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Abstract
Background: Although a causal relationship between mesothelioma and asbestos exposure is well
known, few studies have shown a relationship to non-occupational exposure, including neighborhood
exposure, most likely because of the large effect size of occupational exposure. The aim of this study
was to quantify the risk of malignant mesothelioma death associated with neighborhood asbestos
exposure due to a large-scale asbestos-cement (AC) plant in Amagasaki, Japan, by properly adjusting for
occupational exposure.

Methods: We conducted a nested case-control study in which a �xed population of 143,929 residents
who had been living in Amagasaki City between 1975 and 2002 were followed from 2002 to 2015. All 133
cases and 403 matched controls were interviewed about their occupational, domestic, household, and
neighborhood asbestos exposures. Odds ratios (ORs) for mesothelioma death associated with
neighborhood exposure were estimated by a conditional logistic-regression model that adjusted for other
asbestos exposures. We adopted cumulative indices that considered residence-speci�c asbestos
(crocidolite) concentrations and durations during the potential exposure period of 1957-1975 to evaluate
individual neighborhood exposures.

Results: There was an increasing, dose-dependent risk of mesothelioma death associated with
neighborhood exposure, demonstrated by ORs in the highest quintile category that were 21.4 (95% CI: 5.8
- 79.2) for all, 23.7 (95% CI: 3.8 -147.2) for males, and 26.0 (95% CI: 2.8 - 237.5) for females, compared to
the lowest quintile, respectively. These results clearly demonstrated no substantial differences between
males and females in relation to the magnitude of risk from neighborhood exposure.

Conclusions: By adjusting for occupational and other asbestos exposures, a dose-dependent relationship
was demonstrated between mesothelioma death and neighborhood asbestos exposure from a large-
scale AC plant. Our �ndings suggest that the risk of mesothelioma death associated with neighborhood
exposure persists and will not be diminished for many years, even though it has been decades since the
AC plant closed. 

Background
Although the causal relationship between mesothelioma and asbestos exposure is well known, most of
the convincing evidence has been obtained in occupational contexts [1–3], and few studies have shown
whether the environmental exposures, including neighborhood, domestic, and household exposure, would
quantitatively elevate the risk of mesothelioma death [4–7]. In Amagasaki City on 29 June 2005, a
newspaper report documented �ve cases of mesothelioma among residents around a former large-scale
asbestos-cement (AC) plant (Kubota Kanzaki Factory), which was considered the largest asbestos
consumer in Japan [8], and the incident became known as “the Kubota Shock”. Actually, during the period
1957–1975, a large amount of asbestos (annual average per year: 4,670 tons of crocidolite and 4,600
tons of chrysotile), corresponding to approximately 5 to 10% of all asbestos imported to Japan, was used
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in the AC plant, and no other plants that used more than 10 tons of crocidolite per year were identi�ed as
asbestos-related companies in Amagasaki City [9, 10].

In our previous study in 2008, we demonstrated a clearly dose-dependent remarkably increased mortality
of malignant mesothelioma associated with the simulated distribution of airborne asbestos due to the AC
plant in Amagasaki City, taking into account meteorological conditions at that time [11]. Moreover, by
using spatial epidemiological mapping at the municipality level across Japan, Nakaya revealed
distinctive geographical concentrations of elevated risk of mesothelioma death, especially in women, in
several cities including Amagasaki City, during the latest observation period between 2010 and 2014 [12].
Zha, et al. also demonstrated that standardized mortality ratios (SMRs) for malignant mesothelioma
compared to nation-wide mortalities were 6.75 for males and 14.99 for females between 2002 and 2015
in Amagasaki City [13].

In general, we know that a �nding of signi�cant occupational asbestos exposure associated with
mesothelioma deaths could largely affect the assessment of other asbestos-related exposures, even in a
multivariate analysis with an adequate adjustment. On the other hand, excluding occupational exposure
entirely might be a major cause of gender differences in evaluation of mortality rate ratio because of
underestimation, especially in male subjects.

