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Preface

The Radiation Effects Research Foundation (RERF) 
was established to “conduct research and studies for 
peaceful purposes on medical effects of radiation and 
associated diseases in humans, with a view to con-
tributing to maintenance of the health and welfare of 
the atomic bomb survivors and to enhancement of the 
health of all humankind,” as stipulated in Article 3 of the 
RERF Articles of Incorporation. RERF scientists from 
the United States and Japan conduct multidisciplinary 
research in numerous fields of science including epide-
miology, clinical medicine, genetics, and immunology 
to elucidate health effects of atomic bomb (A-bomb) 
radiation in cooperation with A-bomb survivors, as well 
as Hiroshima and Nagasaki citizens, local medical asso-
ciations, universities, and governmental agencies, among 
others. Thanks to the continued understanding and coop-
eration of A-bomb survivors and numerous others over 
many years, RERF’s research results are widely used to 
promote the health and welfare of A-bomb survivors, 
support radiological medical research throughout the 
world, and contribute to reduction of risk from medical 
and other types of radiation exposures.

RERF’s predecessor organization, the Atomic Bomb 
Casualty Commission (ABCC), was founded by the 
U.S. National Academy of Sciences (NAS) in 1947 
to conduct research in the city of Hiroshima, with 
funding provided by the U.S. Atomic Energy Com-
mission. The following year, 1948, ABCC’s Nagasaki 
Laboratory was established. ABCC initiated health 
studies of A-bomb survivors in cooperation with the 
Japan Ministry of Health and Welfare’s National Insti-
tute of Health, which joined the research program in 
1948. In 1955, the Francis Committee was convened 
to conduct a comprehensive review of ABCC work. 
The Committee recommended that fixed cohorts be 
established to conduct population-based follow-up 
studies. This recommendation laid the foundation for 
the RERF research policies that remain in place today.

RERF was established under Japanese civil law 
on April 1, 1975, as a nonprofit foundation under the 
jurisdiction of the Japan Ministry of Foreign Affairs 
and Ministry of Health and Welfare. RERF is oper-
ated binationally, in accordance with an agreement 
between the governments of Japan and the United 
States. When ABCC was reorganized to form RERF, 
RERF assumed ongoing responsibility for ABCC’s 
research activities. Based on RERF’s transition to a 
public interest incorporated foundation on April 1, 
2012, the organization was further strengthened with 
a management structure comprised of the Board of 
Councilors, Board of Directors, and Auditors. The 

Scientific Advisory Committee, consisting of both 
U.S. and Japanese Advisors, makes annual recom-
mendations that form the basis for RERF’s research 
activities. RERF reports on its research activities to 
the Hiroshima and Nagasaki Local Advisors and Local 
Liaison Councils and strives to reflect the views and 
opinions of those individuals and bodies in its work.

The goal of ABCC-RERF research is to elucidate the 
long-term effects of radiation on human health. RERF 
research can be characterized as long-term follow-
up studies of large well-organized cohorts. RERF’s 
follow-up studies are unique in the world in terms 
of scale, composition, accuracy, and other important 
aspects. RERF’s health effects studies are notable for 
maintaining a high participation rate since their initia-
tion. As of 2014, although nearly 70 years have passed 
since the atomic bombs were dropped on Hiroshima 
and Nagasaki, up to 30 more years may be necessary 
to complete the lifetime follow-up of all A-bomb sur-
vivors including those who were young at the time of 
the atomic bombings, meaning that the foundation’s 
research is not yet finished. New findings from RERF 
studies have been used not only for the medical care 
and welfare of A-bomb survivors but also for the estab-
lishment of international radiation protection standards. 
For this reason, RERF’s research remains the focus of 
continued attention from international governmental 
and private organizations and other groups.

RERF has done its best to consistently release accu-
rate information about the aforementioned research 
results. In addition to scientific presentations and 
journal publications, we have issued a variety of pub-
lished materials to outline our activities. As is the case 
generally for such materials, this “A Brief Descrip-
tion” has undergone several revisions. This time, 
intending to set the booklet clearly apart, we made 
extensive revisions with the aim of reaching persons 
who already possess basic knowledge about radiation 
as well as those who are experts in the field of radia-
tion. This revised version explains the late effects of 
A-bomb radiation primarily based on ABCC-RERF 
reports, under an editorial policy of introducing results 
obtained thus far as well as expectations for future 
research.

RERF will continue to make every effort to carry 
on our mission of conducting long-term follow-up 
research of A-bomb survivor cohorts and producing 
further research results. It is our strong desire that 
scientific clarification of the health effects resulting 
from A-bomb radiation will lead to the shared con-
viction among the world’s people that the tragedies 
of Hiroshima and Nagasaki must never be repeated, 
thereby laying the foundation for lasting peace.
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【1】 Physical destruction by the 
atomic bombs

The atomic bomb dropped on the city of Hiroshima 
using uranium-235 (235U) as fissile material exploded 
with an energy equivalent to 16 kilotons of TNT. The 
atomic bomb dropped on the city of Nagasaki used 
plutonium-239 (239Pu) as fissile material, releasing 
energy equivalent to 21 kilotons of TNT. The esti-
mated energy yields of the bombs were comprised of 
50% blast (shock wave), 35% heat wave, and 15% 
radiation.

The atomic bombs fell on Hiroshima at 8:15 a.m. 
on August 6, 1945, and on Nagasaki at 11:02 a.m. 
on August 9, 1945. The Hiroshima bomb exploded 
approximately 600 m above Shima Hospital, about 
160 m southeast of the Atomic-bomb Dome (former 
Hiroshima Prefectural Industrial Promotion Hall); 
in Nagasaki the bomb exploded 503 m above the 
vicinity of the Matsuyama-machi intersection in the 
northern part of the city. At the instant of explosion, 
the temperature at the center of each bomb reached 
millions of degrees Celsius and the atmospheric pres-
sure hundreds of thousands of atmospheres. A fireball 
formed around the exploding A-bomb and within it, a 
secondary nuclear reaction was underway.

Shock waves generated on the surfaces of the fire-
balls created by the Hiroshima and Nagasaki A-bombs 
spread through the atmosphere at supersonic speeds. 
The shock waves of each bomb were accompanied 
by a strong blast that inflicted serious damage when 
it hit the ground. The blast traveled 1 km from the 
hypocenter in two seconds after the detonation, 2 km 
in 4.5 seconds, and about 11 km in 30 seconds. The 
velocity was estimated to be 280 m/second around 
the hypocenter and 28 m/second at the distance of 3.2 
km from the hypocenter. After the blast passed over 
the vicinity of the hypocenter, the area was subjected 
to negative pressure from outward wind. Inward wind 
then blew back through the area, giving rise to a rapid 
ascending current that formed the stem of a mushroom 
cloud. The combination of the shock waves and the 
blast caused catastrophic damage to wooden houses 
within 2 km of the hypocenter. Even many reinforced 
concrete buildings located within 0.5 km of the hypo-
center collapsed. Due to the shock waves and blast, 
many people died or were injured after being buried 
under collapsed buildings or hit by heavy flying 
objects or broken glass.

The surface temperature of the fireball 0.3 seconds 

after the explosion was estimated to be approximately 
7,000°C, and that of the ground just below the epi-
center reached approximately 3,000–4,000°C. Wood 
surfaces charred by the heat waves (infrared rays) 
were observed within about 3 km and 3.5 km of the 
hypocenter in Hiroshima and Nagasaki, respectively. 
These thermal waves burned any exposed skin of 
people within 3.5 km and 4 km of the hypocenters in 
Hiroshima and Nagasaki, respectively. In both cities, 
people within approximately 1.2 km of the hypocen-
ter and who had no shielding were fatally burned. It 
is estimated that 20–30% of the human deaths were 
attributable to burns caused by the thermal waves.

Various forms of ionizing radiation emitted by the 
nuclear explosion of an atomic bomb, such as neu-
trons, α particles, β particles, and γ rays (hereinafter 
known simply as “radiation”), are called primary 
radiation or prompt radiation. Of these forms of pri-
mary radiation, neutrons can render bomb debris and 
airborne molecules radioactive. This process of activa-
tion can generate various types of radioisotopes, giv-
ing rise to secondary radiation, also known as delayed 
radiation. Although this process was completed very 
rapidly after the explosions, radioisotopes generated 
in the fireballs continued to emit radiation for more 
than one minute. During this sequence, most α and β 
particles disappeared, leaving mostly neutrons and γ 
rays to reach the ground.

The primary radiation explained above is also 
called initial radiation or direct radiation. A-bomb 
radiation is classified into initial radiation and residual 
radiation.

Residual radiation was caused by secondary radia-
tion resulting from radioactive materials that remained 
in the environment from the nuclear detonations. This 
type of radiation can further be classified into induced 
radiation and fallout radiation, the latter from radioac-
tive substances scattered in the air. Induced radiation 
was caused by temporary activation of the neutrons in 
the atoms making up certain substances in the metals 
of some buildings and in soil. Most of the exposure 
to induced radiation, excluding exceptional cases of 
fine particle inhalation, was external, and most of the 
induced radioactivity decreased rapidly within a few 
days after the bombings.

On the other hand, the remaining A-bomb source 
materials and secondary radioactive materials gener-
ated by the nuclear detonations rose high in the air 
with the fireballs and were widely scattered in the 

Note) Units of radiation used in this pamphlet: Radiation units are frequently expressed as sievert (Sv), but “A Brief 
Description” uses gray (Gy). For more detailed information regarding Sv and Gy, refer to the description 
“Weighted absorbed organ dose” in the Glossary section (on page 47).
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atmosphere. A portion of the radioactive particles 
suspended in the air gradually fell to the ground, with 
such movement accelerated by rain and other forms of 
precipitation. So-called “black rain” is thought to have 
contained radioactive fallout. The cause of the black 
rain color was actually soot from the secondary fires, 
and therefore the rain’s color was not directly indica-
tive of the level of radioactivity. The possibility exists 
that even the rain falling soon after the explosions 
that was not black might have contained radioactive 
substances and that some of the rain that was black 
had essentially no radioactivity.

With regard to these particles, we need to consider 
both external exposure from radioactive substances 
that remained in the air or that fell to and accumu-
lated on the ground and internal exposure, which was 
caused by direct inhalation of particles remaining in 
the air and by intake of radioactive substances reach-
ing the ground and into the body by way of various 
pathways. Such internal exposure pathways included 
direct intake of radioactive fallout on the ground 
mixed in with drinking water or vegetables and intake 
of radiation that was re-concentrated in milk from 
cows (or goats) feeding on grasses contaminated by 
radioactive fallout (principally applicable to radioac-
tive iodine).
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【2】
Radiation e�ects on human 
health: Acute deaths and 
acute e�ects

Acute deaths
Acute deaths are typically defined as deaths occur-

ring by the end of December 1945 and attributable to 
the two atomic bombings in August of that year. Num-
bers of acute deaths are estimated to have been more 
than 110,000 in Hiroshima and more than 70,000 in 
Nagasaki.1 The closer victims were to the hypocenter, 
the higher the percentage of acute deaths attributable 
to traumas and burns caused by buildings collapsed in 
the blast and subsequent fires. At the same time, the 
closer victims were to the hypocenter, the higher the 
radiation dose received, making it difficult to distin-
guish deaths due to radiation from deaths attributable 
to traumas and burns. To exclude deaths from traumas 
and burns, RERF studies focus mainly on delayed 
deaths considered to be attributable to radiation.

The probability of dying directly from radiation 
exposure depends on the dose received. A commonly 
used index is the dose at which 50% of a population 
dies (LD50 =  lethal dose, 50%). At around the LD50 
level, bleeding and infection due to immunodeficiency 
resulting from depletion of hematopoietic stem cells 
in bone marrow are the main causes of death. Such 
deaths peaked at about one month after exposure due 
to the bombings. Recovery sufficient to prevent death 
typically occurred within two months.

Early estimates based on survivor interviews 
calculated the LD50 in terms of distance from the 
hypocenter at which 50% of people survived to be 
1,000–1,200 meters in Hiroshima and 1,000–1,300 
meters in Nagasaki. Relating those distances to 
exposure dose was not possible at that time, how-
ever, because of insufficient shielding information. 
Later analyses of extensive records at RERF were 
able to make estimates of shielding, and a bone mar-
row LD50/60 (radiation dose of 50% mortality within 
60 days) was calculated to be 2.7–3.1 Gy (with the 
Dosimetry System 2002 [DS02], the corresponding 
doses are 2.9–3.3 Gy). These data originated from 
about 7,600 survivors in 2,500 households exposed 
inside Japanese houses located within 1,600 meters of 
the hypocenter in Hiroshima.2 Survivors inside such 
houses received special scrutiny, because the homoge-
neity and ubiquity of the structures allowed for better 
estimation of individual radiation doses.

Based on this information from A-bomb survivors, 
together with other information from cases involving 
exposure to accidental radiation or radiation therapy, 
the United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR) has esti-
mated the bone marrow LD50/60 at around 2.5 Gy when 

no medical assistance is available and ≥5 Gy when 
adequate medical care is possible.

Acute effects
Symptoms collectively called “acute radiation syn-

drome” occur within a few hours to months after expo-
sure to high-dose radiation (from approximately 1–2 Gy 
to 10 Gy). The principal signs and symptoms include 
vomiting within a few hours, followed within days to 
weeks by diarrhea, reduced blood cell counts, bleeding, 
hair loss (epilation), and temporary male sterility. Diar-
rhea results from damage to cells lining the intestines, 
reduction in blood cells results from death of hemato-
poietic stem cells in bone marrow, and bleeding results 
from declining blood platelets generated from such stem 
cells. Hair is lost due to damage to hair-root cells. Indi-
vidual strands of hair do not fall out but rather become 
thinner and eventually break off. Sterility occurs in men 
from damage to sperm-generating stem cells.3

Except for vomiting, these signs and symptoms are 
closely related to frequency of cell division, rapid cell 
division being more sensitive to radiation than slow 
cell division (e.g., muscle and nerve cells are exam-
ples of slowly dividing cells). If the radiation dose is 
low, this acute radiation syndrome will seldom if ever 
occur. Conversely, if the dose is high, death can occur 
within 10–20 days after exposure due to severe dam-
age to digestive organs, or within one or two months 
after exposure mostly from bone marrow failure.

Figure 1 shows the association between the percent-
age of those with severe epilation (loss of more than 
2/3 of scalp hair) and radiation dose.4 Although there 
is only a small effect up to 1 Gy, epilation increases 
sharply with dose thereafter. (Above 5 Gy, the declin-
ing frequency seen in the figure is considered to reflect 
errors due to overestimation of dose.)
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Figure 1. Severe epilation and radiation dose4
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【3】 RERF study cohorts and study
methods

【A】Study subjects and establishment 
of study populations

Late radiation effects are not radiation-specific 
symptoms, and therefore, it is generally difficult to 
discern whether observed events are attributable to 
radiation. For this reason, to study late effects from 
radiation, it is necessary to conduct an epidemiologi-
cal study that follows a fixed population of exposed 
individuals in order to observe whether an excess 
of specific events is occurring in the population in a 
dose-dependent manner. The Atomic Bomb Casualty 
Commission (ABCC), the predecessor to the Radia-
tion Effects Research Foundation (RERF), established 
a follow-up cohort, called the Life Span Study (LSS), 
based on data from a survey of A-bomb survivors con-
ducted at the time of the 1950 Japan national census. 
Cohorts of individuals exposed in utero and children 
of A-bomb survivors (F1) were established based on 
birth registration records and the results of surveys 
conducted by ABCC (Table 1). For each study cohort, 
individual radiation doses were assessed, and follow-
up studies have been conducted focusing on mortal-
ity, cause of death, and cancer incidence as indices of 
radiation effects. For subsets of the cohorts, informa-
tion about health status has been obtained through 
health examinations carried out at ABCC-RERF.

1. A-bomb survivors
(1) Life Span Study (LSS) cohort

At the inception of ABCC, studies were conducted
based on cohorts established independently by indi-
vidual research scientists. As a result, these studies 
lacked consistency and continuity. The Francis Com-
mittee, convened in 1955, strongly recommended that 
ABCC develop integrated research protocols with a 
central focus on three platform protocols based on 
fixed cohorts. As a result, using data from the supple-

mental survey of A-bomb survivors conducted in con-
junction with the 1950 Japan national census, a fixed 
population of A-bomb survivors, the LSS cohort, was 
established to follow mortality in the survivor popu-
lation. The supplemental A-bomb survivors survey at 
the time of the 1950 census identified approximately 
284,000 A-bomb survivors throughout Japan (exclud-
ing Okinawa and Amami Oshima). Of this total, 
nearly 200,000 survivors were residing in one of the 
two cities at the time of the census. These 200,000 
survivors, together with those who were confirmed as 
not present in either city at the time of the bombings 
by ABCC, Hiroshima City, and Nagasaki City surveys 
conducted in the 1950s, formed the basic sample for 
establishment of fixed cohorts. The survivors in the 
basic sample were surveyed to obtain information on 
birth date, permanent domicile, address, exposure con-
ditions, any acute symptoms, and other details. This 
information formed the basis for selection of the LSS 
cohort. The initial LSS cohort consisted of Japanese 
people who were included in this basic sample with 
permanent domicile in either city of Hiroshima or 
Nagasaki. The LSS comprises the following four 
groups: (1) all survivors who were within 2,000 
meters of either hypocenter at the time of the bomb-
ings (proximally exposed); (2) all survivors who were 
at 2,000–2,499 meters (semi-proximally exposed); (3) 
a sample of survivors at 2,500–9,999 meters, matched 
to group (1) by sex and age (distally exposed); and (4) 
a sample of persons, age- and sex-matched to group 
(1) who were at least 10,000 meters from the hypo-
center. Group (4) is designated as the “not-in-city”
population and includes the early entrants who entered
the cities of Hiroshima or Nagasaki within 30 days of
the bombings.

The original LSS cohort of 99,382 persons did not 
include 9,530 survivors located less than 2,500 meters 
from either hypocenter at the time of the bombings 
whose permanent domicile was not in either city of 
Hiroshima or Nagasaki. These 9,530 survivors were 

Table 1. Major RERF research programs and population sizes

Life Span Study 120,321
    Adult Health Study (Directly exposed) 24,358

In Utero Study 3,638
  Adult Health Study (In utero survivors) 1,021

Children of A-bomb Survivors (F1) Study
  Mortality and Cancer Incidence 76,814

   F1 Clinical Study 12,451
  Cytogenetic Study About 16,000
  Biochemical Genetic Study About 24,000
  Molecular Genetic Study About 1,500
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added to the LSS cohort in 1968; another 11,409 
distally exposed survivors in Nagasaki were added in 
1980, expanding the LSS cohort to a total of 120,321 
members. This cohort consists of 93,741 survivors 
who were within 10,000 meters of the hypocenters 
as well as 26,580 persons who were not in the cities 
at the time of the bombings. Table 2 shows estimated 
radiation doses based on DS02 for the 93,741 survi-
vors (as of 2013). Figure 2 shows exposure locations 
of LSS subjects and estimated radiation doses, infor-
mation that was obtained from the shielding history 
and other surveys (on page 12).

