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ABSTRACT                          
 
 

 OPEN ACCESS 

Development and Implementation of a New Set of 
Anthropomorphic Phantoms for Dosimetry of the Japanese 
Atomic Bomb Survivors 
 

Harry M. Cullings *1, Sachiyo Funamoto 1, Keith T. Griffin 2, Shota Shimizu 1, Sean J. Domal 3, Camilo M. 

Correa-Alfonso 4, Tatsuhiko Sato 5, Choonsik Lee 2, Stephen D. Egbert 6, Akira Endo 5, Wesley E. Bolch 7 

 

For many years, the dose estimates calculated at the Radiation Effects Research Foundation for the Japanese 

atomic bomb survivors in Hiroshima and Nagasaki have relied on models of the human body (phantoms) developed 

in the 1980s. These phantoms are used to calculate doses that specific organs of a survivor received from the 

gamma rays and neutrons emanating from the bombs. The phantoms from the 1980s are based on primitive 

geometrical shapes such as rods and cones and offer only three models to represent all age ranges from newborn 

to adult. These models included male and female sex organs (hermaphroditic in design) with no body differences 

by sex. Furthermore, no specific model of the female with a fetus was available to use for survivors who were 

exposed during pregnancy at the time of a bombing. A binational working group has recently developed a 

modern set of phantoms with more realistic shapes, six age ranges, and phantoms for pregnant women at four 

gestational ages, denoted the “J45” phantoms to indicate their bodily dimensions being based on the Japanese 

population of 1945. We discuss here the changes in the phantoms and the corresponding differences in body 

transmission factors which quantify body self-shielding for gamma rays and neutrons from the bombs for some 

important example organs. Results are presented as ratios of the body transmission factors for new vs. old 

phantoms. We discuss how the use of the new phantoms may change the dose estimates for the survivor population 

that are used in radiation epidemiology, including population average changes by distance, given survivor 

distributions by age and sex.  Dose estimates for the new phantoms are not much more than 10% different from 

the old ones for gamma rays, the main source of dose, but are substantially larger for neutrons, a lesser source of 

dose. We also discuss additional implementation work, including issues related to the dependence of body 

transmission factors on survivor orientation (direction facing vis-à-vis the direction to the bomb) and on bodily 

position (standing, kneeling, lying down) and the related need to calculate averaged body transmission factors 

for survivors without those data. We also discuss remaining issues such as the use of the same phantom, i.e., the 

same body size and shape, for each combination of sex and age group, although body size varied among 

survivors and individual body size data are available for a large part of the cohort. 
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Introduction 
The atomic bombings in 1945 in Hiroshima and Nagasaki, Japan, left behind a cohort of survivors with varying radiation 

doses received from direct exposure to the gamma rays and neutrons that emanated from the bombs. The aim of the 

work described here was to evaluate the changes in radiation dose estimates for survivors that are provided by a new 

set of computational models of the human body (anthropomorphic phantoms) that have been developed to replace a 

much older set that have been in use for decades. We describe here a new and enlarged set of phantoms and the 

calculation and evaluation of the dose estimates resulting from them and the changes in dose from using them.  

 

A large cohort of 120,321 survivors (the Life Span Study, or LSS1) has been followed since shortly after the bombings 

by a binational (US-Japan) research foundation (Radiation Effect Research Foundation, RERF) located in Hiroshima and 

Nagasaki and a predecessor organization, the Atomic Bomb Casualty Commission (ABCC). The doses received by the 

survivors could not be measured directly, apart from biodosimetry measurements such as chromosomal aberrations on 

small sets of survivors. For epidemiological purposes, the doses to the full cohort have long been calculated by a series 

of dosimetry systems that rely on computational modeling of the bomb radiations. These calculations include emissions 

from the bombs, transport through the air-over-ground environment and structural shielding by houses or other buildings, 

shielding by terrain, and absorption in the human body. These calculations rely on data collected on individual survivors 

regarding their location, shielding, and even their bodily posture and orientation at the time of the relevant bombing. 

Over the decades since the bombings, a series of dosimetry systems have been devised by governmental organizations 

for use at ABCC and RERF, culminating in the systems DS02 (year 2002), introduced in 2006 1 and DS02R1, introduced 

in 2017 2. Those systems have, until recently, relied on a series of just three human phantoms developed in the early 

1980s3. These anthropomorphic phantoms are being checked by comparison to a new series dubbed the “J45” phantoms, 

which include a pediatric series of five ages plus adult models4-6; separate male and female models for the adult age, 

models of a pregnant woman and fetus at four gestational ages7,8, and special modelling consideration for an important 

group of survivors in Nagasaki factories (not yet published). 

 

It is important to note that the survivor's own body shielded out a significant fraction of dose reaching deeper organs in 

places like the abdomen, as much as a quarter or so of the gamma ray dose at the body surface and three quarters or 

more of the neutron dose. There has been increasing concern over the years about the accuracy of the computational 

phantoms in use at RERF, given their simplified geometry and very small number of models (infant, child, adult)9. The 

purpose of this study was to determine whether a new and larger set of phantoms would yield a useful improvement in 

dosimetric accuracy. 

