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1  | INTRODUCTION

Asbestos is a significant occupational carcinogen and is well estab-
lished as the only identifiable risk factor for mesothelioma.1 Several 
cohort studies have found that the incidence and mortality from 
mesothelioma were high among asbestos workers employed in min-
ing and asbestos-cement factories, coach and vehicle body builders, 

shipwrights, and heating and ventilating engineers, among others.2-9 
However, the magnitude of excess risk due to nonoccupational ex-
posure among the general population in industrial areas is insuffi-
ciently estimated.10 Asbestos is also recognized as a cause of lung 
cancer. However, because of the prevalence of smoking, the joint 
relationship between asbestos and smoking on the risk of lung can-
cer is variable.11-13
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Occupational asbestos exposure occurs in many workplaces and is a well-known 
cause of mesothelioma and lung cancer. However, the association between nonoc-
cupational asbestos exposure and those diseases is not clearly described. The aim of 
this study was to investigate cause-specific mortality among the residents of 
Amagasaki, a city in Japan with many asbestos factories, and evaluate the potential 
excess mortality due to established and suspected asbestos-related diseases. The 
study population consisted of 143 929 residents in Amagasaki City before 1975 until 
2002, aged 40 years or older on January 1, 2002. Follow-up was carried out from 
2002 to 2015. Standardized mortality ratio (SMR) with its 95% confidence interval 
(CI) was calculated by sex, using the mortality rate of the Japanese population as 
reference. A total of 38 546 deaths (including 303 from mesothelioma and 2683 
from lung cancer) were observed. The SMRs in the long-term residents’ cohort were 
as follows: death due to all causes, 1.12 (95% CI, 1.10-1.13) in men and 1.07 (95% CI, 
1.06-1.09) in women; lung cancer, 1.28 (95% CI, 1.23-1.34) in men and 1.23 (95% CI, 
1.14-1.32) in women; and mesothelioma, 6.75 (95% CI, 5.83-7.78) in men and 14.99 
(95% CI, 12.34-18.06) in women. These SMRs were significantly higher than ex-
pected. The increased SMR of mesothelioma suggests the impact of occupational 
asbestos exposure among men and nonoccupational asbestos exposure among 
women in the long-term residents’ cohort. In addition, the high level of excess mor-
tality from mesothelioma has persisted, despite the mixture of crocidolite and chry-
sotile no longer being used for three or four decades.
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According to previous epidemiological studies, the main cir-
cumstances for asbestos exposure that have been investigated are 
as follows: occupational, domestic, and environmental exposure. 
Occupational exposure occurs among people who are exposed due 
to work-related activities. Domestic exposure usually occurs among 
people who live with a person exposed in the workplace, and is 
thus a result of asbestos fibers brought home by those cohabitants. 
Another kind of domestic exposure is a result of the use of asbes-
tos material or crushed asbestos material at home. Environmental 
exposure usually occurs among people who live in the vicinity of a 
natural source of asbestos or a factory using asbestos. Domestic and 
environmental exposure could be referred to as nonoccupational ex-
posure in general.10,14,15

In Japan, public awareness of asbestos-related health issues 
arose in 2005, popularly referred to as the “Kubota Shock”; a re-
port was released that detailed 51 workers who died from asbestos-
related diseases during the last 10 years, and 5 residents living near 
a now-defunct asbestos cement pipe plant of Kubota Kanzaki fac-
tory who developed pleural mesothelioma.16 The plant was located 
in Amagasaki City, Hyogo Prefecture, in the southwestern region 
of Japan (Figure 1), which used a mixture of crocidolite and chrys-
otile from 1957 to 1975 (referred to hereafter as “the asbestos-use 
period”).17 Moreover, asbestos was also used in relatively smaller 
quantities at several other factories in the city.18 Consequently, res-
idents living in Amagasaki City during the asbestos-use period could 
be exposed to high levels of asbestos fibers in the air surrounding 
those factories and thus were particularly considered the subjects in 
investigating the health effects of asbestos exposure.