Almost all survivors who were within 2,500 meters 
of the hypocenters at the time of the bombings are 
included in the current LSS cohort as the basic 
sample; however, excluded from the basic sample 
were survivors who were not residing in either city 
of Hiroshima or Nagasaki at the time of the October 
1950 Japan national census (approximately 30% of 
those who indicated in the 1950 census that they had 
been exposed to the atomic bombings), survivors who 
did not respond to the A-bomb survivors survey, and 
foreign national survivors.

(2) In utero cohorts
Two in utero cohorts were established using differ-

ent sampling methods, one for a mortality follow-up 
study and the other for a clinical study. The mortal-
ity follow-up cohort consists of children who were 
born during the period from the dates of the atomic 
bombings (August 6 in Hiroshima and August 9 in 
Nagasaki) to May 31, 1946, based on three informa-
tion sources: the 1945–1946 birth registration survey, 

ABCC’s basic roster, and an A-bomb survivors survey 
conducted at the time of the 1960 national census. 
This cohort, totaling 2,802 persons, consists of the 
following five groups: (1) all survivors exposed in 
utero whose mothers were within 1,500 meters of the 
hypocenters; and samples of individuals matched to 
(1) on information source, city, sex, and birth month 
whose mothers were at (2) 1,500–1,999 meters; (3) 
2,000–2,999 meters; (4) 3,000–9,999 meters; and (5) 
individuals who were not exposed in utero.

The clinical study cohort consists of survivors who 
were born during the period from the dates of the 
atomic bombings until the end of April 1946, resident 
in either city of Hiroshima or Nagasaki in 1950, and 
who belong to one of the following three groups: 
(1) survivors exposed in utero whose mothers were 
within 2,000 meters of the hypocenters, (2) survivors 
exposed in utero whose mothers were at 3,000–4,999 
meters of the hypocenters, and (3) individuals who 
were not exposed. All eligible survivors were included 
in group (1). For groups (2) and (3), a similar number 
of members were selected for each group by match-
ing them to group (1) by city, sex, and birth month. 
This clinical study cohort comprises a total of 1,606 
members, of whom a subset of 1,021 was incorporated 
into the Adult Health Study (AHS) program in 1978.

There is some overlap between these in utero 
cohorts. At present, a total of 3,638 individuals from 
these two cohorts are being followed for mortality.

(3) Adult Health Study (AHS) cohort
The AHS cohort was established to collect disease 

incidence and other health information. The AHS 

Table 2. LSS subject numbers by estimated radiation dose (DS02, as of 2013)

Weighted absorbed colon dose (Gy)
LSS subjects

Hiroshima Nagasaki Total

<0.005 21,713 16,823 38,536
0.005–0.05 17,207 6,227 23,434
0.05–0.1 5,537 1,005 6,542
0.1–0.25 6,273 1,270 7,543
0.25–0.5 3,842 956 4,798
0.5–1.0 2,376 1,052 3,428
1.0–2.0 1,151 614 1,765
>2.0 436 189 625
Dose unknown 3,449 3,621 7,070

Total survivors 61,984 31,757 93,741

Not in city (early entrants) 3,792 827 4,619
Not in city (late entrants) 16,438 5,523 21,961

Total not in city 20,230 6,350 26,580

LSS total 82,214 38,107 120,321
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Hiroshima

Nagasaki
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● 1,000+ mGy 

● Dose unknown 

＋ Hypocenter 

 

Figure 2. Distribution of exposure doses of A-bomb survivors in the LSS cohort
The points indicate exposure locations and estimated radiation doses for 93,741 A-bomb sur-
vivors excluding persons who were not in the cities at the time of the bombings among 120,321 
LSS subjects. The circles on the maps indicate distances of 2 km and 3 km from the hypocen-
ters.
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provides clinical and epidemiological information that 
cannot be obtained from studies of cause of death and 
cancer incidence in the LSS cohort. The main objec-
tives are to follow health status regarding noncancer 
diseases (benign tumors, cardiovascular diseases, and 
other chronic illnesses), through blood test results, and 
the like, and to elucidate the association between these 
data and radiation exposure, as well as the underlying 
mechanisms of diseases associated with radiation and 
other risk factors.

When established in 1958, the AHS cohort com-
prised four groups drawn from the original LSS: (1) 
4,998 survivors who were within 2,000 meters of 
the hypocenters and exhibited acute symptoms; (2) 
4,975 survivors who were within 2,000 meters of the 
hypocenters but did not exhibit any acute symptoms; 
(3) 4,988 survivors at 3,000–3,499 meters from the 
hypocenter in Hiroshima and 3,000–3,999 meters in 
Nagasaki; and (4) 5,000 persons not in the cities at 
the time of the bombings. All eligible survivors were 
included in group (1). For groups (2) through (4), a 
similar number of members were selected for each 
group by matching to group (1) by city, sex, and age.

The AHS cohort has undergone several expansions. 
First, the AHS cohort was augmented in 1977 by (1) 
all 1,185 surviving LSS members with assigned ten-
tative 1965 dose (T65D) (refer to page 12) estimates 
of ≥1 Gy who were not included in the original AHS 
cohort and (2) 1,251 sex- and age-matched survivors 
with assigned T65D dose estimates of <1 Gy. The 
second expansion in 1978 added (3) 1,021 survivors 
exposed in utero (from the in utero clinical study 
cohort) to the AHS cohort. In 2008, the AHS cohort 
was again expanded by (4) 1,961 living LSS members 
who were exposed at the age of less than 10 years, 
resident in either city of Hiroshima or Nagasaki, and 
not included in the existing AHS cohort. The total 
number of AHS members to the present is 25,379; 
health examinations of 5,000 persons in this group 
who were not in the cities at the time of the bombings 
were terminated in 1977.

2. F1 (children of A-bomb survivors) cohorts
(1) Genetics study cohort

The search for evidence of genetic effects in the 
children of survivors was a primary focus of early 
ABCC research. First, an interview survey was car-
ried out during the period 1948–1954 with pregnant 
women who had applied for a special provision of 
food rations for women at least 20 weeks into preg-
nancy, for the purpose of collecting information on the 
exposure conditions of parents of the unborn children. 
Based on the information obtained, a combined total 

of about 77,000 newborns in Hiroshima and Nagasaki 
were studied for birth defects and early deaths. Subse-
quently, in 1962, a sex-ratio study was conducted with 
approximately 71,000 newborns.

(2) Mortality study cohort
Based on the need for continued follow-up of survi-

vors’ children, a mortality study cohort was also estab-
lished. Of 180,600 children (this figure represents a 
total of the members of the two genetic studies, and 
about 33,600 persons born between May 1946 and 
the initiation of the aforementioned studies who were 
identified on the basis of birth registration records), 
individuals who met the following three conditions 
were selected for this study: (1) born between May 
1946 and December 1958; (2) place of residence of 
parents at birth of their children was in either city of 
Hiroshima or Nagasaki; and (3) exposure conditions 
of parents were known. Of those selected, a basic 
mortality study cohort of 53,519 children of A-bomb 
survivors was established by selecting the following 
groups of people on the condition of single birth: a) 
all eligible children with at least one parent within 
2,000 meters of either hypocenter at the time of the 
bombings, constituting the core group; b) children 
with at least one parent exposed between 2,500 and 
9,999 meters; and c) children with neither parent  
within 10,000 meters. Groups b) and c) each consists of  
sex- and age-matched groups of children in numbers 
similar to the number included in the core group.

Subsequently, selected from the expanded LSS 
cohort members ≤34 years old at the time of the 
bombings were: i) all eligible persons whose T65D 
dose estimates are ≥0.1 Gy; and ii) the same number 
of persons as group i) whose T65D dose estimates 
are ≥0 Gy and <0.1 Gy. Among the children of these 
selected individuals, 23,295 persons born between 
January 1959 and December 1984 were included in 
the expanded study cohort. As a result, a fixed cohort 
of 76,814 children of A-bomb survivors was estab-
lished and has been followed for mortality.

The mortality study cohort did not include 11,667 
children who did not meet all the required conditions. 
These children were, however, born between May 
1946 and December 1958 and satisfied the following 
three conditions at the time of the survey: (1) both 
their parents were alive; (2) they lived in the so-called 
catchment area; and (3) they were junior-high-school 
age or older. They were enrolled only in the cytoge-
netic study or the biochemical genetic study.

(3) Clinical study cohort
A clinical study of children of A-bomb survivors 
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was planned in order to investigate genetic effects 
in adult-onset multifactorial diseases (diseases with 
complex, or multi-causal, etiologies including life-
style factors) among children of A-bomb survivors. 
The study consists of the Health Effects Study of the 
Children of A-bomb Survivors, which was the initial 
study, and the Longitudinal Clinical Study of the F1 
Offspring of A-bomb Survivors, which was conducted 
as a continuation of the initial study.

i) Health Effects Study of the Children of 
A-bomb Survivors
The Health Effects Study of the Children of 

A-bomb Survivors consists of (a) a mail survey 
and (b) a clinical health study conducted during 
2002–2006. The subjects of the mail survey con-
ducted before the clinical health study were selected 
as follows. Of those who had a permanent domicile in 
either city of Hiroshima or Nagasaki and maintained 
a current address in Hiroshima or Nagasaki cities or 
the surrounding areas, individuals satisfying the fol-
lowing four conditions were selected: 1) at least one 
parent was exposed to ≥5 mGy (estimated with the 
Dosimetry System 1986 [DS86]); 2) one parent was 
exposed to ≥1 Gy, regardless of the other parent’s 
exposure conditions; 3) both parents were known to 
be survivors, with estimated DS86 doses unknown; or 
4) both parents were exposed to less than an estimated 
DS86 dose of 5 mGy or not exposed. For group 4), 
subjects were matched to groups 1) through 3) by sex, 
city, and birth year. Thus, a total of 17,698 persons, 
as indicated in 1)–4) above, were first selected for the 
mail survey. In addition, the cohort was augmented 
by the following two groups of people: 5) 6,785 per-
sons with one parent exposed to an DS86 estimated 
dose of 5–999 mGy and the other parent either with 
unknown exposure conditions or without DS86 dose 
estimates, and who had both permanent domiciles 
and current addresses in either city of Hiroshima or 
Nagasaki or the surrounding areas; and 6) 190 persons 
with current addresses in either city of Hiroshima or 
Nagasaki or the surrounding areas, with one or both 
parents exposed to DS86 estimated doses of ≥1 Gy, 
but were not included in the original mail survey 
cohort because their permanent domiciles were not in 
either city of Hiroshima or Nagasaki. As a result, the 
mail survey mentioned in (a) above was conducted for 
a total of 24,673 persons during 2000–2005. Of the 
14,145 mail survey respondents who expressed their 
willingness to participate in the subsequent health 
examinations, 11,951 persons actually did participate 
in the clinical health study mentioned in (b) above, 
which was conducted from 2002 until the end of Sep-

tember 2006.

ii) Longitudinal Clinical Study of the F1 Off-
spring of A-bomb Survivors

To follow up on the results from the clinical health 
study conducted initially, the Longitudinal Clini-
cal Study of the F1 Offspring of A-bomb Survivors 
was initiated in 2010. Of the 14,145 persons who 
expressed their willingness to participate in the health 
examinations of the Health Effects Study of the Chil-
dren of A-bomb Survivors, 12,451 individuals (as of 
2013) who were alive and had a known address at the 
initiation of the study are scheduled for participation 
in the longitudinal follow-up study.

【B】Study methods
To assess the health effects from A-bomb radiation 

exposure in the mortality study cohorts of the LSS, 
in utero survivors, and children of A-bomb survivors, 
information on death and cause of death was obtained 
to follow these cohorts starting in 1950 based on 
permission from the Japan Ministry of Justice and 
Ministry of Health, Labour and Welfare. In addition, 
information on cancer incidence has been collected 
from local tumor registries (local cancer registry 
programs of the governments of Hiroshima City and 
Nagasaki Prefecture). These registry programs started 
in 1957 in Hiroshima and 1958 in Nagasaki. For pro-
curement of such cancer incidence data, an applica-
tion is filed with the primary organization involved 
in each registry program for use of the data. After the 
application is reviewed and permission is granted, the 
registry data are collated with the information from 
the aforementioned study cohorts to collect cancer 
incidence data of the cohort members. With regard to 
leukemia and other hematological disorders, collation 
is also made with incidence data from leukemia regis-
tries established in the 1940s by physicians and others 
at Hiroshima and Nagasaki universities and hospitals, 
with leukemia incidence studied since the 1950s. 
Five questionnaire surveys were carried out between 
1965 and 2013 for the LSS cohort members in order 
to obtain information regarding lifestyle (e.g., smok-
ing, drinking), social environment, and health status. 
By using information on such risk factors other than 
radiation exposure, ever more accurate assessment of 
the association between A-bomb radiation and health 
effects is being carried out.

The AHS cohort has undergone biennial health 
examinations, including physical examinations, 
anthropometric measurements, electrocardiogram 
testing, chest X-ray examinations, and basic hemato-
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logical examinations such as blood cell counts since 
the AHS began in 1958. Starting in the 1980s, more 
detailed hematological tests and ultrasound and other 
such specialized examinations have been added to 
the list of health examination items. As of March 31, 
2013, nearly 60 years after establishment of the AHS 
cohort, 9,178 persons (about 36%) of all AHS cohort 
members (25,379 persons) were still alive. Between 
70% and 80% of the AHS cohort members residing 
within the catchment area, i.e., the cities of Hiroshima 
and Nagasaki and their surrounding areas, participate 
in the health study program.

With respect to the clinical studies of children of 
A-bomb survivors, a) the Health Effects Study of the 
Children of A-bomb Survivors (prevalence study) 
was conducted over seven years starting in 2000 as 
the starting point for the study of the association 
between parental radiation exposure and prevalences 
of adult-onset multifactorial diseases (hypertension, 
hypercholesterolemia, diabetes, angina pectoris, myo-
cardial infarction, and stroke) in the children; and b) 
the Longitudinal Clinical Study of the F1 Offspring 
of A-bomb Survivors (incidence study) was initiated 
in November 2010 to clarify the association between 
parental radiation exposure and disease develop-
ment among the children through quadrennial health 
examinations. As is the case with the AHS, the health 
examination items include physical examinations, 
anthropometric measurements, electrocardiogram test-
ing, hematological examinations, urine testing, fecal 
occult blood testing, chest X-ray examinations, ultra-
sound examinations, and gynecological examinations.
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【A】Physical dose measurements
1. Dosimetry systems and residual radiation
(1) Individual dose estimates

RERF, over many years, has conducted health 
effects studies based on fixed cohorts of A-bomb sur-
vivors. In addition to health effects studies, estimates 
must be made of individual doses and organ-specific 
doses for the study subjects to analyze associations 
between observed health outcomes and radiation 
doses. For this reason, the estimation of radiation 
doses constitutes one of the core research aims of 
RERF. A dosimetry system is used to estimate radia-
tion doses to which individuals were exposed.

There were two types of exposures to A-bomb radi-
ation: one was exposure to initial radiation released at 
the time of the detonations of the bombs, and the other 
was exposure to residual radiation, which happened 
later. Initial radiation, also known as direct radiation, 
is classified into primary radiation emitted at the time 
of the detonations of the bombs, and radiation emitted 
as a result of secondary nuclear reactions inside the 
fireballs generated by the detonations. Initial radia-
tion consisted mainly of neutrons and γ rays to which 
people were exposed over a very short period of time, 
within a few seconds to several tens of seconds, when 
such radiation reached the body’s surface (external 
exposure).

As explained below, it would be nearly impossible 
to obtain information required for estimating residual 
radiation doses. For this reason, only individual 
whole-body and organ doses from initial radiation are 
estimated using the dosimetry systems.

With regard to induced residual radiation, indi-
vidual radiation doses can in principle be estimated 
because temporal and geographical distributions of 
radiation in the environment are generally known due 
to actual measurements and complementary calcula-
tions. For such estimation, however, it is essential to 
obtain accurate records of individual behavior and 
activity by elapsed time concerning location and dura-
tion of stay until at least one week after the A-bomb-
ings, during which time induced radiation levels were 
significantly high. However, more than 10 years after 
the A-bombings at the initiation of the LSS, it was 
almost impossible to obtain reliable information for 
the entire subject population to create dose estimates 
of adequate quality regarding induced radiation.

For residual radiation due to radioactive substances 
scattered in the air, the geographical distribution was 
not uniform, and movement of fallout due to wind  

【4】 Radiation dosimetry
and/or water runoff after it had reached the ground 
makes such distribution more complex. Further com-
plicating the estimation of radiation doses, little is 
known about the geographical distribution of fallout 
radiation by elapsed time, except for some measured 
cases. For that reason, the estimation of dose is 
extremely difficult. It is not an exaggeration to con-
clude that the estimation of amounts of inhalation of 
radioactive substances in the air and intake from food 
and drink (internal exposure) is nearly impossible.

The only methods for estimation of internal expo-
sure are thus actual measurements using whole-body 
counters and biological monitoring such as chromo-
some tests and measurements of tooth enamel by 
electronic spin resonance (ESR). These tests, however, 
have limitations in application and involve somewhat 
limited accuracy. As for biological monitoring, the 
collection of samples used in the monitoring process 
is possible only while the survivors are still alive, and 
exposure to doses of ≤200 mGy cannot be detected 
accurately. Moreover, while a whole-body counter 
assesses internal exposure at the time of measurement 
so that radiation attenuation with time has to be taken 
into consideration, biological monitoring evaluates the 
combined effect of both external and internal exposure 
doses accumulated by the time of measurement.

(2) Principles of dose estimation from initial 
radiation

Information required for estimating radiation doses 
comprises: 1) output of A-bomb radiation, 2) attenua-
tion of radiation as it reached individual survivor loca-
tions at the time of the A-bombings (distance from the 
hypocenter), and 3) shielding conditions determined 
on the basis of the circumstances surrounding expo-
sure to A-bomb radiation of individual survivors. To 
obtain such information, several projects were carried 
out including the Ichiban Project, which conducted 
actual measurements during atomic testing in the des-
ert of the U.S. state of Nevada. In the Ichiban Project, 
output of the A-bombs, attenuation in the air, and 
shielding effects from houses were measured. Shield-
ing effects in particular were measured using Japanese 
houses that had been constructed with standard build-
ing materials commonly used at the time of the bomb-
ings. Computer simulation was carried out to calculate 
radiation transport based on actual measurements.