 

Methods 

The results reported here are based on a simple one-way comparison between the old (DS86) and new (J45) phantoms 

of body transmission factors (body TFs) that quantify the self-shielding of the survivor’s body, where a body TF is specified 

for an organ in the survivor’s body and is calculated as the simple ratio of the dose to the organ divided by the dose in 

air just outside the survivor’s body. The comparison for the ith organ in the body is quantified by the ratio  

𝑏𝑜𝑑𝑦𝑇𝐹𝑖,𝑛𝑒𝑤

𝑏𝑜𝑑𝑦𝑇𝑓𝑖,𝑜𝑙𝑑
=

𝑑𝑜𝑠𝑒𝑜𝑟𝑔𝑎𝑛,𝑖,𝑛𝑒𝑤

𝑑𝑜𝑠𝑒𝑎𝑖𝑟
𝑑𝑜𝑠𝑒𝑜𝑟𝑔𝑎𝑛,𝑖,𝑜𝑙𝑑

𝑑𝑜𝑠𝑒𝑎𝑖𝑟

=
𝑑𝑜𝑠𝑒𝑜𝑟𝑔𝑎𝑛,𝑖,𝑛𝑒𝑤

𝑑𝑜𝑠𝑒𝑜𝑟𝑔𝑎𝑛,𝑖,𝑜𝑙𝑑
  (1).  
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Because doses for the J45 phantoms have not been calculated yet for all survivors in the LSS, the comparisons shown in 

this work are based on calculating these ratios for sets of new and old phantoms for cross-classified arrays of chosen 

values of certain variables that affect the doses resulting from them, such as age and sex, and then taking various 

averages of those ratios, as described in more detail below. In the following subsections, we describe a) the dosimetry 

systems that calculate the dose estimates using the phantoms, b) the old phantoms, c) the new phantoms, and d) the method 

of calculating the average ratios that are reported here as quantifications of the differences between the old and new 

phantoms. 

 

A. THE DOSIMETRY SYSTEMS USED AT THE ATOMIC BOMB CASUALTY COMMISSION (ABCC) AND THE RADIATION 

EFFECTS RESEARCH FOUNDATION (RERF)  

We talk in this paper about phantoms and dosimetry for radiation dose received directly from the bomb explosions in 

the first minute after detonation, not about dose from radioactive fallout or other residual radiation in the environments 

of the two cities, the latter which are addressed in Chapter 6 of the Dosimetry System 1986 (DS86) Report 3. All of the 

dosimetry systems to date have relied on estimates of the heights of burst (HOB) above the ground and kilotons (kT) of 

high explosive-equivalent yield for the two bombs, which have changed over the years for each new system introduced 

up through DS02, with the DS02 estimates being 600 m and 16 kT in Hiroshima and 503 m and 21 kT in Nagasaki. 

Copious data have been collected on the locations and shielding of individual survivors in many efforts over the years 

since the late 1940s, with a large set of survivors out to distances of 1,600 m in Hiroshima and 2,000 m in Nagasaki, 

along with some survivors in the range between 1,600 and 2,000 m in Hiroshima, having so-called “shielding histories” 

that include detailed drawings of the survivor’s surroundings such as houses and other buildings, along with details such 

as the survivor’s bodily position and orientation1.  

 

https://doi.org/10.18103/mra.2026.0407
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Figure 1.  (Fig. of neighborhood drawing from a shielding history from  1) 

 

Survivors were exposed to both gamma rays and neutrons, with neutron doses much less than gamma-ray doses and 

decreasing more rapidly with distance than gamma-ray doses, although neutrons are thought to be considerably more 

potent than gamma-rays in producing adverse health effects such as the risk of cancer.10 Neutron dose estimates are 

commonly multiplied by a factor of ten to produce combined doses that are used in radiation epidemiology at RERF. 

Even when so weighted, neutron doses are only a significant contributor to risk at very proximal distances on the order 

of one km or less and are a several-times-higher fraction of gamma-ray dose in Hiroshima than Nagasaki. Using the old 

DS86 phantoms, neutron dose to the colon times ten is about 10% of gamma dose to colon at about 1 km in Hiroshima, 

about 3.3% at 1.5 km, and about 1% at 2 km; the values in Nagasaki are about a third of those in Hiroshima (1, Fig 7). 

Only about 1,572 members of the LSS in the two cities combined are at distances less than 1 km and therefore have 

really significant neutron dose contributions (2, Table 2). The relationship between ten times the neutron dose to colon and 

the gamma-ray dose to colon is shown in Fig. 2. Even at 750 m in Hiroshima, an extremely close distance where very few 

of those present for the bombing survived, the ratio is only about 0.25. 

https://doi.org/10.18103/mra.2026.0407
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Figure 2. Gamma and 10*neutron of DS02 colon dose averaged among sex, shielding types (InOpen, 9PL, 9PH, GLBL, 

GLBH)*, and orientations (direction facing relative to direction to bomb: 0, 90, 180, 270 degrees), by city.  

*no house shielding, inside a house with light or heavy shielding, outside but near a house blocking a small or large solid 

angle, 

 

Two early dosimetry systems, T57D in 1957 and T65D in 1965 1, were considered “tentative” systems, hence the “T” in 

their names, and were used at the ABCC, a predecessor to the RERF that was replaced by the RERF in 1975. T57D was 

very crude and essentially consisted of “air dose” curves vs. distance with correction factors for shielding by houses. The 

T65D system was more elaborate and included calculations of individual house shielding based on model houses exposed 

to radiation at the Nevada Test Site (NTS) in the USA, using a set of nine parameters (the “9P” system) of measurements 

related to dimensions of the house surrounding the survivor, for those inside houses, or a so-called “GLOBE” method for 

estimating the solid angle subtended by nearby buildings for those outside but near buildings. Systems T57D and T65D 

were observational and experimental in nature, based on work at the NTS, whereas the succeeding systems were 

calculational. 

