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ORIGINAL ARTICLE

Mustard gas exposure and mortality among retired
workers at a poisonous gas factory in Japan:
a 57-year follow-up cohort study

Kenichi Mukaida,' Noboru Hattori,' Hiroshi lwamoto," Yojiro Onari,
Yoshifumi Nishimura,? Keiichi Kondoh,® Tomoyuki Akita,* Junko Tanaka,*

Nobuoki Kohno'

ABSTRACT

Objectives Mustard gas (MG) has been the most
widely used chemical warfare agent in the past century.
However, few but conflicting data exist on the effects of
MG exposure on long-term mortality. We investigated
MG-related mortality in retired workers at a poisonous
gas factory.

Methods We assessed mortality rates among 2392
male and 1226 female workers, whose vital status could
be determined through 31 December 2009, at a
poisonous gas factory operating from 1929 to 1945 in
Okuno-jima, Japan. The analysis employed standardised
mortality ratios (SMRs) calculated using national and
prefectural references and a Cox proportional hazard
regression model. Applying the Kaplan-Meier method,
we compared cumulative death rates in the study cohort
stratified by an 'Okuno-jima MG Index" which
represented the product of HRs derived for job category
and length of service,

Results Among male workers, we found significant
excesses in mortality from upper respiratory tract cancer
(SMR 3.08), liver cancer (1.67), lung cancer (2.01) and
chronic bronchitis/emphysema (4.84) compared with the
national population, as well as stomach cancer (1.20)
versus the Hiroshima Prefecture population, When
stratified into 3 subgroups by the Okuno-jima MG Index,
those with a higher Okuno-jima MG Index had
significantly higher cumulative rates of death from
respiratory cancer and chronic bronchitis/emphysema.
Conclusions MG exposure significantly increases the
long-term risk of death from respiratory cancer and
chronic bronchitis/emphysema. The Okuno-jima MG
Index may be a useful indicator for estimating cumulative
MG exposure,

INTRODUCTION

Although the usage of chemical weapons dates back
to the eras of ancient China and Greece, their
usage as weapons of mass destruction began during
the World War I. Since the initial use of chlorine by
German Forces in 1915, ~40 types of chemical
warfare agents, such as phosgene, hydrogen
cyanide and diphenylcyanoarsine, have been
employed in combat." Mustard gas (MG) was the
most extensively used chemical agent during the
World War I and inflicted injury on ~400 000 indi-
viduals, a number equivalent to almost 77% of all
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» There have been few but conflicting data
available on the effects of mustard gas
exposure on long-term mortality.

» We assessed the mortality of 2392 male
workers at a poisonous gas factory in Japan
over a 57-year period, and found a statistically
significant causal relationship between mustard
gas exposure and death from chronic
bronchitis/emphysema and respiratory cancer.

» The significance of a new index to estimate
individual cumulative mustard gas exposure at
this factory was determined.

victims of chemical agents.* Despite the ban on
chemical warfare agents mandated by the Geneva
Protocol in 1925, MG was used subsequently on
several occasions. Most recently, the Iraqi Army
employed MG against [ranian soldiers and civilians
during the Iran-Iraq war of the 1980s, resulting in
injuries to over 100 000 victims.®

MG or sulfur mustard (bis (2-chloroethyl) sul-
fide) is mainly absorbed by inhalation and through
the skin or the anterior surface of the eyes, includ-
ing the cornea and the conjunctiva. On contact,
MG exerts its toxicity through an irreversible alkyl-
ation of cellular proteins and nucleic acids.* °
Classified as a blistering agent, MG is recognised as
having potent mutagenic, carcinogenic and radio-
mimetic properties.” MG might have subsequent
systemic action on the nervous, cardiac and digest-
ive systems following absorption.”

From 1929 to 1945, the Japanese Army operated
a poisonous gas factory in Okuno-jima, a small
island located in the Inland Sea of Japan in the city
of Takehara in Hiroshima Prefecture.*™'? In this
factory, several types of poisonous gas, such as MG,
lewisite, diphenylcyanoarsine, hydrocyanic acid,
phosgene and chloroacetophenone, were produced.
Of the gases, MG was the most poisonous and was
produced in the largest quantities, reaching about
450 tons at peak production.” Despite wearing pro-
tective masks and clothing, the factory workers were
chronically exposed to MG due to poor industrial
hygiene practices that were prevalent in wartime

Japan.