Since such information on exposure and shielding 
conditions of individual survivors was essential for 
calculating radiation attenuation, a series of surveys 
using various questionnaires as indicated in the next 
section were conducted by visiting and interviewing 
individual survivors.
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(3) Survey of exposure status for individual 
survivors

Estimates of individual radiation doses depend on 
information about exposure conditions of individual 
survivors. This information includes survivor location 
(distance from the hypocenter); presence or absence of 
shielding between a survivor and the hypocenter, such 
as terrain (e.g., hill) and concrete buildings; whether 
indoor or outdoor; location inside a house (distance 
from a window and/or other opening in a wall); body 
orientation (standing, sitting, facing toward the hypo-
center or not); and whether the survivor was a child 
or an adult at the time of exposure. For this purpose, 
five different home-visit and interview surveys of 
individual survivors were carried out between 1949 
and 1965. The surveys are summarized below.
1) 1949 Radiation Census

The 1949 Radiation Census field survey was car-
ried out between 1949 and June 1953 by means of 
interviews conducted with about 86,000 people in 
Hiroshima and about 95,000 people in Nagasaki. 
This Radiation Census yielded information related 
to personal identification (e.g., name and birth date), 
exposure conditions (location, shielding, posture, 
distance, and coordinates), addresses at the time of 
the A-bombings and at the time of this survey, and 
survivors’ occupations.
2) Radiation Questionnaire

The Radiation Questionnaire replaced the 1949 
Radiation Census and was conducted from June 1953 
to the end of 1955 to investigate radiation damage in 
more detail. The survey was conducted with about 
26,000 people in Hiroshima and about 14,000 people 
in Nagasaki to obtain information related to personal 
identification, exposure conditions, traumas and burns 
as they pertained to A-bomb-related symptom history, 
menstruation, onset of disease after the A-bombings, 
and survivors’ health status at the time of the ques-
tionnaire.
3) Migration Questionnaire

The Migration Questionnaire was conducted 
between 1955 and January 1956 with about 26,000 
people in Hiroshima and about 24,000 people in 
Nagasaki to obtain information related to subjects, 
conditions at the time of the questionnaire, exposure 
conditions, individual(s) that accompanied the survi-
vor at the time of the A-bombings, circumstances sur-
rounding the survivor’s entrance into the city limits, 
past and current addresses, and exposure conditions of 
family members.
4) Master Sample Questionnaire

The Master Sample Questionnaire was conducted 
from April 1956 to November 1961 with about 

138,000 people in Hiroshima and about 23,000 people 
in Nagasaki to obtain necessary information for 
establishment of the master sample. Information was 
obtained pertaining to subjects, exposure conditions, 
individual(s) that accompanied the survivor at the time 
of the A-bombings, past and current addresses, expo-
sure conditions of family members, A-bomb-related 
symptom history, other symptoms, menstruation, and 
health status at the time of the questionnaire. This 
questionnaire is a compilation of the Radiation Ques-
tionnaire and the Migration Questionnaire.
5) Shielding History

To obtain shielding information to be used as a 
basis for calculation of estimated radiation doses, 
three different types of drawings were prepared from 
February 1954 to August 1965: layout drawings indi-
cating accurate survivor location; floor plan drawings 
on a scale of 1:100 depicting location, posture, orien-
tation relative to the burst point, and shielding objects 
inside a house; and cross-sectional drawings generated 
using a perspective projection method based on the 
floor plan drawings. These drawings were prepared for 
everyone within 1,600 m and 30% of those who were 
at distances of 1,600–1,999 m from the hypocenter in 
Hiroshima, and everyone within 2,000 m in Nagasaki. 
There are about 20,400 such drawings for Hiroshima 
and 8,500 for Nagasaki.

Of these five survey instruments, the Master Sample 
Questionnaire of 4) above is the most comprehensive 
and the Shielding History of 5) is the most detailed.

(4) History of the dosimetry systems
The dosimetry systems to estimate individual radia-

tion doses based on the information collected through 
the five surveys described above have been revised 
four times and thereby substantially improved (the 
two-digit number in each name denotes the year of 
publication):
T57D This tentative dosimetry system was rarely 

used.
T65D This dosimetry system, an improved version 

of T57D, was developed on the basis of 
actual measurements obtained from the Ichi- 
ban Project.

DS86 As computers became available with suffi-
cient power to conduct a simulation of the 
kinetics of neutrons and γ rays with consider-
ation for shielding by structures and the 
human body, this highly accurate system 
allowed calculation of radiation doses 
received by 15 different organs of each survi-
vor by the addition of information such as 
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survivor’s location, shielding conditions, and 
body position and orientation at the time of 
the A-bombings.

DS02 After DS86 was adopted for use, it was sug-
gested that some of the calculations did not 
match the neutron activation measured in 
samples of materials in Hiroshima, especially 
beyond 1,500 m from the hypocenter. DS02 
was developed to resolve this and other 
issues. The discrepancy between the calcula-
tions and measurements of neutrons beyond 
1,500 m was resolved by raising the bomb’s 
burst height by 20 m. Due to improved mea-
surements of neutron activation of building 
materials collected subsequently, good agree-
ment was achieved between the calculations 
and measurements up to 1,500 m from the 
hypocenter.

Currently, RERF uses DS02 to assess health effects 
from radiation for the LSS, AHS, and other studies. 
The number of LSS subjects by exposure dose is 
shown in Table 2 (refer back to page 6).

(5) Effects of residual radiation on risk 
assessment of A-bomb radiation

RERF has published radiation-risk information 
showing associations between radiation dose and fre-
quency of cancer development (and mortality) based 
on its LSS of 120,000 people, including A-bomb sur-
vivors. These data are highly regarded internationally 
and used as basic data for the establishment of radia-
tion protection standards. For these risk calculations, 
only doses from initial radiation have been used. If 
the residual radiation exposures were too large to 
be ignored, the reliability of these risk data would 
decrease in proportion to the amount of unknown 
residual radiation levels. As stated below, however, 

there is reason to believe that the effects of residual 
radiation were low enough to be considered virtually 
negligible.

1) RERF researchers and many other scientists 
have worked on analyses of radiation doses from the 
A-bombs dropped on Hiroshima and Nagasaki. In 
particular, Chapter 6 of the DS86 report5 summarizes 
the results of area radiation surveys conducted within 
several years after the A-bombings. Most were con-
ducted from August through November of 1945, some  
even before the typhoons that devastated Hiroshima. 
A major importance of these studies lies in the fact 
that the measurements were made before the nuclear 
tests conducted in various parts of the world contami-
nated the entire planet with radioactive fallout. After 
this contamination it was very difficult or impossible 
to accurately measure amounts of residual radiation 
from the 1945 atomic bombings. But such studies 
have indicated that the residual radiation levels fell 
within the estimated range of error of the initial radia-
tion doses.

2) As mentioned above, the geographical distribu-
tion of induced radiation dose by elapsed time after 
the A-bombings is known. Thus, simulation of such 
radiation doses has been performed, assuming various 
circumstances concerning individual behavior and 
activity immediately after the A-bombings. Table 3 
provides examples of dose estimates for early entrants 
into areas near the hypocenters. The table assumes 
that a person had spent a considerable amount of time 
very close to either of the hypocenters within the 
first several days after the bombings. For example, if 
someone had stayed at a distance of 500 m from one 
of the hypocenters for 12 hours on the day following 
the A-bombing, the induced radiation doses would 
have been about 15 mGy in Hiroshima and 3 mGy in 
Nagasaki. On the other hand, if a person had stayed at 
a distance of 1,000 m from the hypocenter, the doses 

Table 3. Potential exposures of early entrants, Hiroshima and Nagasaki

Time of entrya
Distance from hypocenter and weighted absorbed colon doses (mGy)

200 m 500 m 700 m 1,000 m 1,500 m

Hiroshima
  Day 2b 82 15 3 <0.5 <0.5
  Day 3 40  8 2 <0.5 <0.5

Nagasaki
  Day 2 18  3 1 <0.5 <0.5
  Day 3  9  1 <0.5 <0.5 <0.5

a  The table dose estimates assume that a person arrived at the indicated distance from the hypocenter at 
6:15 a.m. and stayed at that location for a full 12 hours.

b  Day 2 refers to the day after the bombing, and day 3 is the next day. For days 4, 5, and thereafter, dose 
levels for each successive day decreased by approximately 50% from the previous day.
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would have been inconsequential.
3) One report by NHK (Japan Broadcasting Corpo-

ration; Japan’s national public broadcasting organiza-
tion) recounts a study of Japanese Kahoku military 
troops that serves as an example of an actual study 
of a group of people exposed to residual radiation.6 
These special duty troops consisted of about 250 
reservists gathered from the city of Higashi-Hiroshima 
for relief activities, such as clean-up of rubble near 
the hypocenter, starting August 7, the day following 
the A-bombing, through August 13. RERF, Hiroshima 
University, and other organizations cooperated with 
each other to calculate radiation dose estimates for 
a Kahoku unit consisting of 99 reservists for whom 
precise behavior and activity records during that 
period were maintained. Data showed that most of 
the radiation exposure among these individuals was 
from induced radiation, that the estimated maximum 
dose was 100 mGy based on both chromosome aber-
ration frequencies and computer simulations, and 
that the average dose for the entire unit was 13 mGy. 
Moreover, a mortality study of these 99 reservists con-
ducted over a 42-year period starting in August 1945 
showed no difference in either category of all causes 
of death or cancer when compared with national aver-
ages.

4) Other examples of studies of residual radiation 
exposure include a study of cause of death among 
early entrants into the cities conducted as part of the 
LSS. This study of cause of death was conducted 
during 1950–1978 with 4,512 people who entered the 
cities of Hiroshima and Nagasaki within one month 
after the A-bombings. Results showed no evidence 
of an increase in mortality due to either all causes of 
death or cancer. In view of the fact that people could 
not approach the areas near the hypocenters because 
of secondary fires on the day of the A-bombings, the 
radiation doses of the abovementioned Kahoku troops 
are considered to be the maximum plausible levels of 
residual radiation exposure.

5) Studies concerning internal exposure include 
investigations conducted in collaboration with Dr. 
Shunzo Okajima and other researchers from Nagasaki 
University in 1969, 1970, and 1971 on subjects in the 
Nishiyama district of Nagasaki, where the amount of 

radioactive fallout was the largest of any location in 
either Nagasaki or Hiroshima.7 Interviews were first 
conducted with residents whose radiation doses were 
considered to be the highest in this district, and then 
50 residents whose internal exposure doses were con-
sidered to be the highest due to their intake of local 
produce and drinking water were selected as subjects. 
Nishiyama residents received a small, continuous 
radiation dose from the Nagasaki A-bomb’s fallout 
radioisotope cesium 137 (Cs-137; the principal iso-
tope, with a physical half-life of 30 years) due to the 
intake of local agricultural products. The related level 
of Cs-137 declined over time in soils where crops 
were grown with a half-life of about seven years, 
which resulted from the physical half-life decay and 
the environmental erosion from the soil of minerals 
carrying the isotope. It was shown by whole-body 
counter measurements of internal exposure doses 
(Cs-137) that the cumulative exposure doses during 
the 40 years of 1945–1985 could be estimated at 100 
μGy for males and 80 μGy for females. Those cumu-
lative doses were calculated on the basis of a half-
life of 7.4 years, which was inferred from additional 
measurements conducted on a portion of the relevant 
population in 1981. Those low levels (i.e., 100 and 80 
μGy) represent only about 1/1,000 of the accumulated 
40-year global background radiation dose announced 
by the World Health Organization (WHO).

As previously mentioned, only estimates of initial 
radiation doses are used for calculation of radiation 
risks at RERF, but there is considered to be error 
of about 35% in individual dose estimates based on 
DS02. The major reason for this uncertainty is thought 
to be imprecise information obtained from interviews 
conducted in shielding studies used to estimate radia-
tion doses.

RERF’s risk evaluations of cancer incidence and 
mortality from A-bomb radiation depend largely on the 
fact that risk estimates among people exposed to high 
doses of 1–4 Gy show clear radiation-dose response. 
Risk estimates of people who were exposed to esti-
mated residual radiation doses of about 10–100 mGy 
would fall within the range of error, making scientific 
assessment difficult.

Residual radiation doses are thus much lower than 

Note: Cs-137 half-lives
 Physical half-life: 30 years
 Environmental half-life: 7.4 years
 Biological half-life: 100 days (biological half-life depends on age of the affected individual, with that in infants 

and children estimated to be around 30 days). Biological half-life is a measure of the rate at which any single 
intake of, for example, cesium, radioactive or non-radioactive, is eliminated from the human body by biological 
processes. It is the major determinant of the equilibrium level when the dietary intake of cesium is continuous.
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initial radiation doses, and there is substantial error 
involved in their estimation. We therefore cannot 
expect that the precision of risk estimation would 
improve or the risk estimates would change materi-
ally, even were information on residual radiation 
doses to be added. The numbers of cancer deaths or 
cancer cases, which are used as the numerators in risk 
estimation, are values obtained via death certificates 
and cancer registries independently of radiation dose 
estimates. Therefore, if radiation doses, which serve 
as the denominator in the equation, are underestimated 
because of exclusion of residual radiation, cancer risks 
would be overestimated. Using such high risks for 
establishment of radiation protection standards means 
that the standards would be on the safe side.

2. Biological effects of internal exposure
Residual radiation, particularly internal exposure, 

has attracted increased attention since the nuclear 
power plant accident in Fukushima, because of the 
high frequency of thyroid cancer development among 
children in Chernobyl as well as for other reasons. In 
the era of the former Soviet Union, cover-up of radio-
active contamination led to more widespread radiation 
damage among the population. People drank milk 
from cows that were grazing on radioactive iodine-
contaminated grass without realizing that the milk 
contained high radiation concentrations. In addition, 
nonradioactive iodine was in short supply for use as a 
blocking agent to prevent ingested radioactive iodine 
from being taken up and retained in the thyroid.

Different from external exposure, internal radiation 
exposure continues as long as radioactive substances 
taken into the body are not discharged, even when 
radiation doses decrease in accordance with the physi-
cal half-life of such substances. It is therefore impor-
tant to avoid intake of radioactive substances to the 
fullest extent possible. However, there is no scientific 
basis for concluding that internal exposure is more 
dangerous than external exposure. Both internal and 
external exposures are believed to contribute to late 
effects such as cancer development.

It is important to note that level of risk depends 
on the radiation dose to which cells (probably, tissue 
stem cells) in which cancers develop are exposed, 
regardless of whether the exposure is due to external 
or internal sources. In the case of external exposure, 
target organ doses are calculated with consideration 
to shielding effects by the skin and intervening body 
tissues. In the case of internal exposure, as can be seen 
in the relationship between the thyroid and iodine, 
metabolism in the body differs by radioactive nuclide 
(element), which may cause uneven distribution in the 

body. With all of these factors taken into account, if 
the radiation dose of the target organ is the same, the 
level of risk should be the same regardless of whether 
the dose is from internal or external exposure. Numer-
ous human studies comparing the cancer effects of 
internal and external exposures confirm this assertion.8

In the case of internal exposure, radiation is emit-
ted radially from radioactive particles taken into the 
body; the doses near these particles can be very high. 
However, high radiation dose at a particular site does 
not necessarily increase cancer risk immediately. 
Stem cells that are related to carcinogenesis do not 
exist in organs and tissues uniformly, and therefore 
if no such stem cells exist in the immediate vicinity 
of radioactive particles, emitted radiation will only 
pass by without becoming involved in carcinogenesis. 
Also, if radiation dose for a target organ is extremely 
high, cells themselves die, which conversely leads to 
a downturn in cancer risk. Based on these findings, the 
International Commission on Radiological Protection 
(ICRP) is of the opinion that cancer risk due to radia-
tion from radioactive substances taken into the body 
(i.e., internal exposure) is about the same as risk from 
external exposure if radioactive substances are dis-
tributed evenly throughout the entire body and lower 
if the radioactive substances are distributed unevenly.

This hypothesis has been proven by the following 
animal experiment and studies:
・A large, high-quality animal experiment showed 
that comparable doses of radioactive iodine and X rays 
caused similar frequencies of thyroid cancer.9

・Thyroid cancer risk estimates via radioactive iodine 
intake in Chernobyl did not show a significant differ-
ence from those obtained by studies of external expo-
sures, as can be seen below. At least, it cannot be said 
that the former is higher than the latter.
1) A combined analysis of five major studies of exter-

nal exposure to medical radiation and A-bomb 
radiation reported a relative risk of 8.7 for thyroid 
cancer after exposure to 1 Gy.10

2) Three major studies of the effects of radioactive 
iodine exposure (internal exposure) among Cher-
nobyl area children reported relative risk estimates 
at 1 Gy of 6.2, 3.2, and 2.9, respectively.11–13

【B】Biological dosimetry
1. Chromosome aberrations

Chromosomes are comprised of long thin molecules 
of DNA. When cells are exposed to radiation or other 
carcinogens, their DNA sometimes breaks, and the 
broken ends may rejoin in different patterns from 
their original arrangements. The abnormalities that 
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result are termed chromosome aberrations and can be 
observed when cells divide at mitosis. The frequency 
of chromosome aberrations increases in proportion 
to the radiation dose to which the cells are exposed, 
and thus this measure is widely used as a biological 
dosimeter.

Study of the chromosomes of A-bomb survivors 
began in 1967 with the objective of evaluating and 
complementing the physically estimated dose of 
each A-bomb survivor. By that time, more than 20 
years after the atomic bombings, unstable chromo-
some aberrations, such as the relatively easy-to-detect 
dicentric chromosomes, had mostly disappeared from 
the body due to their structural characteristics (half-
life of just a few years). For this reason, stable chro-
mosome aberrations, such as translocations, were 
chosen for study, because though difficult to detect, 
they change little over time. A study of stable chromo-
some aberration frequency using the Giemsa staining 
method was conducted over the course of about 25 
years until the end of 1993 to obtain information from 
approximately 3,000 A-bomb survivors in Hiroshima 
and Nagasaki (Figure 3).14 The study results are sum-
marized as follows:
1) Stable chromosome aberrations remained in A- 
bomb survivors’ peripheral blood T lymphocytes even 
several decades after the A-bombings;
2) The proportion of cells with chromosome aberra-
tions increased significantly with physically estimated 
doses;
3) Chromosome aberration frequencies were widely 
dispersed in comparison with physical dose estimates;
4) The slope of the dose-response curve was signifi-

cantly steeper in Hiroshima than in Nagasaki;
5) The slope of the dose-response curve was signifi-
cantly lower for those who were exposed inside facto-
ries in Nagasaki and those exposed outdoors without 
any shielding (both cities) than for those who were 
exposed inside Japanese houses.

Although there are some problems with these 
results, they do suggest that stable chromosome aber-
rations can be used to biologically estimate radiation 
doses even a long time after exposure. Several pos-
sible reasons may account for the wide dispersion of 
chromosome aberration frequencies compared with 
physical dose estimates, as shown in Figure 3. These 
reasons include: possible inter-observer variation in 
detection capability of stable chromosome aberrations, 
individual differences in radio-sensitivity, effects from 
medical radiation exposure, errors in physical dose 
estimates, and errors in information (survivor location 
and shielding conditions) obtained via interviews used 
for calculation of physical doses.

In 1994, the analysis method used for the chromo-
some study was changed from the Giemsa staining 
method to fluorescence in situ hybridization (FISH). 
FISH is a technique for staining specific chromo-
somes based on use of DNA probes specific to those 
chromosomes. With FISH, exchange-type chromo-
some aberrations, such as translocations, can be 
detected objectively and efficiently (Figure 4). Since 
the Giemsa staining method-based studies were con-
ducted at the Hiroshima and Nagasaki laboratories 
separately, possible effects on the study results from 
inter-observer variation in detection capability cannot 
be ruled out. To reduce the possibility of similar inter-
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Figure 3. Frequency of cells with stable chromosome aberrations by the Giemsa staining 
method in relation to physical dose estimates (DS86).14 Each dot represents 
individual survivor data (n=1980 in Hiroshima, n=1062 in Nagasaki). The solid 
line indicates dose-response relationship, the dashed line 95% con�dence inter-
val, and the dotted line coefficient of variation of 50% assumed for dose esti-
mates in addition to 95% con�dence interval.
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observer variation with the FISH method, a decision 
was made to carry out all tasks except blood drawing 
at the Hiroshima Laboratory. It was confirmed that 
the observed differences between the Hiroshima and 
Nagasaki results were reduced considerably with the 
FISH-based analysis results. It is highly likely, there-
fore, that the city difference observed with the Giemsa 
staining method was attributable to inter-laboratory 
variation in capability to detect aberrations. At the 
same time, dispersion in chromosome aberration fre-
quencies compared to physical dose estimates is still 
as large with the FISH method as the Giemsa method, 
with differences in dose response observed depending 
on shielding conditions.

