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Introduction
A number of studies have linked long-term exposure to air 
pollution, especially particulate matter with aerodynamic di-
ameter <2.5 µm (PM2.5), with all-cause, cardiorespiratory, and 
lung cancer mortality.1 Most of these studies, however, were 

conducted in Europe and North America.2–5 Asian countries dif-
fer from Western countries in lifestyle, disease incidence, and 
pollution levels, and evidence on the health effects of long-term 
exposure to PM2.5 in Asian countries is still limited.

Several epidemiological studies in Asian countries have eval-
uated the effect of long-term exposure to air pollution on mor-
tality.6–11 For example, a cohort study from Hong Kong utilized 
PM2.5 data from satellite surveillance (median = 35.3 µg/m3) or 
a land-use regression model (median = 42.2 µg/m3) to demon-
strate that PM2.5 exposure increased the risk of mortality from 
all natural and cardiovascular causes.8,9 A Chinese cohort study 
reported positive associations between PM2.5 exposure and non-
accidental, cardiorespiratory, and lung cancer mortality using 
PM2.5 data (mean = 43.7 µg/m3) from the Global Burden of 
Disease project.10 These studies, however, were conducted in 
areas with relatively higher PM2.5 levels, and studies in areas of 
lower PM2.5 levels are needed to assess exposure-response func-
tions between PM2.5 and mortality in Asian countries.

In the present study, we evaluated the association of long-
term exposure to PM2.5 and natural-cause and cause-specific 
mortality in Japan, where PM2.5 levels are relatively lower than 
in other Asian countries.

Methods

Participants

We followed up a cohort of 76,591 individuals who were 
enrolled in basic health checkups in Okayama City, Japan, in 
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Background: A number of studies have linked long-term exposure to particulate matter with aerodynamic diameter <2.5 µm 
(PM2.5) with mortality, but most of these studies were conducted in Europe and North America. Studies in Asian countries had 
been conducted at relatively high exposures. We evaluated the association of long-term exposure to PM2.5 and natural-cause and 
cause-specific mortality in Japan, where PM2.5 levels are relatively low compared with levels in other Asian countries.
Methods: A cohort of 75,531 participants underwent basic health checkups in Okayama City in 2006 or 2007. We followed the 
participants until the end of 2016. Average PM2.5 levels from 2006 to 2010 were obtained and assigned to the participants by geo-
graphical location. We used the Cox proportional hazard models to estimate hazard ratios for a 5-μg/m3 increase in PM2.5 levels for 
natural-cause or cause-specific mortality, adjusting for potential confounders.
Results: PM2.5 exposure was associated with increased risk of mortality; the hazard ratios were 1.29 (95% confidence interval = 
1.18, 1.41) for mortality from natural causes, 1.16 (1.02, 1.32) for cardiorespiratory mortality, and 1.63 (1.13, 2.34) for lung cancer 
mortality. PM2.5 exposure was more strongly associated with cardiorespiratory mortality from hypertension, pneumonia and influenza, 
and chronic obstructive pulmonary disease than with ischemic heart disease or cerebrovascular disease. Elderly participants and 
smokers tended to have higher effect estimates.
Conclusion: Long-term exposure to PM2.5 can increase the risk of natural-cause, cardiorespiratory, and lung cancer mortality in 
Japan.
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What this study adds
This study shows that long-term exposure to PM2.5 can increase 
the risk of natural-cause, cardiorespiratory, and lung cancer 
mortality in Japan, where PM2.5 levels are relatively low com-
pared with levels in other Asian countries.
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the fiscal year of 2006 or 2007 (i.e., between April 2006 and 
March 2008). Okayama City is an urbanized area in the western 
part of Japan, with a population exceeding 0.7 million. These 
basic health checkups were conducted under the Health and 
Medical Service Act for the Aged and were provided to residents 
who were >40 years of age to screen for medical conditions 
such as cardiovascular disease. The residents eligible for the 
basic health checkups were those covered by National Health 
Insurance, which is 1 of 2 types of health insurance system 
available in Japan, whereas the other is Employee’s Health 
Insurance (employment-based health insurance). For example, 
about 50.4% of the residents in Okayama City were eligible for 
the basic health checkups in the fiscal year of 2006 and about 
34.2% of the eligible participants participated in the health 
checkups.12 Medical history, self-rated health, lifestyle habits, 
and activity were self-reported from participants. Physical 
assessment (height, weight, and blood pressure at rest), blood 
analysis (complete blood count and biochemical blood tests), 
urinalysis (urine protein, blood, and sugar), and electrocardiog-
raphy were conducted for each participant in medical facilities. 
We followed the participants for survival until the end of 2016. 
Twenty-two participants were excluded because we could not 
ascertain their survival status or cause of death, leaving 76,569 
participants in the analysis.