 

The DS86 system introduced in 19863 was the first full dosimetry system, a complete calculation of radiations emitted by 

the bombs, their transport in the air-over-ground environment, their shielding by buildings and terrain, and their deposition 

of energy in the human body. The DS86 system used model house clusters such as the one shown in Fig. 3 to calculate 

shielding by buildings for survivors inside houses or outside but near houses. For each cluster the shielding was calculated 

for a number of locations inside and outside of the houses (21 inside and 26 outside), across several orientations of the 

cluster relative to the direction to the bomb. Four of the nine parameters of the 9P system, such as distance to the nearest 

wall in the direction of the bomb, were used to choose a number of the most similar shielding calculations for a person 

who was inside a house, whereas the GLOBE estimate of solid angle subtended by nearby structures was used to choose 

a calculation for a person who was outside but near a house.  

https://doi.org/10.18103/mra.2026.0407
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Figure 3. (Fig. 2 from Chapter 7, 3) 

 

The DS86 system was the first of the dosimetry systems to utilize anthropomorphic phantoms to calculate the absorption 

of dose in specific organs and tissues of the body, taking into account the self-shielding of bodily organs by overlying 

tissue. The DS86 system  was replaced in 2006 by Dosimetry System 2002 (DS02)11, which was developed by a 

binational group, primarily to address a controversy about dose received from bomb neutrons that was alleged to be 

much larger than that calculated by DS86 based on measurements related to neutrons in environmental samples. The 

DS02 system introduced several improvements over DS86, including completely new calculations of the numbers and 

energy spectra of gamma rays and neutrons emanating from the bombs, but it did not change the human phantoms 

created for DS86. DS02R12 was not really a new dosimetry system; it was primarily a very detailed review of multiple 

records regarding survivor location and shielding at the times of the bombings, with new geographical information system 

(GIS) calculations and a comprehensive new calculation of shielding by terrain for all survivors, but again, it did not 

change anything about the human phantoms. It was not until the present effort commenced in about 2018 that a new set 

of phantoms was finally developed.12  

 

https://doi.org/10.18103/mra.2026.0407
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Systems DS86 and DS02 both calculate doses to survivors by a method called forward-adjoint coupling. This is a Monte 

Carlo method that probabilistically traces individual gamma rays and neutrons emitted by the bomb to calculate dose to 

an organ of a survivor when one of those radiation types deposits energy in the organ of a survivor. In DS86 and DS02 

coupling surfaces are imaginary constructs defined between 1) the bomb and the area around a house shield, and 2) the 

house shield and the survivor’s body. The probabilistically modeled path of a gamma ray or neutron is called a “particle 

history.” In forward-adjoint coupling, adjoint histories are Monte Carlo simulations of radiation particles that are 

probabilistically tracked backwards from the point of release of kinetic energy in the survivor’s body to the coupling 

surface between the survivor and the house shielding, or from the coupling surface between the survivor and the house 

shielding to the coupling surface surrounding the house. The calculation of energy deposition in the survivor’s organs is 

done by matching up numbers of forward and adjoint histories in categories of energy and direction at each of the 

coupling surfaces to determine the numbers of radiations of various energies and directions that penetrated and 

deposited energy in a particular organ or tissue in the survivor. The method of forward-adjoint coupling was used for 

statistical reasons, because so few of the radiations being traced would pass through an organ of interest in the survivor 

if radiations were simply traced forward all the way from the bomb to that organ or until they lost all of their energy 

without depositing any energy in an organ. It will be seen below in the section on the new J45 phantoms that forward-

adjoint coupling did not need to be used at the coupling surface surrounding the phantom, just forward histories incident 

on the coupling surface and from that coupling surface to an organ in the phantom, because of latter-day increases in 

the speed of computation. 

 

B. THE DS86 PHANTOMS 

The DS86 system made the transition from calculating a dose at a point in air in a location occupied by a survivor, 

possibly shielded by a building, to calculating the dose to a tissue or organ of the survivor’s body using a phantom. The 

DS86 phantoms were comprised of basic geometrical shapes such as rods, cones, ellipsoids, etc., and were adapted from 

phantoms developed in the early 1980s by the U.S. Department of Energy.  There were only three phantoms in the set 

for DS86, for infants, children and adults, with nominal ages of 0 to 2 years, 3 to 11 years, and 12 years or greater 

(Fig 4). Each DS86 phantom contains 15 organs: bladder, brain, breast, colon, eye lens, lung, liver, bone marrow, ovary, 

pancreas, skeleton, stomach, testes, thyroid, and uterus. Although the phantoms have 15 organs, they have only 3 

elemental compositions, for soft tissue, skeleton, and lung. These are given in terms of H, C, N, O, Na, Mg, P, S, Cl, K, Ca 

and Fe in Appendix 1 to Chapter 8 of the DS86 Report3. For example, the percentages by weight for the first four 

elements in soft tissue are about 11%, 23%, 2% and 64%, with all of the other elements being < 0.25%, whereas bone 

has considerably less H and O but 5% and 12% for P and Ca, respectively. 

https://doi.org/10.18103/mra.2026.0407
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Figure 4. The DS86 phantoms 

(Figure 14 in Chapter 8, 3)                                                                   (Figure 16 from Chapter 8, 3) 

 

The DS86 phantoms were created in three bodily positions: standing, lying down, which was just a rotation of the standing 

phantom, and kneeling. A kneeling posture was used rather than a sitting posture based on knowledge of Japanese 

customs, which involved kneeling on mats rather than sitting on furniture in the home. The DS86 phantoms contain organs 

of both sexes, i.e., female breast, ovaries, testes, and uterus, and the same phantom is used for both sexes. Although the 

15 organs in the DS86 phantoms were well chosen when they were created, other organs became of interest in RERF 

studies, as sites of cancer or other biological effects, such as digestive organs other than colon, the kidney, etc. Such 

organs must have their doses somehow approximated by a surrogate organ or some combination of organs from the 15 

organs. Another issue of importance is the lack of a fetus and the lack of a model of the female body with a uterus 

containing a fetus and amniotic fluid at various stages of growth along with the other changes attendant to pregnancy.  