The two basic types of MG exposure include: (1) single high-
dose exposure on the battlefield, and (2) long-term repeated
exposure in MG factories. In epidemiological studies of soldiers
exposed to MG during the World War [, a single exposure to
MG appeared to increase mortality from lung cancer and
respiratory disease somewhat, but the incremental risk was not
large and the causal association with MG exposure was
unclear."'™* In contrast, epidemiological studies of workers in
MG factories have suggested a significant increase in mortality
due to cancers of the upper respiratory tract, lung, oesophagus,
stomach and bladder, and leukaemia, as well as non-malignant
respiratory disease.® 17 However, among the malignancies,
only cancers of the upper respiratory tract and lung were
proven to be associated with MG exposure. While the poison-
ous gas factory workers in Okuno-jima represent one of the few
cohorts globally who can provide valuable information, only
mortality due to respiratory cancer has been studied in this
population.” '® Accordingly, the present study analysed and
characterised mortality in the Okuno-jima cohort over a 57-year
period with the aim of clarifying the association between MG
exposure and mortality.

METHODS

Study population

Former workers at the poisonous gas factory in Okuno-jima
comprise two major groups: (1) individuals who had worked at
the factory between 1929 and 1945, and (2) those who had
engaged in the disposal of poisonous gas stockpiled after the
World War II between 1945 and 1948.” As of 31 December
2009, 6876 participants (3865 males and 3011 females) were
registered as former workers at the poisonous gas factory in
Okuno-jima. We restricted the study cohort to the 2392 male
and 1226 female workers who had visited the Tadanoumi
Branch of the Kure Kyosai Hospital (Tadanoumi Hospital) since

1952 and whose vital status as of the end of 2009 could be
determined (see online supplementary figure S1). Tadanoumi
Hospital is located in Takehara City on Honshu, a short distance
across the Inland Sea from Okuno-jima, and was established in
1942 for the purposes of providing medical care to the poison-
ous gas factory workers. We have evaluated the factory workers
for adverse health effects at this hospital since 1952. This study
cohort constitutes about 62% (2392/3865) of the male and
419% (1226/3011) of the female factory workers.

This study was approved by the Ethics Committee of the
Hiroshima University.

Data collection

Reviewing the medical records and death certificates stored at
the Tadanoumi Hospital, we obtained information on the vital
status, sex, dates of birth and death, job category at the factory,
dates of employment, length of service, smoking status and
cause of death for each worker. Personal data were managed
carefully to protect anonymity. Causes of death were abstracted
from the death certificates and assigned according to the
International Classification of Diseases, 10th Revision (ICD-10).
The 20 causes of death listed in table 1 were chosen from the
preliminary analysis. On the basis of their specific jobs, the
workers were categorised into one of three groups.” Group A
consisted of workers who had engaged directly in the produc-
tion or disposal of MG, whereas group B comprised those who
had been exposed to MG in laboratories or during repairs or
inspections of the factory. Group C consisted of workers who
had participated in either the production or disposal of other
gases or medical or administrative work. This last group also
included students who had been recruited for service in
Okuno-jima. Based on the nature of the work involved, the risk
of MG exposure was considered to increase across the job cate-
gories in the following order: group A>group B>group C.

Table 1  SMRs for major causes of death in the study cohort of 2392 male workers based on the Japanese and Hiroshima male population

standards, 1952-2009

SMR (95% CI) based on:

Cause of death (ICD-10 codes) 0 E National rates Hiroshima rates
All causes (A0D-UB9) 1959 2214.7 0.88 (0.85 t0 0.92) 0.92 (0.88 to 0.96)
Malignant neoplasms (C00-C97) 772 582.2 1.33(1.23 t0 1.42) 1.36 (1.26 to 1.46)
Upper respiratory tract (C00-C14, C30-G32) 15 14.7 3.06 (2.23 t0 4.09) -
Oesophagus (C15) 20 26.2 0.76 (0.47 t0 1.18) 1.08 (0.65 to 1.69)
Stomach (C16) 183 169.3 1.08 (0.93 to 1.25) 1.20 (1.03 10 1.39)
Colon and rectum (C18-C21) 50 51.9 0.96 (0.72 t01.27) -
Liver (C22) 101 60.4 1.67 (1.36 t0 2.03) 1.31 {1.06 to 1.60)
Pancreas {C25) 3 29.0 1.07 (0.73 t0 1.52) 1.20 (0.82 to 1.71)
Lung (333, C34) 230 114.2 2.01 (1.76 10 2.29) 2.04 (1.79 to 2.32)
Skin (C43, C44) 2 20 0.99 (0.12 to 3.56) -
Urinary organs (C64-C68) 19 19.5 0.98 (0.59 to 1.53} -
Lymphopaietic (C81-C96) 30 271 1.11 (0.75 to 1.58) 1.18 (0.70 to 1.86)
Circulatory diseases (100-199) 480 811.2 0.59 (0.54 to 0.65) -
Ischaemic heart diseases (120-125) 69 1474 0.47 (0.36 to 0.59) 0.54 (0.42 to 0.69)
Cerehrovascular diseases (I60-169) 202 4226 0.48 (0.41 t0 0.55) 0.57 {0.49 to 0.65)
Respiratory diseases {100-199) 407 288.7 1.41 (1.28 10 1.55) -
Pneumonia (J12-)18) 158 1734 0.91 (0.77 to 1.06) 0.92 (0.78 to 1.08)
Chronic bronchitis and emphysema (J40-143) 159 32.8 4.84 (4.12 to 5.66) 4.16 (3.54 to 4.86)
Interstitial pulmonary diseases (J84) 18 12.8 1.41 (0.84 t0 2.23) -
Digestive diseases (K00-K93) 65 1175 0.55 {0.43 to 0.71) -

E, expected number of deaths; ICD-10, Intemational Classification of Diseases, 10th Revision; O, observed number of deaths; SMR, standardised mortality ratio.
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Calculation of SMR

Standardised mortality ratios (SMRs) were computed for each
major cause of death by dividing the observed number of deaths
by the expected number of deaths. For each cause, the expected
number of deaths was calculated as the sum of the products of
the sex-specific, age-specific and period-specific number of
person-years and the corresponding rates reported for the
general Japanese population. For each SMR, a 95% CI was cal-
culated based on the assumption that the observed number of
deaths followed a Poisson distribution.*

We also calculated SMRs based on the general population of
Hiroshima Prefecture, the primary location of residence for the
majority of poisonous gas factory workers. SMR analyses were
limited to the period 1952-2009 because there were no medical
records for workers who had died before 1952 at the initiation
of our investigation. For the causes of death with SMRs signifi-
cantly exceeding the national or Hiroshima Prefecture popula-
tion rates, SMR analyses were performed with stratification of
the study cohort by job group, length of service and calendar
period.

Statistical analysis

Using a Cox proportional hazard regression model, univariate
and multivariate analyses were performed to examine the rela-
tionships between the risk of cause-specific death and job group
and length of service. Both factors were considered to be related
to the intensity and duration of MG exposure. The duration of
follow-up was calculated from the date of employment at the
factory until death or the end of the study on 31 December
2009, whichever came first. The duration of time between
employment at the factory and death from the selected cause
was regarded as the dependent variable, whereas job group,
length of service, age at the time of employment and smoking
status were designated as independent variables.

The attributable risk per cent was calculated as the difference
in incidence between the specific group and the reference group
divided by the incidence in the specific group, multiplied by
100.

The product of the adjusted HRs derived for the job groups
in the Cox proportional hazard analyses and the length of
service (the Okuno-jima MG Index) is considered to be a useful
indicator for estimating the individual cumulative extent of
exposure to MG, Accordingly, we then stratified the cohort on
the basis of the Okuno-jima MG Index into three equal groups
for which the cumulative mortality from the selected causes was
estimated using Kaplan-Meier curves. Statistical analyses were
performed using JMP V.9.0.2 sofiware (SAS Institute, Tokyo,
Japan). A p value <0.05 was statistically significant.