Air pollution measurements

We focused on PM2.5 as the main air pollutant in the present 
study. We used the information on annual modeled PM2.5 data 
provided by the Atmospheric Composition Analysis Group 
at Dalhousie University.13 The group provided ground-level 
PM2.5 concentration data estimated by combining aerosol op-
tical depth with the GEOS-Chem chemical transport model and 
calibrated to global ground-based observations of PM2.5 using 
geographically weighted regression. After obtaining the dust- 
and sea salt- removed PM2.5 global estimates (approximately 
1 × 1 km), we calculated annual average PM2.5 concentrations 
for each census area in Okayama City between 2006 and 2010. 
For privacy reasons, we could not obtain the exact address of 
each participant, and used census-level information instead. The 
census area, approximately corresponding to the area code, is 
the smallest area used for the National Census, and its median 
size in Okayama City is 0.19 km2. After obtaining participants’ 
locations at the census level, we assigned modeled PM2.5 concen-
trations in each census to the participants and used the 5-year 
average concentrations (2006–2010) as the main exposure indi-
cator. We excluded 1,038 participants who were assigned nega-
tive PM2.5 concentrations in any of these years, leaving 75,531 
participants living in the 765 census areas in the analysis. The 
median number of the participants living in the 765 census areas 
was 63 and the number ranged from 1 to 1,541.

Mortality

After identifying the survival status of the participants, we eval-
uated the causes of death for deceased participants by linking 
records to the vital statistics database of the Ministry of Health, 
Labor, and Welfare in Japan. We focused on natural-cause and 
cause-specific mortality. The underlying causes of death were 
coded according to the 10th International Classification of 
Diseases (ICD-10). The numbers of deaths from natural causes 
(ICD-10 code: A00-R99), cardiorespiratory disease (I10-69/
J00-J99), and lung cancer (C33-C34) were determined. We 
also focused on specific causes of death for cardiorespiratory 
disease mortality as follows: Circulatory disease (I10-69), is-
chemic heart disease (IHD) (I20-I25), other cardiac diseases 
(such as dysrhythmias, heart failure, or cardiac arrest) (I26-51), 
cerebrovascular disease (I60-69), respiratory disease (J00-J99), 
pneumonia and influenza (J10-22), and chronic obstructive pul-
monary disease (COPD) and allied conditions (J40-47).

Statistical analysis

We used Cox proportional hazard models to estimate hazard 
ratios (HRs) for a 5-μg/m3 increase in PM2.5 levels for natu-
ral-cause or cause-specific mortality, adjusting for individu-
al-level potential confounders and area-level socioeconomic 
status in the model. For privacy reasons, we only could obtain 
the month of death or censorship. For each study participant, 
therefore, person-years were counted from April 2006 to the 
month of death or censorship (i.e., move to other municipalities 
or the end of the study in December 2016), whichever occurred 
first. Although we do not know the exact dates when partic-
ipants underwent the basic health checkup, we assumed that 
they were already living in the corresponding census area in 
April 2006.