2. Electron spin resonance (ESR) using 
tooth enamel

Measuring CO2
– radicals remaining in tooth enamel 

is effective for assessing individual radiation dose. 
Enamel is separated from teeth that have been 
extracted for medical reasons, and the presence of 
radicals is quantified using electron spin resonance 
(ESR) or electron paramagnetic resonance (EPR). 
Because the ESR signal intensity is linearly correlated 
with radiation exposure, it can be used as a direct 
measure of total physical dose, regardless of exposure 
modality, i.e. acute or chronic exposures. This method 
is also used for estimating radiation doses in situations 
like the Chernobyl nuclear accident.

With the ESR method, there initially were concerns 

Figure 4. Metaphase stained with FISH. The left metaphase shows a normal cell and the right, 
a translocation indicated by arrows. Chromosomes 1, 2, and 4 are painted yellow and 
the other chromosomes are stained red. All translocations between yellow and red 
chromosomes can thus be detected accurately.
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Figure 5. Translocation frequencies in lymphocytes and 
dose estimates using molars donated by the 
same survivors.15 The curve shows a dose-
response relationship of dicentric chromosomes 
obtained from an in vitro γ-ray irradiation exper-
iment of lymphocytes (it is believed that dicen-
tric chromosomes and translocations occur at 
the same frequencies). The arrow indicates a 
wisdom tooth donated by a survivor exposed to 
A-bomb radiation at the age of 15. In this case, 
the absorbed tooth dose was 0 Gy, presumably 
because the enamel on the tooth had not yet 
formed at the time (note that there is large 
variation among individuals in the timing of wis-
dom tooth development).
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about effects from diagnostic dental X-ray exposures, 
but the following experiment showed that any such 
effects were insignificant. Diagnostic X rays are usu-
ally applied from outside of the mouth. In this experi-
ment, a tooth was divided into a buccal side (outside) 
and lingual side (inside) for measurement, and there 
proved to be no difference between these two sides in 
the case of molars. There were more than a few cases 
in front teeth, however, in which the ESR signal inten-
sity of enamel separated from the buccal side was con-
siderably larger than that from the lingual side.15 The 
difference could not be explained as being caused by 
diagnostic dental X rays. Possible effects from solar 
ultraviolet exposure were suggested, but the cause of 
this particular result has not yet been proven.16

Doses estimated using molars donated by 60 
A-bomb survivors were compared with measure-
ments of translocation frequencies in blood lympho-
cytes made from the same donors (Figure 5).15 The 
relationship between tooth-based dose estimates and 
translocation frequencies generally agreed well with a 
dose-response curve predicted on the basis of in vitro 
irradiation experiments of lymphocytes.
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【A】Results from studies of A-bomb 
survivors

RERF periodically publishes reports on study 
results of mortality and causes of death in the LSS 
population as well as health examination results in 
the AHS population. By 2013, 14 LSS reports17 and 
8 AHS reports18 had been published, in addition to 
several thousand papers on specialized topics.

According to a report on mortality risk focusing 
on the years 1950–2003 and tracking 86,611 people 
with DS02 doses who were in the cities of Hiroshima 
or Nagasaki at the time of the bombings,17 an esti-
mated 50,620 people died during this period, and the 
excess relative risk per Gy (ERR/Gy) was 0.22 (95% 
confidence interval [CI]: 0.18, 0.26). Table 4 shows 
the number of deaths observed and estimated excess 
deaths from solid cancers and noncancer diseases by 
radiation dose in the LSS.17 Of the 10,929 deaths from 
solid cancers and 35,685 deaths from noncancer dis-
eases among LSS subjects with dose ≥0.005 Gy, the 
excess numbers of cases attributable to radiation are 
estimated to be 527 and 353, respectively.

【5】 Radiation e�ects on human 
health: Late e�ects

Table 5 shows follow-up status by age at exposure 
among all LSS subjects as of the end of 2008. At that 
time, 64% of the population had died, but about 70% 
of those who were exposed under age 20 were still 
alive.

1. Malignant tumors
(1) Leukemia and related diseases

Increased leukemia incidence was the earliest delayed 
effect of radiation exposure observed in A-bomb survi-
vors. Although the leukemia risk due to radiation expo-
sure is considered to have started increasing about two 
years after the A-bombings, the follow-up of the LSS 
population began in 1950, five years after exposure, 
with no systematic data obtained prior to that time. It is 
estimated that the risk increase in the LSS population 
reached its peak 7–8 years after exposure and then began 
to decline continuously, but the increased risk does not 
appear to have disappeared completely even now, more 
than 50 years later. For those exposed at younger ages, 
the risk increase was larger and the decline after the 
peak more rapid (Figure 6).19 Of the four major leu-
kemia subtypes (acute myelogenous leukemia [AML], 
acute lymphatic leukemia [ALL], chronic myelogenous 
leukemia [CML], and chronic lymphatic leukemia 

Table 4. Observed and estimated excess deaths from solid cancers and noncancer diseases in the LSS cohort17

Colon dose 
(Gy)

Number of 
subjects

Person-years

Solid cancers Noncancer diseasesb

Number 
of deaths

Number of 
excess deathsa

Attributable 
fraction (%)

Number 
of deaths

Number of 
excess deathsa

Attributable 
fraction (%)

<0.005 38,509 1,465,240  4,621   2  0.0 15,906   1  0.0
0.005–0.1 29,961 1,143,900  3,653  49  1.3 12,304  36  0.3

0.1–0.2  5,974   226,914    789  46  5.8  2,504  36  1.4
0.2–0.5  6,356   239,273    870 109 12.5  2,736  82  3.0
0.5–1  3,424   129,333    519 128 24.7  1,357  86  6.3
1–2  1,763    66,602    353 123 34.8    657  76 11.6
2+    624    22,947    124  70 56.5    221  36 16.3

Total 86,611 3,294,210 10,929 527  4.8 35,685 353  1.0

a  Estimated number of excess deaths calculated using the �tted model in reference 17
b  Non-neoplastic blood diseases were excluded from noncancer diseases.

Table 5. LSS follow-up status as of the end of 2008

Age at exposure 
(years)

Number of subjects Alive (%) Dead (%)

0–9 23,717 83.6 16.1
10–19 25,994 63.5 36.2
20–29 15,785 39.1 60.7
30–39 17,310 6.1 93.8
40–49 18,403 0.2 99.8
50+ 19,112 0.0 100.0

Total 120,321 36.2 63.6
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[CLL]), risk increases among A-bomb survivors were 
confirmed for all the subtypes except CLL.20 It is con-
sidered that the risks of these three subtypes reached 
their peaks 5–10 years after exposure. The risks of ALL 
and CML then declined continuously, almost disappear-
ing by the 1960s, whereas the risk of AML was found 
to have persisted even after 2000.19 No relationship 
between adult T-cell leukemia/lymphoma and radiation 
dose was observed.

Results from studies of A-bomb survivors in 
Nagasaki showed that myelodysplastic syndrome 
(MDS) was related to exposure distance and radiation 
dose.21 Although MDS is a clinical condition that has 
attracted attention in recent years and requires long-
term observation, MDS, like AML, tends to persist 
over a long period. Thus, especially among those 
exposed before adulthood, the possibility exists that 
the risk may continue throughout their lifespan.

With regard to the dose-response relationship 
between radiation exposure and leukemia risk, it has 
been shown that a linear quadratic model with con-
cave upward curvature fits better than a linear model. 

Analysis of incidence during the period 1950–2001 
regarding all leukemia (except for CLL and adult 
T-cell leukemia [ATL], for which no relationship with 
radiation has been observed19) also showed a dose 
response with concave upward curvature, with a more 
rapid increase in risk in the higher dose range. The 
estimated ERR at 1 Gy is 1.74, with a linear term 
coefficient of 0.79 (95% CI: 0.03, 1.93) and a qua-
dratic term coefficient of 0.95 (95% CI: 0.34, 1.80) for 
the ERR at age 70, after exposure at age 30 (Figure 7). 
Because the frequency of AML is the highest among 
the four major subtypes, the results for all leukemia 
tend to mirror the results for AML.

Table 6 shows the observed numbers of all leukemia 
cases except for CLL and ATL, as well as the esti-
mated number of excess cases in the LSS population 
by bone marrow dose. It is estimated that 94 of the 192 
leukemia cases exposed to ≥0.005 Gy are related to 
radiation exposure, with the attributable fraction being 
49%. Among heavily exposed survivors of ≥1 Gy, 57 
of 64 cases are estimated to be related to radiation 
exposure, with that attributable fraction being 89%.

The mortality study17 showed significantly elevated 
risk of malignant lymphoma among males (ERR/Gy =  

Figure 6. Change in sex-averaged ERR of leukemia 
(excluding CLL and ATL) as related to age at 
exposure and time since exposure for people 
who were exposed to 1 Gy19
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Table 6. Observed numbers of all leukemia cases excluding CLL and ATL and the estimated number 
of excess cases in the LSS population19

Dose (Gy) Person years Mean dose (Gy) Observed cases
Fitted cases*

Background Excess

<0.005 2,039,093 0.0006 120 116.9  0.1
0.005–0.1 957,889 0.03  63  60.7  3.6
0.1–0.2 201,935 0.14  16  13.7  4.1
0.2–0.5 206,749 0.32  25  13.6 11.1
0.5–1 117,855 0.71  24   7.5 18.2
1–2 64,122 1.37  35   4.0 28.4
2+ 25,761 2.68  29   1.5 28.6

Total 3,613,404 0.10 312 217.9 94.1

* Estimated number of cases calculated using the �tted model in reference 19



21

【5】Radiation effects on human health: Late effects
【A】Results from studies of A-bomb survivors

Radiation Effects Research Foundation  A Brief Description 21

0.70, 95% CI: 0.08, 1.7) but no elevated risk among 
females (ERR/Gy =  –0.18, 95% CI: –0.21, 0.24). 
In the incidence study,19 ERR/Gy for non-Hodgkin 
lymphoma, which accounts for approximately 90% 
of malignant lymphoma cases in Japan, was also 
marginally significant among males (ERR/Gy =  0.46, 
95% CI: –0.08, 1.29), while no elevated risk was seen 
among females (ERR/Gy =  0.02, 95% CI: –0.44, 
0.64). There is no clear explanation for these differ-
ences between males and females.

In the mortality study,17 ERR/Gy for multiple 
myeloma was not significant among males (ERR/
Gy =  0.11, 95% CI: –0.28, 1.6), but a significant risk 
was observed among females (ERR/Gy =  0.86, 95% 
CI: 0.02, 2.5). At the same time, the incidence study19 
showed no significant elevated risk (ERR/Gy =  0.38, 
95% CI: –0.23, 1.36) and no sex difference.

(2) Solid cancers
Mortality risk from all solid cancers during the 

period 1950–2003 has been reported.17 Because risks 
of less deadly cancers, such as breast, thyroid, and skin 
cancers, should be evaluated based on incidence rather 
than mortality, results of solid cancer incidence studies 
during 1958–199822 will mainly be introduced here. 
Among 105,427 people who were not in the cities at 
the time of the A-bombings or for whom DS02 doses 
have been estimated, and who were alive in 1958 
when cancer registries were initiated in Hiroshima and 
Nagasaki and had not been diagnosed with cancer by 
then, 17,448 cases of first primary solid cancer were 
identified during the observation period. Cancer risks 
among A-bomb survivors vary by sex, age at expo-
sure, and attained age (time since exposure). Figure 8 
shows changes of sex-averaged ERR and excess abso-
lute rate (EAR) of all solid cancers by age at exposure 
in relation to attained age.22 (Refer to the Glossary on 

page 47 for definitions of ERR and EAR.) For the 
same attained age, both ERR and EAR are higher 
for people with younger age at exposure, suggesting 
higher radiation sensitivity among young people. ERR 
decreases with attained age, and the decrease is more 
rapid among people exposed at younger ages. Among 
those exposed at older ages, the decrease is small and 
the ERR is almost constant. As the cancer incidence 
among unexposed people increases with attained age, 
EAR increases with attained age.

Radiation doses to which the LSS population was 
exposed range from extremely low doses to about 4 
Gy. The solid cancer incidence study conducted dur-
ing the period 1958–1998 showed an increase in dose 
response with radiation in the range of <2 Gy, sug-
gesting a linear relationship. However, this increase 
became slightly more gradual in the range of ≥2 Gy 
(Figure 9).22 The non-linearity was not significant, and 
the reason for the more gradual increase is unclear, but 
it may be due to uncertainty in dose estimation or to 
cell lethality effects (when cancer does not develop 

Figure 8. Change in sex-averaged ERR/Gy (left) and EAR per Gy per 10,000 person-years (right) of solid 
cancer incidence by attained age among those exposed at 10, 30, and 50 years of age22
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because high doses kill cells). Threshold models, 
which assume no risk increase below a certain dose, 
have been assessed, but no significant improvement in 
the degree of fit has been shown in comparison with 
linear models, with estimates showing that even were 
a threshold to exist, it would not exceed 0.085 Gy.

A-bomb survivors have been exposed to other car-
cinogenic factors besides radiation, such as smoking, 
and therefore not all cancers experienced by the sur-
vivors are caused by A-bomb radiation. That is why 
it is important to show the degree to which the devel-
opment of cancer is attributable to A-bomb radiation 
among the survivors. Table 7 indicates the observed 
number of all solid cancer cases and estimated excess 
numbers of cases by radiation dose in the LSS popu-

lation.22 It is estimated that 850 of all the 7,851 solid 
cancer cases among the LSS subjects exposed to 
≥0.005 Gy is the excess number related to radiation 
exposure, with the attributable fraction being 11%. 
Limiting the subjects to those exposed to radiation 
of ≥2 Gy, it is estimated that 111 of all the 185 solid 
cancer cases is the excess number related to radiation 
exposure, with that attributable fraction being 61%.

Figure 10 shows ERR/Gy of all solid cancer and 
site-specific cancer incidences adjusted for sex, age, 
age at exposure, and city and their confidence inter-
vals.22 As described previously, ERRs change in rela-
tion to sex, age at exposure, and attained age. Thus, 
sex-averaged risks of those whose age at exposure was 
30 and whose attained age was 70 are shown hereafter 

Table 7. Observed number of solid cancer cases and estimated excess number of cases in the LSS  
population22

Dose (Gy) Subjects Person years Cases Backgrounda Fitteda excess Attributable fraction

<0.005  60,792 1,598,944 9,597  9,537   3  0.0%
0.005–0.1  27,789 729,603 4,406  4,374  81  1.8%

0.1–0.2   5,527 145,925 968    910  75  7.6%
0.2–0.5   5,935 153,886 1,144    963 179 15.7%
0.5–1   3,173 81,251 688    493 206 29.5%
1–2   1,647 41,412 460    248 196 44.2%
2–4     564 13,711 185     71 111 61.0%

Total 105,427 2,764,732 17,448  16,595b  853b 10.7%c

a Estimated number of cases calculated by �tting the model used in reference 22
b Because integers are used, the sums of the individual �gures do not equal the totals.
c Attributable fraction means percentage of estimated excess number of cases in the number of solid cancer cases among 

those exposed to ≥0.005 Gy.

Figure 10. ERR/Gy for the incidence of site-speci�c cancers in the LSS cohort (sex-averaged). 
The risk is shown for subjects at the attained age of 70 years after exposure at age 
30.22 The horizontal bars indicate 90% con�dence intervals.
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unless otherwise specified.
ERR/Gy of all solid cancers is 0.47, and it is there-

fore estimated that the cancer incidence among people 
exposed to 1 Gy is 47% higher than the incidence 
among unexposed people. As shown in the figure, 
cancer risks are increased significantly in most sites, 
such as the oral cavity, esophagus, stomach, colon, 
liver, lung, skin (non-melanoma), breast, ovary, blad-
der, central nervous system, and thyroid. The ERRs 
for pancreas, prostate, and renal cell cancers are not 
statistically significant.22 These results suggest differ-
ences in radiation sensitivity by site, but the confi-
dence intervals of all the sites overlap, and the differ-
ences in ERR by site cannot be verified statistically. 
Thus, care should be taken in interpretation. When 
comparing leukemia with all solid cancers in terms 
of the aforementioned ERR and estimated excess 
number of cases, the ERR/Gy is larger for leukemia, 
while the estimated excess number of cases is larger 
for solid cancers. This information indicates that solid 
cancers constitute a larger impact of radiation in the 
cohort than leukemia, despite the fact that leukemia is 
strongly associated with radiation, because leukemia 
is less common than solid cancers.

(3)  Site-specific cancer risks
a. Stomach cancer

Until recently, stomach cancer had been the cancer 
with the highest incidence among Japanese people. It 
is the cancer with the highest confirmed numbers of 
mortality cases and incident cases in the LSS cohort. 
A significant increase in stomach cancer risk with 
radiation dose has been observed in both the mortal-
ity study (ERR/Gy =  0.33, 95% CI: 0.17, 0.52)17 and 
the cancer incidence study (ERR/Gy =  0.34, 90% CI: 
0.22, 0.47).22 ERR in the cancer incidence study was 
higher in females (ERR/Gy =  0.47) than in males 
(ERR/Gy =  0.21), but there was no difference in 
EAR between males (9.4 cases per Gy per 10,000 
person-years) and females (9.7 cases). It is therefore 
considered that the sex difference in ERR is caused by 
the higher background risk of stomach cancer in males 
compared with females.

In the study based on mail survey information,23 
analyses were conducted taking into account smoking 
and education. The relative risk (RR) was 1.71 (95% 
CI: 1.27, 2.30) among the subgroup exposed to ≥1 
Gy, and the RR increased significantly with increasing 
radiation dose.

