncology, 3rd
edition (ICD-O-3).
The data on cancer mortality statistics from 2015
were based on the vital statistics of Japan. We obtained
sex- and age-specific mortality data at both the national
(17) and city level (18) by cause of death from available
data sources from the Health, Labour, and Welfare
Statistics Association, with cause of death classified
using 4-digit ICD-10 codes.

where px is the proportion of the population and ERRx is
the excess relative risk at PM2.5 exposure level x.
The excess relative risk for each x level of PM2.5
exposure was calculated using the following formula:

We used the WHO guideline value for PM2.5 exposure
(10 μg/m3) as reference (8).
The number of lung cancer cases/deaths attributable
to PM2.5 was calculated by sex as:

where ELC is excess incidence/mortality of lung cancer
and LC is lung cancer incidence/mortality.
The number of attributable cancers was then totaled
across all sex and age categories to show the percentage
of the total number of all incidence and mortality of
cancer in Japan in 2015.
In addition, the PAF of mortality of lung cancer was
estimated at the city level, using population-weighted
PM2.5 concentration by city. As we assumed that PM2.5
levels were uniform within each city, that is WPM, PAF
at city k, which is PAF at the city level, was calculated by
sex as:

Estimation of relative risk
The relative risk (RR) of air pollution exposure on lung
cancer was taken from a prospective population-based
observational study (19), the Three-Prefecture Cohort
study, which was conducted from 1983 to 2000 in three
prefectures (Miyagi, Aichi, and Osaka) (20). The ThreePrefecture Cohort study had a long follow-up period
and covered both high and low PM2.5 concentration
areas. Because RR in the study was reported in 10-unit
increases in the average concentration of air pollutants
(µg/m3), we assumed a log-linear association to convert
the RR per 10-unit increase using the following formula:

Sensitivity analysis
In addition to the main analysis, the impact of PM2.5
on cancer incidence and mortality was assessed using
three alternative reference levels, namely the national

where β is the parameter estimate for the association
between lung cancer and the exposure of PM2.5, RR10unit is
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ambient air quality standards in Japan (15.0 μg/m3) (21)
and the USA (12.0 μg/m3) (22), and a value which may
be close to the background PM2.5 concentration in Japan
(4.0 μg/m3), based on a previous estimated background
concentration of about 4.4 μg/m 3 in Taiwan and
surrounding oceanic regions (23). We also investigated
the influence of time lag between PM 2.5 exposure
and lung cancer incidence and mortality by using the
population and PM2.5 concentration data in 2000, which
is 15-year time lag analysis.

95th percentiles of population-weighted PM2.5 levels
in that year were 10.2, 15.1, 20.5 μg/m3, respectively,
and the population-weighted annual average exposure
was 14.9 μg/m 3. Approximately 95.7% of the study
population was exposed above the yearly average WHO
guideline value of 10 μg/m3, while 56.6% was above
the Japan standard value of 15.0 μg/m3.
The spatial distribution of population-weighted
PM 2.5 concentrations at the city level in 2005 in
Japan is shown in Figure 3. The Kanto region,
including Tokyo and Kanagawa prefectures, and the
Kansai region, including Osaka prefecture, had high
PM 2.5 concentrations. Western Japan, including the
Kyushu and Chugoku regions, also had higher PM 2.5
concentrations than other areas. In contrast, PM 2.5
concentrations were lower in northern Japan, such as
the Hokkaido and Tohoku regions.

Results
Fine particular matter exposure
The distribution of the population-weighted exposure to
PM2.5 in 2005 is shown in Figure 2. The 5th, 50th and

Figure 2. Distribution of exposures to PM2.5 in Japan in 2005. Background: Expected value of background PM2.5 concentration
in Japan; WHO: WHO Air quality guideline values for annual average PM2.5 concentrations; US: National Ambient Air Quality
Standards for annual average PM2.5 concentrations in the US; Japan: Environmental Quality Standards for annual average PM2.5
concentrations in Japan.