To the best of our knowledge, epidemiological studies under-
taken to evaluate the risk of asbestos-related diseases in Amagasaki 
City are few.19-23 Considering the typical long latency period of 
mesothelioma, former estimations need to be updated in order to 

reflect the latest public health consequences of exposure to as-
bestos. A population-based cohort study was therefore carried out 
with the main aim of updating the measure of risk of death from all 
causes, lung cancer, and mesothelioma associated with exposure to 
asbestos in Amagasaki City.

2  | MATERIALS AND METHODS

2.1 | Long-term residents’ cohort

The long-term residents’ cohort included 143 929 subjects living in 
Amagasaki City before 1975 until 2002 aged 40 years or more on 
January 1, 2002, who were listed on the Basic Resident Registration 
in Amagasaki City. Subjects were followed up from January 1, 2002, 
to December 31, 2015, or until the date of death or outmigration, 
whichever occurred first. The information on date of death or outmi-
gration was obtained from the Basic Resident Registration. Overall, 
93 178 subjects were alive at the end of the follow-up period, 38 546 
died, and 12 205 migrated.

As the vital status was followed by the Basic Resident 
Registration at Amagasaki City office, causes of death were as-
certained through the Vital Statistics from the National Ministry 
of Health, Labour and Welfare. Causes of death had been coded 
according to the International Classification of Diseases, 10th 
Revision. Lung cancer and mesothelioma deaths were identified 
using codes C34 and C45, respectively. Because the data were 
anonymous, the cohort was linked to the Vital Statistics using the 
following linkage keys: gender, date of birth, and date of death. 
A total of 20 508 and 18 038 deaths were identified in men and 
women, respectively: 1953 men and 730 women died from lung 
cancer and 192 men and 111 women died from mesothelioma 
during the follow-up period (2002-2015).

F IGURE  1 Location of Amagasaki City, Japan
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Person-years, divided into 5-year age groups, were calculated 
for each individual. Collectively, 66 318 men and 77 611 women in 
the cohort accumulated 737 079 and 908 814 person-years, respec-
tively, of exposure over the 14 years of follow-up.

2.2 | Short-term residents

The annual population of the whole city was obtained from the of-
ficial website of Amagasaki City, tabulated by the 5-year age group 
and gender.24 Although the data source is not individual, it could be 
used as the denominator in calculating the death rates of the whole 
city, after being converted to person-years when multiplied to each 
annual population by a single calendar year, whereas the numbers of 
deaths in the whole city from 2002 to 2015 can be obtained from 
the Vital Statistics, which can be used as numerators in calculating 
the death rates of the whole city population. We defined short-term 
residents as subjects living in Amagasaki City who moved into the 
city after 1975 and attained an age of 40 years or more during fol-
low-up. There were some long-term residents living in Amagasaki 
City before 1975 until 2002, similar to the subjects in the cohort, 
but aged less than 40 years on January 1, 2002, and were thus not 
included in the long-term residents’ cohort. Although these peo-
ple would reach 40 years or greater during the 14-year follow-up 
period, they were not included in the short-term residents either, 
due to their long-term residential history. The number of deaths 
and person-year counts, within each distinct 5-year age group and 
sex category, was calculated by subtracting the number of both the 

long-term residents’ cohort and the relatively younger long-term 
residents mentioned above from that in the whole city according to 
each calendar year. A total of 11 020 male and 8440 female short-
term residents died, which accumulated to 854 491 and 871 173 
person-years, respectively, during the whole follow-up period.

2.3 | Standardized mortality ratios

The standardized mortality ratio (SMR) was calculated with its 95% 
confidence interval (CI) for the whole city, and the long-term resi-
dents’ cohort compared to the short-term residents according to 
all-cause deaths, lung cancer, and mesothelioma, by dividing the 
number of observed deaths by the number of expected deaths that 
would have occurred. The expected number of deaths was calcu-
lated using the Japanese annual sex- and age-specific death rates. 
These death rates were calculated by dividing the number of deaths 
by the national population within each 5-year age group and sex cat-
egory for a calendar year. Both national population and number of 
deaths were available from the Portal Site of Official Statistics of 
Japan (e-Stat), also known as a portal site of Japanese Government 
Statistics. The 95% CIs for SMRs were calculated using the Poisson 
distribution to determine upper and lower band multipliers applied 
to the SMR.

