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Abstract ]

Objectives The aim of this study was to compare the risk
for cancers of A-bomb survivors in the ongoing life span
study (L.SS) with unexposed groups consisting of the entire
populations of Hiroshima prefecture and neighboring
Okayama prefecture.

Methods The subjects consisted of the Hiroshima group
reported in LSS report 12 (LSS-H group) and a control
group (the entire populations of Hiroshima and Okayama—
HPCG and OPCG, respectively). We estimated the
expected number of deaths due to all causes and to cancers
of various causes among the exposed survivors of the
Hiroshima bombing in the LSS report 12 who died in the
follow-up interval at ages similar to those of people in
Hiroshima and Okayama prefectures who were aged
0-34 years at the time of the bombing in 1945. We com-
pared the standardized mortality ratio (SMR) of the LSS-H
group to that of the HPCG and OPCG (SMR-H and SMR-
_ O, respectively).

Results Even at low and very low dose categories, the
SMR-H and SMR-O were significantly high for all deaths,
all cancers, solid cancers, and liver cancers in male
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subjects, and for uterus and liver cancers in female sub-
jects, respectively. The results show that, if the dose
estimations of the dosimetry system 1986 (DS86) are
correct, there are significantly increased risks of cancer
among even survivors exposed to the very low dose level.
Conclusions The dose assuraptions of DS86 have been
criticized for underestimating doses in areas distant from
the hypocenter. The contribution of residual radiation,
ignored in LSS, and that of neutrons, underestimated by
DS86, is suggested to be fairly high.

Keywords Atomic bomb - Cancer - Hiroshima
survivors - Radiation - SMR

Introduction

The life span study (LSS) conducted by the Radiation
Effects Research Foundation (RERF) is an epidemiological
investigation of deaths among people exposed to the
Hiroshima and Nagasaki atomic bombs. The exposure dose
for the LSS cohort is estimated based on the primary
radiation dose defined by dosimetry system 1986 (DS86)
[1-3]. The residual radiation that the entire LSS group may
have been exposed to was excluded from the general
analysis of the LSS. For this reason, it is intrinsically dif-
ficult to examine the level of the exposure risk based on
residual radiation. All LSS reports after report 8 have
estimated the risk of radiation exposure among A-bomb
survivors using regression analyses. These analyses, how-
ever, did not show the results for A-bomb survivors in
comparison with an unexposed group (NIC; not in the city
at the time of bombing) {4]. (LSS reports use the term
“unexposed group”, but this category of survivors was
actually exposed to very low-dose primary radiation.)

@_ Springer
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It is questionable, therefore, whether unbiased estimates
of the risk of radiation-induced disease can be obtained
from these data. Francis et al. [S] have reported that in the
event of the delayed effects of radiation, in which dosage is
not a major contributory factor, the association between the
radiation and any subsequent effects could be overlooked
in the absence of a non-exposed control group for com-
parison. While it is difficult to obtain an ideal control group
for A-bomb survivors, the comparison of A-bomb survi-
vors with a truly unexposed group is needed due to recent
and growing concerns regarding exposure, particularly
internal exposure, by residual radiation.

In the study reported here, we estimated all deaths as well
as the number of deaths expected from various kinds of
cancers among the exposed survivors of the Hiroshima
bombing included in LSS 12 who died in the follow-up
interval at ages similar to those of people in Hiroshima and
Okayama prefectures who were aged 034 years at the time
of the bombing in 1945. The numbers of deaths were clas-
sified according to sex, radiation dose, and disease. We then
calculated and compared standardized mortality ratio (SMR).

Materials and methods

The subjects in our study comprised the Hiroshima group
(LSS-H. group) reported in LSS report 12 (LSS 12} [4] and
a control group consisting of the entire populations of
Hiroshima prefecture (HPCG) and peighboring Okayama
(OPCG). Data for both the LSS-H group and the control
groups were collected and categorized by sex and age at the
time of the bombing (in 5-year age groups) to calculate the
SMR. We obtained the number of cause-specific deaths and
population by age group from the vital statistics database of
the respective prefectures [6-8]. We defined the years
1971-1990 (divided into five intervals) as the follow-up
interval for LSS 12 and as the observation period for the
present study. The reason we chose to start the observation
period in 1971 was simply that this was the first year of
Hiroshima and Okayama prefecture mortality data that
were available to us. Therefore, the subjects in this study,
whom we could follow during the years 1971-1990, were
aged 0-34 years old in 1945 (in 1971 the population of
Hiroshima prefecture consisted of about 560,000 males and
590,000 females, and the population of Okayama prefec-
ture was about 378,000 males and 416,000 females [6-8]).
The reason we did not use the latest LSS 13 data is that in
LSS 13 the disease categories were changed; for example
“leukemia” became “all hematopoietic cancers”, making
it difficult to link with our data. Using the data on exposed
survivors from LSS 12, we initially calculated the observed
person—years as well as the observed number of deaths (O)
according to follow-up interval, sex, age at exposure

@ Springer

(034 years old), colon radiation dose (three levels; see
below), and cause of death. We then calculated the mor-
tality rate by cause of death in the HPCG and OPCG,
respectively, according to follow-up interval, sex, and age
in 1945 (in 5-year age groups). The expected number of
deaths (E) was calculated for each category (sex, age at
exposure, colon radiation dose, and cause of death) of the
LLSS-H group using an indirect method based on observed
person~years. This expected number of deaths was calcu-
lated in two ways: (1) with the HPCG as the standard; (2)
with the OPCG as the standard. These O and E values
were then used to calculate the SMR. We estimated the
95% confidence interval (CI) of SMR using the following
formula: lower confidence limit = 1/(2E)x3025(20 + 2)
and upper confidence limit= 1/(2E)y%675(20), where
x%-g—,s(ZO) is the value obtained when the upper probability
of the chi-square value with 20 degrees of freedom is
0.975. In this study, the colon radiation dose (Sv) was
divided into three categories: under 0.005 (very low), more
than 0.005 and under 0.1 (low), and more than 0.1 (but less
than 4.0) (high), respectively. This colon radiation dose
was the estimated radiation dose when the distance from
the hypoceanter and the radiation shielding provided by
buildings (based on DS86) [4] had been taken into effect.
Deaths were categorized as all deaths and as those from
all cancers (specifically, leukemia, solid cancers, stomach
cancer, colon cancer, liver cancer, lung cancer, female
breast cancer, and uterine cancer).

Results

For all deaths and deaths due to all cancers, the SMRs of
the LSS-H group in comparison with the HPCG and OPCG
(SMR-H and SMR-O, respectively) were shown to be
significantly high in the high dose category in all sex and
dose level categories (Tables 1, 2). In addition, SMRs for
LSS-H males in the low and very low dose categories were
also significantly high in relation to all deaths and deaths
from all cancers. The SMR-Os of deaths in the female low
dose category due to all deaths and all cancers were sig-
nificantly high.

Both the SMR-H and SMR-O, of deaths due to lenkemia
were estimated to be three or more in the very low and high
dose categories for males, and around three in the high
dose category for females. All of these SMRs are signifi-
cantly high. -

The SMR-H and SMR-O for solid cancers among males
were significantly high in all dose categories and increased
with the radiation dose. The SMR for females for death due
to solid cancers was significantly high in the high dose
category (SMR-H 1.64, 95% CI 1.44-1.87; SMR-O 1.71,
95% CI1.50-1.94). The SMR-O was also significantly
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Table 1 The standardized mortality ratio (SMR) according to colon doses and selected cancers:

Hiroshima, both sexes, age 0—34 years at time of bomb, 1971-1990

Cause of death Dose categories (Sv)

<0.005 (very low) 0.005-0.1 (low) =0.1 (high) Total
0* E"  SMR® (95% CI) Pvalue® O EP  SMR®(95% CI) Pvalue® 0* E®  SMR® (95% CI) Pvalue® 0° E" SMR® (95% CI) P value?