The aim of this nested case-control study was to determine the quantitative association between
neighborhood asbestos exposure and mesothelioma deaths, taking into account geographical
distributions of the relative concentration of airborne asbestos �bers due to a large-scale AC plant and
also considering durations at each residential place in Amagasaki City.

Methods
We conducted a population-based nested case-control study within the long-term resident cohort in
Amagasaki City. The long-term resident cohort, who had been continuously living in Amagasaki City
before 1975 and at least until the beginning of 2002, were followed from 1 January 2002 to 31 December
2015 for death or outmigration status using the Basic Resident Records in our previous study[13]. We
observed 143,929 residents aged 40 years or more at baseline. The cause of death, mesothelioma, was
identi�ed as code C45 according to the International Classi�cation of Disease, 10th Revision (ICD-10),
using the National Vital Statistics. The Amagasaki City government provided a data set of malignant
mesothelioma deaths that included both pleural and peritoneal mesothelioma between 2002 and 2015
with completed interviews regarding occupational and non-occupational histories related to asbestos
exposures, which was obtained from the surveillance based on support by the Ministry of Environment.

The cumulated number of mesothelioma deaths was 379, including 13 peritoneal and 366 pleural
mesothelioma deaths between 2002 and 2015 in the entire city, which were target subjects for the
interview survey by the Amagasaki City government (Fig. 1). Of these, 110 death cases were excluded
because no bereaved families existed or they had moved out of the city. The remaining 269 death cases
were contacted for interview and 102 refused or did not respond, resulting in 167 death cases with
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completed interviews. Of these, 133 death cases met criteria of the Amagasaki City long-term resident
cohort and were used as the nested cases. Case interviews of the bereaved families, with informed
consent, were conducted by well-trained nurse interviewers employed by the government between 2002
and 2015.

Control candidates were randomly selected from the long-term resident cohort populations matched by
sex and age (birth date ± 12 months) and alive on the date of death of corresponding case. Furthermore,
three or more matched controls with completed interviews were required per case. To obtain three
matched controls per case, 40 candidates per case were randomly extracted from the Amagasaki City
long-term resident cohort. Of 5,320 candidates, 1,129 candidates were excluded because they had no
family members or had moved out of the cohort. The municipal government sent requests to 4,191
subjects with identi�ed addresses in Amagasaki City to obtain consent for their cooperation. After
excluding 1,471 subjects who did not respond, 1,575 subjects who refused, and 70 subjects who
responded as under consideration, we sent the individual questionnaires and consent forms for interview
in a closed document to 1,075 subjects who had given their permission to be contacted. The interviews
were then conducted in the order of consent, by home visit or telephone, and were terminated when at
least three controls per case had been secured. Therefore, excluding 54 subjects for whom interviews
were canceled before sending questionnaires, we sent a total of 1,021 questionnaires and obtained 403
(39.5%) completed interviews with consents (Fig. 1).

A total of 133 cases and 403 matched controls in the Amagasaki City long-term resident cohort were
con�rmed as eligible data sets (Fig. 1). The number of case-control pairs was as follows: 9 sets for 1:1,
22 sets for 1:2, 74 sets for 1:3, 19 sets for 1:4, 5 sets for 1:5, 1 set for 1:6, and 3 sets for 1:7. Since no
controls were still living for some cases especially elderly cases, there were a few sets in which the
number of controls was less than three.

The interviews for cases were conducted with bereaved families between 2002 and 2015. Since most of
those families were going through the process of compensation for mesothelioma related asbestos
exposures due to the AC plant, they had su�cient information regarding their cases. On the other hand,
most families of the controls did not have as much detailed information as did the bereaved families of
mesothelioma death cases. For these reasons, the interviews for controls were conducted with the
subjects themselves and their families, using the same questionnaire as for the cases, and by well-trained
nurses with expertise in asbestos-related health hazards, who had been originally employed by
Amagasaki City government for municipal surveillance and subsequently employed by the study group
between 2015 and 2017.