In addition, the follow-up was divided into 3 analysis periods: 
2002-2006 (5 years), 2007-2011 (5 years), and 2012-2015 (4 years).

Stata 14.2/MP (StataCorp, College Station, TX, USA) was used 
for all statistical analyses, and the level of significance was set at 

Age group, 
yearsa

Whole city Long-term residents
Short-term 
residents

No. % No. % No.b %

Men

40-49 26 987 23.7 9319 14.1 17 668 37.0

50-59 37 016 32.5 19 732 29.8 17 284 36.2

60-69 29 671 26.0 21 285 32.1 8386 17.6

70-79 15 337 13.4 11 930 18.0 3407 7.1

80-89 4321 3.8 3581 5.4 740 1.5

90≤  732 0.6 471 0.7 261 0.5

Total 114 064 100.0 66 318 100.0 47 746 100.0

Women

40-49 25 408 20.3 7606 9.8 17 802 37.3

50-59 36 579 29.2 21 512 27.7 15 067 31.6

60-69 31 439 25.1 24 094 31.0 7345 15.4

70-79 20 586 16.4 15 939 20.5 4647 9.7

80-89 9658 7.7 7242 9.3 2416 5.1

90≤ 1694 1.4 1218 1.6 476 1.0

Total 125 364 100.0 77 611 100.0 47 753 100.0

aAge was calculated at the beginning of 2002. 
bPopulation of short-term residents = population of the whole city − population of long-term 
residents. 

TABLE  1 Age distribution of all 
long- and short-term residents of 
Amagasaki City, Japan, according to 
gender at the beginning of follow-up
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P-value of <.05. Informed consent was waived because official data 
were used. The study protocol was approved by the Institutional 
Review Board of Osaka University (Suita, Japan).

3  | RESULTS

Age distribution of the whole city, long-, and short-term resi-
dents according to gender at the beginning of the follow-up period 
is shown in Table 1. A total of 66 318 men and 77 611 women aged 
40 years or more were included in the long-term residents’ cohort, 
whereas 47 746 men and 47 753 women were included in the short-
term residents. In the long-term residents’ cohort, the subjects were 
mainly distributed in the 50- to 79-year age group. In contrast, the 
majority of short-term residents were aged 40-59 years. No signifi-
cant gender differences in age distribution could be observed in the 
long- or short-term residents.

Table 2 presents the person-years, number of deaths, and death 
rate (per 100 000) of all-cause death by 10-year age groups and 
gender among the whole city and long- and short-term residents. 
The total person-years decreased in the long-term residents’ cohort, 
but increased in the short-term residents over 3 analysis periods. 
The decreasing trend in the long-term residents’ cohort could be ex-
plained by death or outmigration. Furthermore, as people younger 
than 40 years were excluded in the cohort, there was no younger 
generation under 40 years of age that could move to the older age 
group over the follow-up period. By contrast, the increasing trend 
in the short-term residents was observed due to the presence of 
both inmigration and outmigration. As a result, the age distribution 
was different between the long- and short-term residents. In total, 
the proportions of long-term residents’ cohort to the whole city, in 
person-years, decreased from 53.0% to 34.0% in men and 57.3% to 
39.5% in women over 3 analysis periods. When we focused on those 
proportions by age group within each analysis period, the age group 
with a high proportion of long-term residents was found to be el-
derly people, particular those aged over 70 years. With regard to the 
total death rate over 3 analysis periods, the death rate of long-term 
residents increased from 2372.8 to 3376.3 in men, and from 1640.3 
to 2447.5 in women, whereas no significant changes were observed 
among short-term residents.