We first adjusted for the age group (<50, 50 to <60, 60 to 
<70, 70 to <80, or ≥80 years) and sex to evaluate the associa-
tion between PM2.5 exposure and natural-cause or cause-specific 
mortality (cardiorespiratory disease and lung cancer). We then 
adjusted for other individual-level potential confounders such as 
examination year (dichotomous; 2006 or 2007), current disease 
status (i.e., taking treatment) for hypertension (dichotomous) 
and diabetes mellitus (dichotomous), effort to reduce dietary 
salt intake (dichotomous), effort to consume more vegetables 
(dichotomous), alcohol consumption (dichotomous; drinker 
including regular and occasional drinker or never drinker), 
smoking status (dichotomous; current smoker or not), smoking 
quantity of smokers (number of smoking per day) (continuous), 
squared quantity of smokers (continuous), smoking years of 
smokers (continuous), squared smoking years of smokers (con-
tinuous), regular exercise (dichotomous; having regular exercise 
of more than 30 minutes per day for more than 1 year or not), 
height (continuous), body mass index (categorical; quartile), 
and total cholesterol (continuous). Body mass index was defined 
as body weight (kg) divided by height squared (m2). We included 
the height variable to reflect individual socioeconomic status14–16 
and total cholesterol because it has been shown to be associated 
with a lower risk of mortality, possibly owing to inflammatory or 
nutritional processes.17 Efforts to reduce dietary salt intake and 
consume more vegetables were obtained from the self-reported 
questions related to dietary awareness of the participants. All 
individual-level variables were obtained at the baseline health 
checkup and the variables other than examination year, height, 
body mass index, and total cholesterol were self-reported. We 
then adjusted for the proportion of white-collar workers over 
15 years of age in the census as an indicator of area-level soci-
oeconomic status in the model. We defined managerial, profes-
sional or technical, and clerical workers as white-collar workers, 
while sales, service, security, agriculture, fishery, manufacturing 
process, transport, construction, carrying, and others as non-
white-collar workers. The data were obtained from the 2015 
National Census.

In subsequent analyses, we entered the quartile PM2.5 expo-
sure into the model instead of the linear PM2.5 format. Moreover, 
we estimated HRs for specific causes of death for cardiorespi-
ratory disease mortality (defined above) in the fully-adjusted 
model. We also examined the presence of effect modification by 
stratifying the participants by age (<70 or ≥70 years), sex (male 
or female), current smoking status (smoker or not), body mass 
index (above or below the median value of 22.6), hypertension, 
and diabetes mellitus; P-values for interaction were calculated.

In the sensitivity analysis, we used the concentration in 2006 
and the 2-year average of the concentrations from 2006 and 
2007 as alternative exposure indicators. Moreover, most of the 
heart failure (ICD-10 code: I50) mortality are considered to be 
reclassified as IHD mortality,18 so we combined the heart failure 
mortality with the category of IHD mortality and repeated the 
analysis.

All confidence intervals (CIs) were calculated at the 95% level, 
and P-values for interaction smaller than 0.05 were considered 
significant. Stata SE version 15 (StataCorp, College Station, 
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Texas) was used for all analyses. The study was approved by the 
Okayama University Graduate School of Medicine, Dentistry 
and Pharmaceutical Sciences Institutional Review Board (No. 
1801-034).

Results

The average values of PM2.5 concentration in the census areas 
(with SD) were 14.0 (1.0) μg/m3, and PM2.5 levels ranged 
from 12.2 to 15.3 μg/m3 (Figure 1). Mean age of the partici-
pants was 69.9 years, and more women (67.9%) were enrolled 
(Table  1). Although the participants from the lowest PM2.5 
quartile were the oldest, those from the highest PM2.5 quartile 
tended to smoke, drink alcohol, attempt to consume more veg-
etables, exercise regularly, have higher total cholesterol levels, 
and live in the areas with higher proportions of white-collar 

workers. Age-standardized mortality rates for natural-cause and 
cause-specific mortality stratified by sex and the PM2.5 quartile 
are shown in eTable 1; http://links.lww.com/EE/A45 and women 
had lower mortality in any cause.

Table  2 shows the HRs for natural-cause and cause-spe-
cific mortality. In the crude models, PM2.5 was not associated 
with increased risk of mortality. After adjusting for potential 
confounders, however, the elevated risks became apparent, and 
PM2.5 was associated with increased risk of natural-cause and 
cause-specific mortality; the HRs for a 5-μg/m3 increase in PM2.5 
were 1.29 (95% CI = 1.18, 1.41) for all-cause mortality, 1.16 
(1.02, 1.32) for cardiorespiratory mortality, and 1.63 (1.13, 
2.34) for lung cancer mortality. When we used the quartile cat-
egory for PM2.5, the risk increased almost linearly, especially for 
mortality from natural causes (Figure 2).

Table 3 shows the HRs for the specific causes of death. PM2.5 
exposure was more strongly associated with hypertension, 
pneumonia and influenza, and COPD; the HR for COPD and 
allied conditions was 3.18 (1.62, 6.25).

When we stratified the participants by individual factors, the 
elderly and smokers tended to have higher effect estimates, and 
P-values for interaction were statistically significant (Figure 3).