The questionnaire consisted of more than 40 items, similar to those used for the Ministry of
Environment’s survey regarding mesothelioma deaths due to environmental asbestos exposure. The
questionnaire, which was performed by either a structured visit or a telephone interview, consisted of the
following sections on the relationship of respondent with the index subject (cases and controls
themselves): demographic characteristics including smoking history; status of occupational
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compensation certi�cation; lifetime occupational history (date of entry/exit, employer’s name, address,
occupational category, job description, and handling of asbestos products); residential history (date of
entry/exit, and address) during the period 1957–1975; crocidolite, which is considered to be the most
toxic type of asbestos and is associated with the highest mesothelioma risk [4], was de�nitely allowed to
be used in the plant [11, 15, 16]; and other possible environmental asbestos exposures such as domestic
(cohabitants who washed clothes at home or brought work materials home, handled asbestos products,
or worked at places with walls or ceilings sprayed with asbestos) or household (any exposure to
asbestos-containing materials in the home) exposure. Environmental (non-occupational) exposure is
generally divided into three sources according to the exposure pathway: neighborhood, domestic, or
household [3]. In our study, neighborhood exposure that resulted from living near an emission point of
airborne asbestos �bers was estimated from individual residential histories. Domestic exposure was
estimated in relation to cohabitants occupationally exposed to asbestos in the same house, and
household exposure was estimated as it related to any exposure to asbestos-containing materials in the
home, such as �re-proof sheets and asbestos-sprayed walls and ceilings. Because individuals were
considered to have multiple exposure sources, we intended to evaluate four types of exposure
independently, according to relevant rating procedures: occupational, domestic, household, and
neighborhood.

Collected occupational histories included “company name”, “address”, “employment period”, “job
description”, and “the experience of direct asbestos handling”, which was obtained as dichotomous data
(Yes or No), using a check list of asbestos-related products, and if any of these applied to the subject, we
determined the subject to be a direct handler. Basically, interviews were supposed to be in an open-
question manner, except when a dichotomous answer was required. The following questions related to
occupational exposures were required answers as dichotomous data: direct handling, and working at a
place with sprayed asbestos walls or ceilings.

In order to control confounding effects due to occupational exposure, when evaluating the effects of non-
occupational exposure, we excluded “De�nite” exposure (subjects who responded “Yes” to “the experience
of direct asbestos handling through their lifetime”). Since evaluating the effects of occupational exposure
was not the aim of this study, we did not try to quantitatively evaluate the cumulative dose of asbestos
exposure for these subjects. As a result, we excluded 32 cases and 61 controls, for a remaining total of
101 cases and 342 controls. Occupational exposure was then categorized into three tiers: “Convincing”,
“Possible”, and “None”, which were evaluated for probability of occupational exposure based on the
individual’s occupational history obtained from interviews. Three raters, who had been judges for
asbestos-related occupational compensations, assigned each obtained case and control to one of three
occupational exposures probability categories, referring to publicly available materials provided by the
Ministry of Health, Labor and Welfare, and to a list of industries that included 176 or more work places, in
which many employees were certi�ed as occupational compensations in Amagasaki City. To gain expert
consensus, we took the following steps: 1) each expert assigned the probability of occupational exposure
in two rounds, 2) a summary including demographics was provided to all the experts with the reasons of
judgement, 3) the experts were encouraged to revise their earlier assignments in light of the other
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members’ comments, and 4) the �nal assignments were determined by a panel including three raters and
all authors of the study.

We de�ned domestic exposure as exposure to asbestos �bers brought home by workers (who handled
asbestos products or worked at places with walls or ceilings sprayed with asbestos) on their clothing or
in their hair, or through living in the same house with occupationally-exposed individuals (who washed
their clothes at home or brought home work materials), and coded it as either Yes or None in the
dichotomous category.

We de�ned household exposure as exposure to asbestos-containing materials used in home structures
(e.g., roofs, walls, insulation) or home improvement products, exposure to asbestos-sprayed walls at
school, or exposure by playing at an asbestos factory, playing in the backyard of an asbestos factory, or
playing with asbestos products. If any of the list of asbestos products applied to the subject, we coded it
as Yes in the dichotomous category (None/Yes).