 

C. THE J45 PHANTOMS 

When DS02 was implemented, there was no change of phantom models. Consideration of the large dose uncertainty 

associated with using such primitive phantoms with only three body models, limited organ availability and the lack of a 

model for a pregnant woman and fetus led to the recent effort to improve organ dose calculations with a new set of 

phantoms, which have been dubbed the “J45” phantoms. The new phantoms include a pediatric and adult male and 

female series for ages 0, 1, 5, 10, 15 and adult4,5, and a series of pregnant woman and fetus at gestational ages of 

8,15, 25 and 38 weeks7,8 (Fig. 5). The associated improvements include 1) greater accuracy of phantom geometry 

relative to true human anatomy, 2) more variation of body sizes from a larger set of models for more ages, 3) improved 

organ dose calculation methodology via dose response functions (DRFs), 4) related effects on estimation of average 

organ transmission factors for survivors without detailed exposure information, 5) the need to use far fewer surrogate 

organ doses because of the much larger set of anatomical sites in the new phantoms, 6) accurate organ dose estimates 

for pregnant women and fetuses, and 7) specific studies such as partial-body shielding of Nagasaki factory workers.  

 

https://doi.org/10.18103/mra.2026.0407
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Figure 5. J45 phantoms, Figure 3 from 12 

 

The J45 phantoms, which are hybrid computational voxel phantoms, originated from the Caucasian reference size 

phantoms created by the University of Florida and the US National Cancer Institute 13, and were adjusted to reflect the 

Japanese population size in 1945 4. They include three series: a) Pediatric and Adult male and female 5, b) Pregnant 

Female including fetus 7,8, and c) Nagasaki Factory Workers with Work Benches.12 The J45 phantoms were improved 

with more anatomical realism and the adult phantoms in the Pediatric and Adult series were distinctly designed by sex 

(different body shapes for men and women).  In contrast to the set of three elemental compositions used in the DS86 

phantoms, the new phantoms have a much larger set of compositions for different organs and tissues, consistent with those 

listed in Appendix F of ICRP Report No. 8914. The J45 phantoms include specific elemental compositions for 89 different 

anatomical sites in the adult phantoms and comparable sets in the other phantoms, including the same elements as the 

DS86 phantoms plus I (iodine).   The compositions are considerably different from those of the DS86 phantoms in many 

cases. The values of C and O for the colon wall for the J45 pregnant female phantom 15, for example, are about 11% 

and 75%, vs. 23% and 64% in the soft tissue of the DS86 phantom. These expanded sets of organ and tissue compositions 

improve the accuracy of both gamma-ray and neutron transport simulations within the body, particularly for neutrons, 

which are more sensitive to elemental composition. In addition, the new calculations have reduced Monte Carlo uncertainty 

due to the availability of larger numbers of particle histories than could be simulated for the DS86 effort. 

 

D. CALCULATION AND COMPARISON OF DOSES FROM NEW VS. OLD PHANTOMS 

Doses and related body TFs for the DS86 phantoms were calculated using DS02 and DS02R1 at RERF as described 

above in the explanation of forward-adjoint coupling at the end of the section on the dosimetry systems. For the new 

https://doi.org/10.18103/mra.2026.0407
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phantoms, forward Monte Carlo histories arising at the coupling surface were simulated and doses were tallied in each 

of the new J45 anatomical sites. These tallies were used to define Dose Response Functions (DRFs)6 that relate angle and 

energy-specific fluences (numbers of Monte Carlo histories of neutrons and gamma rays) arising from the coupling surface 

around the survivor to the dose received by a particular anatomical site in the J45 phantom. These DRFs can be used with 

the fluences calculated by DS02 as incident on the coupling surface surrounding a given survivor to calculate the new 

dose to the survivor using a J45 phantom. The new calculations also include dose to superficial tissues from electrons 

generated by interactions of gamma rays in air around the survivor out to a radius of 20 m 6, a new feature.  

 

The body TFs calculated for individual survivors depend on a number of variables: some related to the phantom that is 

used (age, sex, posture, orientation) and some related to the energy spectrum of the radiation incident on the survivor’s 

body (city, distance, shielding from terrain and structures). To get a single number that summarizes a comparison between 

an old (DS86) phantom of a given age and a new (J45) phantom of a given age, for a given organ and radiation type 

(gamma or neutron), we took a simple arithmetic average of % differences in body TFs for the old and new phantoms 

over 160 different representative exposure scenarios. That is, for gamma rays for example, we took  

𝑇𝐹%𝑑𝑖𝑓𝑜𝑟𝑔𝑎𝑛,𝑔𝑎𝑚𝑚𝑎 = ∑ 𝑇𝐹%𝑑𝑖𝑓𝑜𝑟𝑔𝑎𝑛,𝑔𝑎𝑚𝑚𝑎,𝑖
160
𝑖=1 /160  (2) 

Where 

 

𝑇𝐹%𝑑𝑖𝑓𝑜𝑟𝑔𝑎𝑛,𝑔𝑎𝑚𝑚𝑎,𝑖 =  100 ∗ (
(𝑇𝐹𝑜𝑙𝑑,𝑜𝑟𝑔𝑎𝑛,𝑔𝑎𝑚𝑚𝑎−𝑇𝐹𝑛𝑒𝑤,𝑜𝑟𝑔𝑎𝑛,𝑔𝑎𝑚𝑚𝑎)

𝑇𝐹𝑛𝑒𝑤,𝑜𝑟𝑔𝑎𝑛,𝑔𝑎𝑚𝑚𝑎
)  (3). 

 

The 160 exposure scenarios were all combinations of two cities  (Hiroshima, Nagasaki), two sexes (male, female), two 

representative distances from the hypocenter (1,000 and 1,500 m), five shielding cases (in open with no house shielding, 

inside of a house with light shielding, inside of a house with heavy shielding, outside of a house with light shielding, i.e, a 

small fraction of solid angle subtended by nearby houses, and outside of a house with heavy shielding), and four survivor 

orientations vis-à-vis the direction the survivor was facing vs. the direction to the bomb (0, 90, 180, 270 degrees). The 

posture was assumed to be standing for these calculations. 