RESULTS

As of 31 December 2009, 433 male and 744 female workers
were alive; 1959 male and 482 female workers had died (see
online supplementary figure §1). Causes were known for 99.9%
(2440/2441) of the deaths. During the period from 1952 to
2009, the cohort contributed a cumulative total of 157561.5
person-years (95067.5 person-years for males and 62494
person-years for females) of follow-up. Among the participants,
694 males and 23 females belonged to group A, 793 males and
85 females to group B, and 903 males and 1117 females to
group C. The job categories for three participants (two males
and one female) were unknown. Characteristics of the male and
female workers included in the study cohort are shown in
online supplementary table S1.

Table 1 and online supplementary table S2 present the results
of the SMR analyses for each major cause of death in the study
cohort of 2392 male and 1226 female workers, respectively.
Since mortality rates were not fully available, SMRs for the
Hiroshima Prefecture could not be calculated for some causes of
death. Compared with the national and Hiroshima Prefecture
population reference rates, overall mortality in the male and
female study cohorts was significantly lower than expected (SMR
0.88 and 0.92 for males, 0.69 and 0.72 for females, respectively).

The SMRs in male workers based on the national and
Hiroshima Prefecture mortality rates revealed statistically signifi-
cant excesses in cause-specific mortality for certain conditions,
including upper respiratory tract cancers (SMR 3.06 vs the
national rate; data not available for Hiroshima Prefecture),
stomach cancer (1.08 and 1.20), liver cancer (1.67 and 1.31),
lung cancer (2.01 and 2.04) and chronic bronchitis/emphysema
(4.84 and 4.16). On the other hand, significant deficits were
noted for ischaemic heart diseases (SMR 0.47 and 0.54), cerebro-
vascular diseases (0.48 and 0.57) and digestive diseases (0.55 vs
the national rate; data not available for Hiroshima Prefecture).
Tables 2 and 3 and online supplementary table S3 show the
SMRs for the selected causes of death for the study cohort strati-
fied by job groups and length of service (<1; >1; <3; >3 years).
The analyses of male workers revealed several trends. First, job
categories conferring a greater risk for MG exposure were asso-
ciated with higher SMRs for upper respiratory tract cancer, liver
cancer, lung cancer and chronic bronchitisfemphysema, but not
for stomach cancer. Second, there was a trend for longer length
of service with higher SMRs for upper respiratory tract cancer,
lung cancer and chronic bronchitis'emphysema. An exception to
this trend was stomach and liver cancer,

Tzble 4 and online supplementary table $4 present the SMRs
for the selected causes of death by calendar periods. Among
male workers, the SMRs for upper respiratory tract cancer, lung
cancer and chronic bronchitis/emphysema were highest for the

Table 2 SMRs for selected causes of death in the male study cohort by job category based on the Japanese male population standard,

1952-2009

Group A

Group B Group C

Cause of death (ICD-10 codes) (e} E

SMR (95% CI)

0 E SMR (95% Cl) 0 E SMR (95% CI)

Upper respiratory tract cancer (C00-C14, C30-C32) 22 41

Stomach cancer (C16) 58 50.0
Liver cancer (C22) 30 16.0
Lung cancer (C33, C34) 93 309
Chronic bronchitis and emphysema (J40-143) 63 96

538(337108.15) 19 49
1.16 (0.88 to 1.50) 59 57.8
1.88 (1.27 to 2.68} 34 19.7
3.01 (2.43 to0 3.69) 77 372
6.59 (5.06 to 8.43) 63 113

3.91 (2.35 t0 6.10) 4 5.8
1.02 (0.78 t0 1.32) 66 614
1.73 (1.20 to 2.41) 37 262
2.07 (1.63 10 2.59) 59 461
558 (4.29 o0 7.14) 32 1.9

0.69 (0.19 10 1.78)
1.08 (0.83 to 1.37)
1.41 (0.99 to 1.94)
1.28 (0.98 fo 1.65)
2.68 (1.83 t0 3.78)

E, expected number of deaths; ICD-10, International Classification of Diseases, 10th Revision; O, observed number of deaths; SMR, standardised mortality ratio,
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Table 3  SMRs for selected causes of death in the male study cohort by length of service based on the Japanese male population standard,