Another study looked at the association between 
radiation and 200 stomach cancer cases (separated 
into intestinal type and diffuse type). These cases were 
identified among 4,690 people who satisfied certain 

conditions such as participation in the AHS health 
examinations during the period 1981–2002, with 
their blood samples stored, and who had no cancer 
diagnosis prior to blood collection.24 While radiation 
was significantly associated with diffuse-type stom-
ach cancer (ERR/Gy =  0.33, 95% CI: 0.03, 0.83), no 
association was observed with intestinal-type stomach 
cancer (ERR/Gy =  –0.06, 95% CI: –0.19, 0.21). By 
examining the immunosuppressive interleukin-10 (IL-
10) genotype, significant association between radia-
tion and diffuse-type stomach cancer was observed 
only for the homozygous, wild-type IL-10 gene (ERR/
Gy =  0.46, 95% CI: 0.02, 1.43), while the ERR due 
to radiation exposure for IL-10 variant-type homo-
zygotes was estimated to be around 0, showing no 
statistical significance. These findings indicate pos-
sible involvement of IL-10 variants in the decrease 
of radiation risk for diffuse-type stomach cancer. The 
results suggest that IL-10 gene polymorphisms play 
a role in individual differences in radiation-related, 
diffuse-type stomach cancer risk.

b. Colorectal cancer
Colon cancer is the third most common of the can-

cers in the LSS cohort in terms of number of cases.22 A 
significant increase in colon cancer risk with radiation 
dose has been observed in both the mortality study 
(ERR/Gy =  0.34, 95% CI: 0.05, 0.74)17 and the can-
cer incidence study (ERR/Gy =  0.54, 90% CI: 0.30, 
0.81).22 The ERR in the mortality study was about 
the same for males and females, but the risk ratio of 
females to males (F/M ratio) was 0.5 in the incidence 
study. It is not clear why a difference in F/M ratio 
exists between the mortality and incidence studies. 
Obesity is considered to be one of the risk factors 
for colon cancer. However, ERR/Gy for colon cancer 
estimated by an analysis allowing for body mass index 
(BMI) was 0.53 (95% CI: 0.25, 0.86), indicating that 
the extent of radiation effects did not change with 
BMI.25 No significant association has been observed 
between radiation exposure and rectal cancer risks in 
either the mortality study (ERR/Gy =  0.17, 95% CI: 
<0, 0.64)17 or the cancer incidence study (ERR/Gy = 
0.19, 90% CI: <0, 0.47).22

c. Liver cancer
A significant increase in liver cancer risk with 

radiation dose has been observed in both the mortal-
ity study (ERR/Gy =  0.38, 95% CI: 0.11, 0.62) and 
the cancer incidence study (ERR/Gy =  0.30, 90% 
CI: 0.11, 0.55).22 In a case-control study using stored 
tissue samples,26 a strong multiplicative interaction 
between radiation exposure and hepatitis C virus 
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(HCV) infection was observed for the risk of hepa-
tocellular carcinoma in subjects without cirrhosis. 
A nested case-control study using the stored serum 
of AHS subjects27 and adjusting for alcohol intake, 
obesity, and smoking was also conducted. In that 
study’s analysis, excluding those infected with hepa-
titis B or C virus, and taking other risk factors into 
consideration, the RR of non-B non-C hepatocellular 
carcinoma at a liver dose of 1 Gy was 2.74 (95% CI: 
1.26, 7.04). This result indicates that radiation expo-
sure confers an independent risk for hepatocellular 
carcinoma and may also multiply the risk associated 
with HCV infection in a subset of cases.

d. Lung cancer
A significant increase in lung cancer risk with 

radiation dose has been observed in both the mortal-
ity study (ERR/Gy =  0.75, 95% CI: 0.51, 1.03)17 
and the cancer incidence study (ERR/Gy =  0.81, 
90% CI: 0.6, 1.1).22 In the cancer incidence study,22 
the F/M ratio of ERR/Gy was relatively high, 4.8, 
but the F/M ratio was not statistically significant for 
EAR/Gy, making the high F/M ratio for ERR likely 
attributable to the much lower baseline rates of lung 
cancer among females than among males. Unlike the 
ERRs for many other sites, the ERR for lung cancer 
tended to increase with increasing age at exposure. 
This trend is assumed to be associated with the rela-
tionship between increased lung cancer incidence and 
increased smoking rate.

A study was conducted to assess the effects of 
radiation on lung cancer incidence after taking into 
account smoking, the most important risk factor for 
lung cancer,28 based on information from smoking 

histories obtained in mail surveys for 1,803 lung can-
cer cases in the LSS cohort ascertained by histopatho-
logical review. The ERR/Gy due to radiation exposure 
among non-smokers (risk at age 70 after exposure at 
age 30) was estimated to be 0.59 (95% CI: 0.31, 1.0), 
and decreased with attained age with no departure 
from linearity. The ERR tended to increase with age 
at exposure, even after adjustment for smoking. The 
joint effect of smoking and radiation was super-mul-
tiplicative among light-to-moderate smokers, but the 
effect was additive or sub-additive for heavy smok-
ers, for whom little radiation-related excess risk was 
observed (Figure 11). About 1/3 of the lung cancer 
cases in this population are explained as having been 
caused by smoking and 7% by radiation.

e. Breast cancer
A significant association between breast cancer risk 

and radiation exposure has been observed in both the 
mortality study (ERR/Gy =  0.90, 95% CI: 0.30, 1.78) 
and the cancer incidence study (ERR/Gy =  0.87, 90% 
CI: 0.55, 1.3).

It is also known that, among those exposed at an age 
of <20, breast cancer risk in those whose attained age 
is between 20 and 35 increases markedly, with ERR/
Gy =  16.8 (Figure 12).29 A case-control study inter-
viewed 196 females in the LSS cohort diagnosed with 
breast cancer and 566 females without breast cancer, 
who were selected from the same cohort by matching 
on age at exposure, city, and estimated radiation dose. 
The study showed that the same risk-reduction factors 
for breast cancer confirmed among the general popula-
tion (namely, first full-term pregnancy at younger age, 
prolificacy, and long lactation period) also reduced 

Figure 11. Change in ERR in relation to the number of cigarettes smoked per day.28 The sex-averaged risk estimates 
at age 70 following radiation exposure at age 30, with smoking begun at age 20. Panel A describes ERR 
compared to a non-exposed non-smoker. Panel B indicates ERR for an exposure of 1 Gy compared to an 
unexposed person with the same smoking history.
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breast cancer risk in those exposed to atomic bomb 
radiation.30 Mammary gland tissue during the time 
between menarche and first childbirth is believed to 
be very sensitive to carcinogenesis. However, in a 
study involving the LSS cohort that compared radia-
tion risk by time period (time between menarche and 
first childbirth, time before menarche, and time after 
first childbirth) no significant difference was seen.31 

In histopathological review of breast cancer cases, no 
difference in pathological findings has thus far been 
observed between exposed subjects and controls.32

f. Urinary organ cancer
A statistically significant increase in bladder cancer 

risk with radiation dose has been observed in both 
the mortality study (ERR/Gy =  1.19, 95% CI: 0.27, 
2.65)17 and the cancer incidence study (ERR/Gy = 
1.23, 90% CI: 0.59, 2.1).22 It is known that the varia-
tion in ERR of bladder cancer by age at exposure and 
attained age is smaller than that of other cancers. The 
ERR/Gy by sex in the cancer incidence study was 
0.61 for males and 1.86 for females, with the risk for 
females about three times higher than that of males. 
Analysis has also been carried out to take into account 
the effects of smoking, fruit/vegetable intake, alcohol 
consumption, and education.33 This analysis observed 
no major changes due to radiation based on consider-
ation of these factors in terms of estimated ERR and 
F/M ratio.

No statistically significant increase in prostate 
cancer risk with radiation dose has been observed 
in either the mortality study (ERR/Gy =  0.33, 95% 
CI: <0, 1.25)17 or the cancer incidence study (ERR/

Gy =  0.11, 90% CI: –0.10, 0.54).22 The reason why 
increased risk has not been detected is because pros-
tate cancer is common among the elderly, although 
the number of patients identified through follow-up to 
date is still small, despite a recent rise in incidence in 
these populations.

g. Brain and central nervous system tumors
A significant association of brain and central ner-

vous system tumor risks with radiation dose has been 
observed in the cancer incidence study (ERR/Gy = 
0.62, 90% CI: 0.21, 1.2).22 In a histopathological 
review of central nervous system tumors diagnosed 
during the period 1958–1995,34 ERR/Gy of all central 
nervous system tumors was estimated to be 1.2 (95% 
CI: 0.6, 2.1). In this study, the risk was estimated at 
age 60 after exposure at age 30. By histological type, 
ERRs/Gy of meningioma, schwannoma, glioma, and 
pituitary tumors were 0.64 (95% CI: –0.01, 1.8), 4.5 
(95% CI: 1.9, 9.2), 0.56 (95% CI: –0.2, 2.0), and 0.98 
(95% CI: <–0.2, 3.5), respectively, showing a strong 
dose-response relationship for schwannoma.

h. Thyroid cancer
Thyroid cancer is not a very common cancer, but 

it has a relatively strong association with radiation. 
The association between thyroid cancer and radiation 
was demonstrated the earliest (10-plus years after 
exposure) of all the solid cancers observed among 
A-bomb survivors.35 A significant increase in risk with 
radiation exposure was observed in the cancer inci-
dence study (ERR/Gy =  0.57, 90% CI: 0.24, 1.1).22 
Furthermore, a recent study36 analyzed 371 thyroid 
cancer cases confirmed by histopathological review 
from among 105,401 LSS subjects, and estimated 
ERR/Gy to be 1.28 (95% CI: 0.59, 2.70) and EAR per 
100,000 person-years-Gy to be 29.5 (95% CI: 13.8, 
49.6) (in both cases at age 60 after exposure at age 
10). The radiation-associated thyroid cancer risk was 
higher among those exposed during early childhood, 
suggesting continuation of the risk throughout the 
lifetime, whereas no clear effects of exposure at age 
20 or older were observed (Figure 13). Of the thyroid 
cancer cases developing among LSS subjects exposed 
to ≥5 mGy at the age of <20 years (113 cases), 36% 
were estimated to be attributable to radiation.

A prevalence study based on thyroid examination of 
AHS participants37 found that thyroid cancer risk also 
increased with radiation dose, showing a linear dose-
response relationship (excess odds ratio per Gy =  
1.95, 95% CI: 0.67, 4.92). Further, an association 
between thyroid microcarcinoma (diameter of <1 cm) 
and radiation exposure has also been suggested.38

Figure 12. Bivariate isotonic regression: Breast cancer 
ERR/Gy with age at exposure and attained 
age as a monotonic/non-decreasing function29
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At RERF, characteristics of cancers induced by 
radiation exposure have been examined at the molecu-
lar level in a molecular oncological approach. It is 
thought that normal cells become cancerous due 
to the accumulation of various gene abnormalities. 
Generally, there are gene abnormality patterns unique 
to cancer tissue, and certain patterns (accumulation 
of characteristic abnormalities in particular genes) 
have been observed at high frequencies particularly 
in radiation-related thyroid cancer. For example, RET 
and ALK gene rearrangements are observed in papil-
lary thyroid carcinoma in exposed adults. Papillary 
thyroid carcinoma with these abnormalities in gene 
rearrangements are frequently observed among survi-
vors exposed to high doses during childhood.39,40 

2. Noncancer diseases and abnormalities 
(excluding deaths due to blood diseases)

With regard to the effects of A-bomb radiation on 
noncancer diseases, recent analysis of LSS mortal-
ity data (1950–2003) shows a statistically significant 
increase with dose for death from diseases other than 
cancers (circulatory disease: ERR/Gy =  0.11, 95% CI: 
0.05, 0.17; respiratory disease: ERR/Gy =  0.21, 95% 
CI: 0.10, 0.33).17 Besides LSS mortality data, RERF 
has acquired much information about noncancer dis-
eases through AHS health examinations and special 
tests. This information suggests that A-bomb radiation 
effects increased the risks of heart disease, stroke, 
thyroid benign tumor, hyperparathyroidism, hyperten-
sion, kidney disease, liver disease, uterine myomata, 
and cataract (Figure 14).

Figure 14. RR for noncancer diseases among AHS subjects exposed to 1 Gy of radiation (1958–
1998).18 The horizontal bars indicate the ranges of 95% con�dence intervals.
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There are several caveats to keep in mind when 
interpreting the results of the noncancer disease 
research. First, it is necessary to consider that the LSS 
mortality study examines only cause of death, and 
that AHS reports are based on studies conducted only 
of those who participate in health examinations. For 
example, of those who develop subarachnoid hemor-
rhage, which is a brain disorder, 50% die within a 
year of the episode.41 On the one hand, AHS health 
examinations cannot detect those who died from sub-
arachnoid hemorrhage between routine AHS health 
examinations and those who could not participate in 
the health examinations due to the long-term effects 
of subarachnoid hemorrhage. On the other hand, 
investigations of cause of death in the LSS might not 
be able to identify the other 50% who survived after 
the episode. Second, it is projected that rapid west-
ernization of Japanese lifestyle as well as changes in 
medical technology may have modified the numbers 
of disease cases and complicated interpretation of the 
study results.

(1) Mortality and incidence of circulatory dis-
ease (heart disease and stroke)

Circulatory disease deaths account for a major-
ity of worldwide death totals, and interpretation of 
the increased risk related to radiation exposure is an 
important issue.

Recent analysis of DS02-based LSS data (1950–
2003) shows a significant association between circula-
tory disease mortality and A-bomb radiation exposure 
throughout the relevant period, with linear-quadratic 
and linear dose responses observed for stroke and 
heart disease, respectively (Figure 15). In addition, 
subtype-specific analyses suggest significant radia-

tion effects on mortality due to hypertensive heart 
disease and heart failure.42 Analysis of AHS data did 
not indicate such associations, but suggested the pos-
sibility of a quadratic dose response for myocardial 
infarction incidence among those exposed at ages <40 
(RR/Gy =  1.25, 95% CI: 1.01, 1.36).18 With regard to 
stroke, using DS02-based data we analyzed the period 
when prevailing diagnostic imaging techniques had 
improved accuracy in diagnoses for disease classifi-
cation (1980–2003) and found a radiation-associated 
increase in risk for hemorrhagic stroke (including 
intracerebral hemorrhage and subarachnoid hemor-
rhage) but not for ischemic stroke (Table 8).43 Detailed 
analysis will be necessary in the future taking into 
account the possibility of increased circulatory disease 
risks mediated by the known risk factors hyperten-
sion,18 lipid metabolism abnormality,44 and kidney 
disease.45

(2) Mortality and incidence of liver disease
With respect to liver diseases, RERF has thus far 

studied the prevalence of chronic liver disease (includ-
ing chronic hepatitis, fatty liver, and liver cirrhosis) 
(refer back to Figure 14) and mortality from liver 
cirrhosis.

A report of analysis of all disease deaths other than 
tumor deaths in the LSS population indicated that 
mortality risk of liver cirrhosis tended to increase 
with radiation dose,46–48 but pathological reviews tak-
ing into account HBV and HCV infection as well as 
alcohol consumption showed that radiation effects on 
liver cirrhosis were not significant.49 A study based on 
autopsy diagnoses indicated that association between 
liver cirrhosis and radiation dose was significant or 
suggestive.50–52

Figure 15. Dose response for circulatory disease mortality.42 The vertical bars indicate the ranges of 95% con�dence 
intervals.
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In the AHS population, a significant dose response 
was observed for chronic liver disease (including liver 
cirrhosis).18,53 In consideration of the fact that the 
International Classification of Diseases (ICD) coding 
rules were revised in 1986, during the investigation 
period, and that introduction of abdominal ultraso-
nography brought about a pronounced increase in the 
number of chronic liver disease cases, however, we 
limited our work to the period from 1986 and there-
after and found that the RR for chronic liver disease 
was not significant (RR =  1.14 [95% CI: 0.84, 1.40]). 
Furthermore, when chronic liver diseases were clas-
sified into fatty liver and other types, a suggestive 
association with radiation dose was observed only for 
fatty liver risk (RR =  1.16 [95% CI: 0.99, 1.37]), indi-
cating the possibility that the significance of the dose 
response observed for chronic liver disease arose from 
radiation-related fatty changes in the liver.

(3) Thyroid disease
Thyroid diseases are classified into benign or malig-

nant nodular diseases and thyroid dysfunction with 
inappropriate hormone secretion. Thyroid nodules are 
observed at a high frequency in the general popula-
tion, and when investigated by ultrasonography, such 
nodules are said to be detected on average in about 
20% of the Japanese adult population.54

With regard to thyroid nodules, two cross-sectional 
studies were conducted as part of the AHS, one in 
the 1970s and the other in the 2000s. In a thyroid 
palpation study conducted during 1974–1976 among 
a population of those exposed at ages younger than 

20 in Hiroshima and Nagasaki, analysis using T65D-
based data suggested high frequencies of benign or 
malignant solitary thyroid nodules in a group exposed 
to over 100 rad (1 Gy). During 2000–2003, RERF 
conducted a large-scale cross-sectional study exam-
ining 4,091 people by ultrasonography (followed by 
cytologic diagnosis for nodules exceeding 1 cm in 
the long diameter). Analysis using DS02-based data 
revealed an association between the prevalence of 
benign thyroid nodules and thyroid radiation dose 
(excess odds ratio 1.53/Gy [95% CI: 0.76, 2.67]). 
Furthermore, since a negative association was found 
between age at exposure and ERR for benign thyroid 
nodules per Gy (p = 0.002), the possibility exists that 
benign thyroid nodules increased with decreasing age 
at exposure. No clear association with thyroid radia-
tion dose was observed regarding thyroid dysfunction 
(hypothyroidism and hyperthyroidism).37

(4) Cataract
With ocular tissues, it is commonly understood 

that the lens is more sensitive to radiation than other 
tissues. One of the important late effects of radia-
tion is lens opacity, or cataract. A short time after the 
A-bombings, an increase in cataract incidence among 
A-bomb survivors was reported,55 and reports about 
A-bomb cataract were subsequently released by 
numerous researchers.56–58 A-bomb cataract pres-
ents with a specific symptom (posterior subcapsular 
opacity), and it has been assumed that the detectable 
threshold values in A-bomb radiation exposure are 5 
Gy for chronic radiation exposure over a prolonged 

Table 8. Age-adjusted stroke incidence43

Radiation 
exposure (Gy)

Sample size
Hemorrhagic stroke¶ Ischemic stroke

Events Incidence* Events Incidence*

Men
 <0.05 1,539 33 12.2 112 40.5
 0.05–1 1,266 37 17.6 81 38.5
 1–2 376 13 21.4 20 34.9
 ≥2 130 5 25.2 8 46.3
 p value†  0.006  0.788
 Overall 3,311 88 15.7 221 39.4
Women
 <0.05 2,765 66 13.1 173 34.4
 0.05–1 2,720 63 12.4 174 33.9
 1–2 531 8  9.3 33 39.8
 ≥2 188 10 41.9 6 27.9
 p value  0.098  0.930
 Overall 6,204 147 13.1 386 34.4

¶ Hemorrhagic stroke includes intracerebral hemorrhage and subarachnoid hemorrhage.
* Incidence rate per 10,000 person-years
† Trend test
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period of time and 0.5–2.0 Gy for acute radiation 
exposure.59 In recent years, we performed slit-lamp 
microscopy on, and took digital images of, a portion 
of the AHS population, which suggested an increase 
in cataract other than the posterior subcapsular type. 
Since such issues as the quality of the images and 
the non-standardized nature of the diagnostic criteria 
have become apparent, however, further study of this 
particular issue is needed.

(5) Gynecological disease
The mail surveys conducted of LSS female sub-

jects detected prematurity in natural menopause with 
increasing radiation dose (Figure 16).60 The premature 
artificial menopause observed in this study can be 
explained by the increased incidence of A-bomb-
radiation-induced uterine myoma (benign tumor of 
the uterus) found in the AHS (refer back to Figure 
14).18 Effects of radiation on ovarian function have 
been suggested, but studies of A-bomb survivors have 
not resulted in any evidence suggesting that radiation 
exposure may reduce fertility or chance of giving 
birth.

was already observed at age 10 among survivors 
exposed in utero. Since the gaps between individu-
als exposed as fetuses and unexposed people did not 
widen in subsequent years, however, it is believed that 
pubertal growth in height was not affected.61 Accord-
ing to analysis of effects of childhood exposure at var-
ious ages, average height reductions per Gy of 2.0 cm 
in females and 1.2 cm in males were observed after 
exposure in infancy; the corresponding values were 
about 1.0 cm and 0.6 cm, respectively, after exposure 
at age 10.62 It is generally known that in females early 
menarche is associated with growth in height, but no 
effects of radiation on age of menarche were observed.