 

For this paper we also made some relatively crude estimates of the likely changes in population dose at various distances 

in each of the two cities, for a small set of important organs.  We calculated the % change in the sum of gamma dose 

plus ten times neutron dose, the metric commonly used for radiation risk assessment at RERF, to get differences between 

the weighted doses for the old and new phantoms for an organ, for a given age group, city and distance category. Then 

we took a population-weighted average over age groups using the data in Table 1 for the LSS to get average 

differences in cohort dose for an organ, city and distance category. That is, for each of the 3,840 combinations of city 

(2 cities), sex (2 sexes), age at bombing (6 ages: 0,1,5,10,15,20 yrs), distance (8 distances: 750, 1,250, 1,750, 2,250, 

2,750, 3,250, 3,750, 4,250 m), shielding (5 shielding cases as described above) and orientation (4 orientations: 0, 90, 

180 and 270 deg), we used the new and old phantom most relevant to the age at time of bombing (ageATB) to calculate 

a % difference in weighted dose between the phantoms as 

%𝑑𝑜𝑠𝑒_𝑑𝑖𝑓𝑖,𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑,𝑎𝑔𝑒,𝑠𝑒𝑥,𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔,𝑜𝑟𝑔𝑎𝑛,𝑐𝑖𝑡𝑦,𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒,𝑖 = 100 ∗

((𝑑𝑜𝑠𝑒𝑔𝑎𝑚𝑚𝑎,𝑜𝑙𝑑,𝑖+10∗𝑑𝑜𝑠𝑒𝑛𝑒𝑢𝑡𝑟𝑜𝑛,𝑜𝑙𝑑,𝑖)−(𝑑𝑜𝑠𝑒𝑔𝑎𝑚𝑚𝑎,𝑛𝑒𝑤,𝑖+10∗𝑑𝑜𝑠𝑒𝑛𝑒𝑢𝑡𝑟𝑜𝑛,𝑛𝑒𝑤,𝑖))

(𝑑𝑜𝑠𝑒𝑔𝑎𝑚𝑚𝑎,𝑛𝑒𝑤,𝑖+10∗𝑑𝑜𝑠𝑒𝑛𝑒𝑢𝑡𝑟𝑜𝑛,𝑛𝑒𝑤,𝑖)
  (4). 
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Then we took a simple arithmetic mean over sex, shielding case and orientation to get an average % difference for each 

city, age category and distance as 

%𝑑𝑜𝑠𝑒_𝑑𝑖𝑓𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑,𝑎𝑔𝑒,𝑜𝑟𝑔𝑎𝑛,𝑐𝑖𝑡𝑦,𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = ∑
%𝑑𝑖𝑓𝑖,𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑,𝑎𝑔𝑒,𝑠𝑒𝑥,𝑠ℎ𝑖𝑒𝑙𝑑𝑖𝑛𝑔,𝑜𝑟𝑔𝑎𝑛,𝑐𝑖𝑡𝑦,𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

40
40
𝑖=1     (5). 

 

Then we calculated population-weighted mean % differences in weighted dose for the organ for a city and distance 

category, using the cohort numbers in Table 1 as  

%𝑑𝑜𝑠𝑒_𝑑𝑖𝑓𝑝𝑜𝑝−𝑤𝑡𝑑,𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑,𝑜𝑟𝑔𝑎𝑛,𝑐𝑖𝑡𝑦,𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒 = ∑
𝑝𝑜𝑝𝑎𝑔𝑒𝑐𝑎𝑡,𝑐𝑖𝑡𝑦,𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒×%𝑑𝑖𝑓𝑖,𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑,𝑎𝑔𝑒,𝑜𝑟𝑔𝑎𝑛,𝑐𝑖𝑡𝑦,𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒

∑ 𝑝𝑜𝑝𝑎𝑔𝑒𝑐𝑎𝑡,𝑐𝑖𝑡𝑦,𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑎𝑔𝑒≥17.5
𝑎𝑔𝑒=0−2.5

𝑎𝑔𝑒≥17.5
𝑎𝑔𝑒=0−2.5   (6). 

 

Table 1. Distribution of LSS subjects whose dose is known by city, ageATB, and distance. 

  City Total 

  H N   

  AgeATB category AgeATB category   

Ground  

Distance  

category 

0-<2.5yrs 2.5-<7.5 7.5-<12.5 12.5-<17.5 17.5+ 0-<2.5 2.5-<7.5 7.5-<12.5 12.5-<17.5 17.5+   

  <500m   1   2 5           8 

 500-<1000 33 49 19 88 476 4 4 7 12 44 736 

1000<1500 401 805 439 859 6,011 84 179 157 469 1,095 10499 

1500-<2000 787 1,453 778 1,972 9,647 177 370 368 408 1,721 17681 

2000-<2500 878 1,672 942 1,371 8,651 345 719 660 635 2,830 18703 

2500-<3000 259 470 223 599 3,400 521 1,083 1,036 1,124 5,192 13907 

3000-<3500 231 450 254 646 3,060 85 197 194 256 1,232 6605 

3500-<4000 150 253 129 262 1,720 70 166 168 197 962 4077 

4000+ 410 847 576 1,125 6,130 366 841 753 633 2,823 14504 

Total 3149 6000 3360 6924 39100 1652 3559 3343 3734 15899 86720 

 

Results: Anticipated Changes in Dose Due to the New Phantoms 

BODY SELF-SHIELDING OF THE OLD DS86 PHANTOMS 

Body TFs for the DS86 phantoms range from almost 100% for superficial organs, especially for gamma rays, down to 

70% for gamma rays and well under 20% for neutrons, for a deep organ like the colon1, TableA3. The body TFs for the 

DS86 phantoms exposed to DS02 radiation fluences are given in detail in Table 3 of Chapter 12c of the DS02 Report11. 