To evaluate for neighborhood asbestos exposure due to a large-scale AC plant, we used cumulative
indices corresponding to the individuals’ residential histories during an exposure period from 1957 to
1975, which was established by consensus among experts as the period when a large amount of
crocidolite, called “blue asbestos”, was used in the city and was considered the most toxic type of
asbestos in relation to malignant mesothelioma. Based on this background, municipal surveillance,
called the Epidemiological Analysis Survey of Asbestos Exposure, was conducted with the environmental
exposure period set to 1957–1975. Focusing on airborne asbestos �bers derived from the AC plant, the
relative concentration (unit, 1/m3) in each 100 m x 100 m grid was estimated, using a diffusion equation
that considered meteorological conditions. The method assumed that an emission point of airborne
asbestos was at the center of the premises of the plant and followed the diffusion equations as
previously described in detail [11, 16]. Figure 2 depicts the distribution of geographically simulated
relative asbestos concentrations across Amagasaki City, which were downscaled into a 10 m x 10 m grid
by using spline interpolation. The contour lines show isolines of relative asbestos concentration, ranging
from 1 to 107 (unit, 1/m3), and the color-coded concentric circles indicate crow-�y distances from the
center of the plant premises.

By using residential histories based on the interviews and the Basic Resident Records in Amagasaki City,
we obtained the geographic coordinate for each residential record. Geocoding with the Mapple Address
Matching Tool (Shobunsya Inc.) was performed to convert the address of each residence into a
geographic coordinate, a longitude and latitude pair, which represented a point on the city block called
“Gaiku” (61.3% for cases and 79.9% for controls) or in the neighborhood called “Choh-aza” (38.7% for
cases and 20.1% for controls). When the geocoding of old address names failed, we referred to detailed
city maps to manually convert the old address into the current one. Based on the geographic coordinate,
each residence was linked to the simulated relative asbestos concentration, as mentioned above.
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We obtained residence-speci�c asbestos exposure calculated by the simulated relative concentration of
airborne asbestos �bers multiplied by the duration at each residence (Table 3). Finally, we calculated the
cumulative indices of neighborhood exposures by summing up the residence-speci�c exposures (unit,
year/m3) for each individual subject, taking into account the residential histories between 1957 and 1975
in Amagasaki City.

Conditional logistic regression analysis was employed to compute odds ratios (OR) and 95% con�dential
intervals (95% CI) in relationship to the neighborhood asbestos exposure (quintiles of the cumulative
dose of neighborhood asbestos exposure in all controls), using STATA software (version 14.2/MP; Stata
Corp., College Station, TX, USA). Additionally, the other covariates for adjustment were assessed for three
tiers of occupational exposure and dichotomous variables for both domestic and household exposures.
We de�ned tests with P < 0.05 as statistically signi�cant.

Results
Demographics between the 133 cases and matched 403 controls were well-balanced (Table 1). It was
expected that the distribution of respondents would be different between cases and controls, as the
interviews for cases conducted by the government were conducted mainly with bereaved families but
also with subjects if they were alive, while the interviews for controls were with the subjects and their
families. We did observe some signi�cantly different distributions between cases and controls (P < 
0.001). The highest proportion of respondents in the male cases was “Spouse” (65.5%), followed by
“Child” (22.6%) and “Subject” (7.1%), and in the male controls, the highest proportion of respondents was
“Subject” (69.8%), followed by “Spouse” (16.4%) and “Child” (13.0%). The highest proportion of
respondents in the female cases was “Child” (73.5%), followed by “Spouse” (20.4%) and “Subject” (4.1%),
and in the female controls the highest proportion was “Subject” (51.8%), followed by “Child” (29.8%) and
“Spouse” (13.5%).

We also observed that the distribution of “De�nite” or “Non-de�nite” exposure in relation to occupational
histories differed slightly (P = 0.004, Fisher’s exact test) between the cases and the controls in females.

After exclusion of 32 cases and 61 controls, considered as “De�nite” exposure, we determined the
distributions of all “Non-de�nite” exposures (101 cases and 342 controls) in relation to the exposure
variable and the number of residences (Table 2). Statistically signi�cant differences in occupational
exposures were observed between cases and controls both in males and females (P < 0.001), despite no
differences in the other exposures except for neighborhood exposure. To evaluate the distribution related
to neighborhood exposure, we examined the number of residences per person in Amagasaki City during
the period 1957–1975, and found no differences between cases and controls both in males and females
(Table 2).