Males

All deaths 682 5715 1.193 (1.107-1.285) 0.000 715 6515 1.097 (1.020-1.179) 0.013 403 324.1 1243 (1.128-1368) 0.000 1,800 1547.1 L1163 (1.111~1.218) 0.000
All cancers 242 1950 1.241 (1.094-1.402) 0.001 263 220.6 1.192 (1.057-1.341) 0.004 161 1105 1.456 (1.249-1.690) 0.000 666 526.1 1.266 (1.173—1.364) 0.000
Leukemia 16 5.0 3.150 (1.950-4.871) 0.000 9 5.9 1.538(0.820-2.694) 0.274 9 2.9 3.069 (1.635-5.376) 0.001 34 13.9 2.453 (1.759-3.343) 0.000
Solid cancers 218 184.6 1.181 (1.035-1.343) 0.014 250 208.6 1.198 (1.059-1.351) 0.004 147 104.6 1.406 (1.196-1.642) 0.000 615  497.7 1.236 (1.142-1.335) 0,000
Stomach 65 554 1.174 (0.922-1.476) 0.195 73 626 1.167 (0.929-1.449) 0.187 33 315 1.049 (0.749-1.436) 0.852 171 149.4 1.145 (0.986-1.323) 0.077
Colon 12 9.0 1.334(0.769-2.187) 0.404 12103 1.170 (0.675-1.919) 0.698 9 51 1.757 (0.936-3.078) 0.136 33 244 1354 (0.966-1.853) 0.100
Liver 55 317 1.733 (1.333-2.219) 0.000 61 363 1.679 (1.308-2.125) 0.000 48 17.8 2.692 (2.033-3.506) 0.000 164 859 1.909 (1.635-2.212) 0,000
Lung 30 299 1.005 (0.705-1.395) 0.948 38 334 1.138 (0.831-1.527) 0.477 15 169 0.886 (0.540-1.387) 0.728 83 80.2 1.035 (0.836-1.269) 0,753
Females

All deaths 701 6517 1.076 (0.999-1.157) 0.054 745 7332 1.016 (0.946-1.090) 0.662 519 409.1 1.269 (1.164-1.380) 0.000 1,965 1794.0 1.095 (1.048-1.144) 0.000
All cancers 244 234.8 1.039 (0.917-1.173) 0.550 286 261.1 1.095 (0.976-1.226) 0.124 241 146.6 1.644 (1.449-1.858) 0.000 771 642.6 1.200 (1.118-1.286) 0.000
Leukemia 6 7.0 0.858 (0.402-1.668) 0.851 6 7.8 0.772 (0.362-1.501) 0.648 12 4.4 2755 (1.589-4.519) 0.001 24 19.1 1.255 (0.846-1.805) 0.317
Solid cancers 228 220.3 1.035 (D.909-1.174) 0.602 269 244.9 1.099 (0.975-1.234) 0.123 226 137.5 1.644 (1.443-1.865) 0.000 723 602.6 1.200 (1.116-1.289) 0.000
Stomach 43 599 0.718 (0.534-0.948) 0.034 56 67.1 0.834 (0.643-1.067) 0.175 57 37.6 1.518 (1.173-1.936) 0.002 156 164.6 0.948 (0.811-1.102) 0,505
Colon 14 142 0.985 (0.590-1.563) 0.941 13 155 0.836 (0.492-1.348) 0.604 13 8.7 1.487 (0.876-2.398) 0.204 40 385 1.039 (0.764-1.385) 0.873
Liver 30 159 1.889 (1.326-2.622) 0.001 29 17.5 1.656 (1.156-2.311) 0.009 16 9.9 1.615 (0.999-2.507) 0.076 75 433 1733 (1.384-2.147) 0.000
Lung 21 210 1,002 (0.658-1.474) 0.920 38 238 1.599 (1.167-2.146) 0.005 27 132 2.039 (1.405-2.878) 0,000 86 580 1.484 (1.202-1.813) 0.000
Female breast 21 17.0 1.235 (0.811-1.816) 0.397 22 185 1.189 (0.788-1.736) 0.485 30 10.4 2.876 (2.019-3.993) 0.000 73 459 1.589 (1.265-1.974) 0,000
Uterus 27 153 1.767 (1.218-2.493) 0.004 35 16.8 2.087 (1.503-2.833) 0.000 21 9.5 2204 (1.447-3.241) 0.000 83  41.6 1.996 (1.611—2.448) 0.000

# Observed number of deaths (person-years)

b Bxpected number of deaths (person-years)
¢ Risk among Hiroshima survivors in the life span study (LSS) relative to population of Hiroshima prefecture

4 Chi-square test
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Table 2 The SMR according to colon doses and selected cancers: Okayama, both sexes, aged 0-34 years at time of bomb, 1971-1990

Cause of death Dose categories (Sv)

<0.005 (very low) - 0.005~-0.1 (low) 20.1 (high) Total
0° E'  SMR® (95% CI) Pvalne® O° E°  SMR® (95% CI) Pvalue® 0* E°  SMR® (95% CD) Pvalue® 0° B SMR® (95% CI) P value®

Males

All deaths 682 560.8 1.216 (1.128-1.309) 0.000 715 6413 1.115(1.037-1.199) 0.004 403 3187 1.265(1.146-1.390) 0.000 1,800 1520.7 1.184 (1.130-1.239) 0.000
All cancers 242 1815 1334 (1.179-1.511) 0.000 263 2059 1.277 (1.132-1.436) 0.000 161 102.9 1565 (1.340-1.814) 0.000 666 4903 1.358 (1.260~1.464) 0.000
Leukemia 16 5.1 3.139 (1.981-4.948) 0.000 9 59 1527 (0.799-2.627) 0.283 9 2.9 3.066 (1.598-5.254) 0.001 34 13.9 2.441 (1.741-3.310) 0.000
Solid cancers 218 160.8 1.284 (1.123—1.458) 0.000 250 192.6 1.298 (1.145-1.461) 0.000 147 96.2 1.528 (1.303~1.788) 0.000 615 458.6 1341 (1.238-1.448) 0.000
Stomach 65 507 1.281 (1.001-1.602) 0.045 73 5§76 1.268 (1.002-1.563) 0.042 33 288 1.145 (0.812-1.558) 0.492 171 137.1 1.247 (1.075-1.442) 0.004
Colon 12 7.6 1.574 (0.865-2.460) 0.160 12 87 1.379 (0.769-2.187) 0.343 9 4.4 2,056 (1.199-3.941) 0.049 33 207 1584 (1.121-2.151) 0.010
Liver 55 23.0 2.395 (1.839-3.063) 0.000 61 265 2.305 (1.828-2.970) 0.000 48 13.0 3.702 (2.788-4.808) 0.000 164 624 2.629 (2.271-3.065) 0.000
Lung 30 310 0.969 (0.679-1.344) 0.932 38 347 1.094 (0.792-1.457) 0.637 15 17.5 0.855 (0.508-1.305) 0.625 83 83.2 0.997 (0.807-1.226) 0.97%
Females