1952-2009
<1 year >1 to 3 years >3 years

Cause of death (ICD-10 codes) 0 E SMR (95% CI) 0 E SMR (95% CI) o E SMR (95% CI)
Upper respiratory tract cancer (C00-C14, C30-C32) 4 486 0.88 (0.24 to 2.25) 13 49 2.68 {1.43 to 4.58) 28 5.3 5.29 (3.51 to 7.64)
Stomach cancer (C16) 42 46.5 0.90 (0.65 to 1.22) 67 55.2 1.21 {0.94 i0 1.54) 74 673 1.10 (0.86 to 1.38)
Liver cancer {C22) 26 217 1.20 (0.78 t0 1.75) 41 202 203(146w0275) 33 199 1.66 {1.14 t0 2.32)
Lung cancer (C33, C34) 54 366 1.48 (1.1 10 1.93) 78 39.2 1.99 (157 10 2.49) 97 383 2.53 {2.05 to 3.09)
Chronic bronchitis and emphysema (J40-)43) 22 88 250 (1.56 t0 3.78) 51 1.1 4,60 {3.43 to 6.05) 85 129  6.59 (5.26 to0 8.15)

E, expected number of deaths; ICD-10, Intemational Classification of Diseases, 10th Revision; 0, observed number of deaths; SMR, standardised mortality ratic.

Table 4 SMRs for selected causes of death in the male study cohort by calendar periods based on the Japanese male population standard

1952-1959 1960-1969 1970-1979
Cause of death (ICD-10 codes) 4] E SMR (95% CI) 0 E SMR (95% ClI) 0 E SMR (95% CI)
Upper respiratory tract cancer (C00-C14, C30-C32) 5 0.8 6.52(2.12 t0 15.21) 9 1.8 4,90 (2.24 t0 9.31) 8 29  2.77(1.19 to 5.45)
Stomach cancer (C16) 6 13.0 0.46 (0.17 to 1.00} 23 296 0.78 (0.49 t0 1.17) 49 380 1.29(0.96 to 1.71)
Liver cancer (C22) 2 27 0.75 {0.09 to 2.69) 4 5.6 0.72 (0.19 10 1.83) 20 88  2.26(1.38 to 3.50)
Lung cancer (C33, (34) 9 1.1 793363101505 26 55 4.71 (3.07 to 6.90) 38 138  2.76(1.95t0 3.78)
Chronic bronchitis and emphysema (140-)43) 9 07  1362(623 t025.86) 20 14 1458 (891 1w02252) 22 43  5.12(321107.75)

1980-1989 1990-1999 2000-2009
Cause of death (ICD-10 codes) 4] E SMR (95% CI) o E SMR (95% CI) 0 E SMR (95% ClI)
Upper respiratory tract cancer (C00-C14, C30-C32) 11 32 349(1.74 t0 6.24) 6 34 1.78 (0.65 to 3.88) 6 27 222081 t0 4.83)
Stomach cancer (C16) 50 364 137 (1.02 to 1.81) 34 312 1.09 (0.76 t0 1.52) 21 211 1.00 (0.62 to 1.52)
Liver cancer (C22) 33 148 2.22 (1.53 t0 3.12) 26 169 1.54 {1.00 to 2.25) 16 116  1.38(0.79 to 2.25)
Lung cancer (C33, C34) 47 267 1.76 (1.29 to 2.34) 66 359 1.84 (1.42 to 2.34) 44 31 1.41 (1.03 to 1.90)
Chronic bronchitis and emphysema (J40-43) 32 6.7 478 (3.27 10 6.74) 40 105 3.82 (2.73 t0 5.20) 36 93  3.87(271 t05.35)

E, expected number of deaths; ICD-10, International Classification of Diseases, 10th Revision; O, observed number of deaths; SMR, standardised mortality ratio.

periods 1952-1959 and 1960-1969, but showed a trend for
decreasing SMRs over the subsequent decades. The SMRs for
stomach and liver cancer were significantly increased during the
periods of 1980-1989 and 1970-1999, respectively.

lables 5 and & and onlne supplementary table 55 show the
results of the univariate and multivariate Cox proportional hazard
analyses. Since the observed number of deaths due to upper
respiratory tract cancer was relatively small, the mortality data for
upper respiratory cancer and lung cancer were combined. In the
Cox proportional hazard analyses of male workers, job group,
length of service, age at employment and smoking status were all
significantly related to the risk of death from respiratory cancer,
while job group, length of service and age at employment were
also significantly related to the risk of death from chronic bron-
chitis/emphysema. On the other hand, only the age at employment
was significantly related to the risk of stomach and liver cancer
mortality (see online supplementary table 56).