A selection of those TFs for the organs discussed in regard to differences between old and new phantoms are given in 

Table 2 below.  
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Table 2. Body TFs for the DS86 adult phantom exposed to DS02 gamma and neutron radiation facing the bomb at 

1,500 m in Hiroshima 

Organ Prompt gamma ray TF* Prompt neutron TF* Delayed gamma TF* Delayed neutron TF* 

 Infant Child Adult Infant Child Adult Infant Child Adult Infant Child Adult 

Bone 

marrow 
0.98 0.94 0.86 0.50 0.40 0.27 0.87 0.92 0.78 0.45 0.34 0.23 

Brain 0.90 0.86 0.85 0.50 0.43 0.37 0.89 0.80 0.81 0.44 0.36 0.30 

Liver 0.94 0.90 0.87 0.43 0.38 0.27 0.92 0.87 0.83 0.37 0.31 0.21 

Testes 0.94 0.95 0.94 0.52 0.53 0.44 0.93 0.96 0.97 0.46 0.47 0.37 

Breast 1.00 0.96 0.94 0.81 0.80 0.73 1.00 0.92 0.89 0.78 0.77 0.68 

Colon 0.89 0.87 0.81 0.33 0.26 0.18 0.84 0.84 0.76 0.26 0.20 0.12 

Ovary 0.88 0.84 0.77 0.26 0.20 0.14 0.80 0.79 0.64 0.19 0.14 0.08 

*Prompt radiation was emitted during a small fraction of a second while the nuclear chain reaction was occurring during 

the bomb detonation, and delayed radiation thereafter. 

 

The results reported below for differences between old and new phantoms were all calculated with sufficient numbers of 

Monte Carlo calculations to obtain a precision <1% standard deviation. 

 

1) The New Pediatric and Adult Phantom Series 

Table 3 shows differences between doses for an individual survivor as calculated by the old vs. new phantoms: the values 

are the dose for the old phantom minus that for the new phantom as a % of the latter (Equation 1 above). The values 

shown are averaged over survivor orientations, which reduces them somewhat.  

 

Table 3. Average Differences between New and Old Phantoms over 4 Orientations for Each New Pediatric Series 

Phantom, for Representative Exposure Scenarios 

Average among 2 cities(H&N), sexes(M&F), 2 ground distances (1000m &1500m),  

5 shielding types (InOpen, 9PL, 9PH, GLBL, GLBH), and 4 orientations (0, 90, 180, 270 degrees) 

Pediatric & Adults : among 4 orientations (0, 90, 180 and 270 degrees) 
    

DS02 Infant DS02 Child DS02 Adult 
 

new organ 
 

Age0 Age1 Age5 Age10 Age15 Age20 
 

Bone Marrow gamma 2.5% 24.3% 5.0% 9.2% 6.8% 8.8% 
 

neutron 2.5% 26.3% 5.1% 24.7% 22.3% 28.9% 
 

Brain gamma -4.1% 0.2% -0.5% 0.3% -3.3% -2.2% 
 

neutron -6.2% 15.0% 6.5% 8.8% -4.5% 1.4% 
 

Liver gamma -5.8% -0.2% -2.0% 0.3% 2.4% 2.6% 
 

neutron -17.8% 16.6% 20.4% 30.2% 43.5% 30.7% 
 

Testes gamma -9.0% -3.5% -4.6% 0.4% -1.1% -1.4% 
 

neutron -26.8% -13.2% 3.6% -3.5% -5.5% -2.9% 
 

Breast gamma -3.7% -2.8% -1.0% 0.1% 0.0% 0.9% 
 

neutron 1.7% -1.8% -6.9% 5.3% 3.5% 6.6% 
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Average among 2 cities(H&N), sexes(M&F), 2 ground distances (1000m &1500m),  

5 shielding types (InOpen, 9PL, 9PH, GLBL, GLBH), and 4 orientations (0, 90, 180, 270 degrees) 

Pediatric & Adults : among 4 orientations (0, 90, 180 and 270 degrees) 
  

Colon gamma -7.6% -0.9% -2.8% 0.2% -5.5% -6.8% 
 

neutron -43.0% -10.6% -30.0% -21.3% -20.1% -37.8% 
 

Ovary gamma -9.2% -3.9% -6.8% -1.1% -2.8% -3.3% 
 

neutron -32.3% -1.8% -15.6% 13.1% 7.4% 5.3% 

 

Values similar to those in Table 3 but for four different orientations, for the adult phantoms only, are shown in Table 4. 

 

Table 4.  Average Differences between New and Old Adult Phantom, Separately by Orientation for Representative 

Exposure Scenarios 

Average among 2 cities(H&N), sexes(M&F), 2 ground distances (1000m &1500m), and 5 shielding types 

(InOpen, 9PL, 9PH, GLBL, GLBH) 

Adults : among 4 orientations (0, 90, 180 and 270 degrees) 
 

Side of phantom facing 

hypocenter 

 
Front Left Back Right average 

Bone Marrow gamma 7.0% 7.8% 8.3% 12.2% 8.8% 

neutron 26.8% 32.1% 26.6% 30.3% 28.9% 

Brain gamma 0.1% -0.6% -6.4% -1.8% -2.2% 

neutron 3.7% 3.1% -1.2% 0.2% 1.4% 

Liver gamma -0.7% -1.6% 8.1% 4.7% 2.6% 

neutron 23.1% 20.7% 43.2% 35.8% 30.7% 

Testes gamma 0.6% 4.9% -7.3% -3.7% -1.4% 
 

neutron 0.2% -1.8% -11.8% 1.9% -2.9% 

Breast gamma 2.2% 0.8% -0.1% 0.6% 0.9% 

neutron 3.3% 3.6% 10.6% 9.0% 6.6% 

Colon gamma -10.9% -8.2% -2.5% -5.7% -6.8% 

neutron -39.8% -38.0% -32.2% -41.1% -37.8% 

Ovary gamma -5.3% -1.1% -0.8% -5.9% -3.3% 

neutron -2.8% -1.0% 20.9% 4.3% 5.3% 

 

The estimates of population-weighted average changes in weighted dose from using the new phantoms, for the two 

organs with the most prominent expected differences, bone marrow and colon, are shown in Fig.’s 6 and 7. As expected 

from Table 2, the bone marrow dose estimates are higher for the old phantoms than for the new, and vice versa for colon 

dose. 