All deaths 701 610.0 1.149 (1.067-1.236) 0.000 745 687.3 1.084 (1.009-1.164) 0.029 519 382.8 1.356 (1.244-1.474) 0.000 1,965 1680.1 1.170 (1.119-1.222) 0.000
All cancers 244 2242 1.088 (0.961-1.230) 0.186 286 249.1 1.148 (1.023-1.285) 0.021 241 139.8 1724 (L.518-1.945) 0.000 771 613.1 1.258 (1.172-1.348) 0.000
Leukemia 6 5.6 1.065 (0.469-1.945) 0.962 6 6.3 0.952 (0.469-1.945) 0.937 12 3.5 3.456 (2.307-6.561) 0.000 24 154 1.560 (1.079-2.301) 0.039
Solid cancers 228 2115 1.078 (0.949-1.225) 0256 269 234.8 1,146 (1.016-1.285) 0.028 226 131.8 1.714 (1.503-1.942) 0.000 723 5781 1,251 (1,163-1.344) 0,000
Stomach 43 59.5 0.722 (0.533-0.946) 0.038 56  66.0 0.849 (0.654-1.085) 0.243 57 37.1 1.537 (1.190-1.965) 0.001 156 162.6 0.959 (0.818-1.113) 0.604
Colon 14 14.1 0.994 (0.600-1.588) 0.913 13 159 0.818 (0.478-1.310) 0.548 13 8.8 1.473 (0.850-2.329) 0.216 40 388 1.031 (0.754-1.367) 0.912
Liver 30 113 2.651 (1.915-3.786) 0.000 29 125 2.317 (1.557-3.113) 0.000 16 7.1 2.269 (1.415-3.534) 0.001 75 309 2.429 (1.932-2.997) 0.000
Lung 21 191 1.100 (0.726~1.626) 0.746 38 215 1771 (1.321-2.429) 0.001 27 11.9 2,265 (1.550-3.175) 0.000 86  52.5 1.639 (1,340-2.021) 0,000
Female breast 21 143 1.466 (0.985~2.206) 0.103 22 155 1.422 (0.972-2.140) 0.125 30 8.8 3.420 (2.340-4.628) 0.000 73 38.6 1.893 (1.490-2.325) 0.000
Uterus 27 154 1755 (1.240-2.540) 0.005 35 17.0 2.061 (1.483-2.795) 0.000 21 9.6 2,177 (1.379-3.089) ©0.000 83 42.0 1.975 (1.595-2.423) 0,000

* ‘Observed number of deaths (person-years)

® Expected number of deaths (person-years)
“ Risk among Hiroshima survivors in LSS relative to population of Okayama prefecture

4 Chi-square test
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high in the low dose category (SMR 1.15, 95% CI 1.02-
1.29).

Stomach cancer SMR-O was significantly high in the low
dose category for males (SMR 1.27,95% CI 1.00-1.56) and
in the high dose category for females (SMR 1.54, 95%
CI 1.19-1.97). The SMR-O for colon cancer among males
was significantly high in the high dose category (SMR 2.06,
95% CI 1.20-3.94). The SMR-H for death due to liver cancer
was significant in all classes except the high dose category
for ferales, with significantly high SMR-H and SMR-O for
both sexes in all other dose classes, with an SMR range of
1.6-3.7. Male SMR for deaths due to lung cancer did not
show any significant differences, while SMR-H and SMR-O
for females were significantly high in both the low and high
dose categories (low: SMR-H 1.60, 95% CI 1.17-2.15;
SMR-O 1.77, 95% CI 1.32-2.43; high: SMR-H 2.04, 95%
CI 1.41-2.88; SMR-O 2.27, 95% CI 1.55-3.18).

The SMR-H and SMR-O of female breast cancer were
significantly high in the high dose category (SMR-H 2.88,
95% CI2.02-3.99; SMR-0 342, 95% CI 2.34-4.63).
Uterine cancer SMR-H and SMR-O were significantly high
in all dose categories (SMR 1.8-2.2), with the SMR having
a positive correlation with increasing radiation dose.

Discussion

In this study, we calculated the SMR for all causes of death
and for various types of cancer by comparing the actual
pumber of deaths among the LSS-H group with the
expected number of deaths during the follow-up period
among the cohort aged 0-34 years in 1945 in Hiroshima
and Okayama. We found that the SMRs of survivors sub-
jected to high exposure levels were significantly high for
about three-quarters of the causes of death. The SMRs of
survivors subjected to low exposure were also significantly
+ high for about half of causes of death.

/ Two possibilities should be noted here. First, there is the
possibility of observational bias: individuals of the LSS-H
group are examined more frequently than those in the
HPCG and OPCG, possibly making the diagnosis of cancer
easier. Second, there is the possibility of measurer bias, in
which the diagnosis of physicians would tend toward
cancer for individuals in the LSS-H group. While it is
difficult to know the accuracy of diagnoses at the time the
people were exposed to radiation, it is also possible that the
discovery rate was higher in the LSS-H group than in
HPCG and OPCG, and so these biases may have led to an
overestimation in our results.

However, since we used the causes of death recorded on
the death certificate, the accuracy of the death certificates is
vital to the reliability of the results in this study. From a
comparison of reports based on the LSS autopsy program

with information on the cause of death as recorded on the
death certificate, the LSS reported that about 20% of cancer
deaths are misclassified as non-cancer on the death certifi-
cate, while about 3% of non-cancer deaths are misclassified
as cancer [9-11]. Thus, evidence has also been reported for
the underestimation of cancer deaths in the LSS-H group.

Significant increases in the SMRs for disease (total)
were seen. The results of this study would seem to indicate
a higher attribute risk (the value of the RR reciprocal
subtracted from one than in previous LSS reports) [4].

There are two possible reasons for the difference in risk
as reported in the. LSS reports and that reported here: (1)
differences in non-radiation-related factors, such as life-
style, and (2) differences related to radiation, such as
differences between genuine non-exposed groups and non-
exposed control groups that in fact included people
exposed to considerable levels of radiation.

With regard to the first possibility, the following point
should be considered. Geographically, Hiroshima City is
located within Hiroshima prefecture, while Okayama pre-
fecture lies next to Hiroshima prefecture. Both prefectures
are located along the Seto Imland Sea and have similar
geographical conditions. There are no specific differences
in lifestyle that could be given as a reason for different
incidences of illness or death between the two. In fact,
when adjusted for population and age, both prefectures
reflect similar trends in terms of overall causes of death in
relation to the standard figures for 1985, and the residents
of these prefectures can therefore be considered appropri-
ate for use as controls [12]). The basic conditions required
for comparison are therefore met.

Among the LSS-H group, those who were further away
from the hypocenter (in the suburbs of Hiroshima) at the
time of the bombing have experienced a higher mortality
than those exposed to the same low dose near the hypo-
center (the center of Hiroshima city), but who were
shielded by buildings, etc. It has also been suggested that
the SMR tends to increase with distance from the hypo-
center (a test for this trend indicates that it is statistically
significant at P < 0.001). In addition, it is possible that the
people exposed to radiation were mainly city residents,
whereas HPCG and OPCG include many residents of rural
areas. In this framework, Cologne and Preston [13]
reported that since people distant from the epicenter lived
in rural areas, appropriate subjects for regression analysis
were those living within a radius of 3 km from the
explosion. However, it is also said that there is not a large
difference in risk when the subjects of the study are limited
to people within 3 km of the epicenter and when they are
within 10 k. The fact that there is not a large difference
regardless of whether or not these people are included
would seem to indicate that there is not a large difference
in risk in the disease structure in urban and rural areas.

@ Springer
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Variation in mortality rates with distance in the zero-dose
survivor group could be due to geographic differences in
lifestyle, socioeconomic status, regional differences in
health care, and/or occupation [13]. Since there is little
reported evidence on possible differences in other causes of
exposure, such as lifestyle, these factors will need to be
studied in the futore.