By using the cumulative indices corresponding to individuals’ residential histories, we evaluated the
characteristics of all residential records (Table 3). Although there was no signi�cant difference in the
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living duration at each single residence, there were statistically signi�cant differences in the simulated
relative asbestos concentrations between cases and controls (P < 0.001; Fisher’s exact test). Moreover,
statistical variances both in the simulated relative asbestos concentration per residence and in the
residence-speci�c exposure per residence (multiplied by the living duration at each residence) were
signi�cantly different between cases and controls, with a median of 16.8 y/m3 and 5.1 y/m3, respectively
(P < 0.001; Wilcoxon’s rank sum test). This indicated that the highest proportion of residence-speci�c
exposure was in the over 40 y/m3 category for cases, in contrast to the less than 4 y/m3 category for
controls. Regarding distributions of the distance from the AC plant, most residents for the controls
(67.8%) and less than half for the cases (41.7%) had lived in an area over 2 km from the center of the AC
plant, with median distance of 2880.5 m and 1645.1 m, respectively, which was a statistically signi�cant
difference (P < 0.001; Wilcoxon’s rank sum test).

The ORs for mesothelioma deaths in relation to neighborhood asbestos exposure were estimated by
conditional logistic regression analyses, adequately adjusted for occupational, domestic, and household
exposures both for males and females (Table 4). Neighborhood asbestos exposure was evaluated using
the cumulative index, which was calculated by summing up residence-speci�c exposures (unit, year/m3)
in each individual subject. We calculated �ve quantiles of the cumulative dose of residence-speci�c
exposures for all controls, and categorized them as Level 1, 2, 3, 4 or 5 in order from the lowest quintile.
The distributions were then shown in each quintile level of neighborhood exposure for cases and controls,
with values of the cumulative dose of neighborhood exposures at the border of each quintile. In reference
to Level 1, ORs for Level 5 were 23.7 (95% CI: 3.8–147.2) for males and 26.0 (95% CI: 2.8–237.5) for
females, and demonstrated a statistically signi�cant increasing trend (P for trend < 0.001) related to the
levels of neighborhood exposure, both in males and females.

Although not shown in Table 4, we also estimated the following ORs for combined males and females:
21.4 (95% CI: 5.8–79.2) for Level 5 in neighborhood exposure, 25.4 (95% CI: 7.1–90.3) for ‘Convincing’ in
occupational exposure, 4.4 (95% CI: 0.3–57.6) for domestic exposure, and 2.0 (95% CI: 0.7–5.7) for
household exposure.

In addition, to evaluate which had a larger impact on the assessment for risk of mesothelioma deaths,
asbestos concentration related to distance from the AC plant or duration of living was compared with the
cumulative indices, based on a representative residence for each individual subject, which addressed the
maximum (highest) value of the residence-speci�c exposure or the distance at the nearest residence from
the AC plant for a year or more (Supplementary Table). Approximately 90% of both cases and controls in
Level 5 were re-classi�ed as Level 5, even though they were based on the maximum residence-speci�c
exposure only. Also in Level 4, 80% or more of both cases and controls were re-classi�ed as Level 4.
These �ndings suggested that maximum residence-speci�c exposure might be a useful indicator in
relation to neighborhood exposure. However, neither the simulated relative concentrations nor the
durations based on the representative residence showed substantial differences between cases and
controls. Furthermore, the distribution of distance from the AC plant based on the nearest residence did
not show any differences between cases and controls. We also observed that 26.5% of cases and 22.1%
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of controls had been living in areas less than 500 m from the plant, compared to 4.1% of cases and 2.9%
of controls who had been living in areas 2 km or more from the plant.