The PM2.5 concentration in the census areas declined gradu-
ally. The concentrations of 2006, the 2-year average of 2006 and 
2007, and the 5-year average (2012–2016) were 15.3, 14.8, and 
13.5 μg/m3, respectively, and all were strongly correlated with 
the main exposure indicator in the present study, i.e., correlation 
coefficients with 5-year average concentrations from 2006 to 
2010 were 0.99 for all. When we used the concentration in 2006 
and the 2-year average of the concentrations from 2006 and 
2007 as alternative exposure indicators in the sensitivity anal-
ysis, the results did not change substantially (eTable 2; http://
links.lww.com/EE/A45). Finally, when we combined the heart 
failure mortality with the IHD mortality, the HRs for a 5-μg/m3 
increase in PM2.5 was 1.08 (95% CI = 0.84, 1.37).

Discussion

In the present study, we evaluated the association of long-term 
exposure to PM2.5 and natural-cause and cause-specific mor-
tality in Okayama, Japan. We found that long-term exposure 
was associated with increased risk of natural-cause, cardio-
respiratory, and lung cancer mortality. For cardiorespiratory 
mortality, PM2.5 exposure was more strongly associated with 
mortality from respiratory disease, hypertension, pneumonia 

Figure 1. A map of study area and fine particulate matter (PM2.5) exposure 
distribution.

Table 1

Demographic characteristics of study participants by quartile fine particulate matter exposure (n = 75,531)

Total (n = 75,531) Q1 (n = 18,896) Q2 (n = 18,906) Q3 (n = 18,886) Q4 (n = 18,843)

Individual-level characteristics      
  Mean age (year) ± SD 69.9 ± 11.2 71.5 ± 10.5 69.3 ± 11.0 69.2 ± 11.3 69.8 ± 11.7
  Sex, women, n (%) 51,312 (67.9) 12,451 (65.9) 12,663 (67.0) 12,987 (68.8) 13,211 (70.1)
  Examination year, in 2006, n (%) 58,774 (77.8) 13,836 (73.2) 15,192 (80.4) 14,893 (78.9) 14,853 (78.8)
  Hypertension, n (%) 26,294 (34.8) 7,124 (37.7) 6,477 (34.3) 6,079 (32.2) 6,614 (35.1)
  Diabetes, n (%) 5,980 (7.9) 1,496 (7.9) 1,496 (7.9) 1,432 (7.6) 1,557 (8.3)
  Effort to reduce salt intake, n (%) 34,050 (45.1) 8,730 (46.2) 8,110 (42.9) 8,468 (44.8) 8,742 (46.4)
  Effort to consume more vegetable, n (%) 41,323 (54.7) 10,130 (53.6) 10,331 (54.6) 10,413 (55.1) 10,449 (55.5)
  Alcohol consumption, n (%) 24,600 (33.3) 5,680 (30.8) 6,247 (33.7) 6,394 (34.6) 6,281 (34.2)
  Current smoking status, n (%) 7,995 (10.7) 1,826 (9.8) 1,978 (10.6) 2,079 (11.1) 2,112 (11.4)
  Regular exercise, n (%) 31,067 (42.4) 7,228 (39.6) 7,653 (41.7) 8,114 (44.2) 8,072 (44.1)
  Mean height (cm) ± SD 154.4 ± 8.9 153.7 ± 9.2 154.7 ± 8.8 154.8 ± 8.8 154.5 ± 8.8
  Mean body mass index ± SD 22.8 ± 3.4 22.9 ± 3.4 22.9 ± 3.4 22.8 ± 3.4 22.7 ± 3.5
  Mean total cholesterol (mg/dl) ± SD 210 ± 35.3 206.3 ± 34.7 209.8 ± 35.2 211.9 ± 35.8 212.1 ± 35.3
Area-level characteristics      
  Mean proportion of white-color workers in  

the census area ± SD
0.38 ± 0.08 0.32 ± 0.06 0.37 ± 0.05 0.40 ± 0.08 0.41 ± 0.09

Fine particulate matter distribution: 12.2–12.9 µg/m3 for Q1, 13.0–14.05 µg/m3 for Q2, 14.08–15.07 µg/m3 for Q3, and 15.08–15.28 µg/m3 for Q4. Subjects with missing data were excluded from the 
analysis.

http://links.lww.com/EE/A45
http://links.lww.com/EE/A45
http://links.lww.com/EE/A45
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and influenza, and COPD than with other causes. Elderly and 
smoking participants tended to have higher effect estimates.