As shown above, disorders in physical growth and 
development of A-bomb survivors who were exposed 
to radiation during the period of active bone growth 
prior to puberty have been reported, but no association 
between late-life skeletal abnormality (prevalence of 
osteoporosis and vertebral body fracture) and A-bomb 
radiation has been observed among A-bomb survi-
vors.63–65

(7) Skin disease
Burns, external injuries, and dermatitis due to the 

thermal rays, fires, blasts, and acute radiodermati-
tis from the A-bombings were early skin disorders 
observed among A-bomb survivors. It was reported 
that harsh hygienic conditions at the time contributed 
to delayed healing of such conditions.66 Furthermore, 
either hypertrophic cicatrix (scarring) or keloidal 
tissue (pinkish, elevated scar growth) was found in 
50–70% of those with scars as a result of burns.67,68 
These hyperplastic scar tissue skin manifestations 
afflicting A-bomb survivors, which became apparent 
3–4 months after the A-bombings, peaked 2–3 years 
after the bombings, and then declined with time.

ABCC conducted clinical dermatological evalu-
ation of 10,650 AHS subjects during 1964–1966.69 
Findings indicated that A-bomb survivors exhibited a 
higher frequency of atrophic scars, pigmentation, and 
depigmentation, and showed a tendency for fine telan-
giectasia (small dilated blood vessels) of the arm that 
increased with increasing radiation dose. The relation-
ship between skin changes due to aging and radiation 
exposure was also examined, but it was found that any 
association was limited to increases in poliosis (white 
hair) and facial senile elastosis (loss of elasticity of the 
skin due to the degeneration of elastic fiber that helps 
maintain skin turgor).

(8) Psychoneurological and psychological 
effects

The A-bombings of Hiroshima and Nagasaki were 

(6) Physical growth and development and 
bone and locomotor apparatus disease

Body measurements (height, weight, chest cir-
cumference, etc.) have long been carried out at 
ABCC-RERF to observe radiation effects on growth 
in A-bomb survivors exposed when young. Findings 
show that growth retardation is a general result of 
childhood exposure to high-dose A-bomb radiation. 
In the case of fetal exposure, no clear radiation effects 
were seen among those who were exposed to <1 Gy, 
but doses of ≥1 Gy did cause decreased adult height 
by about 6 cm (about 2.5 cm per Gy). Such an effect 

Figure 16. Cumulative incidence rate of natural meno-
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unprecedented disasters never before experienced by 
humankind. In addition to physical symptoms, it is 
believed that the loss of or changes in human, social, 
and physical environments brought about psychoneu-
rological and psychological effects, causing post-trau-
matic stress disorder (PTSD) and other disturbances 
among A-bomb survivors. Such psychoneurological 
and psychological effects may persist in negatively 
affecting the health of survivors over the long term. 
Nevertheless, there are limited numbers of studies 
and reports on psychoneurological and psychological 
effects caused by the A-bombings.

With regard to presence and/or absence of physical 
symptoms, a self-administered questionnaire-based 
survey was conducted of the AHS population during 
the period 1962–1965. Analysis of the survey results 
in terms of acute radiation symptoms and distance 
from the hypocenter revealed the highest frequency of 
complaints of various physical symptoms, fatigability, 
and emotional disturbances such as fear and anxiety 
in the group of proximally exposed survivors who had 
developed acute radiation symptoms.70,71

LSS analysis related to suicide conducted during 
1950–1966, however, yielded no evidence of a high 
suicide rate among A-bomb survivors.72

3. Abnormality in the immune system and 
inflammation

Immune system alterations observed in A-bomb 
survivors mainly comprise attenuation of T-cell-
dependent adaptive immunity and a state of low-grade 
inflammation. Low-grade inflammation is thought 
to be caused by activation of innate immunity. 
Many related issues remain unresolved, including the 
mechanisms behind alterations in the immune system 
due to radiation exposure and how such immune 
changes affect the onset of disease. However, most 

radiation-related alterations in the immune system 
resemble age-related attenuation of immune func-
tion (immunosenescence) (Figure 17). For example, 
aging decreases production of T lymphocytes, lead-
ing to a decrease in the number of naïve T lympho-
cytes (immature T lymphocytes that have never been 
activated) in blood but an increase in production of 
memory T lymphocytes (that have been activated) 
with weakened functions and decreased diversity in 
antigen recognition. Meanwhile, the possibility of 
dose-dependent reductions in the naïve T-lymphocyte 
pool and memory T-lymphocyte functions of A-bomb 
survivors have been reported.73–75 Furthermore, gener-
ally speaking, the production of inflammatory proteins 
and cytokines by innate immune cells and the accel-
eration of inflammation increase with aging. RERF 
has obtained research results showing high levels of 
these inflammatory proteins and cytokines also among 
people exposed to high radiation doses.76 These results 
suggest that A-bomb radiation might have accelerated 
immunosenescence.77–79

【B】Results from studies of in utero 
survivors

1. Intellectual impairment
Various findings from epidemiological and experi-

mental studies have indicated that development of the 
embryo and fetus is adversely affected by radiation 
exposure. Epidemiological data on persons exposed 
to radiation in utero suggest the possibility of adverse 
effects on brain development at certain gestational 
ages. More specifically, high radiation exposures in 
utero at 8–15 weeks after conception, a time dur-
ing which the cerebral cortex is developing, led to 
severe intellectual impairment, decreased academic 
performance and intelligence quotient (IQ) scores, 

Figure 17. Acceleration of immunosenescence due to radiation exposure
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and increased epileptic seizures. Decreased academic 
performance and IQ scores as well as excess cases 
of intellectual impairment were also observed among 
those exposed in utero at 16–25 weeks after concep-
tion (Figures 18 and 19). DS86-based assessment 
suggests the possibility of a threshold for severe 
intellectual impairment when exposure takes place in 
utero at 8–25 weeks after conception. There has been 
no evidence to indicate effects on brain disorders from 
in utero exposure among individuals exposed at less 
than 8 weeks or at 26 weeks or later after conception.80

Five survivors with intellectual impairment exposed 
in utero at 8–15 weeks after conception underwent 

magnetic resonance imaging (MRI) of the brain. Of 
these five survivors, two exposed in utero at 8–9 
weeks after conception were found to have a large 
region of ectopic gray matter. This finding may indi-
cate erroneous nerve cell migration to the function site 
during cerebral development. Therefore, exposure in 
utero at such gestational ages is suggested to give rise 
to structural abnormalities in the brain.81

2. Growth impairment
Effects from in utero radiation exposure have been 

studied and reported as growth indices in terms of 
physical measurements such as head circumference, 
seated height, and standing height. Small head circum-
ference suggests underdevelopment of the cranium 
and possibly of the brain. To study the correlation 
between intellectual impairment and small head cir-
cumference observed among in utero survivors, head 
circumference of these survivors was measured. Of 
the 1,473 in utero survivors whose head circumfer-
ence was measured at ages 9–19, 62 were found to 
have a small head circumference (i.e., more than 
two standard deviations [SD] smaller than the cohort 
average by sex and age at the time of measurement). 
Radiation effects on the frequency of small head 
circumference were observed at 0–15 weeks after 
conception. No apparent radiation effects on the fre-
quency of small head circumference, however, were 
observed at 16 weeks or later after conception. Since a 
small head circumference does not necessarily equate 
to intellectual impairment, an embryologic difference 
between the development of small head circumference 
and intellectual impairment is suggested.82

 As for other physical measurements, annual body 

Figure 18. Severe intellectual impairment as related to 
radiation dose and gestational age among 
A-bomb survivors exposed in utero.81 The 
vertical bars indicate 90% con�dence inter-
vals.
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measurements of survivors exposed in utero have also 
demonstrated an overall reduction in adult height and 
weight (at age 18) as well as seated height and chest 
circumference among in utero survivors with small 
head circumference.83

3. Malignant tumors
The cancer incidence study84 conducted during 

1958–1999 (attained age: 12–55 years) indicated a 
significant increase in cancer risk among in utero 
survivors as adults (sex-averaged ERR/Gy =  0.42 at 
attained age of 50, 95% CI: 0.0, 2.0), which is less 
than that for survivors exposed as children (ERR/
Gy =  1.7, 95% CI: 1.1, 2.5). When EAR from both 
groups was compared, EAR increased significantly 
with attained age for survivors exposed as children, 
while EAR for in utero survivors remained nearly 
unchanged. EAR per Gy per 10,000 person-years = 
6.8 (95% CI: 0.002, 48) at attained age of 50 for in 
utero survivors is significantly lower than EAR per Gy 
per 10,000 person-years =  56 (95% CI: 36, 79) for 
survivors exposed as children. It had been supposed 
that the younger the child was at the time of the bomb-
ings, the higher the risk of radiation-induced cancer, 
and that such a risk would be even higher for in utero 
survivors. However, the study results obtained thus far 
suggest that the lifetime risk of solid cancers among 
in utero survivors may be lower than that of survivors 
exposed as children (Figure 20).84

Nevertheless, in utero survivors have just recently 
entered their cancer-prone ages, and the numbers of 
cancer cases and deaths ascertained to date account for 
less than half of the predicted lifetime risk. Conduct 
of a continuation of follow-up is therefore necessary 
to clearly define in utero cancer risk.

4. Noncancer diseases during adulthood
A study of in utero survivors with a focus on non-

cancer diseases that occurred during adulthood up to 
the age of 60 provided no evidence of radiation effects 
on the prevalence of thyroid diseases or cataracts nor 
on the development of hypertension, hypercholester-
olemia, or cardiovascular diseases (cerebral infarction 
and myocardial infarction).85 Considering that the sub-
jects were relatively young at the time of the study, the 
incidences of these diseases and conditions could well 
increase in the future, making it important to continue 
the follow-up study of in utero survivors.

【C】Results from studies of children of 
A-bomb survivors (genetic effects)

1. Birth defects (stillbirth, malformation, 
and neonatal death)

During the period 1948–1954, ABCC conducted a 
large-scale neonatal study to investigate the possibility 
of germ cells being affected by A-bomb radiation that 
might result in an increase in birth defects among the 
children of A-bomb survivors.86

In the study, more than 77,000 newborns during 
the first two weeks after birth were examined by 
physicians in Hiroshima and Nagasaki. Table 9 shows 
percentages of malformations diagnosed in these 
examinations.86 Of the 65,431 newborns who met such 
conditions as no blood relationship between parents, 
594 (0.91%) had malformations, but no association 
with parental radiation exposure was found. Malfor-
mations seen during the examination of the newborns 
included anencephaly, cleft palate, club foot, cleft lip 
with or without cleft palate, polydactyly, and syndac-
tyly. These malformations were commonly seen in 
other populations, and the frequency of 0.91% was 
close to the result (456/49,654 =  0.92%) obtained 
from a general population studied by the Tokyo 
Red Cross Hospital during 1922–1940. Other birth 
defects (stillbirth, neonatal death, death within nine 
months after birth) also showed no association with 
parental radiation exposure. Reanalysis conducted 
subsequently using DS86 estimated doses showed the 
same results (Table 10).87 Some of the newborns were 
examined again at ages 8–10 months. Again, there 
was no evidence of association between malformation 
frequency and parental radiation dose.86

2. Sex ratio
In the past, lethal mutations of the X chromosome 

in sperm and eggs caused by radiation exposure were 
thought to give rise to a disproportionate birth sex 

Figure 20. Change in ERR/Gy for solid cancer incidence 
of in utero survivors and those exposed as 
children in relation to attained age84
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ratio. This idea prompted a sex-ratio study of the 
children of A-bomb survivors.86 An early study (1948–
1953) suggested that there was a decrease in sex 
ratio (number of male babies per 100 female babies) 
from 104.1 to 101.4 with increasing radiation dose 
when mothers were exposed to A-bomb radiation and 
an increase from 104.1 to 106.4 when fathers were 
exposed. These results, however, were not statistically 
significant. Data collection continued through 1962. 
Information ultimately obtained from a total of more 
than 140,000 births showed no significant association 
between parental radiation exposure and the birth sex 
ratio of their children.

3. Chromosome aberrations
Extensive chromosome analyses have been carried 

out in the children of A-bomb survivors (F1 offspring) 
to determine whether stable aberrations were induced 
by radiation in parental germ cells (reciprocal translo-
cations and inversions). No evidence has been found 
to suggest increased aberrations in this F1 population.

Studies compared 8,322 persons having one or both 
parents within 2,000 meters of the A-bomb hypocen-
ters (estimated doses ≥0.01 Gy) and 7,976 persons 
with both parents beyond 2,500 meters (estimated 

doses <0.01 Gy) or not in the cities at the time of the 
bombings. Eighteen persons in the exposed group and 
25 controls carried stable aberrations (Table 11). Sub-
sequent tests of parents and siblings showed that most 
aberrations were pre-existing and inherited from one 
of the parents. Only one individual from each group 
had a newly arisen aberration. The origin of aberra-
tions in 16 cases could not be determined because the 
parents had either died or did not wish to participate 
in the study. Dose distributions, however, were similar 
in tested and untested parents, and therefore refusal to 
participate in the study did not likely cause a bias in 
the result.

4. Genetic effects studies at the protein 
level and subsequent DNA studies

(1) Blood protein mutations (1975–1985)
In 1976, when technologies for direct screening of 

DNA mutations were not yet available, RERF used 
two kinds of protein alterations as potential markers of 
mutation. One was a rare electrophoretic variant aris-
ing from base substitution mutations and was detected 
by one-dimensional electrophoresis. The other was an 
enzyme-deficient protein variant caused by deletion 
mutations.

Table 9. Malformation frequency in relation to parental exposure conditions86

Mother’s exposure condition
Father’s exposure condition

Not in cities Low-to-moderate doses High doses

Not in cities 294/31,904 (0.92%) 40/4,509 (0.89%) 6/534 (1.1%)
Low-to-moderate doses 144/17,616 (0.82%) 79/7,970 (0.99%) 5/614 (0.81%)
High doses  19/ 1,676 (1.1%)  6/  463 (1.3%) 1/145 (0.7%)

Table 10. Birth defects (malformations, stillbirths, and neonatal deaths within two weeks of 
birth) among children of A-bomb survivors87   

Mother’s weighted absorbed dose 
(Gy)*

Father’s weighted absorbed dose (Gy)*

<0.01 0.01–0.49 ≥0.50

<0.01 2,257/45,234 (5.0%) 81/1,614 (5.0%) 29/506 (5.7%)
0.01–0.49  260/ 5,445 (4.8%) 54/1,171 (4.6%)  6/133 (4.5%)
≥0.50   63/ 1,039 (6.1%)  3/   73 (4.1%)  7/ 88 (8.0%)

* DS86 estimated dose, neutron RBE = 20

Table 11. Stable chromosome aberrations in children of A-bomb survivors88

Controls (7,976 children) Exposed (8,322 children)

Total number of children with 
stable aberrations

25 (0.31%) 18 (0.22%)

Inherited from either parent 15 (0.19%) 10 (0.12%)
Newly arisen 1 (0.01%) 1 (0.01%)
Parental origin untested 9 (0.11%) 7 (0.08%)
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Over the course of 10 years, a total of about 24,000 
children of LSS survivors or controls were screened 
in an electrophoretic study of variants of 30 blood 
proteins (Table 12); approximately 10,000 of these 
children were also tested for mutations with decreased 
enzyme activity (Table 13). The children were classi-
fied into two groups according to the combined paren-
tal gonadal dose for each child: ≥0.01 Gy (exposed 
group) or <0.01 Gy (control group). The results indi-
cated that only five electrophoretic variants (two in 
the exposed group and three in the control group) and 
one enzyme-deficient variant (in the exposed group) 
originated from new mutations in parental germ cells.

These protein-level studies did not show a signifi-
cant difference in mutation rates between the exposed 
and control groups, meaning that they were unable to 
establish the presence of genetic effects from radia-
tion.

(2) DNA studies (1985–present)
For DNA studies of parents and all available chil-

dren of 1,000 families, 500 with one or both parents 
exposed to doses of ≥0.01 Gy and 500 with neither 
parent exposed to doses as high as 0.01 Gy, biologi-
cal samples were collected. DNA was extracted from 
cell lines established from peripheral blood B lym-
phocytes. Uncultured lymphocytes and polymorpho-
nuclear leukocytes were also preserved in anticipa-
tion of improved methods through advances in DNA 
analysis techniques in the future. Pilot studies have 
been conducted using DNA from 100 families, 50 
having only one parent exposed to high doses (≥0.5 
Gy) and 50 controls with unexposed parents, to exam-

ine mutations in short tandem repeats (STR) and to 
conduct mutation studies using DNA two-dimensional 
electrophoresis and microarrays.

STRs, common throughout the human genome, 
are highly repetitive short sequences of DNA. STRs 
often indicate polymorphisms with different repeated 
numbers. Of those, genetically unstable and highly 
polymorphic STRs with a high background muta-
tion rate are known as microsatellites with repeated 
sequences of 1–5 base pairs and minisatellites with 
repeated sequences of 6–100 base pairs. Through 
these STRs, researchers believed that radiation effects 
might be observable with a relatively small number 
of subjects. Eight highly polymorphic human minis-
atellite loci were studied in 61 children with exposed 
parents (mean dose: 1.47 Gy), and 58 children of the 
control group and their parents. The mutation rates 
were 2.6% for the exposed group and 2.8% for the 
control group, indicating no genetic effects (Table 
14).92 Microsatellite loci also have a high background 
mutation rate. A study looking at 40 microsatellite loci 
among 66 children of an exposed group (mean dose: 
1.56 Gy) and 63 children of a control group and their 
parents showed mutation rates of 0.39% and 0.35% 
for the exposed and control groups, respectively, but 
the difference was not significant. The study thus 
indicated no genetic effects from parental exposure 
to radiation.93

Most genome mutations caused by ionizing radia-
tion are believed to be deletion mutations. Screening 
of deletions was conducted using an improved DNA 
two-dimensional electrophoresis system for analyses 
of whole genome DNA.94 Using this method, DNA 

Table 12. Results of protein electrophoretic study89–91

Controls 
(<0.01 Gy)

Exposed* 
(≥0.01 Gy)

Number of children examined 12,297 11,364
Loci tested 589,506 544,779
New mutations 3 2
Mutation rate/locus/generation 0.5×10–5 0.4×10–5

* Mean parental gonadal dose = 0.49 Gy (DS86), neutron RBE = 20

Table 13. Results of screening for mutations with decreased 
enzyme activity90

Controls 
(<0.01 Gy)

Exposed 
(≥0.01 Gy)

Number of children examined 5,026 4,989
Loci tested 61,741 60,529
New mutations 0 1
Mutation rate/locus/generation 0 2×10–5
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fragments produced with the restriction enzyme NotI 
are electrophoresed, and approximately 2,000 DNA 
fragments can be potentially analyzed in one run to 
search for deletion mutations. Upon analysis of 62 
children from 50 control families, and 66 children 
from 50 exposed families (mean dose: 1.7 Gy) and 
their parents, one deletion mutation was detected 
among 56,176 loci from the control group, but no 
mutations were detected among 59,942 loci from the 
exposed group.