The SMRs are shown in Table 3, according to causes of death 
among the whole city and long- and short-term residents by period 
and gender. The overall SMRs of mesothelioma in the long-term res-
idents’ cohort were 6.75 in men and 14.99 in women, which was 
markedly increased compared to the short-term residents. The 
SMRs of mesothelioma in short-term residents were also higher than 
that of the national level, namely 3.45 in men and 5.40 in women. 
Furthermore, women presented a notably higher SMR for mesothe-
lioma than men, observed in both the long- and short-term residents. 
In addition, the SMR of mesothelioma in the long-term residents’ 
cohort had an increasing trend in women across the subperiod of 
follow-up. Moreover, the results for mesothelioma, lung cancer, and 
all-cause deaths showed a small but significant extent of excess 

mortality, representing the SMRs of 1.28 in men and 1.23 in women 
for lung cancer, and 1.12 in men and 1.07 in women for all-cause 
deaths in the cohort. Furthermore, these 2 causes of death showed 
a relatively lower SMR in the long-term residents’ cohort than in the 
short-term residents. However, no gender differences were noted in 
lung cancer or all-cause deaths.

4  | DISCUSSION

4.1 | Mesothelioma

We observed that in the long-term residents’ cohort 6.75 times more 
men and 14.99 times more women, compared to their age-mates 
in the national general population, died of mesothelioma, which is 
consistent with the findings of other earlier studies in Amagasaki 
City.19,21,23 A large amount of asbestos was processed in the manu-
facturing plants in Amagasaki City from 1957 to 1975.18 Thus, more 
residents in Amagasaki City were employed in those asbestos-
related factories, which predominantly consisted of male workers 
who were occupationally exposed to asbestos. As a consequence, 
the frequency of subjects who had an experience of occupational 
exposure to asbestos was higher in the long-term residents’ cohort, 
compared to the national general population. This is the reason 
why SMRs increased in the long-term residents’ cohort, in particu-
lar for men who were more likely to have experienced occupational 
exposure.

The present study showed a higher excess of mesothelioma 
among women than men in the long-term residents’ cohort. This can 
be partly explained due to the difference in national rates between 
men and women. The national rates in men are higher than those 
in women due to the predominant frequent occupational exposure 
to asbestos among men compared to women. However, due to the 
concentration of asbestos-related factories in Amagasaki City, as-
bestos fibers suspended in the air could be inhaled by people living 
in the neighborhood of those factories.1,19 Therefore, the risk of me-
sothelioma could arise from environmental exposure to asbestos. In 
addition, because of the high frequency of asbestos-related workers 
in the city, more people who were living with those workers might be 
exposed to asbestos fibers brought home by them. As a result, the 
risk of mesothelioma could arise from domestic exposure to asbes-
tos as well. Hence, the notably higher SMRs shown in women, the 
vast majority of whom were less likely to be occupationally exposed, 
suggested that a substantial proportion of mesothelioma cases were 
attributable to non-occupational asbestos exposure among women 
in Amagasaki City, which is much higher than the national level. 
There remains the possibility that the increased SMRs could be af-
fected by the occupational exposure to asbestos among women as 
well, although the impact would be limited compared to that among 
men.

When the cohort was separately analyzed for each period, 
SMRs of mesothelioma were found to be almost unchanged in men 
(from 6.26 to 6.96), but were increased in women (from 11.77 to 
18.03). The difference in trend between men and women could be 
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explained by the changes in the national rate. The asbestos-use pe-
riod in Amagasaki City was supposed to be almost the same as that 
in the nationwide. Moreover, the death rate for men in the cohort 
increased throughout the follow-up, which was in accordance with 
the nationwide data. Thus, the SMR in men could remain constant. 
In contrast, the national rate for women was maintained at a low 
level because the nonoccupational exposure to asbestos is seldom 
assessed all over the country. However, the death rate for women 
was increasing in the cohort throughout the follow-up period. As a 
result, the increasing trend of SMR occurred among women in the 
long-term residents’ cohort.