Regarding respiratory cancer death among male workers, the
attributable risk per cent for groups A and B compared with
that for group C was 74.6% and 63.69, respectively, and the
attributable risk per cent for smoking was 85.5%. Regarding
chronic bronchitis/femphysema death among male workers, the
attributable risk per cent for groups A and B compared with
that for group C was 76.9% and 72.29%, respectively, and the
attributable risk per cent for smoking was 76.9%.

Participants without data on smoking status (n=429), dates of
employment (n=64), length of service (n=4) and job type
(n=2) were excluded from the respective analyses.
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We defined an indicator, the ‘Okuno-jima MG Index’, as the
product of the HRs for the respective job group and length of
service. (eg, In the case of a male worker in group A whose
length of service was 12 months, the Okuno-jima MG Index for
respiratory cancer death is the product of 1.86 and 12, or
22.32.) Among male workers, the median (IQR) of the distribu-
tion of the Okuno-jima MG Index was 2.95 (1.00-6.51) for
respiratory cancer and 3.33 (1.00-7.90) for chronic bronchitis/
emphysema.

The cumulative death rates for respiratory cancer and chronic
bronchitis/emphysema were analysed by the Kaplan-Meier
method using the Okuno-jima MG Index to divide the study
cohort into three (high, middle, low) groups. For the male
workers, within each disease category, the cumulative death
rates differed significantly among the three groups (figure 1).
Similarly, for female workers, the cumulative death rates for
respiratory cancer showed marginally significant differences, and
those for chronic bronchitissemphysema differed significantly
(see online supplementary figure S2).

DISCUSSION

Compared with the national and Hiroshima Prefecture popula-
tions, all-cause mortality rates were lower in the study cohort of
2392 male and 1226 female workers at the poisonous gas
factory in Okuno-jima. In contrast, the analysis of male workers
found significant excess mortality from cancers of the upper
respiratory tract, stomach, liver and lung, as well as chronic
bronchitisfemphysema. When the workers were categorised by



Table 5 Cox proportional hazards regression: factors associated with respiratory cancer death in the male study cohort

Univariate analysis Multivariate analysis
Variable HR (95% CI) p Value HR (95% CI} p Value
Job group
Group A 2.97 (2.18 to 4.06) <0.0001 1.86 (1.29 t0 2.69) 0.0008
Group B 2.08 (1.51 to 2.88) <0.0001 1.47 (1.02t0 2.14) 0.0397
Group C 1.0 1.0
Length of service 1.11 (1.08 to 1.14) <0.0001 1.05 (1.01 to 1.09) 0.0145
Age at employment 1.07 (1.06 to 1.09) <0.0001 1.07 (1.05 to 1.09) <0.,0001
Smoking status
Smoker 2.06 (1.15 to 4.15) 0.0130 2,51 (1.40 to 5.10) 0.0012
Non-smoker 1.0 1.0
Table 6 Cox proportional hazards regression: factors associated with chronic bronchitis/emphysema death in the male study cohort
Univariate analysis Multivariate analysis
Variable HR (95% CI) p Value HR (95% Cl) p Value
Job group
Group A 3.41(2.24 10 5.29) <0.0001 2.22 (1.44 to 3.49) 0.0003
Group B 2.85 (1.88 t0 4.41) <0.0001 1.82 (1.18 to 2.86) 0.0063
Group C 1.0 1.0
Length of service 1.14(1.10 10 1.18) <0.0001 1.05 (1.01 to 1.09) 0.0184
Age at employment 1.15(1.13 to 1.18) <0.0001 1.15(1.13 10 1.17) <0.0001
Smoking status
Smoker 1.10 (0.63 to0 2.10) 0.7562
Non-smoker 1.0

job group (group A, B or C) in the order of increasing risk of
MG exposure, the HRs for mortality from respiratory cancer or
chronic bronchitis/femphysema in groups A and B were higher
compared with that of group C. Furthermore, in the
Kaplan-Meier analyses, the group with a higher Okuno-jima
MG Index showed a significantly higher cumulative death rate
for respiratory cancer and chronic bronchitis'emphysema. On
the other hand, MG exposure was not significantly associated
with mortality from stomach and liver cancer.