Figure 3. Annual average of population-weighted PM2.5 concentrations at the city level in 2005 in Japan.
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and 2.0% of cancer mortality (2.6% in men, 1.0% in
women) in 2015 were due to excessive PM2.5 exposure.
Figure 4 shows the geographic variation in PAF of
lung cancer mortality associated with PM2.5 exposure at
the city level across Japan. Cities in western Japan had a
higher PAF than other cities, with Kumamoto City in the
Kyushu region having the highest PAF (26% for males,
19% for females). Estimated PAFs were also higher
in cities in Tokyo, Kanagawa, and Osaka prefectures
compared to other cities. On the other hand, PAF was
lower in northern Japan, such as in the Hokkaido and
Tohoku regions.
Figure 5 shows the number of lung cancer deaths
attributable to PM2.5 exposure at the city level across

Cancer attributable to PM2.5
Table 1 summarized the estimated PAF of cancer
incidence and mortality in Japan in 2015 attributed to
ambient air pollution (PM2.5). Detailed results by sex and
age group are shown in Tables S1 (incidence) and S2
(mortality) (online data, https://www.ghmopen.com/site/
supplementaldata.html?ID=40). The estimated PAF was
9.7% (10.7% for men, 7.5% for women) of lung cancer
incidence, corresponding to 11,922 cases (8,907 in men,
3,014 in women), and 9.8% (10.7% for men, 7.5% for
women) of lung cancer mortality, corresponding to 7,264
deaths (5,682 in men, 1,582 in women). Accordingly,
1.2% of cancer incidence (1.6% in men, 0.7% in women)

Table 1. Proportion (%) of cancer in 2015 attributable to ambient air pollution (PM2.5) in Japan
Factors
Lung (C33-34)
Exceed 10 µg/cm3 (WHOa)
Exceed 12 µg/cm3 (USb)
Exceed 15 µg/cm3 (Japanc)
Exceed 4 µg/cm3 (backgroundd)
Total cancer (C00-C96)
Exceed 10 µg/cm3 (WHOa)

Cancer Incidence

Cancer Mortality

Men

Women

Both sexes

Men

Women

Both sexes

10.7
6.9
2.0
22.0

7.5
4.8
1.4
15.8

9.7
6.2
1.8
20.0

10.7
6.8
2.0
22.0

7.5
4.8
1.4
15.7

9.8
6.2
1.8
20.2

1.6

0.7

1.2

2.6

1.0

2.0

a

WHO Air quality guideline values for annual average PM2.5 concentrations; bNational Ambient Air Quality Standards for annual average PM2.5
concentrations in the US; cEnvironmental Quality Standards for annual average PM2.5 concentrations in Japan; dExpected value of background
PM2.5 concentration in Japan.

Figure 4. Spatial variations in the PAF (%) of lung cancer
due to PM2.5 at the city level by sex in Japan in 2015.

Figure 5. Spatial variations of the number of lung cancer
deaths due to PM2.5 at the city level by sex in Japan in 2015.
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Japan. Cities in metropolitan areas, such as Tokyo and
Osaka prefectures, tended to have a large number of
deaths associated with PM2.5. In the northern part of the
Kyushu region and southern part of the Chugoku region
also, many cities had a large number of deaths due to
PM2.5 exposure.