A population migration occurs between HPCG and OPCG
in this study since these groups are retrospectively followed
every year using vital statistics. The LSS-H group is the
population of A-bomb Hiroshima survivors followed-up in
LSS. However, the LSS-H group was also estimated to have
migrated somewhat, although the effect of migration was
adjusted using the L.SS cancer incidence data [14]. Consid-
erable care is needed when interpreting the findings in this
study because the HPCG and OPCG, which are large popu-

. lations, are thought to contain a higher proportion of

suburban residents than the LSS-H group. Unless all subjects

; inthe 1.SS-H group migrated from Hiroshima prefecture, the

HPCG would have contained A-bomb survivors. However,
the impact of overlap between the LSS-H group and HPCG is
estimated to be low since the populations of HPCG and
OPCG (the number of people in Hiroshima and Okayama
prefectures who were aged 0-34 years at the time of
the bombing in 1945 was about 1,150,000 and 795,000,
respectively, in 1971 [6-8]) were sufficiently large in rela-
tion to that of LSS-H group (about 58,000 people [4]). In
addition, the high mortality rates of A-bomb survivors may
have made the control group’s mortality rate appear higher
than it actually is, although we estimate that the inclusion
of A-bomb survivors in HPCG had a modest influence on
our results. Therefore, this would not make the significant
difference we found any less important.

In order to guarantee compatibility, the control group
should be established without any selection bias, but this is
very difficult. If there were any selection biases, one must
consider whether the biases function to shift the results
toward overestimation or in the opposite direction. In our
study, it is possible that since the control group may have
included some people who were at high risk, the SMR
obtained for the LSS-H group may be smaller than the
actual ratio.

With regard to possibility (2) above—that there is a
radiation-related reason for the difference between the LSS
risk and the risk indicated in this study—the following
should be considered. ‘

The LSS reports from no. 8 onwards did not use genuine
non-exposed control groups, rather they calculated risk by
obtaining background risk using regression analysis from
data relating to deaths among those exposed to radiation.
Analysis of the level of exposure to radiation used DS86,
which only looked at the initial radiation and does not take
residual radiation into account. As a result, when people in

@ Springer

the lowest radiation dose category within the LSS group
were exposed to significant risk from radiation, the LSS
report calculated the background risk as higher than it
actually was and, consequently, calculated the SMR as
being lower than it actvally was.

The results of our study would seem to confirm this:
even people in the lowest dose category were shown to be
subject to a significantly higher level of risk than those
in the control group. The significant difference in risk
between the two groups is thought to be due either to a
difference in the evaluation of risks from initial radiation or
(perbaps in addition to) to a difference in the evaluation of
risks from residual radiation, and it can be explained as
follows. If DS86 underestimated the level of radiation to
which survivors were exposed in more remote areas, then
those survivors included in the very low and low categories
must have in fact received a higher initial dose of radiation
than was formerly considered. This would explain the high
SMR among the very low category within the LSS group.
Assuming, on the other hand, that the assumptions relating
to initial radiation doses in DS86 were correct, this would
indicate that the initial radiation in the very low dose cat-
egory in fact carried an increased risk, over and above that
which could be assumed based on the high radiation area
data. Additionally, the evaluations in DS86 do not take into
account residual radiation, which could be the basic reason
for the disparity. It cannot be denied that even survivors in
the very low category may have been subject to additional
radioactive fallout and may have breathed in or swallowed
induced radioactive substances in the vicinity of the
hypocenter [15-18].

Large differences were not necessarily seen in the SMR
of leukemia and malignant tumors of the digestive organs.
The cause of leukemia is thought to lie in the pattern of
onset originating with A-bomb radiation. In this study, we
used data collected since 1971, but it has also been reported
by RERF that leukemia in people exposed to the A-bomb
occurred relatively soon after the exposure; consequently,
looking at data only for more recent years, the number of
cases does not seem particularly high {3]. For solid cancers,
on the other hand, the absolute risk increases with the age
of the exposed person, and these cancers become easier to
detect [4]. Therefore, since the follow-up period in this
study began 25 years after the initial exposure, it is likely
that the influence of A-bomb radiation is becoming smaller
in terms of leukemia. In addition, the prognosis of leuke-
mia is poor, and it is fairly simple to identify leukemia as
the cause of death. Thus, it is unlikely that it is easy to
monitor leukemia in people exposed to radiation but dif-
ficult to monitor it in those who were not exposed. In
terms of digestive system cancer, such as stomach cancer,
patterns of death differ, depending on the category of
radiation dosage. Confounding factors, such as smoking
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and drinking alcohol, may also affect the distribution, but
there were also more males than females involved in the
rescue efforts subsequent to the bombing, and these males
may therefore have been active in areas with residual
radiation [15, 17].

In addition, a strong correlation was seen, especially
with liver cancer, even with low dosage in both men and
women, and no dose-response relationship was seen
between very low dosages (less than 0.005 Sv) and low
dosages (0.005-0.1 Sv). Since the hepatitis virus is invol-
ved in the majority of liver cancers, causes other than
radiation {e.g., iatrogenic factors) cannot be ruled out.

With regard to doses from the initial radiation, studies
by RERF have found that there is a linear dose—response
relation for solid cancers. However, that was from the
results of multiple regression analysis with the exposed
group. The dose response was not linear in HPCG and
OPCG, and the group thought to consist of people in LSS-
H exposed to very low doses showed a considerably higher
SMR with solid cancers than did the control group.
Therefore, given the possible involvement of radiation that
is not considered part of the initial dose (radioactive fall-
out), it would seem impossible to detect a dose-response
relationship. In studies at RERF, dose-response relation-
ships are not ruled out, even in the range of very low
dosages of initial radiation, and it would be difficult to say
that this is a threshold value even in the present study.

One more trend worth noting is that within the very low
radiation dosage category, there are certain illnesses for
which the SMR seems to be higher than that for the low
category and—sometimes—even for the high category.

The illnesses that display these trends have not been
subjected to genuine SMR assessments since epidemio-
logical studies carried out by RERF did not include a
genuine non-exposed control group comparison. It is
therefore difficult to disprove a link with radiation. The fact
that such illnesses seem to display a high SMR within the
very low radiation category may instead indicate a con-
tribution of residual radiation that was not included in the
exposure evaluation [11].
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Leukemia in Atomic Bomb Suryvivers

Hiroshima, 1946-1967

Fumio HIROSE

Department of Pathglogy and Cancer Research, Ressarch Imnstitute for Nuclear

Medicine and Biology, Hireshima Univ:rsily,‘Hiroshima

The summarized results of statistical studies on leukemia in persons exposed to the atomic
bomb within 5,000 meters from the hypocenter in Hiroshima from 1946 to 1967 are as follows :

1. One hundred and sixty eight cases of leukemia, including 68 cases of chronic myeloid
leukemia, developed in the atomnic bomb survivors in Hiroshima City during the past 22 years
from 1546 to 1967. The incidence per 100,000 per year was B.34. This maintained a high level
from 1951 to 1959, but thereafter it showed a gradual .decrease.

2. There were 153 cases of deaths from leukemia in the survivors duriug the past 22
years. The death rate, 7.63, per 100,000 per year was about 3.6 times of that of the 2.14 of the
non—eprosed cases, and about 3.3 times of the 2.32 of all Japan.

3. The leukemia incidence was markedly -high in persons exposed within 2,000 meters
and low in survivors, exposed beyond 2,000 meters. However, according to the exposed
population based on the 1960 .census, the incidence in survivors exposed at the distance 3,001-
5,000 meters was 4.04, which is a rather high incidence. .

4. Of the 168 exposed cases, there were 70 chronic and 98 acute cases. The ratio of the
chronic to acute type was highest during the years 1951-55, and thereafter trended toward decr-
ease, but the ratio during the years 1966-67 was considerably higher than that of all Japan,
and a high incidence of chronic leukemia was noted in the exposed cases.

5. The ratio of the chronic to acule type decreased with increase in the distance from the
hypocenter, but the ratio of cases from 3,001 to 5,000 meters was higher than that of all Japan.

6. The survival period of leukemia in cases exposed within 2,000 meters was longer than
these exposed beyond 2,000 meters and it is believed that the survival period may be longer
than that of the non—e:{posea cases.’