A key finding of this study is that chronic MG exposure sig-
nificantly increases the risk of mortality from chronic bronchitis/
emphysema as well as respiratory cancer. A mortality study in
workers at an MG factory in the UK revealed significant excess
mortality from respiratory cancer, oesophageal cancer and
stomach cancer, as well as non-malignant respiratory disease;
however, only respiratory cancer was proven to be associated
with MG exposure.'* Previous studies have established that the
prevalence of chronic bronchitis'emphysema is higher among
workers in the poisonous gas factory in Okuno-jima.'® *°
Similarly, the present analysis demonstrated that mortality from
chronic bronchitisfemphysema was also significantly higher,
indicating that chronic MG exposure significantly increases the
risk of mortality from chronic bronchitis/emphysema as well as
respiratory cancer. We believe that these diseases are caused by
the exposure of the respiratory tract and lung parenchyma to
MG through direct inhalation. Interestingly, mortality from
chronic bronchitislfemphysema was still relatively high in the
2000s despite decreasing over the decades. This is most likely
due to a cessation effect. This means that chronic bronchitis/
emphysema caused by MG exposure is refractory and persistent
and produces very prolonged health damage, suggesting the

necessity of continuous medical intervention for this condition.
More notably, the cumulative death rates for respiratory cancer
and chronic bronchitis/emphysema increased significantly com-
mensurate to increases in the Okuno-jima MG Index, an indica-
tor which integrated job group and length of service into the
risk for mortality. In previous studies of workers in MG factor-
ies, job category and length of service have been used as indica-
tors to estimate the extent of MG exposure.” '* 2! 22 In this
study, the SMRs for respiratory cancer and chronic bronchitis/
emphysema tended to increase with the increasing risk of MG
exposure as defined by job category as well as by length of
service, suggesting that these two factors may reflect the extent
of MG exposure. Applying the Okuno-jima MG Index as a
grouping indicator, we found a statistically significant difference
in the cumulative death rates for respiratory cancer and chronic
bronchitis'emphysema. This strongly suggests that the
Okuno-jima MG Index may more precisely reflect the extent of
MG exposure.

Excess mortality from stomach cancer was observed in this
study as well as in the study in the UK,'* suggesting that MG
exposure plays a potential role in the development of stomach
cancer. Although swallowing saliva contaminated with MG may
promote stomach cancer, the association between MG exposure
and mortality from stomach cancer is left to be consisted. The
retired workers of the poisonous gas factory in Okuno-jima
have received regular, thorough medical examinations which
include an upper gastrointestinal series. This most likely contri-
butes to early detection and radical surgery among many
workers, thereby reducing mortality from stomach cancer.
Taking this situation into consideration, we speculate that the
incidence of gastric cancer may be even higher than the
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Figure 1 Cumulative death rates due to respiratory cancer (A) and

chronic bronchitis/femphysema (B) in the male study cohort stratified by
the Okuno-jima MG Index. Cumulative death rates differed significantly
(p<0.0001, log-rank test) among the high, middle and low groups
within both disease categories. MG, mustard gas.

associated mortality observed in this cohort. Regarding the
excess SMR for liver cancer, it is impossible to provide a reason-
able explanation, because information on other major aetio-
logical factors, such as exposure to hepatitis viruses and alcohol,
could not be obtained in this study. A previous epidemiological
study in Hiroshima Prefecture demonstrated that the prevalence
of hepatitis B and/or C virus infection was very high in the area
where the Tadanoumi Hospital is located,” and thus we specu-
late that this might affect the excess mortality from liver cancer
in the former poisonous gas factory workers. However, further
investigation and statistical analyses including such confounding
factors are required to establish the effect of MG exposure on
the development of liver cancer.