 

https://doi.org/10.18103/mra.2026.0407


  

Medical Research Archives | https://doi.org/10.18103/mra.2026.0407  15 

THE EUROPEAN SOCIETY OF MEDICINE 
 

 

Figure 6. Population % differences for Bone Marrow. 

 

 

Figure 7. Population % differences for Colon. 

 

THE NEW PREGNANT WOMAN AND FETUS PHANTOM SERIES 

Table 5 shows the differences between some of the fetal organs in the new pregnant woman phantom and the dose to 

the non-pregnant uterus of the adult DS86 phantom that has been used as a surrogate for fetal dose, for a fetus in the 

LAO positions, for several key fetal organs. These are averages over the same 160 exposure scenarios described for 

Tables 3 and 4. 
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Table 5.  Average Differences between dose to non-pregnant woman’s uterus in DS86 phantom and dose to fetus in 

pregnant J45 phantom for average of representative exposure scenarios as described for Tables 3 and 4 

Organ/Tissue Radiation 8gwks 15gwks 25gwks 38gwks 

Brain 
gamma NA 0.5% 5.4% 12.9% 

neutron NA 17.8% 38.5% 55.3% 

Liver 
gamma NA 2.7% 2.2% 5.5% 

neutron NA 0.1% 4.3% -1.0% 

Colon 
gamma NA 2.1% 0.7% 4.3% 

neutron NA 23.7% 22.0% 23.1% 

 

Discussion 

It is clear in Table 2 that neutron body TFs are generally much smaller than gamma-ray body TFs, and that the TFs for 

both neutron and gamma ray generally decrease monotonically with age and corresponding increase in phantom size, 

although there are minor exceptions. The most pervasive trend in Table 3 for the differences between the new pediatric 

and adult series vs. the older DS86 phantoms is that differences in neutron body TFs are much larger than those in gamma 

ray body TFs. This is a natural result of the more rapid attenuation of neutrons in tissue than of gamma rays, which is due 

to neutron collision interactions with hydrogen nuclei. Another common trend is that most differences depend on the 

survivor’s orientation, particularly for relatively superficial organs. For the differences between the new and old adult 

phantoms that are shown for different survivor orientations in Table 4, the organs that are superficial or at least located 

off-center with respect to the cephalo-caudal axis of the body naturally have more variation with orientation because 

the organ placement is more rotationally asymmetric. Among the organs in Table 4, the differences for rotationally 

averaged values are the same as the rightmost column of Table 4. These are germane to population differences since 

the full cohort contains all orientations in approximately equal portions. The largest differences are for bone marrow, for 

which the older DS86 phantom has doses greater than the new J45 phantom, and colon, for which the older phantom has 

doses less than the new phantom. These observations are consistent with the older phantoms having thinner legs and a 

thicker trunk in the lower abdomen. 

 

For the population-average changes in dose estimates shown in Fig.’s 6 and 7, the differences are not large, but they 

are not entirely trivial, and they have been averaged across many variables. The plots clearly show that % changes in 

weighted dose esimates closest to the hypocenter tend to be larger, especially in Hiroshima, due to the greater relative 

neutron dose at those distances and the larger differences for neutrons than gamma rays shown in Tables 3 and 4. 

For the differences between fetal organ dose in the new pregnant woman phantom and the dose to the non-pregnant 

uterus of the adult DS86 phantom that are shown in Table 5 most of the differences are positive, i.e., the non-pregnant 

uterine dose in the DS86 phantom is higher than the fetal organ dose in the J45 phantom, a natural result of there being 

more fluid and other matter around the fetus in J45 than the non-pregnant uterus, which extra shielding increases with 

gestational age. The only difference > 10% for gamma is fetal brain, at about 13%. Differences for other fetal positions 

such as transverse (not shown) are somewhat different but not much larger than those shown in Table 57, and fetal position 

is unknown, although rather likely to be LAO in the latest stage of pregnancy. The reduction in dose that applies for most 

fetal organs in the J45 vs. DS86 phantoms is a bit larger for a mother facing away from the bomb as opposed to facing 

toward the bomb (not shown in the table), as might be expected based on anatomy, but not more than about 20% or so 

for gamma-ray dose 7.  

https://doi.org/10.18103/mra.2026.0407


  

Medical Research Archives | https://doi.org/10.18103/mra.2026.0407  17 

THE EUROPEAN SOCIETY OF MEDICINE 
 

In addition to differences in fetal dose, the doses to the organs of the new pregnant woman phantom were evaluated7, 

although they are not shown here. The doses to the new phantom were somewhat different from those in the non-pregnant 

DS86 phantom, particularly in the later stages of gestation, with the size range of differences being similar to those for 

fetus, but doses being lower in the new phantoms for maternal organs such as bone marrow, liver, and stomach wall, but 

higher for the colon and uterine wall. As with the fetal dose, the only difference exceeding 10% for gamma rays is the 

active marrow at 38 weeks, about 13% lower in the J45 phantom. Of course, there is dependence not only on fetal 

position but on mother’s orientation relative to the direction to the bomb. 15 

 

The working group also did some special calculations of partial-body shielding of Nagasaki factory workers, due to 

indications from biodosimetry such as electrons spin resonance of teeth16 and measurement of chromosomal 

aberrations17,18 that the DS02 doses might be erroneously high. These were done by including a workbench within the 

body coupling surface for survivors who were behind a bench. The results, which have not yet been published, are not 

reported here because they did not differ much by including the partial-body shielding from the bench.  