7. There were 63 cases of leukemia in the early entrants (persons who entered Hiroshima
City soon after atomic bomb explosion) since 1950. The incidence of 45 cases among persons
who entered within 3 days after the explosion was high, being 9.69. Twenty four of all the

cases were of the chronic myeloid type.
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Number of the Hiroshima survivors by
exposure distance.

Table. 1.

< Distonce from Hypocenier {malort)
sufce Talal . B01—- 1,001- LSO~ z.001- 2,501~ 3,00
0-300 Tjpoo 1,500 2000 2,500  3.000  5.000
c 30,400 €7.700
':“"" 98,100 {,200 Jux00 8700 (NZoo . 30300
200 105
Ocl.11950 700
36,455 43,340
c;:m 79.835( 293 2974 14,210 15,048 12,187 2,022 19,3
Qcl.11960 T A4T 43,237
Cratus on
Nev.l, 83,350 7458 47,399 18,813
1965 . ’
Table 2. Change in population  A&aFLimrm bh
of Hiroshima City 6T, FO%
-
(1946~-1867). o
. I — 21=F 3yl Bl
"Yaar Papulslien Flp"“- on-ELpos
. & vpulotion | Populotion (.
3 Extimolod | ¢ Yimated * | Estimatnd A, LEHEL
1948 183,535 | 102.036 | B1.499 B, 6O ]
aT |-. zzo.551 {01,052 | 119,499 BOALE
48 234.126 | 100,069 134,057 A XD, ¥XH
49 246,463 99,085 [ 147,379 ,
lsilu % 252,643 {4 38,102 | 154.54) A 3 BIF O &HFC
5 258,654 ST. 1S 161,535 .
52 265,198 96,135 ] 169,063 L > TRECIEM
s3 ) 27,730 ss.1s2| 175578 P
54 | 278,899 94.168 | 184.731 Lic. #E-> TR
55 287,140 B335 | 193,955 BigEOAOLD
[ . 3
LH z29Z,207 sz,201 | 700,008 ®
st | =297784] sLus | 206568 e EHAE
58 305738 50,234 | 2i5,504 - .
59| 3074 89.251 | =2zl,823 Fioz Laigd
1850 215,856 88,267] 230.829
. " =
6l 321,747 87.284| 234,463 hab. ®1131950
§2 324,623 85300 | 238.323 1085189
63 327,503 85317 | 242,186 FL0A1LE '.1960
sa | 330,372 84336 { 2465.035 FWRE18T RV
§5 |.+%333,257 | 4583350 249,307 &
66 | 234503 | ez367| 252138 19655118 1 8%
6T 333,114 81,3183 | 2z33,731 =
1 Populalion born befors Avg,6,1945. D3 @@AD ‘:‘Eﬁ
& Figurer from census onOc)., 1950,
x*FlQuras f1om cansus on Nov.|. 1355 @%é‘ﬁ:}ﬁ’)’ﬁjﬁ

BEADDHETH B, FoAOEHO—EENE I
3 WEROBERENABLEECE N ERD T bL
Ble LT, 4GV 1950 & ¢ 1965 FOHEHEC L T%
EFEOKBEADOHEXHL TRV, SR EBDY

GEEECRING . REETEAEDAD LI EE

DAL EFRERAES ARl g EhieE B L

HTH5.
7. REBEFETE
f“‘%ﬁitsioﬁzfgr’x"ﬁozennf‘%&ﬁt%i#tzr
FerEIOMTHD. FlORER S Tl &
H1omdicics- 3B 22 R SR O > 5,000m 2L

Incidence of leukemiia in Hiroshima.

Tsable 3.
: (19%{5«1967).
Tolai Camms | (G 000 m] Noa-Expored
‘é-nn;;:(. Noof g;:iduncc No.of };\:;d-m:- 2(:’..11 No.of lF::;:rld-nc.
Coxex 100,000 | Cos23} {00,000 | Out of Tity | C93+1110Q,000
1946 l 0.54 o} 0 1 1 Ti23
47 s 2.27 A 396 { ] 0.84
48 13 5.55 8 7.9% 3 5 3.73
49 {19 7.70 9 3.08 3 10 6.79
1950 | it 4.35 (6] 019 2 i Q.65
51 |13 | 503 [0 | 1030 7 3 | tes
52 | I 4.{5 T 7.28 2 4 2.37
53 | 19 699 | 2 12.61 5 7 3.95
54 | l4 s5.02 | lo 10.62 3 4 247
55 | ir.] 592 | 12 12.88 2 5 2.58
se | I8 5.48 | 10 10.85 3 s 3.00
57 13 4.37 10 10.96 Q 3 1.45
58 |13 4,25 ] 9.97 2 4 {.86
. 53 {18 | 573 |12 13.45 4 6 270
1960 ti 3.45 3 3.40 i 8 347 .
‘6t |15 | a68 | T B.02 5 e | 3.4t
62 9 277 7 8.4l 1 2 0.84
63 1§ 3,36 [ 7.03 [o] 5 2.06
64 8 2.42 4 4,74 0 4 1.63
65 7 2.10 4 4.80 Q 3 1.20
66 0 2.99 5 £.07 | 5 1.98
67 | I3 3.88 9 11.08 2 4 .58
Tolal -] 267 | 4.23 | 168 834 48 39 2.33
Eipatad Cases
5 200 (WIhin 5,000 m from Hypacenter}
‘= 150t
E 10.0r Tolol Caves T
© it
- 501 S
o
3
£ 20
E
| 1.0}
5 66 67

{944 ‘;7 4‘8 4‘9 50 5“ 512 f:! 5‘4 :;5 5;55.7 ,';8 53 G‘D 5’( B2 6:3 s3 G
— Yeof
{ncidsncs of Laukemia inHiroshima during lhe Peciod of 194619 67
Fig. 1. Incidence of leukemia in Hiroshima during
the period of 1946~1967.
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Table 4. Number of persons affected in 1967.

Residence of Palienls
Type of Diceasss Exposad Casas | Non-Expased Casss gcu;)y {
. in City |Outol City| in Cily | Out of City niranis
Acute Gran_ Leuk. 4 1 221 12{3} 3
Acwls Mono. Leuk. 2
Aculs Lymph. Letsk. { [£H] 2l2)
Acufs Loukemia Hz2y |1
Chron.Gran. Louk. 3 ) 4 i
Sub-{olal 9 2 4{s) 19(5) 4
Myeloma H 2
Aplaslic Anamia 2 31 312} 2
Raficufosarcoma q{1} i
{ ymphosorcama
Malignant Lymphemo 1 [15] 1
Hodgkin's Disegses
Sub-lotal 3 41l i0l4} 4
Tolal {2 2 B{5} 29(3) B

{ Hndicales numhar of persons born afisr Aug 6,19 45.

EBMBENS D, TSR EEREOWIT6I3TH
5. IeBBATECL 4 FORMEAFEELTHS.
R ETTIC 35V 5 BAEEO BIRFECHM L FETHE L1TE

Death-Rate of lc{xkcmia in Hiroshima.