Discussion
A strength of this study was its nested case-control design, which provided essential information
including all residential histories and outcomes such as death/alive/moveout, in a �xed population. The
Amagasaki City long-term resident cohort enabled us to utilize the nested case-control design to elucidate
an increased risk of mesothelioma death quantitatively associated with neighborhood exposure, as well
as occupational exposure, by controlling for other relevant asbestos exposures, and by properly adjusting
for considerable confounding factors.

In our previous studies, SMRs associated with neighborhood exposure showed a substantial gender
difference, with values of 6.75 for males and 14.99 for females [13], which were thought to be due to an
effect of occupational exposure included in the national mortality rates used as a reference. In our
previous study (Kurumatani and Kumagai, 2008), SMRs were estimated by excluding mesothelioma
cases that had possible occupational exposure from the numerator only and not excluding occupational
exposure from the denominator. As a result, SMRs were 2.6 for males and 9.9 for females, demonstrating
a much greater difference. Such gender differences were variable, depending on the attributable
proportion of occupational exposure. Thus, we thought that a nested case-control design would allow us
to obtain essential information related to the neighborhood exposure, which depends on individual
residential histories, and to combine the Basic Resident Records with interview data from the surveillance
on mesothelioma deaths, including individuals’ occupational histories and other histories related to
asbestos exposures. The results showed that adjusted ORs in the top quintile were 21.4 for all subjects,
23.7 for males, and 26.0 for females, compared to the bottom quintile. Our �ndings might be the �rst to
demonstrate no gender difference in the risk of mesothelioma death associated with neighborhood
exposure due to a large-scale AC plant in Asia.

A recent pooled analysis of 21 AC worker cohorts in Italy [17] showed a similar tendency in relation to
gender difference, with signi�cant increases in mortality from all causes (SMR: men 1.2; women 1.3) and
from asbestos-related diseases such as malignant neoplasm of the peritoneum (SMR: men 14.2; women
15.1) and the lung (SMR: men 1.7; women 1.7), except for pleura (SMR: 22.4 and 48.1, respectively). That
study also showed that the rate ratio (RR) by Poisson regression analyses for pleural and peritoneal
malignant neoplasms increased with cumulative exposure (�ber-type weighted index), while with the time
since �rst exposure it showed an increase in the �rst four decades, followed by a plateau in both genders
for pleural malignant neoplasm. A population-based case-control study in France [18] demonstrated that
ORs for the highest occupational exposure were 13.2 for males and 18.2 for females compared to those
never exposed, also indicating no substantial gender differences. Regarding the association with non-
occupational exposure, ORs for the highest probability of exposure were 4.6 for males and 7.5 for
females compared to those never exposed. Furthermore, the population attributable risk (ARp) for those
non-occupational subjects was 20.0% in males and 38.7% in females, which suggests that the overall
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population-attributable risk of asbestos exposure in females was largely driven by non-occupational
exposure, considering the di�culty in assessing domestic or environmental exposure.

Regarding occupational exposure, we employed two evaluation steps: the �rst step was exclusion of the
direct asbestos exposure from analyses, and 32 cases and 61 controls were consequently excluded; the
second step was classi�cation according to reliability of occupational exposures. We know the
magnitude of the impact of occupational exposure is extremely large, compared to the other asbestos-
related exposures, and it is di�cult to control the effects properly. We excluded direct exposure, de�ned as
“De�nite”, because it was the most e�cient way to control its effects, as the primary aim was to evaluate
the effect of non-occupational exposure. Then, we classi�ed the study population into “None”, “Possible”,
and “Convincing” based on reliability to make subjects eligible for evaluation by exposure intensity.
Although ORs for occupational exposure were relatively high in the multivariate analysis, especially for
males, compared to those for other non-occupational exposure, this should be interpreted with caution, as
they could be either overestimated or underestimated.