In early 2000, a study was initiated to detect 
changes in copy number variations (CNVs) using the 
microarray-based comparative genome hybridization  
(CGH) method. A pilot study was conducted to 
investigate 40 children each from the exposed and 
control groups, using microarrays containing about 
2,500 human genomic DNA clones (termed PAC or 
BAC) selected as probes at intervals of approximately 
1,200 kb. The array CGH method was performed, 
resulting in a total of 251 CNVs being detected. How-
ever, they were not de novo mutations, as it was later 
confirmed that all of these CNVs were pre-existing 
and inherited from one of the parents.95

Studies are ongoing using high-density microarrays 
that can detect small-to-large mutations in the entire 
genome at an individual genomic level. We are also 
exploring the possibility of risk assessment based on 
whole genome sequencing. Researchers expect that 
more detailed, genome-wide findings pertaining to 
genetic effects from radiation will be obtained in the 
near future.

5. Epidemiological and clinical studies
No effects from parental radiation exposure have 

thus far been observed in mortality studies of A-bomb 
survivors’ children (second-generation A-bomb survi-
vors), as measured at birth and in childhood,96 under 
the age of 20,97 and at 20 years of age or older (aver-
age age: 46).98 Long-term follow-up studies will be 
necessary, however, since the cumulative mortality 
of those in the latest study, conducted on the cohort 
consisting of participants aged 56 years or younger, 
was only 3.5%.

Studies of childhood leukemia and early-onset solid 
cancers among the original follow-up cohort have 
shown no effects from parental radiation exposure 
on the onset of either condition among those younger 
than age 2099 or between ages 20–40.

The latest cancer incidence study100 does not clearly 
indicate effects of parental radiation exposure on the 
children’s cancer incidence. Incidences of leukemia 
and lymphoma up to the age of 20 among A-bomb 
survivors’ children whose paternal radiation dose was 
5–49 mGy did not show any significant difference 
compared to those whose paternal radiation dose was 
<5 mGy (RR =  1.07, 95% CI: 0.36, 3.13). Nor was a 
significant difference observed in A-bomb survivors’ 
children whose maternal radiation dose was 5–49 
mGy as compared to those with maternal dose <5 
mGy (RR =  1.55, 95% CI: 0.59, 4.28). There were 
no leukemia or lymphoma cases diagnosed among 
the A-bomb survivors’ children younger than age 20 
whose paternal and/or maternal radiation dose was 
≥50 mGy. Among the A-bomb survivors’ children 
aged 20–40, no significant difference in leukemia 
or lymphoma incidence has been observed for those 
whose paternal radiation dose was 5–49 mGy, 50–149 
mGy, 150–499 mGy, or at least 500 mGy, as com-
pared to those whose paternal dose was <5 mGy 
(Figure 21). Moreover, no significant difference has 
been observed for maternal radiation dose. The same 
comparison was made for solid cancer incidence for 
those less than age 20 as well as those aged 20–39, 
and no significant difference was observed for either 
age group. However, considering that the cohort is 
just at the beginning of the age range during which 
adult-onset cancers (mainly solid cancers) commonly 
occur, it is still premature to reach any conclusions, 
and therefore further studies should be conducted.

6. Prevalence of lifestyle diseases
The Clinical Health Study of the Children of 

A-bomb Survivors (cross-sectional study) conducted 
during 2002–2006 by RERF is the first epidemiologi-
cal study to look at the genetic effects of radiation on 
adult-onset lifestyle diseases (excluding cancers). In 

Table 14. Mutations at eight STR (minisatellite) loci92

Controls 
(<0.01 Gy)

Exposed* 
(≥0.01 Gy)

Number of children examined 58 61
Minisatellite loci tested 1,403 496
Mutations detected 39 13
Mutation rate/loci/generation 2.8% 2.6%

* Mean parental gonadal dose = 1.47 Gy (DS86), neutron RBE = 10
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Figure 21. Parental radiation dose and risk of cancer incidence in A-bomb survivors’ children born during 1946–
1984 (follow-up period: 1958–1997).100 The horizontal bars indicate 95% con�dence intervals.
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this study, we investigated the association between 
prevalence of adult-onset multifactorial diseases and 
parental radiation exposure in 11,951 A-bomb survi-
vors’ children in Hiroshima and Nagasaki. Thus far, 
however, no association has been observed between 
parental radiation exposure and adult-onset multifac-
torial diseases collectively among these children.101 
Moreover, no evidence has been observed showing an 
association with increase in the prevalence of any one 
of the multifactorial diseases separately.102 Multifacto-
rial disease is a generic term for diseases commonly 
seen in adulthood, the onset of which is typically asso-
ciated with lifestyle factors, and is defined by either 
the history or presence of hypertension, diabetes, 
hypercholesterolemia, myocardial infarction, angina, 
or stroke. The mean age of the cross-sectional study 
participants was 48.6 years, and 54% were in their 
50s. The prevalences of multifactorial diseases at the 
time of health examination were 59.8% and 49.9% for 
men and women, respectively, with hypercholesterol-
emia and hypertension the most commonly observed 
conditions.

We analyzed the association of prevalence of mul-
tifactorial diseases with both paternal and maternal 
radiation doses, after adjusting for factors such as 
age at the time of health examination of A-bomb 
survivors’ children, city, sex, BMI, smoking and 
drinking habits, occupational category, menopause, 
and paternal and maternal history of multifactorial 
diseases. The odds ratios of the prevalence of mul-
tifactorial diseases among the children of A-bomb 
survivors were 0.91 (95% CI: 0.81, 1.01, p =  0.076) 

and 0.98 (95% CI: 0.86, 1.10, p =  0.71) for paternal 
and maternal doses per Gy, respectively, with neither 
showing significant dose-response relationships (Table 
15).101 The analysis results by sex suggested a nega-
tive association between paternal dose and the preva-
lence of multifactorial diseases for men (odds ratio: 
0.76, 95% CI: 0.65, 0.89). No statistically significant 
relationship was observed between maternal dose and 
the prevalence of multifactorial diseases for men or 
between parental doses and the prevalence of multi-
factorial diseases for women (Table 15). In addition, 
no evidence was found of a radiation risk in children 
depending on parental age at the time of exposure, 
time elapsed between exposure and birth, or parental 
multifactorial disease history. The analysis results by 
sex suggested only a negative association between the 
prevalence of multifactorial diseases and paternal dose 
for male children of A-bomb survivors.

Caution is required in interpreting these results, 
however, since it is not an easy task to judge whether 
they are significant from a biological standpoint or 
simply the result of a self-selection bias, which is 
caused by differences in participation in the health 
examinations affected by such conditions as health 
status and parental radiation exposure. A review of 
self-selection bias was important considering that 
among the study subjects contacted only about half 
participated in the health examinations. In our review 
of self-selection bias, no association was observed 
between cancer history and parental doses for male 
study participants. However, in terms of self-selection 
bias, we observed a positive association between can-
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cer history and maternal dose for female participants. 
We then compared the participation rate of those who 
self-reported disease(s) in the mail survey (including 
both the participants and non-participants of health 
examinations) with parental doses and found that the 
participation rate was high among people who self-
reported hyperlipidemia and whose mother’s dose 
was >0 Gy, but no association was observed between 
maternal dose and the participation rate of those with 
multifactorial diseases other than hyperlipidemia. No 
association was observed between paternal dose and 
the participation rate of the study subjects with any 
of the multifactorial diseases. From such results, no 

effects of self-selection bias on the analysis results 
were observed.

In summary, we cannot say at the present time 
that there is evidence of an increase in multifactorial 
disease risks for the children of A-bomb survivors 
associated with parental radiation exposure. Consid-
ering that history and incidence of multifactorial dis-
eases typically increase with age, continuation of the 
investigation of genetic effects of radiation is crucial. 
RERF initiated a study on the incidence of such mul-
tifactorial diseases due to parental radiation exposure 
starting in 2010 as the Longitudinal Clinical Study of 
the F1 Offspring of A-bomb Survivors.

Table 15. Association between parental radiation dose and prevalence of multifactorial 
diseases* among A-bomb survivors’ children (odds ratio)101

Odds ratio per Gy and 95% con�dence interval

All participants Male Female

Paternal dose 0.91 0.76 1.04
0.81–1.01 0.65–0.89 0.90–1.21

Maternal dose 0.98 0.97 0.98
0.86–1.10 0.81–1.17 0.83–1.16

* Multifactorial disease is de�ned as having a history of, or being affected by, at least one of the 
following diseases/conditions: hypertension, diabetes, hypercholesterolemia, myocardial infarc-
tion, angina pectoris, and stroke. Multifactorial disease is a generic term for a group of diseases 
that generally develop during adulthood in association with lifestyle.
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RERF studies are expected to achieve new potential 
through the use of valuable biosamples from A-bomb 
survivors to understand the risks revealed during the 
course of our epidemiological research. Our future 
research activities are projected to focus on more 
accurate risk assessment for the diseases that have 
increased due to radiation exposure, and biological 
verification of the mechanisms behind the onset of 
these diseases.

1. Radiation risk among A-bomb survivors 
and mechanistic elucidation

RERF scientists are expected to actively conduct 
research to review risk models for radiation exposure 
and elucidate effects of risk modifiers such as age at 
the time of bombing, time elapsed since exposure, 
age at onset, environmental factors including lifestyle, 
and genetic susceptibility. In cases of childhood/fetal 
exposure to radiation, age at the time of bombing is 
an especially important factor.

Researchers in fields such as radiation protection 
and radiobiology are interested in how radiation 
affects disease onset and what the mechanisms are 
involving factors related to such disease.

(1) Progress in research integrating molecu-
lar epidemiology with clinical/pathological 
information

Our ultimate goal is to identify molecular oncologi-
cal characteristics that allow distinctions to be made 
between cancers attributable to radiation exposure and 
those due to other causes. New analytic techniques are 
required for achieving this goal. To this end, we are 
currently working to analyze genes and proteins in 
cancer tissue samples from A-bomb survivors, estab-
lishing methods that take into account clinical and 
pathological information, and clarifying characteris-
tics of radiation-related cancers at the molecular level.

(2) Research on genetic susceptibility to 
radiation-related disease and epigenetic 
alterations

It has been theorized that individual differences 
exist in terms of sensitivity to radiation-induced dis-
ease and that these differences are partly attributable 
to subtle differences in the structures of individual 
genomes. Researchers around the world are intent 
on studying the association between onset of various 
kinds of disease and genomic structure with the aim 
of disease prevention and drug development. RERF 
genomic research aims specifically at elucidation of 
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mechanisms behind the onset of radiation-related 
diseases. Epigenetic alterations (i.e., changes in 
the genomic structure without DNA base sequence 
changes), which are also affected by aging and envi-
ronmental factors, are thought to sometimes serve as 
causes of multiple diseases including cancer. RERF 
is currently investigating the possibility that previous 
radiation exposure might affect epigenetic alterations, 
leading to an increase in disease risks.

(3) Research on cardiovascular disease (CVD)
The results of various studies of A-bomb survivors 

suggest correlations between radiation and increased 
risks for hypertensive cardiovascular disease and cere-
bral stroke, as well as hypertension, a condition that 
plays a role in the pathogenesis of these diseases. On 
the other hand, studies of low-dose radiation exposure, 
including occupational radiation exposure among 
nuclear facility workers and environmental low-dose 
radiation exposure, have shown inconsistent results. 
Researchers in the fields of radiation protection, 
radiobiology, and cardiology are exhibiting interest 
in this issue. RERF has consequently established a 
cardiovascular disease research project, coordinating 
multidisciplinary investigations to determine whether 
the risk of cardiovascular lesions truly increases with 
increasing radiation dose. As part of this work, we are 
using model animals that have been irradiated at pre-
cise levels to examine these events and elucidate the 
mechanisms behind any such increased risk.

2. Review of uncertainty in radiation dose 
estimates

In the case of A-bomb survivors exposed in con-
crete buildings or bomb shelters or under complicated 
shielding conditions (e.g., Nagasaki factory workers), 
it was impossible not only to generalize shielding con-
ditions but also to calculate individual doses, result-
ing in about 7,000 “dose unknown” cases in the LSS 
population. From among these cases, it is necessary 
to review the possibility of making dose calculations 
for at least 2,000 concrete building shielding cases 
and 1,600 bomb shelter shielding cases, as well as the 
Nagasaki factory shielding cases. We have completed 
organ dose calculations for 15 organs, but it also will 
be necessary to calculate organ doses for the heart and 
other vital organs in the future. We will also further 
consider the refinement of dose calculations for child-
hood radiation exposure.

3. Review of genetic effects in children of 
A-bomb survivors

With regard to adult-onset diseases among children 

【6】Future research themes
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of A-bomb survivors that are attributable to parental 
radiation exposure, we are continuing the conduct of 
our epidemiological research project, and follow-up 
will require several decades to establish definitive 
results.

Recent developments in genome analysis tech-
niques are expected to contribute to better detection 
of the genetic effects of A-bomb radiation. It is also 
expected that use of model animals and analysis using 
whole-genome DNA sequencing technology will 
enable more comprehensive and accurate assays of 
the frequency of molecular genetic effects of radiation 
exposure in the children of A-bomb survivors.
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The findings obtained from studies of the long-
term health effects of A-bomb radiation conducted at 
ABCC-RERF have contributed significantly to health 
risk assessment of radiation exposure by international 
organizations. In particular, the findings have played a 
central role as a source of information on assessments 
of the latest findings regarding radiation health risks 
for the United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR). Among the 
many studies in the world that provide basic data in 
this area, ABCC-RERF research represents the most 
reliable and comprehensive information on radiation 
health risks through accurate dose estimates and long-
term incidence and mortality follow-up studies.

Risk assessment by UNSCEAR has provided the 
scientific basis for recommendations by the Interna-
tional Commission on Radiological Protection (ICRP) 
regarding radiation protection standards for radiation 
workers and the general public and for international 
standards established by the International Atomic 
Energy Agency (IAEA), as well as laws and regula-
tions in various countries.

ABCC-RERF research results have also played 
an important role in assessment carried out by the 
Committee on Biological Effects of Ionizing Radia-
tion (BEIR) of the U.S. National Research Council 
(NRC), which conducts risk assessment similar to that 
of UNSCEAR.

Contribution of ABCC-RERF research to 
risk assessment by UNSCEAR

Since its establishment in December 1955, 
UNSCEAR has carried out detailed examination of 
data on radiation health risks obtained throughout the 
world, evaluated the results scientifically, and pub-
lished comprehensive reports, including more than 
20 major reports. Its first report, published in 1958, 
already included a summary of the leukemia risks in 
Hiroshima and Nagasaki. Subsequent reports, most 
of which were based on the results of ABCC-RERF 
analyses, introduced many findings from the studies of 
A-bomb survivors in Hiroshima and Nagasaki.

In 2008, the UNSCEAR 2006 Report, Vol. I, which 
included reports titled “Epidemiological studies of 
radiation and cancer” and “Epidemiological evalu-
ation of cardiovascular disease and other noncancer 
diseases following radiation exposure,” was published. 
With regard to cancer, results from mortality studies 
(1950–2000) and incidence studies (1958–1998) 
based on LSS analysis using DS02 were prominent 

【7】
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results by international orga-
nizations sections of that volume. Findings involving the LSS 

in the UNSCEAR report included: 1) In risk analysis 
using the new DS02, solid cancer risk decreased by 
about 7% compared with analysis based on DS86, but 
there were no changes in the patterns of dose response 
or temporal variation in risk; 2) Due to extension of 
the follow-up period and the resulting increase in 
number of cancer cases, the accuracy of statistical 
estimation has improved, making it possible to exam-
ine the shape of the dose-response curve at even lower 
doses. Further extension of the follow-up period will 
provide more information on low-dose risks; and 3) 
Extension of the follow-up period has shed light on 
long-term risks after exposure, especially risks among 
those exposed at young ages.

In this report, UNSCEAR conducted its own analy-
sis using mortality and cancer incidence data pub-
lished by RERF, and investigated the minimum doses 
at which risk increases could be detected.

For the report on noncancer diseases, the results 
obtained by RERF in the LSS and the AHS have 
proven to be valuable. The report concludes that the 
data currently available are insufficient to prove a 
causal relationship between exposure to radiation of 
up to 1–2 Gy and cardiovascular diseases, because as 
of 2006, the only data showing an association between 
exposure to those levels of exposure and fatal cardio-
vascular diseases are A-bomb survivor data in Japan, 
because there is no consistency among the results 
from other studies, and because details of related bio-
logical mechanisms are unknown.

Results of the health effects studies on A-bomb 
survivors also played an important role in the section 
titled “Effects of ionizing radiation on the immune 
system” in the UNSCEAR 2006 Report, Vol. II. 
Furthermore, with respect to the effects of radiation 
exposure in children, the findings from the LSS and 
AHS conducted by RERF are featured prominently in 
the UNSCEAR 2013 Report, Vol. II.

Contribution of ABCC-RERF research to 
ICRP

ICRP, an international organization that makes 
recommendations on radiation protection from the 
standpoint of specialists, was founded in 1928. ICRP 
has published numerous reports on issues related to 
radiation protection. In particular, the organization 
compiled basic guidelines concerning radiation pro-
tection and issued major recommendations in 1958, 
1964, 1966, 1977, 1990, and more recently in 2007. 
Although ICRP does not have binding legal authority, 
its recommendations are internationally authorita-

【7】Utilization of RERF study results by international 
organizations
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tive and have served as the basis for IAEA safety 
standards, as well as laws, ordinances, and guidelines 
regarding radiation protection in numerous countries 
worldwide.

One example of use of the results of health effects 
studies of A-bomb radiation in the preparation of 
major ICRP recommendations is a reduction of the 
annual dose limit for radiation workers that appeared 
in the organization’s 1990 recommendations. The 
annual dose limit of 50 mSv for workers, which was 
established in 1956, remained effective until 1990, 
when it was reduced to an annual average of 20 mSv 
over the course of five years (or up to 50 mSv for 
any one of those years) based on the risk estimates 
obtained from the LSS data collected by ABCC-RERF 
through 1985.

In the ICRP 2007 recommendations, results of 
the cancer incidence studies (1958–1998) based on 
analysis using DS02 also played an important role. 
These major recommendations focused on incidence 
data because those data were thought to provide more 
reliable estimates of cancer risks. The cancer risk 
estimates in the 1990 recommendations were applied 
to the major 2007 recommendations, and inclusion of 
cancer incidence data from the LSS provided a stron-
ger basis for risk modeling.

As described above, ABCC-RERF research achieve-
ments accumulated over many years have served as 
the core sources of information for past UNSCEAR 
reports and major ICRP recommendations, and their 
importance is expected to continue into the future. 
Given such responsibility, RERF takes seriously its 
obligation to continue releasing fair, neutral, and accu-
rate scientific information.

Domestic and international collabora-
tive studies

RERF engages in collaborative projects together 
with external research organizations in Japan and 
overseas for expansion of the foundation’s breadth of 
research and confirmation of the research results from 
its studies of A-bomb survivors.