words, we assumed a 10-year time lag between PM2.5
exposure and lung cancer mortality. In fact, several
studies have reported that lung cancer has a long
latency period (26-28). To our knowledge, however,
uncertainties are still present in the time lag between
PM2.5 and lung cancer mortality. We therefore assumed
that a time lag of 10 years accounted for longer-term
exposure, as has also been done in previous studies
(29). In Japan, average PM2.5 concentrations in rural
areas have leveled off, whereas those measured at the
roadside have greatly decreased since 2000 (30). The
GBD approach might therefore have provided lower
attributable deaths due to PM 2.5. Another difference
between the GBD and our present study is the choice
of PM2.5 reference level, which has a major impact on
PAF estimation. The GBD study applied a uniform
distribution between 2.4 μg/m3 and 5.9 μg/m3 as the
reference level of PM2.5 (25), whereas our main analysis
was set to 10.0 μg/m3. The reference level of 4.0 μg/
m3 in our sensitivity analysis is similar to the reference
level applied in the GBD. Under this setting, our PAFs
were much larger than those of the GBD study. The
large differences in PAF were considered due to the
differences in PM2.5 exposure data.
Unlike the differences in PM 2.5 exposure data
between the GBD and our present study, the differences
between PM2.5 concentrations in 2000 and 2005 in our
study were small. Accordingly, replacement of the
PM2.5 concentration in 2005 with that in 2000 resulted
in almost no change in PAF at the national level.
Our estimates revealed the geographic variation in
the PAF of lung cancer due to PM2.5 exposure in Japan.
We found a high PAF in major metropolitan areas such
as Tokyo, Kanagawa and Osaka. In our method, PAFs
are thoroughly dependent on the population-weighted
concentration of PM2.5. Tokyo, Kanagawa and Osaka
are among the most densely populated areas in Japan.
These areas had higher PM2.5 concentrations, mainly
as a result of local industrial and traffic pollution (31).
Accordingly, the PAFs were also relatively high in
the major metropolitan areas. Moreover, Japan's 2005
census showed that 30% of the overall population was
concentrated in the metropolitan areas (32). Therefore,
trends in PM2.5 in the area would have a substantial
impact on the national estimates of PAF.
Higher concentrations of PM 2.5 and bigger PAF
were also found in many parts of rural areas in western
Japan. The main reason is PM2.5 arising from foreign
anthropogenic sources, especially from the Chinese
mainland (31,33-35). In Japan, the main contributor to
PM2.5 differ according to region. Contributions from
foreign anthropogenic sources were greater than those
from domestic pollution in the Kyushu region (33,35).
China has a very large PAF compared to Japan,
although variations in PAF have been assigned
according to the setting of reference levels of PM2.5
and the time lag between PM 2.5 exposure and lung

Sensitivity analysis
When the PM2.5 reference level was replaced by the
national ambient air quality standards in the US (12.0 μg/
m3) and in Japan (15.0 μg/m3), the PAF for both sexes
combined decreased to 6.2% and 1.8% for incidence
and mortality, respectively. When the reference level for
PM2.5 was changed to 4.0 μg/m3, which is regarded as
consistent with the background concentration in Japan,
PAF was 20% for both incidence and mortality. Results
with the 15-year time lag analysis were similar to those
with a 10-year time lag analysis.
Discussion
We estimated the cancer incidence and mortality
attributed to ambient air pollution (PM2.5) exposure in
Japan in 2015 by applying GIS spatial analysis data.
This is the first nationwide report of the PAF of cancer
attributable to ambient air pollution in Japan and PAF
of lung cancer mortality due to PM2.5 at a sub-national
level. We identified a large geographic variation in
PAF, namely a higher ratio in the western part in Japan.
Further, the large metropolitan areas around Tokyo and
Osaka had a large number of excess attributable cases
due to PM2.5 exposure.
Cigarette smoking is the single biggest risk factor
for lung cancer. In Japan, the PAF of lung cancer
mortality caused by cigarette smoking in 2015 was
about 60.9% for men and 18.3% for women (24).
Although the PAF of lung cancer due to PM2.5 was
small compared to that due to cigarette smoking in
men, it was about half as large as that due to cigarette
smoking for women. Moreover, the PAF due to PM2.5
was comparable to that due to secondhand smoking
(SHS) for women (8.7%) and larger than that due to
SHS for the total population (3.7%). In addition to
the inclusion of tobacco control in indoor air policies,
environmental approaches to air quality management
are also important for cancer prevention, including
lung.
The GBD 2015 study reported that lung cancer
mortality attributable to PM2.5 was about 6,800 deaths
(males 4,700, females 2,000), or 8.7% of total lung
cancer mortality in Japan (25). Our national-level
estimates of PAF were higher than the GBD 2015
estimates. One reason is the year of PM2.5 exposure
data: the GBD study used PM2.5 exposure and mortality
data from the same year (2015), whereas we used PM2.5
exposure data in 2005 and mortality in 2015. In other