Although few studies of neighborhood exposure have been reported, and there is large heterogeneity
among results from those studies [19], a recent meta-analysis reported an increased risk of mesothelioma
death by exposure types, with a summary relative risk estimate (SRRE) of 5.33 (95% CI: 2.53–11.23) from
neighborhood exposure, 4.31 (95% CI: 2.58–7.20) from domestic exposure, and 2.41 (95% CI: 1.30–4.48)
from household exposure [7]. Other researchers reported a clear increasing trend in relationship to the
cumulative exposure index, demonstrating that the highest OR was 23.3 (95% CI: 2.9 -186.9), but they did
not assess the exclusive estimates that could be associated with neighborhood, domestic, and household
exposures [20]. Magnani and colleagues conducted a case-control study in Casale, Italy, and found a
signi�cantly increased risk of mesothelioma in the population that had lived in the city, with an OR of
20.6 (95% CI: 6.2–68.6) [21]. In the same city, another study estimated OR in relationship to distance from
an AC plant, however, the results were thought to be due to combined exposure of the neighborhood and
household [22]. In a study that looked at distance from an AC plant in Bari, Italy, the highest OR (5.29
[95% CI: 1.18–23.73]) was for people living within a range up to 500 m from the center of the plant [23]. A
population-based case-control study conducted in six areas in Italy, Spain, and Switzerland estimated
that the OR for high probability of environmental exposure (living within 2000 m of asbestos mines, AC
plants, asbestos textiles, shipyards, or brakes factories) was 11.5 (95% CI: 3.5–38.2), while the OR for
moderate or high probability of domestic exposure was 4.81 (95% CI: 1.8–13.1) [6]. Most classi�cations
regarding non-occupational exposures described in the current literature were considerably
heterogeneous. For example, different or combined de�nitions of environmental asbestos exposure have
been used in various published studies [24]. However, regardless of the different indicators and range of
categories in those studies, the risk magnitudes by internal comparisons, indicated as ORs or RRs, seem
consistent with our �ndings.
For the second evaluation step, we employed cumulative indices to assess neighborhood asbestos
exposure using the population-based residence records. That process contributed to our quantitative risk
assessment for neighborhood exposure by calculating the cumulative dose of exposures for each
individual subject, taking into account both duration and concentration of the exposure. Resulting ORs for
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Level 5 were 23.7 (95% CI: 3.8–147.2) for males and 26.0 (95% CI: 2.8–237.5) for females in reference to
Level 1, with an increasing trend (P for trend < 0.001). Thus, our results demonstrated that the risk of the
neighborhood exposure associated with mesothelioma deaths due to the AC plant in Amagasaki City
increased in a dose-dependent manner, and there were no gender differences in the magnitude of risk. We
suggest that for 90% of the high-risk population, the assessment for neighborhood exposure might be
possible by single residence data that corresponds to the maximum exposure.

There are some limitations in the study. First, we observed differences between cases and controls in the
type of respondents. The highest proportion of respondents among controls was subjects, while the
highest proportion of respondents among cases was a spouse or a child. Case interviews were thought to
contain critically important information for the Ministry of Environment to make decisions about
compensation certi�cation, hence, the bereaved families had detailed information about the cases’
occupational histories and any other possibilities related to asbestos exposure at that time. In contrast,
most families of controls, even though they were spouses and children, were not well informed about
details of subjects’ occupational and residential histories throughout their lifetime. We therefore needed
to interview control subjects as well as their families to collect data with the same accuracy as that for
the cases. For 342 controls which were used for the analysis regarding neighborhood exposure, we
observed the distribution of occupational exposure: no-occupational exposure 159 (78%), possible
occupational exposure 33 (16%) and convincing occupational exposure 12 (6%) when subjects
responded, while no-occupational exposure 90 (65%), possible occupational exposure 39 (28%) and
convincing occupational exposure 9 (7%) when non-subjects responded. Since the difference was not
substantial among different types of respondents, we believe the impact would be minimal.

Second, since participation rates were different between cases and controls, this needs consideration. Out
of 379 mesothelioma cases, we obtained contact information for 269 (71.0%) cases, of which 167
(62.1%) cases completed interviews, resulting in a 44.1% total participation rate. On the other hand, of
5,320 control candidates, we obtained contact information for 4,191 (78.8%) candidates, of which 403
(9.6%) controls completed interviews, resulting in a 7.6% total participation rate. Therefore, higher
cooperation with survey interviews was observed for cases than for controls, while the proportion of
contact information availability was almost the same between cases and controls. Case candidates who
did not cooperate had reasons such as: 1) unwilling to look back on the past, 2) not well informed about
history of the indexed subject, or 3) already recognized through industrial compensation. On the other
hand, we could not collect any information for the reasons control candidates did not participate in the
interviews.