An epidemiological project carried out in collabo-
ration with the U.S. National Cancer Institute (NCI) 
as one of RERF’s major international collaborative 
studies has continued for many years and generated 
numerous manuscripts on radiation effects, while pro-
viding frequent opportunities for researcher exchanges 
between the organizations. Another large-scale col-
laborative research project in recent years focuses on 
radiation and immunity with support from the U.S. 
National Institute of Allergy and Infectious Diseases 
(NIAID).

A partnership program on epidemiological and 
statistical research of A-bomb radiation effects is 
ongoing among the University of Washington (U.S.), 
Kurume University (Japan), and RERF. This program 
has produced several manuscripts, created opportuni-
ties for researcher exchange, and contributed to the 
education of young scientists through lectures by 
RERF researchers for university graduate students.

RERF takes part in the Asian Cohort Consortium 
(ACC), a large cohort study organized by the U.S. 
Fred Hutchinson Cancer Research Center, participat-
ing in several studies of low-incidence cancers and so 
on. RERF is also engaged in the Thyroid Studies Col-
laboration, consisting of 17 cohorts numbering about 
70,000 people in such locations as Europe, America, 
Australia, and Asia, with the aim of studying from 
various perspectives the risks caused by abnormal 
thyroid function.

In addition, RERF conducts studies and has pro-
duced numerous papers in collaboration with the 
University of Oxford (U.K.), Maastricht University 
(Netherlands), University of Rochester (U.S.), Uni-
versity of Hong Kong (China), National Institute on 
Aging (U.S.), Helmholtz Institute (Germany), and 
others.

【8】 Collaborative research pro-
grams
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From planning of research to publica-
tion of results
1. Research protocol preparation

Scientific research at RERF is initiated, in principle, 
on the basis of approval of research protocols (RPs). 
Proposed RPs are reviewed by the Research Protocol 
Review Committee and the Human Investigation 
Committee, and when appropriate, by the Ethics Com-
mittee for Genome Research, the Committee on Bio-
logical Samples, the Recombinant DNA Experiment 
Safety Committee, and the Experimental Animal Care 
Committee. RPs are ultimately reviewed and approved 
by the Executive Committee. Likewise, in the case of 
collaborative studies with external researchers, RPs 
must be prepared and reviewed by various commit-
tees before data are shared. Through such procedures 
for internal and external scientific review, this system 
provides assurance of scientific relevance and quality 
of the RPs, guards against the exploitation of human 
study participants, and ensures that high standards of 
ethics are met and that personal information is strictly 
protected.

The basic data collected through long-term follow-
up studies such as the LSS, AHS, and studies of chil-
dren of A-bomb survivors are designated separately as 
platform protocols.

2.  Study conduct and scientific review (Sci-
entific Advisory Committee)

When ABCC was reorganized into RERF in 1975, 
the need to continue research based on full partnership 
between Japan and the United States was reaffirmed. 
At this time, the Scientific Council, consisting of 
experts from Japan as well as the United States, was 
established to review the appropriateness of research 
and to make recommendations. The Scientific Council 
was renamed as the Scientific Advisory Committee 
when RERF changed its status to a public interest 
incorporated foundation in 2011, and this Committee 
continues to function today.

The objectives of the Scientific Advisory Commit-
tee are to review RERF’s scientific research programs 
and make recommendations to the RERF Board of 
Directors and Board of Councilors with respect to 
direction of new research programs, and/or con-
tinuation or alteration of programs in progress. The 
Scientific Advisory Committee consists of U.S. and 
Japanese experts in RERF’s research fields, including 
medicine, epidemiology, radiobiology, genetics, and 
statistics. The Scientific Advisory Committee cur-
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rently has 10 members, five from the United States 
and five from Japan. These Scientific Advisors are 
each appointed to serve a five-year term and may 
be reappointed once. To achieve close assessment of 
RERF’s research programs, the Scientific Advisors 
serve two terms whenever possible, with one member 
each from the United States and Japan being replaced 
every year. The independence and neutrality of the 
Scientific Advisors is respected, and the Commit-
tee operates under the leadership of two co-chairs, 
one Japanese citizen and one U.S. citizen, who are 
selected from among the members.

The Scientific Advisory Committee convenes once a 
year to receive a report on RERF’s scientific activities, 
to visit research departments for presentations from 
research scientists, and to review research activities. 
Detailed review results are compiled into a report, and 
the evaluation and recommendations are presented by 
one of the co-chairs to the Board of Councilors. A new 
review method has recently been introduced in which 
designated research departments undergo an in-depth 
review on a three-year, rotating basis. For this review, 
when necessary, experts in relevant research fields are 
invited to serve as Special Scientific Advisors.

3. Publication of study results
Scientific papers are prepared on the basis of 

study results. Through arrangement by the Scientific 
Reports Review Committee, RERF research scientists 
specializing in the fields concerned, and external 
specialists if needed, review scientific papers, and the 
RERF chairman grants final approval for submission 
of manuscripts to scientific journals. Upon approval, 
the manuscripts are submitted to scientific journals in 
Japan as well as abroad. Prior to publication in such 
journals, the scientific papers undergo review by the 
journal reviewers.

In this way, RERF research findings are widely 
publicized and distributed worldwide through publi-
cation in national and international journals, through 
publication as technical books, and through oral and 
poster presentations at national and international sci-
entific meetings.

Data for risk estimation of A-bomb-related cancers 
that are used in reports from major studies such as 
the LSS can be downloaded from the RERF website, 
making it possible to recalculate risk estimates for 
verification. These data are made available in a form 
ensuring that individuals cannot be identified. All such 
personal information is closely safeguarded by RERF.

【9】Research review
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Archiving epidemiological data and bio-
logical samples

The ABCC-RERF LSS cohort is a fixed population 
consisting of individuals covering a wide age range. 
When the LSS follow-up is completed, RERF will 
possess a database of medical information obtained 
through a lifetime follow-up study following radia-
tion exposure of one of the largest fixed cohorts in the 
world representative of a general population.

In addition, RERF stores biosamples such as blood, 
blood fractions, and urine collected at the time of 
health examinations from the AHS population and 
from the F1 Clinical Study population comprising 
children of A-bomb survivors. When this collection 
process is completed, RERF will possess an impor-
tant historic research resource for elucidating radia-
tion health effects and for conducting other medical 
research, permitting retrospective analysis of clinical 
samples for understanding the natural history of dis-
eases following observation of all health events.

1. Archiving epidemiological data
The recorded data obtained through cohort stud-

ies such as the LSS, AHS, in utero study, and F1 
study consist of basic information regarding the sub-
jects (name, date of birth, sex, permanent domicile, 
A-bomb exposure conditions, etc.), death informa-
tion, cancer incidence information, information from 
medical interviews with AHS and F1 Clinical Study 
subjects including medical histories, and health exam-
ination results such as diagnosis and observations, 
electrocardiographic findings, X-ray images, and so 
on. While these cohort members are alive, the volume 
of such information continues to increase. Since all 
such data represent confidential personal information, 
they are strictly safeguarded, with the majority of the 
information coded and stored electronically. These 
epidemiological data have been stored as electronic 
information since the establishment of ABCC. The 
system has progressed, beginning with the punched-
card system, then mainframe computers, and evolv-
ing into the present-day workstation-based distributed 
processing system. RERF started using a network 
system in 1985. By the early 1990s, this system was 
completed and covered the entire foundation, signifi-
cantly contributing to integrated management of data 
on a foundation-wide basis.

2. Management of epidemiological data
RERF databases are classified into two independent 
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and separately managed categories: resource-manage-
ment databases and research databases. As a result, 1) 
the burden on database servers is reduced, 2) direct 
effects on research databases can be avoided from 
additions and changes of examination items to the 
resource-management databases requested by both the 
Departments of Epidemiology and Clinical Studies, 
and 3) personal information leaks are prevented more 
rigorously by using completely different ID numbers 
for the two types of databases.

These databases are managed in an integrated man-
ner based on their respective ID numbers, and data 
transfers and links between the databases are carried 
out fully automatically while personal information 
protections are enforced at a high level.

3. Storage of biosamples
Biosamples from the AHS and F1 Clinical Study 

participants are stored in ultra-low temperature deep 
freezers at –80°C (about 75 deep freezers in Hiroshima 
and about 25 in Nagasaki) or in large automated liquid 
nitrogen storage tanks (liquid/vapor phase) at approxi-
mately –190°C. For a portion of these biosamples,  
single samples were divided for storage in both 
Hiroshima and Nagasaki.

On April 1, 2013, the Biosample Center was estab-
lished with full-time staff assigned to manage bio-
samples in an integrated fashion and to make them 
more readily available to researchers.

Biosamples stored at the Biosample Center are 
defined as the following:
✧ Blood samples: Serum and lymphocyte sam-

ples donated by AHS and F1 Clinical Study 
participants.

✧ Urine samples: Urine samples donated by 
AHS and F1 Clinical Study participants.

✧ Pathological samples: Pathological tissue 
samples from surgery or autopsies are stored 
as paraffin embedded blocks or stained slides. 
In collaboration with pathologists at major 
hospitals in Hiroshima and Nagasaki, RERF 
has begun to construct an archival system for 
surgical cancer samples from A-bomb survi-
vors.

✧ Cytogenetic samples: Slides of chromosome 
spreads derived from blood lymphocytes of 
the subjects in the AHS and the F1 Clinical 
Study.

✧ Extracted teeth: Teeth collected from indi-
viduals of the AHS cohort for the purpose of 
estimating radiation doses using ESR.

These biosamples stored at the Center are made 
available for use by investigators both inside and out-
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side of RERF. Additional biosamples used in ongoing 
studies are entrusted to the Center by the responsible 
investigators for temporary safekeeping. Moreover, 
the Center is responsible for, as a rule, 1) preparation 
of biosamples, 2) duties associated with storage and 
use of biosamples, and 3) development and manage-
ment of a biosample-related database system that is 
accessible by the public.

For storage of such biosamples, an emergency 
management system has been established that includes 
backup electric power generators in case of suspen-
sion of electrical power and temperature-monitoring 
devices affixed to each of the deep freezers.

4. Use of biosamples
Biosamples stored at RERF are used with strict 

consideration given to protection of personal infor-
mation in compliance with regulations and guidelines 
concerning research ethics. As it continues to establish 
regulations pertaining to policies, procedures, and 
other matters regarding the use of these integrated 
but limited biosamples, RERF will establish proce-
dures involving how to make databases available to 
the public, and how research protocols using such  
biosamples should be screened and approved, based 
on the consensus of society. These efforts are expected 
to result in broader use of RERF’s globally unique 
research resources.
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Department of Clinical Studies
The Department of Clinical Studies conducts 

follow-up studies of participants in the AHS, which 
is a selected subset of the LSS and in utero cohorts, 
in order to focus analysis on the relationship between 
radiation and the development of noncancer diseases. 
Currently, studies based on comprehensive health 
examinations are also conducted to follow the F1 clini-
cal cohort.

In addition to standardized health examinations and 
routine laboratory tests of blood and urine, special 
tests are conducted to evaluate endocrine diseases, 
gynecological diseases, skeletal and cognitive impair-
ments, ophthalmological diseases, cardiovascular 
abnormalities, and so on. Thus, the AHS is among 
the most comprehensive clinical follow-up studies of 
radiation effects ever undertaken. Examinations are 
voluntary, and participation rates are regularly as high 
as 70%–80%. All of the clinical and epidemiological 
data and biological specimens are stored for utilization 
in health effects studies.

Participants are fully informed of examination 
results, which are used for referral to local physicians 
when necessary. In this way, health examination stud-
ies are conducted not only for the purpose of clinical 
and epidemiological research but also to contribute 
to the long-term assessment of the health status of 
A-bomb survivors and maintenance of their health.

Department of Molecular Biosciences
The Department of Molecular Biosciences performs 

basic science research involving studies of genetic 
effects and carcinogenesis mechanisms. Using blood 
specimens provided by survivors and their children, 
the department is investigating whether or not muta-
tion frequencies in offspring are affected by parental 
radiation exposure. Utilizing molecular biological 
techniques, the department is also examining muta-
tions of oncogenes and tumor suppressor genes in can-
cer tissue specimens (thyroid, colon, and lung) stored 
over several decades at RERF or at local hospitals in 
Hiroshima and Nagasaki.

The department is also making efforts to identify 
and evaluate biomarkers linking radiation exposure 
to diseases among A-bomb survivors. Biomarkers 
currently being assessed involve immune functions, 
genetic factors, unrepairable DNA radiation damage, 
DNA methylation, and transcription. Chromosome 
aberrations in lymphocytes as well as the electron spin 
resonance signals from tooth enamel are also assessed 
to provide information on uncertainties in individual 

Research departments
doses calculated by DS02.

Department of Epidemiology
The Department of Epidemiology has the primary 

task of clarifying through epidemiological studies the 
risks associated with radiation exposure in humans. 
For almost 60 years, follow-up studies of more than 
200,000 survivors and their children have been con-
ducted through the LSS cohort of A-bomb survivors, 
the cohort of people who were in utero at the time of 
the bombings, and the F1 cohort of persons conceived 
after the bombings. Analyses focus on mortality and 
cancer incidence in relation to radiation dose, allow-
ing for risk factors other than radiation. The LSS is 
the most important epidemiological study of radiation 
effects in humans in the world because of the size and 
well-characterized nature of the study population, the 
wide range of radiation doses and ages, and the dura-
tion and completeness of the follow-up studies. The 
in utero and F1 cohorts are the only such fixed cohorts 
in the world with follow-up into the adult years.

The department is also entrusted by the govern-
ments of Hiroshima City, Hiroshima Prefecture, and 
Nagasaki Prefecture to manage local tumor registries. 
The collected data serve as a unique source of infor-
mation on cancer incidence for both A-bomb survivors 
and the general population.

Department of Statistics
The Department of Statistics analyzes information 

collected by other departments on radiation effects, 
provides statistical support and advice to research 
scientists in other RERF departments, and assists with 
data management. Members of the department aid in 
designing studies and develop and apply statistical 
procedures appropriate for analyzing RERF’s unique 
research data. Management of the dose information 
and calculation of individual doses are further respon-
sibilities of the department.

Department of Information Technology
The Department of Information Technology com-

prises the Systems Technology Section and the 
Library and Archives Section.

The Systems Technology Section provides, main-
tains, and integrates RERF computers, maintains the 
RERF network under secure conditions, and develops 
various databases and database application programs 
necessary for RERF researchers. The section is also 
involved in technological cooperation in various fields 
both inside and outside of Japan.

The Library and Archives Section supervises 
RERF’s professional library, with its focus on radia-
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tion medicine and biology, and carries out work 
related to the publication of RERF research papers in 
scientific journals. The section records and manages 
research papers and academic meeting presentations, 
as well as collects, stores, and makes available for 
perusal other important ABCC-RERF archival mate-
rials. It also responds to inquiries and requests for 
distribution from both inside and outside of RERF 
regarding the above papers and documents.
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Glossary
　　

Physical dose
The gray (Gy; 1 Gy =  1,000 mGy) is a unit used to 

measure radiation dose. One gray is equal to 1 joule 
absorption per kilogram of a given material. One gray 
is equal to 100 rad (rad, or 100 erg per gram, is a unit 
previously used to measure radiation dose).

Weighted absorbed organ dose
The majority of A-bomb radiation that reached the 

ground consisted of γ rays, with a small fraction of 
neutrons that accounted for only a small percentage 
of the total dose. Because neutrons affect living tis-
sue more strongly than do γ rays per unit dose, RERF 
uses, for each organ, weighted absorbed dose, which 
is the sum of the neutron dose multiplied by 10 (a 
weighting factor that reflects its greater impact) and 
the γ-ray dose. Weighted absorbed dose is useful for 
expressing a more biologically meaningful dose. For 
example, if the colon received 1 Gy of γ rays and 0.1 
Gy of neutrons, the weighted absorbed colon dose 
would be 1 +  0.1 × 10 =  2 Gy. Weighted absorbed 
dose is the same as the commonly used equivalent 
dose and was once expressed in units of Sv, a unit 
used for equivalent dose. However, RERF now uses 
weighted absorbed organ dose, expressed in units of 
Gy, because the unit for the effective dose is also the 
sievert (Sv). Effective dose, which is the equivalent 
dose weighted for varying degrees of radio-sensitivity 
of individual tissues and organs exposed to radiation, 
is used as an indicator for the purpose of radiation 
protection.

Relative risk (RR)
Relative risk is used here to refer to the ratio of 

risk (mortality or incidence) from an event occurring 
among members of a population exposed to radiation 
relative to that in an unexposed population, or control 
population. An RR of 1 implies that exposure has had 
no effect on risk.

Relative risk (RR)= 

Mortality (incidence) in unexposed population
Mortality (incidence) in radiation-exposed population

Excess relative risk (ERR)
Excess relative risk is used here to refer to the 

increase in the ratio of an event (mortality or inci-
dence) occurring among members of a population 
exposed to radiation as compared to that in an unex-
posed population. In other words, ERR is the value 
of RR minus 1, indicating how many times risk is 

Glossary
increased with radiation exposure.

―1

Excess relative risk (ERR)=

Mortality (incidence) in unexposed population
Mortality (incidence) in radiation-exposed population

Excess absolute rate (EAR) (Note: also 
expressed as excess absolute risk)

Excess absolute rate is calculated by subtracting 
mortality (or incidence) in an unexposed population 
from mortality (or incidence) among members of a 
population exposed to radiation. In other words, EAR 
is the absolute value of the increase in rate.

Excess absolute rate (EAR) =  (Mortality or incidence rate 
in radiation-exposed population) – (Mortality or incidence 
rate in unexposed population)

Attributable fraction
Attributable fraction is used here to refer to the 

increase in proportion in the outcome rate of mortal-
ity or disease incidence due to radiation exposure in 
the population under observation. An estimated model 
is used for calculation. Total attributable fraction for 
leukemia, for example, is estimated to be nearly 50%, 
and for solid cancers a little less than 10%, among 
LSS survivors who received ≥0.005 Gy. Estimated 
attributable fraction (in total) measures the excess 
event rate in the LSS cohort that is assumed to be 
attributable to radiation exposure. It should be noted 
that the attributable fraction varies depending on 
radiation dose distribution, sex/age distribution, and 
other factors within the cohort. It is also known as 
population attributable fraction.

Attributable fraction =  the proportion of the total number 
of events or the overall rate due to the exposure observed in 
the entire cohort, including exposed and nonexposed, that is 
in excess (ERR) above the number or rate in the nonexposed

Prevalence versus incidence
Prevalence refers to the proportion of patients diag-

nosed with a disease or medical condition at a given 
point in time, regardless of when the disease or medi-
cal condition first developed. Incidence refers to the 
rate of patients newly diagnosed during a given time 
period (typically one year).

Hypocenter
Hypocenter refers to the location on the ground 

directly below the bomb air-burst point.
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Proximally versus distally exposed
According to the definition used to establish the 

LSS cohort, persons exposed to the atomic bombings 
within 2.5 km of the hypocenters are referred to as 
proximally exposed, and those at distances of 2.5 to 
10 km as distally exposed. Since the average estimated 
radiation dose for those exposed at approximately 2.5 
km of the hypocenter in Hiroshima and those at 2.7 
km in Nagasaki is 5 mGy, the figure of 5 mGy is 
sometimes used as the line of demarcation between 
proximally and distally exposed groups. In more gen-
eral applications, these terms are sometimes used with 
no specific reference to the above definitions.
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