When we compared the SMRs between the long- and the short-
term residents, the SMRs for mesothelioma were remarkably higher 
among the long-term residents. This suggested that long-term resi-
dents who lived in Amagasaki City during the exposure period suf-
fered from mesothelioma.

Moreover, a significant excess in mesothelioma mortality was 
also found among the short-term residents’ population. Nine out of 
11 persons who died of mesothelioma were short-term residents 
during 2002-2006, and were found to have had a history of residence 
in Amagasaki City before the end of 1975. Therefore, the short-term 
residents were actually a mixed group, including re-migrants with 
high exposure to asbestos in the past and new migrants with average 
exposure at the national level.

4.2 | Lung cancer

A significantly increased risk of death from lung cancer was also 
observed in the long-term residents’ cohort compared to the na-
tional general population. Furthermore, the risk in the long-term 
residents’ cohort was found to be lower than that in short-term 
residents, which is different from the result in mesothelioma. If the 
excess mortality for lung cancer in the long-term residents’ cohort 
was affected by exposure to asbestos, their SMRs should be higher 
than among the short-term residents. Thus, the higher SMR in short-
term residents implied that the excesses in lung cancer attributed to 
other risk factors rather than exposure to asbestos in the present 
study. The relationship between asbestos exposure and lung cancer 
risk has long been studied and is complicated, mainly because both 
smoking and asbestos exposure are important risk factors for lung 
cancer and even have a multiplicative effect when combined.25,26 In 
addition, Amagasaki City was an air pollution designated area, which 
is another risk factor of lung cancer. Thus, information on smoking 
status and air pollution is required to explain the lung cancer excess 
mortality.

4.3 | All causes

Similar to the results in lung cancer, although the SMRs from all 
causes were higher both in the long- and short-term residents than 
those at the national level, people in the long-term residents’ cohort 
had a relatively lower mortality compared to the short-term resi-
dents. Therefore, excesses in all-cause mortality could be attributed 

to other risk factors rather than exposure to asbestos alone. The risk 
factors that can be considered include not only lifestyle habits in 
general, such as smoking, alcohol consumption, or obesity, but also 
the social capital of the local community.

The main strength of this study is the long duration measured as 
the length of time from onset of exposure to the occurrence of me-
sothelioma. The latency of mesothelioma between initial time of ex-
posure to asbestos and the onset of disease is typically longer than 
30 years.27 In the present study, the length of this duration was up 
to a maximum of 59 years, so that more cases of mesothelioma could 
be detected. Another advantage of our study is that mortality in the 
long-term residents’ cohort was investigated using the official data 
at an individual level, which has not been executed so far. Moreover, 
the long- and short-term residents were also compared, which helps 
in understanding the contribution of exposure to asbestos in differ-
ent causes of death.

Nevertheless, the study design has some limitations. First, non-
occupational asbestos exposure alone was not separated from oc-
cupational exposure. Because information on occupational history 
cannot be obtained in the official data, the subjects who might be 
exposed to occupational asbestos were included in the long-term 
residents’ cohort. Moreover, deaths due to occupational asbestos 
exposure cannot be excluded with the use of the national mortality 
rates. Thus, a case-control study nested within the long-term resi-
dents’ cohort is ongoing. Another limitation was that some unmea-
sured confounders, such as smoking habits and air pollution, could 
exist. Thus, exposure to asbestos might not be the only risk factor to 
explain the differences in SMR between long- and short-term resi-
dents or between Amagasaki City and nationwide.

In conclusion, the present study provides updated quantitative 
information on the risk of mesothelioma and lung cancer in a unique 
urban area where the asbestos-related factories were concentrated 
in Japan. The increased SMR of mesothelioma suggests the impact 
of occupational asbestos exposure among men and nonoccupational 
asbestos exposure among women in the long-term residents’ cohort. 
In addition, a high level of excess mortality from mesothelioma per-
sists, despite the mixture of crocidolite and chrysotile not being used 
for three or four decades. Further studies are needed to refine our 
understanding in the future.
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