Table 5.
(15345~1967),
Yostcoe | Eimeaoboms | et | el
- - Rote of
Rl El o FE) el S Bl i
{go,Q00 100, C00 {OulalCily 100,000 100.000
=J246 ] | 0.54 ) o ] 1 .23 -
7| 3 L36 z .98 i t | oB4 L.o7
48] v 2.99 4 | 4.00 o 3 | 2.24 12
49 ] 13 5.27 5 5.05 3 8 5.43 .37
1950 11z | 475 - |10 | 049 i 2 | 12s | 147
SUH 425 o] oas 3 ) o 1.58
sz | it 415 8 6.32 € 3 .77 .87
s3tzo | 738 12 | est 1 a | 453 1.9l
541 @ 2.87 [ €.37 5 2 .Q8 212
551143 | 4,53 8 | a.59 5 5 | 258 2.28
56 {18 6.16 13 | 14.10 { 5 2.50 241
57| 14 4.70 11 | 12.08 2 3 1.45 2.44
58 | 15 4,94 7| 178 2 8 | 31 2.63
59 { 14 4.50 it 12.32 4 3 1.35 | 287
1960 | 14 4.39 5 5.66 2 s | 330 2.8}
60 017 5.28 7 8.02 4 o | 427 290
62| 3 277 I3 5.95 1 3 .26 3.06
83{10 | 3.05 7 8.20 1 3 .24 3.07
641 6 1.82 2 2.37 o 4 1.63 [ 3Is
85110 | 3.00 7 | 6.40 0- 3 1.20 3.zl
6) 7 2.09 3 3.84 o) 4 1.59 330
67113 388 8 9,83 t 5 1.97
Tolol [236 ] 3.85 | 153 | 7.63 49 |93 | zia 2.32

Expoisd Cu‘;o

s 200 {Wtihin 5,000 m from Hypocmler}
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E top Nen-E1porad Coave
1 NP i S S S

\$45 47 43 45 5081 52 33 54 53 SCaT 38 52 60 B{ 62 &3 €4 €3 66 &7

—rYaar .
Fig. 2. Death-Rate of leukemia in Hiroshima
during the period of 1947~-1967.
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Table 6. Number of deaths in Hiroshim in 1967,

Residenca of Palinals
Type af Dlzeases [~ Exposed Cases | Non-Exposed Cases Early
1n City JOulof City| In Cily {Oul of City Enlranls
Acuta Gran, Leuk. 5 { 3(3} 10{3) 2
Acule Mono.Leuk. 2 .
Acvls Lymph. Leuk. 1z}
Acula Laukemic tn [133]
Chron.Gron, Louk. { { s} i
Sub-lolal 8 t 5{a) rAINg] 3
Mycloma 2 2
Aplastic Arsmia 2 2{l} 62} !
Reticulasarcoma 4 50 2
Lymphesorcoma [} 2
Matignant Lymphama 4 - i
Hodqkin's Disease 1
Sub-tolal 7 [{}] 17{4) 3
Tala! 1S i 11{51 3a(il) 6

) ( }indicaiss number of parons hacn afler Aug.6, 1945,
Sl E s Ao AR AR L £ T
Ty HBELTCRTERTORY THS. WIREE A

Table 7. Incidence and mortality of leukemia in
Hiroshima during the period of 1846~1967

Tolal | Expoced Casss | Noa-Exposed | y
Casss | (wilhin5,000m) | Cases | 0oP°"
No.of Loukamia {68 93
Developad 67
Incidence Per
{00,000 PerYeor | 423 8.34 233
Na.of Deoth from 93 :
Leuksmia 246 153 _
Death-Rale Per . | 385 7.63 2.14 2.32
100,000 Per Ysor .
*ia47-1566
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Tsble 8. Incidence and mortality of leukemia
: . in Hiroshima in 1967,
Tolal Exposad Cora3 Noa-Exposed Early Enlienls
Cases {ithin 5.000m) Caterx [Wihin 3 Doyxl)
Populalian 3334 B{.363% 253,73} 25.798
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Developad I3 2 4 “
- .
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Na.of Dagih Imm
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Table 11. Rate of acute and chronic leukemia

Eaporsd Dlalanen Lex1 lhan 2000 | 2,0Q1-5,00Qm] Non-Expotsdi ol
No.Cozs servad 13% >3 23 Jopan . in Hiroshima survivors by period ’
No.Survivers's 30,400 &7,700 N
InsltinzallO0,000 444,08 4e.79 of onset.
Ineldonea F4OD,000/ Yeor 20,18 2.22
No.Zurvimar 36,495 43,340 Periodof Onsel | ¥ Acule Form | Chionic Form | Ralie of Acuie /Chroale
Ineidonce7}ODTO0 359.910 T6.142 + SN,
tncfdanee /1QD,000/Yest 1691 346 733 | %32 - 1945 — {850 17(6} 1214} L2l
EX
¥ Figurny trem caudsa on Ocl, 1,1850. _ 04
2% gigurks {com cansur on Qel1.1980, 1951 1955 26liz) B : b
4 Moan ol 1947-1366 © 1958 — 1960 21T 1713] .53
— 1o - - i Lo
Eﬁ]&;’chu_ts‘ooorn ff@’@g‘)@;ﬁf%%&iqb?ﬁ 261 265 18{5} 1ol B
= . - 4 8 966 — 1967 10{3} ] 2.50
19504 ESHIRIEIC T B YREAD DR BT 5 & A
2.000m BIpS Afl Etposed.Cazes 58{33) TONS) .40
000m RO L ARC —
DEATRLL A RERESZDCRLT, oo of All Japan | 5.00-5.63

TN EoBEED FEF TRIEWEN X b b IEFESA
TR L LI9G0ED BHTHEOHME LA\ 5 & ,2,001m
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Table 12. Type of leukemia developed amo:;g

the Hiroshima survivors by exposure
distance during the period of 1946~1967,

Ty of Lsukamiq

Dislance from - —
Hypocanteriml | cule | Nmoras® E:g:;:?-ﬂogd eq;?gxﬁ i’;ﬁ:ﬁm
‘Wilthin 300 itz2} . 2
501 -1£000 20(9) {2} | 1314} 1
L,0af~1,500 kL {{h)] 1 © | 35(8)
1.5Q1 - 2.000 194(3) } 1212}
2.001-2,500 5121 FALIR 1
2,501-3,000 83} t 1
3,00~ 3,500 5 3}
3,501 - 4,000 5 . 3
4,00] - 4,500 i
4,5Q{ - 5,000 3
Tatal 9z{3} 5@ (. 1 IR 2z
Mon-Exposed Coses | 76 4 |- 0 [§:] 3]

{ Jindicates number of cayes ol of city.

80P 3T L TR BRI CH L DICK LT, HIEHIoIx
2 (FadSeAt) 9%Bfiost LCidnromcsd
U, RMRO AR BT S SR S RIS
ZVOT, BHEBMMCSERIL BHE ) O ES L EI3

Table 1. Rate of acute and chronic leukemia in Hi-
roshima survivors by exposure distance.

%;::,’;:,,{;:&) “hcute Form| Chranic Form | Ratio of Acvle/Chronic
Within 2,000 72 63 Li4
= 2,001-3000] 12 4 3.00
3.00(- 5,000 14 3 4.67
_ Non-Expossd 80 19 4.2y
A Sean 5,00-5,88

*Susacute form is included.
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BRBBOES,IEDTHELE Lambhs

769

5. BZEBECEIDSHLEDEFR
R EC BHEED SV L FEBENSEE M E S
PERFE Gy, EIREHEIEEO BiVE S ETF AR
DEGL DR FL. T THAF R S CTEFHBO
B8 ol FowRBRImET 2\, 2,000mBlAD
EFIE5,000m ¥ TOLES L CHEERRO B E8R T
S 7. FUAARINERAO SEBENSHETCE L. BN