(81)

www.ghmopen.com

GHM Open. 2021; 1(2):76-84.
cancer mortality/incidence (36-40). One of the Chinese
studies estimated that the PAF in China in 2015 was
23.9% overall (38). However, the study applied a high
reference level of PM2.5 (40 μg/m3). If we use the same
reference level as the Chinese study, the number of
lung cancer deaths attributed to PM2.5 would be zero
in Japan because there were no areas which had a
PM2.5 concentration over 30 μg/m3. A previous study
in the Republic of Korea estimated that the PAF was
26.9% (95% CI: 15.5%-37.0%) by applying a uniform
distribution between 2.4 μg/m3 and 5.9 μg/m3 as the
reference level of PM2.5 (41). The reference level of
4.0 μg/m3 in our sensitivity analysis is similar to this
level in the Korean study. Under this setting, the PAFs
were slightly larger in the Korea than Japan. The larger
PAFs in China and Korea were caused by exposure to
higher PM2.5 concentrations. Average concentrations in
China, Republic of Korea and Japan were 66.2 μg/m3,
30.4 μg/m3 , and 14.3 μg/m3 in 2005, respectively (42).
The south and south-east Asia region had much higher
concentrations of PM2.5 than other Asian countries (43).
Japan was considered to have smaller PAFs of PM2.5
among Asian countries.
On the other hand, a recent study in Canada, where
air pollution levels are much lower than in Japan,
estimated that 2-6% of incident lung cancer cases in
2012 might have been attributable to PM2.5 exposure by
applying different reference levels of PM2.5 (7.5 μg/m3
and 3.18 μg/m3, respectively) (44). In the GBD study, the
fraction of lung cancer mortalities attributable to PM2.5
was estimated to be 8.6% in Western Europe and 4.6%
in the US (25). The health impact of PM2.5 exposure in
Japan is large compared to these European and North
American countries.
One strength of the present study was that we used
the estimated annual average of PM2.5 concentrationbased satellite-, simulation- and monitor-based
concentrations. Agreement with the estimated data
we used and ground-observed PM 2.5 concentrations
were improved by applying the GWR model. Since
establishment of the national ambient air quality
standards in 2009 (21), the number of PM2.5 monitoring
stations in Japan has been increasing year by year (45).
Nevertheless, there are still insufficient monitoring
stations to monitor spatial distribution at the city level
with ground-based monitoring alone (46). By using
satellite-, simulation- and monitor-based concentration
data, not only monitoring data alone, our analysis
provided subnational information.
Another strength of the present study was that we
used small grid-square level mortality data instead of
city-level mortality data. Our analysis therefore provided
national and subnational information that was more
accurate than the previous estimate.
The RR used for the present study was based on
a large-scale prospective cohort study from three
prefectures in Japan. An advantage of this RR is that

the large number of confounders (age, smoking status,
pack-years, smoking status of family members, indoor
charcoal or briquette braziers used for heating, and
occupation) were directly adjusted using individual data.
On the other hand, the RR used for present study
involves several uncertainties regarding the estimation of
PM2.5 concentration and time lag between PM2.5 exposure
and lung cancer outcome. However, the RR values from
the analysis were generally comparable to those reported
in previous studies conducted in the US and European
countries (28,47-49).
This study has several limitations. First, our analysis
did not account for cumulative PM2.5 exposure. Adverse
health effects are dependent not only on concentration but
also on the length of PM2.5 exposure. In Japan, more than
two million people move across prefectural boundaries
every year (50). Rates of inter-prefectural migration vary
among prefectures. Migration has an effect on both the
length of PM2.5 exposure and cumulative PM2.5 exposure.
Adjustment for migration may improve the estimation of
PAF and its distribution in Japan.
Second, we could not obtain individual measurements
of exposure to ambient PM2.5 in this analysis. Individuals
also constantly move in time and space. To support
health impact assessment, it is essential to develop a
better understanding of individual exposure pathways
in people's everyday lives by taking account of all
environments in which people spend time.
Finally, smoking prevalence varies across prefectures
in Japan, ranging in 2019 from 26.5% in Ehime to
35.8% in Saga (Japan total: 28.8%) (51). A previous
meta-analysis reported the presence of smoking-related
confounding bias in the RR of PM2.5 on lung cancer,
and suggested that never- and former smokers may have
an elevated risk of lung cancer associated with PM2.5
compared to current smokers (52,53). However, because
we had no information on smoking prevalence among
cities, we used the overall RRs adjusted for multiple
covariates, including smoking status, instead of RRs by
smoking status.
Conclusion
Our findings indicate that nearly 10% of lung cancer and
1-2% of total cancer were attributable to excess PM2.5
exposure in Japan, with regional differences. This study
provides useful information for policy-makers and public
health agencies to aid the efficient development of their
environmental cancer prevention policies.
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