Another noteworthy feature of this study is that the analyses
included information about smoking status, the role of which
cannot be ignored in the development of respiratory cancer and
chronic bronchitisfemphysema. Despite close scrutiny of the
medical records, we could collect only fragmented information
about smoking status, which was limited to the presence or
absence of smoking history. In the Cox proportional hazard ana-
lyses among male workers, 432 participants were excluded from
the multivariate analysis for respiratory cancer mainly due to
the lack of data on smoking history. Many participants with
missing data (such as smoking history) had died during the early
period after initiating our investigation of the health effects
caused by MG. (The median year of death was 1972 for the
432 participants excluded from the analyses and 1988 for the
entire cohort.) Considering the period of death, the causes of
mortality in the workers excluded from the analysis may have
been greatly affected by MG exposure and less affected by
smoking. Thus, excluding the 432 workers from the analysis

may have underestimated the risk of MG exposure on respira-
tory cancer mortality.

A potential explanation for the low SMRs for all-cause mor-
tality in the 2392 male and 1226 female workers at the poison-
ous gas factory in Okuno-jima is the healthy worker effect.
However, even when the healthy worker effect was taken into
consideration, the SMRs for circulatory and digestive diseases
appeared to be very low. This might be explained by the exces-
sive number of deaths due to malignant neoplasms and respira-
tory diseases that would have thereby reduced the number of
deaths due to other causes. Further, the workers received gener-
ous medical care including periodic health examinations and
medical compensation, which might have partially contributed
to the very low SMRs for circulatory and digestive diseases.

This study has a few limitations. First, the study cohort was
restricted to the workers of the poisonous gas factory in
Okuno-jima who had visited the Tadanoumi Hospital, mainly
due to the difficulty in collecting personal information for
workers who had attended other hospitals. In addition, there
must be a concern regarding whether former workers who had
visited the Tadanoumi Hospital were sicker than those who had
not. However, we believe that the selection bias in this study
cohort is unlikely for the following reasons: (1) the Japanese
government urged all participants registered as former workers
at the poisonous gas factory in Okuno-jima to attend medical
institutions regularly by compensating them for their medical
costs regardless of the severity of their health problems; thus,
there were few non-hospital attendees among the former
workers; (2) the majority of the former workers at the poison-
ous gas factory had visited the Tadanoumi Hospital, and all
their medical records have been kept since 1952. Second, a sig-
nificant number of former workers who had medical records at
the Tadanoumi Hospital were lost to follow-up (177 males and
722 females) and thus were excluded from the final study
cohort. However, we also found that there were not significant
differences in the characteristics of the former workers between
those lost to follow-up and the final study cohort (data not
shown). Therefore, we believe that the exclusion of the indivi-
duals lost to follow-up from the final study cohort did not have
a significant influence on the data analysis. Third, it is possible
that the workers in Okuno-jima had been exposed both to MG
and to arsenical agents, such as lewisite and diphenylcyanarsine,
which are suggested to be carcinogenic, Because the vast major-
ity of poisonous gas produced in Okuno-jima was MG, and
only a small portion of the former workers dealt with arsenical
agents, every former worker had a chance to be exposed to
MG, but the exposure to arsenical agents was very limited.
Therefore, the degree of exposure to MG could be roughly esti-
mated by the job category that each former worker belonged to;
however, there were no good methods for estimating the degree
of exposure to chemical agents other than MG for each worker.
Compared with MG, lewisite and diphenylcyanarsine were pro-
duced in much smaller quantities and are reportedly much less
carcinogenic in humans.® ** Therefore, we excluded the effects
of chemical agents other than MG in this study.

CONCLUSIONS

In this study, male workers of the poisonous gas factory in
Okuno-jima exhibited significant excesses in mortality from
cancers of the upper respiratory tract, stomach, liver and lung,
as well as chronic bronchitis. Further, the analysis showed a
causal relationship between mortality from upper respiratory
cancer, lung cancer and chronic bronchitisfemphysema and MG
exposure,
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Applying the Okuno-jima MG Index, which integrated the
mortality risk associated with job category in the factory and
length of service, we found higher cumulative death rates for
respiratory cancer and chronic bronchitislemphysema in the
group with a higher Okuno-jima MG Index. Therefore, the
Okuno-jima MG Index may be a useful indicator for quantita-
tively estimating the cumulative extent of MG exposure.
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