Table 14d. Type of leukemia in the Hiroshima sur-
vivors by survival time (1946~1567).
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Abstract As a result of joint efforts by Japanese, US and
German scientists, the Dosimetry System 2002 (DS02)
was developed as a new dosimetry system, to evaluate
individual radiation dose to atomic bomb survivors in
Hiroshima and Nagasaki. Although the atomic bomb
radiation consisted of initial radiation and residual radia-
tion, only initial radiation was reevaluated in DS02
because, for most survivors in the life span study group, the
residual dose was negligible compared to the initial dose. It
was reported, however, that there were individuals who
entered the city at the early stage after the explosion and
experienced hemorrhage, diarrhea, etc.,, which were
symptoms of acute radiation syndrome. In this study,
external exposure due to radionuclides induced in soil by
atornic bomb neutrons was reevaluated based on DS02
calculations, as a function of both the distance from the
hypocenters and the elapsed time after the explosions. As a
result, exposure rates of 6 and 4 Gy h™! were estimated at
the hypocenter at 1 min after the explosion in Hiroshima
and Nagasaki, respectively. These exposure rates decreased
rapidly by a factor of 1,000 1 day later, and by a factor of
1 million 1 week later. Maximum cumulative exposure
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from the time of explosion was 1.2 and 0.6 Gy at the
hypocenters in Hiroshima and Nagasaki, respectively.
Induced radiation decreased also with distance from the
hypocenters, by a factor of about 10 at 500 m and a factor
of three to four hundreds at 1,000 m. Consequently, a
significant exposure due to induced radiation is considered
feasible to those who entered the area closer to a distance
of 1,000 ' m from the hypocenters, within one week after the
bombing. '

Introduction

The residual radiation after the bombings in Hiroshima and
Nagasaki can be categorized based on two sources: radio-
isotopes induced by neutrons in materials such as soil,
buildings etc., and radioactive fallout known as ‘black rain’
that contained fission products and residual fissile material
consisting of uranium (Hiroshima) or plutonium (Naga-
saki). Significant black rain was reported in both cities: the
Koi-Takasu area about 3 km west from the Hiroshima
hypocenter and the Nishiyama area about 3 km east of the
Nagasaki hypocenter [1, 2].

Because exposure to residual radiation largely depended
on the individual’s location at the time of the bombing and
the personal behavior after the bombing, it is rather diffi-
cult to estimate the radiation dose due to residual radiation
in comparison with the dose due to initial radiation coming
directly from the explosion. In the previous Hiroshima- -
Nagasaki dosimetry system, DS86 (Dosimetry System
1986), Okajima contributed a review article on residual
radiation exposure [2}. He estimated the maximum external
exposure due to induced radioisotopes to be 80 and 30-40
R (700 and 260-350 mGy in air) at the hypocenter in
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Hiroshima and Nagasaki, respectively, and the maximum
exposure due to black rain to be 2040 R (170-350 mGy)
and 1-3 R (9-26 mGy) in Nagasaki and in Hiroshima,
respectively. Gritzner et al. [3] applied the transport cal-
culation technique developed in DS86, and calculated
external exposure at I m above ground due to gamma-rays
from radioisotopes induced in soil in Hiroshima and
Nagasaki. They obtained maximum accumulated external
doses of 1.4 and 0.7 Gy at the hypocenters of Hiroshima
and Nagasaki, respectively.

As the result of a joint effort by a Working Group con-
sisting of Japanese, US and German scientists, DS86 was
revised to produce the new dosimetry system DS02
(Dosimetry System 2002) {4]. Only initial radiation was
reevaluated in DS02. Residual radiation was not reevalu-
ated in DS02 because, for most survivors in the life span
study group (the epidemiological cohort set up for investi-
gating late-effects of radiation exposure in Hiroshima and
Nagasaki [5]), the residual dose was negligible compared to
the initial dose. It was reported, however, that there were
individuals who entered the bombed cities at an early stage
after the explosions and experienced hemorrhage, diarrhea,
etc., which were symptoms of acute radiation syndrome [1].
In the present paper, a reevaluation of the external exposure
due to induced radioisotopes based on the DS02 calcula-
tions is described, as a function of both the distance from the
hypocenters and the elapsed -time after the explosions.
~ Exposure due to the black rain is not considered.

Methods and materials
Calculation in DS86

In DS86 the two-dimensional transport code DOT4 was
used, to simulate radiation transport of the initial radiation
from the atomic bomb explosions, with a height of burst
(HOB) of 580 and 503 m in Hiroshima and Nagasaki,
respectively. In these calculations, R-Z cylindrical coor-
dinates were applied to an air-over-ground geometry,
putting the source term on the center axis of Z. The hori-
zontal R coordinate (0-2,800 m) was divided into 120
radial meshes. The vertical Z coordinate (—0.5-1,500 m)
was divided into 99 axial meshes, 21 for the soil layer
(—0.5-0 m) and 78 for the air layer (0-1,500 m). The
results of the DOT4 calculations gave values of neutron
fluence at the center of each spatial mesh. Gritzner et al. [3]
calculated the distribution of neutron-induced radioactivi-
ties in the soil layers using DS86 neutron fluences and
elemental composition. Concentration of those target ele-
ments that produce major radioactivities in soil after
neutron capture is listed in Table 1. These values are based
on soil samples taken near the hypocenters in Hiroshima

@ Springer

Table 1 Concentration of the main elements that give rise to neu-
tron-induced radioisotopes in soil

Element Neutron reaction Relative mass, milligram per
gram of dry soil
Hiroshima Nagasaki
Na BNa(n,y)*Na 16.0 7.50
Al © 2TAY(n,y) AL 71.0 97.0
Sc *Sc(n,y)%sc 0.005 0.020
Mn 5Mn(z,y)*Mn 0.467 1.26
Co FCo(n,y)*Co 0.004 0.022

and Nagasaki [6]. Gamma-ray exposure from radioactivi-
ties in soil was then calculated at 1 m above ground in
terms of free-in-air tissue kerma.

Activation ratio of DS02 to DS86

Through the works developing DS02, all measurements
about neutron activation in various materials exposed to the
atomic bombs were reviewed and used to verify the cal-
culation methodology incorporated in DS02. With respect
to thermal neutron activation, measured data for such

radioisotopes as *°Co [7-9], *?Eu [10-12] and °Cl [13,

14] were compared with the corresponding numerical
values obtained by the DS02, calculation. In addition an
intercomparison study between '*?Eu and **Cl measure-
ments was carried out using the same granite samples taken
in Hiroshima [15]. Four laboratories were involved in this
intercomparison: Kanazawa University for *Eu mea-
surement [16], University of Tsukuba [17], Technical
University of Munich [18] and Lawrence Livermore
National Laboratory [19] for 3C1 measurement. Based on
the detailed Measured/Calculation ratio analysis of all
available data, Egbert and Cullings concluded that DS02
indicated more satisfactory agreement with measured data
than DS86 [20]. - '
As a result of the DS02 calculations, Santoro et al.

provided a table of neutron activation for various reactions
at 1 m above ground [21]. In the present study, based on
the assumption that the amount of radioactivities induced
in soil is proportional to that calculated at 1 m above
ground, the DS02/DS86 ratio for *°Co production at 1 m
above ground was applied to the results given by Gritzner
et.al. (see Fig. 1 and Eq. 1).

COoz(r)
Cogs(r)
where déz(n 1) and dgg(r, t) are the DS02 and DS86

exposure rates 1 m above ground, respectively, at distance
r from the hypocenter, at time ¢ after the explosion, and

doz(r, t) = . dge(r,t) (1)
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Fig. 1 Ratio of ®Co activation at 1 m above ground between DS02
and DS86

given in Gy h!, Cogy(r) and Cogg(r) represent the amount
of neutron activation 1 m above ground based on DS02 and
DS86, respectively, at distance r from the hypocenter and
given in Bq per mg of cobalt.

The assumption of proportionality between the radio-
activities in soil and those at 1 m above ground is not an
exact one, but provides a good approximation considering
that all radionuclides calculated here are predominantly
produced by thermal neutrons. The decrease of the DS02/
DS86 ratio at a short distance (<500 m) in Hiroshima seen
in Fig. 1 can be explained by the HOB change from 580
assumed in DS86 to 600 m assumed in DS02, while the
increase at far distances reflects the change of the bomb
yield from 15 kt in DS86 to 16 kt in DS02, respectively, a
reduction in the neutron air cross sections between 0.5 and
1 MeV, as well as the change of the leakage spectrum
newly calculated for the Hiroshima bomb in DS02. In
Nagasaki, the small decrease of the DS02/DS86 ratio
(Fig. 1) is considered to reflect the decrease of neutron
leakage from the Nagasaki bomb and the increase in the
neutron air cross sections above 3 MeV in DS02 [21, 22].