A third limitation was that we obtained the list of mesothelioma deaths from Japanese vital statistics,
which began to record the primary cause of death according to ICD-10 in 1995, and the cause of death
was posted from a death certi�cate, without histological veri�cation. A national survey of malignant
mesothelioma and asbestos exposure between 2003 and 2008 con�rmed that 929 diagnoses in 1,111
cases extracted from the National Vital Statistics that used the code C45 with informed consent and
medical information were con�rmed as exact mesothelioma deaths with histological subtypes (83.6%),
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101 diagnoses were suspected mesothelioma deaths (9.1%), and 81 diagnoses were lung cancers (5.2%)
[14]. Since the Kubota Shock in 2005, we thought that the diagnosis of mesothelioma might be more
accurate than the previous estimate.

A fourth limitation was that we did not consider the period 1975–1995 when the AC plant continued to
use asbestos (not crocidolite) as an exposed period. The aim of the study was to elucidate a quantitative
assessment for mesothelioma deaths with neighborhood exposure due to a large-scale AC factory. To
extend the exposure period to include 1975–1995, we would have to use two or more different weights
for a 1-year exposure for 1957–1975 and 1975–1995, because the carcinogenic effect of crocidolite and
other types of asbestos differs substantially. This would result in quantitative assessments that are more
complex and di�cult to interpret. Therefore, we thought that limiting the exposure period to 1957–1975
would be an appropriate way to make the �ndings easy to understand. Additionally, we did not consider
asbestos �bers that had fallen on the ground and remained there after emission in the evaluation for
neighborhood exposures.

The �nal limitation is that simulated asbestos concentrations were determined from several assumptions
and the unit was based on a 10 m x 10 m grid resolution. Regarding the covariates, it might be necessary
to consider all speci�c exposures in daily living, such as walking to school, gardening, and working in
agricultural.

A recent world-wide trend assessment for excess risk of mesothelioma deaths used a period analysis
from 1996 to 2005 to demonstrate a signi�cant annual increased rate in Japan of 3.9%, with overall quite
large disparities between countries [25]. Similarly, our previous studies in Amagasaki City demonstrated
that mesothelioma deaths increased signi�cantly in long-term resident cohorts both in males and
females from 2002 to 2015, with consistent trends in the three periods of 2002–2006, 2007–2011, and
2012–2015. A recent paper suggested that non-occupational exposure mainly contributed to the overall
population-attributable risk, especially for females [18]. Although it was only a municipal administrative
report in Amagasaki City, a gradual increase in mesothelioma deaths from non-occupational exposures
was observed for males (19% during 2002–2007, 35% during 2008–2015) and females (39% during
2002–2007, 73% during 2008–2015). One possible consideration might be an age-cohort effect, in which
the risk of mesothelioma remains and never diminishes for the people who were exposed in early life,
even after removal of the AC plant [26]. Therefore, we should continue to pay close attention to trends in
the risk of mesothelioma death associated with low-dose asbestos exposures including neighborhood
exposure.

Conclusions
We demonstrated a dose-dependent increase in mesothelioma death associated with neighborhood
asbestos exposure due to a large-scale AC plant in Japan by using cumulated neighborhood asbestos
exposure and adjusting properly for occupational and other asbestos exposures. Our �ndings suggest
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that the risk of mesothelioma death with neighborhood exposure persists and will not be diminished for
many years, even though it has been decades since the AC plant closed.
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Figures

Figure 1

Flow diagram of study population enrollment in the Amagasaki City long-term resident cohort; cases and
matched controls.
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Figure 2

Distribution of geographically simulated relative asbestos concentrations accounting for meteorological
conditions overlaid on Amagasaki City.

The blue number depicts the simulated relative asbestos concentration [unit: m-3].

The red number depicts the straight line distance from the center of the AC plant premises. 
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