The positive associations of PM2.5 and natural-cause and car-
diorespiratory mortality are consistent with those reported by 
previous studies in both Western and Asian countries,1,8–10 but 
the effect estimates obtained in the present study were higher: 
The percent excess risk estimated for natural-cause mortality 
was 29% per 5 μg/m3 (or 66% per 10 μg/m3), much higher 
than the estimates from an American cancer cohort study (4% 
per 10 μg/m3)5 and Medicare cohort (7.3% per 10 μg/m3),3 the 

Table 2

Adjusted HRs for a 5-μg/m3 increase in fine particulate matter and 95% CIs for natural-cause and cause-specific mortality  
(n = 75,531)

Mortality  
(n)

Age and sex adjusted  
HR (95% CI)

Individual-level  
variables adjusted  

HR (95% CI)a

Individual- and area-level 
variables adjusted HR 

(95% CI)b

Natural-cause mortality 15,675 1.01 (0.93, 1.08) 1.21 (1.12, 1.31) 1.29 (1.18, 1.41)
Cause-specific mortality     
  Cardiorespiratory  

(I10-69/J00-J99)
7,416 0.89 (0.80, 0.99) 1.08 (0.96, 1.21) 1.16 (1.02, 1.32)

  Lung cancer (C33-C34) 885 1.23 (0.89, 1.69) 1.29 (0.92, 1.79) 1.63 (1.13, 2.34)

aAdjusted for age, sex, examination year, hypertension, diabetes, effort to reduce salt intake, effort to consume more vegetable, alcohol consumption, current smoking status, smoking quantity of smokers 
(number of smoking per day), squared quantity of smokers, smoking years of smokers, squared smoking years of smokers, regular exercise, height, body mass index, and total cholesterol.
bAdjusted further for proportion of white-color workers in the census area.

A

B

C

Figure 2. HRs for the association of quartile fine particulate matter (PM2.5) 
exposure and (A) natural-cause, (B) cardiorespiratory disease, and (C) lung 
cancer mortality. Error bars denote the 95% CIs.

Table 3

Adjusted HRs for a 5-μg/m3 increase in fine particulate matter 
and 95% CIs for cardiorespiratory mortality (n = 75,531)

Mortality (n) HR (95% CI)a

Cardiorespiratory (I10-69/J00-J99) 7,416 1.16 (1.02, 1.32)
  Circulatory disease (I10-69) 4,309 1.06 (0.90, 1.26)
   Hypertension (I10-13) 88 1.29 (0.40, 4.22)
   IHD (I20-I25) 953 0.73 (0.51, 1.04)
   Other cardiac disease (I26-51) 1,611 1.27 (0.96, 1.67)
   Cerebrovascular disease (I60-69) 1,657 1.10 (0.84, 1.44)
  Respiratory disease (J00-J99) 3,107 1.32 (1.08, 1.61)
   Pneumonia and influenza (J10-22) 1,803 1.25 (0.96, 1.63)
   COPD and allied conditions (J40-47) 266 3.18 (1.62, 6.25)

aAdjusted for age, sex, examination year, hypertension, diabetes, effort to reduce salt intake, 
effort to consume more vegetable, alcohol consumption, current smoking status, smoking 
quantity of smokers (number of smoking per day), squared quantity of smokers, smoking years of 
smokers, squared smoking years of smokers, regular exercise, height, body mass index, and total 
cholesterol.

Figure 3. Association of fine particulate matter (PM2.5) exposure and natu-
ral-cause mortality, stratified by participant characteristics. P-values for in-
teraction are shown. BMI, body mass index; DM, diabetes mellitus; HTN, 
hypertension. Error bars denote the 95% CIs.
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ESCAPE study in Europe (7% per 5 μg/m3),2 and studies con-
ducted in Hong Kong (14% or 6% per 10 μg/m3)8,9 and China 
(9% per 10 μg/m3)10 in Asian individuals. The differences in 
exposure assessment, concentrations in PM2.5 (e.g., the lower 
PM2.5 concentrations in Japan than in other Asian countries), 
particle composition, disease pattern between Western and 
Asian countries, the associations between PM2.5 and specific 
causes of diseases (e.g., the stronger association with mortality 
from respiratory than circulatory disease in the present study), 
or the demographic characteristics may act together to explain 
the differences in the effect estimates. For example, our study 
participants had larger fraction of elderly or female partici-
pants compared to the ESCAPE study2 or the study in China10 
or lower BMI compared to the ESCAPE study,2 the Medicare 
cohort,3 or the study in Hong Kong.8,9 As we observed below, 
although some of the interactions were not significant, elderly or 
female participants and the participants with lower body mass 
index tended to have higher effect estimates compared to the 
others in the present study. But, these explanations would not 
fully explain the higher effect estimates in the present study and 
further studies in Japan are needed to examine this. The elevated 
risk of lung cancer is also consistent with the conclusions of the 
International Agency for Research on Cancer on the carcinoge-
nicity of PM2.5,