Results and discussion
Exposure rates

The temporal change of the exposure rate at 1 m above
ground due to neutron-induced radioactivity in soil is shown
in Fig. 2 for Hiroshima, and Fig. 3 for Nagasaki. At 1 min
after the explosion about 6 and 4 Gy h™" are calculated at
the hypocenter in Hiroshima and Nagasaki, respectively.
Then the exposure rates rapidly decrease with time after the
explosion, due to the decay of the dominant radionuclides in
soil, i.e., 22Al (f12: 2.24 m), **Mn (2.58 h), **Na (15.0 h)
and “°Sc (83.8 days). Exposure rates decrease by a factor of
one thousand one day later, and by a factor of 1 million one
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Fig. 2 Temporal change of the exposure rate after the explosion due
to neutron-induced radioisotopes in soil: Hiroshima. Two measure-
ments (full diamond [23] and full circle [24]) were both obtained near
the hypocenter

week after the explosion. One year later the exposure rates
near the hypocenters decrease to the level of natural back-
ground (~0.1 uGy h™ b,

Although the exposure rates at 100 m from the hypo-
center show almost the same level as that at the hypocenter,
they -decrease by a factor of ten and a factor of several
hundreds at 500 and 1,000 m, respectively, from the
hypocenter. For this reason, evaluation of the radiation
exposure to early entrants requires accurate and detailed
information on their time of entrance, distance from the
hypocenter with time, and duration of stay within the
critical area.

Comparison with measured data

Results of several measurements of the exposure rates that
were performed near both hypocenters are also plotted in

1.E+04

1.E+03

1.E402

1.E+01
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Fig. 3 Temporal change of the exposure rate after the explosion due
to neutron-induced radioisotopes in soil: Nagasaki. All three
measurements (fill diamond [23), full circle [25] and full square
[26]) were obtained near the hypocenter
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Figs. 2 and 3. Pace and Smith, using a portable Geiger
Muller (GM) counter calibrated with a radium source, did
an extensive radiation survey around thé hypocenter areas
as well as the black rain areas, in Nagasaki (15-27 October
1945) and Hiroshima (1-2 November 1945) [23]. They
reported maximum exposure rates of 72 and 81 yR h™! at
the hypocenters of Nagasaki (October 18) and Hiroshima
(November 1); respectively. Using a Neher cosmic-ray
electrometer, Miyazaki and Masuda [24] reported exposure
rates at the Hiroshima hypocenter on two dates (15 October
1945 and 15 February 1946), and Masuda et al. [25] per-
formed measurements at the Nagasaki hypocenter on a
further date (18 January 1946). The earliest data (10 Sep-
tember 1945) in Nagasaki was reported by Shinohara et al.
[26] using a Lauritsen electroscope. In Fig. 2, an accept-
able agreement can be seen between measurements and
calculations, for Hiroshima. However, measurements are
four to eight times lower than the calculations, for Naga-
saki (Fig. 3). .

In a previous work, Hashizume et al. [27] reported the
sodium and manganese concentration of 16 and 8 soil
samples taken at various locations in Hiroshima and
Nagasaki, respectively. Their data are plotted in Fig. 4
together with the soil data used in the DS02 calculation. A
larger scattering of the sodium and manganese concentra-

" tion is seen in Nagasaki than of that in Hiroshima.
Considering that the sodium and manganese concentrations
used in DSO2 are generally lower than those given by
Hashizume et al., a several times larger measured exposure
rate is easily presumable. It is regrettable that the Sc con-
centration is not given in Hashizume’s paper as the
radioactive “®Sc is considered to dominate the exposure
rates at the time of measurements. Although the reason of
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Fig. 4 Na and Mn concentration in soil samples from Hiroshima and
Nagasaki; DS02 [6] and Hashizume et.al. [27]
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Fig. 5 Cumulative exposure from the time of explosion to infinity

the disagreement between measurements and calculation in
Nagasaki is not clear, it might well be that the soil com-
position used in the Nagasaki calculation largely differed
from that at the places of the measurements.

Cumulative exposure

Cumulative exposure obtained by integrating the dose rate
curves in Figs. 2 and 3 from the time of explosion up to
infinity is shown in Fig. 5, as a function of the distance
from the hypocenters. At the hypocenters, the cumulative
doses are 1.2 and 0.57 Gy in Hiroshima and Nagasaki,
respectively. At a distance of 1,000 m from the hypocenter,
they decrease to 3.9 and 1.4 mGy in Hiroshima and
Nagasaki, respectively, while at 1,500 m, they are 0.1 and
0.05 mGy. It seems safe to say, therefore, that radiation
exposure due to neutron-induced radionuclides in soil can
be neglected at distances greater than 1,500 m.

To provide a convenient rule of thumb for calculation of
external radiation exposure for an individual who entered
the affected area at time ¢ after the explosion, the function
F(¢) is plotted in Fig. 6, which is defined as the ratio of the
cumnulative exposure delivered ‘from time ¢ to infinite time’
to that delivered ‘from the time of explosion to infinite
timne’. For Hiroshima, the values obtained for F(1 day) and
F(2 day) are 0.16 and 0.048, respectively. For example,
radiation exposure to a supposed individual who entered
the Hiroshima hypocenter area 1 day after the bombing and
stayed there for one day, can then be calculated to be
1.2 x (0.16-0.048) = 0.13 Gy.

Estimates of the radiation exposure to typical early
entrants are given in Table 2. If a dose of 5 mGy is con-
sidered as a criterion for significant exposure, a significant
exposure applies only to those entrants who stayed closer
than 1,000 m from the hypocenter less than 1 week after
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Fig. 6 Cumulative fraction F(f) defined as the ratio of cumulative
exposure delivered ‘from time ¢ to infinite time’ to that ‘from the time
of explosion to infinite time’

Table 2 Calculated external exposure to those who entered the
hypocenter areas early after the explosions

Entrance time Duration of stay External exposure (mGy)

Hiroshima Nagasaki
1 h after 6h o210 92
6 h after 1 day 360 94
1 day after 1 day 130 26
1 day after 1 week 180 41
1 week after 1 week 1.8 1.8

the bombing. Considering the large scattering of elemental
concentrations in Fig. 4, however, the values of neutron-
induced radiation exposure could be changed easily several
times depending on the soil characteristics where they
were. Moreover, it should be noted that in the present study
radioisotopes induced in materials other than the ground
were not considered. Therefore, further work is under way
to evaluate the effects of radioisotopes induced in these
other materials, as well as the internal exposure resulting
from intake of these radioisotopes.

Conclusion

External exposure due to gamma-rays from radioisotopes
induced in soil by atomic bomb neutrons in Hiroshima and
Nagasaki was evaluated by modifying the results of DS86,
based on DS02 calculations. Exposure rates of 6 and
4 Gy h™" were estimated at 1 min after the explosion, for
the hypocenters in Hiroshima and Nagasaki, respectively.
These exposure rates rapidly decreased by a factor of one
thousand 1 day later, and by a factor of 1 million 1 week

after the explosioné. Cumulative exposures from the time
of explosion to infinity were calculated to be 1.2 and
0.6 Gy at the Hiroshima and the Nagasaki hypocenters,
respectively. The neutron-induced radiation decreased
considerably with the distance from the hypocenter, i.e. by
a factor of about ten at 500 m, and of three to four hun-
dreds at 1,000 m. Exposure due to neutron-induced
radiation is considered significant only for those who
entered the area less than 1,000 m from the hypocenter
within 1 week after the bombing.
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