19 a meta-analysis,20 and other studies conducted 
in China10 and Japan.21

In relation to specific cardiorespiratory causes of death, PM2.5 
was more strongly associated with respiratory disease (i.e., pneu-
monia and COPD) than with cardiac and cerebrovascular di-
sease. Although a study based in North America also suggested 
a positive association between PM2.5 exposure and respiratory 
disease mortality,22 most studies in Western countries found a 
stronger effect estimate for IHD, followed by cerebrovascular di-
sease and respiratory disease.22,23 Although a study from Hong 
Kong also observed a high HR for IHD and did not find a posi-
tive association with respiratory disease,8 a Chinese study in men 
observed stronger effects for COPD or stroke than for IHD.10 
Moreover, a Japanese cohort study that converted larger particles 
to PM2.5 using a conversion factor reported positive associations 
of particles with lung cancer and respiratory disease mortality.21 
These contrasting findings between Western and Asian coun-
tries may also be driven by differences in exposure assessment, 
particle composition, disease prevalence, diagnosis of the dis-
eases, or study populations (e.g., lower body mass index among 
Asians). But, in the sensitivity analysis that combined the heart 
failure mortality with the IHD mortality, the effect estimates 
were elevated and consistent with studies in Western countries.23 
Also, our previous cohort study in Japan that evaluated long-
term exposure to nitrogen dioxide using a land-use regression 
model demonstrated elevated HRs for IHD11; more refined expo-
sure modeling may therefore provide other insights in the Asian 
setting.

Moreover, in the present study, elderly and smoking partici-
pants tended to have higher effect estimates for mortality from 
natural causes, which may highlight the vulnerability of these 
populations to air pollution. Although a previous review did 
not note similar effect modifications,23 some studies demon-
strated that smoking and air pollution had greater than additive 
effects,24–26 consistent with our study. Future studies are war-
ranted to investigate this.

The present study has several strengths. First, selection bias 
would be small, because we could identify the survival status 
of most of the participants. Second, background information 
obtained by baseline questionnaire enabled us to adjust for po-
tential confounders extensively.

In contrast, several limitations should be noted. First, there 
is a possibility of exposure misclassification because we could 
only assign PM2.5 exposure to the census level for privacy rea-
sons. This misclassification would be predominantly a Berkson 
error, making the effect estimates less precise.27 Second, we used 
the 5-year average concentrations from 2006 to 2010 as a main 

exposure indicator and did not account for yearly changes in 
PM2.5, assuming that the spatial pattern in PM2.5 was preserved 
in the study area. Although the concentrations in PM2.5 declined 
gradually, the observed correlation coefficients between con-
centrations in different years were high, and Okayama City 
was geographically stable and well-developed. Also, the sensi-
tivity analyses which used the alternative exposure indicators 
were robust (eTable 2; http://links.lww.com/EE/A45). Thus, our 
assumption would be reasonable. Third, follow-up information 
was available on a monthly basis only, but this nondifferential 
outcome misclassification would only move the effect estimates 
toward the null. Finally, residual confounding is possible be-
cause individual-level potential confounders were mostly col-
lected by self-report and we could not obtain individual-level 
socioeconomic variables. We adjusted, however, for the propor-
tion of white-collar workers and for height as an indicator of 
area-level and individual socioeconomic status in the main anal-
yses, respectively.15,16

Conclusion

The present study shows that long-term exposure to PM2.5 can 
increase the risk of natural-cause, cardiorespiratory, and lung 
cancer mortality in Japan, where PM2.5 levels are relatively lower 
than in other Asian countries. PM2.5 was more strongly associ-
ated with respiratory outcomes, which is inconsistent with find-
ings from studies in Europe and North America. Future work 
leveraging more precise exposure measurements may provide 
further insights, but this study offers compelling evidence on the 
harmful effects of PM2.5.
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