 

Compared with the three DS86 models, which have identical anatomy at any age, the J45 voxel phantoms have 6 age 

categories, allowing sex-specific organ modeling in male and female phantoms and helping to reduce the body-size 

grouping error. The size of the grouping error for the DS86 phantoms is apparent in Table 2. Furthermore, in the current 

project, to calculate organ doses at each survivor’s age at bombing (ageATB), organ dose interpolation was performed 

between 2 adjacent-age phantoms. (i.e. if ageATB is 12.5, the age-10 and age-15 phantoms were used for 

interpolation.) However, errors persist from using a single body size for each age, in contrast to the natural variation in 

individual body size at any given age across the entire cohorts.  

 

Survivors who have shielding histories with detailed data on structural (e.g., house shielding), as well as on bodily position 

and orientation, may have dose calculation using the new DRFs. For survivors who do not have those detailed data, 

average organ transmission factors need to be estimated from organ doses among survivors who do, for each of the new 

phantoms. Average transmission factors that include both house shielding and body self-shielding will be calculated with 

the new phantoms for several categories of structural shielding, such as 1) inside a wooden house, 2) outside but near a 

house, and 3) no information at all on structural shielding. The greater anatomical detail and number of ages in the new 

phantoms allows more accurate average transmission factors than the old phantoms.   

 

Over the decades, RERF has conducted many studies of site-specific radiation effects, such as cancers arising in particular 

organs. As there are only 15 organ doses in DS86 and DS02, surrogate doses have had to be used for many risk 

analyses.19 For example, an organ such as thyroid that is among the 15 organs modelled might be used as a surrogate 

for an organ such as the thymus that is not modelled. The errors from using surrogate organ doses will be reduced with 

the new J45 phantoms, which have more than 80 sites, and organ doses of some of those sites could be combined for 

study purposes. 

 

Pregnant women and fetuses shielded one another, and the magnitude of shielding varied by gestational age as the 

fetus grew and the mother’s abdomen became accordingly distended, and the new pregnant woman phantoms offer 

better dose estimates for both fetal and maternal organs. Notably, the sensitivity of fetal growth to radiation dose during 

pregnancy has drawn particular attention. 20,21 The exposure information RERF has still includes uncertainty, even with the 
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more accurate phantoms. For example, the fetal position within the uterus (e.g., Left-Anterior-Occipital (LAO) or 

Transverse) at the time of bombing is unknown, gestational age calculated from birthdate may not be exact, and fetal 

weight might vary.  

 

In summary, the new J45 phantoms are a substantial improvement over the older phantoms and are consistent with other 

phantoms being currently used worldwide in biomedical research7. 

 

Remaining Issues and Future Work 

The comparison of doses from the J45 phantoms to the DS86 phantoms requires some important decisions about which 

anatomical site or combination of sites in the new phantoms should be compared to each of the 15 organs and tissues in 

the old phantoms. For some of the 15 organs, such as thyroid, there is one site or an obvious combination of sites in the 

new phantoms that make sense for comparisons. For other organs among the 15, such as colon, the selection of sites for 

comparison in the new phantom is not so obvious Another issue is that the old phantoms are specified for three age ranges, 

0 to 2 years, 3 to 11 years, and 12 years to adult, whereas the new phantoms are specified for 0, 1, 5, and 10 years, 

teenage, and adult. A reasonably obvious division of the new phantoms for comparison to the old is as shown in Table 3 

above, but this provides two of the new phantoms for comparison to each of the old ones, and not a simple one-to-one 

comparison. These issues need to be resolved in any publication that will report a comprehensive, cohort-based statistical 

comparison of doses from the old and new phantoms. 

 

Although the full set of new dose response functions has been created at RERF for all of the new phantoms, it remains to 

calculate a full set of doses for members of the LSS (and other RERF survivor cohorts) with the new phantoms, and to 

characterize those dose estimates statistically, which is important work that will be done in the near future, prior to using 

the new doses in radiation epidemiological studies. One of the issues that remain for future potential work is that a 

survivor of any particular age can be assigned only one of the new phantoms or a weighted average of two of the new 

phantoms of neighboring ages. This ignores the obvious variation in body size, i.e., height and weight, across combinations 

of age and sex in the survivor population. There are some body-size data for a considerable fraction of the LSS, taken 

at various times after the bombings. Those data would have to be extrapolated back to the time of the bombing, but an 

even larger issue is how many phantoms would be created, in what body-size distribution, for each age, that would be 

needed to represent the variation in the population.  

 

Conclusion 

A binational working group with RERF has created two new series of anthropomorphic phantoms (computational models 

of the human body) to calculate doses that the Japanese atomic bomb survivors received from neutrons and gamma rays 

emitted by the bombs in Hiroshima and Nagasaki. The phantoms can be used to calculate the body’s self-shielding from 

those radiations and estimate doses for a large set of very detailed anatomical sites. There are pediatric and adult 

series for six ages, with separate male and female phantoms in the adult models. There is also a series of pregnant-

woman-and-fetus phantoms at four gestational ages. These new models replace a much smaller series of three 

hermaphroditic phantoms for three age ranges based on primitive geometrical shapes, containing only 15 organs and 

no fetus, and created some 40 years ago. In addition to being much more detailed, the new models are much more 

anatomically realistic than the previous versions.  
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The differences in body self-shielding as quantified by body transmission factor (body TF, the ratio of dose to an 

anatomical site to dose at a point just outside the body) between the new and old phantoms are considerably larger for 

neutrons than for gamma rays. However, the doses that survivors received from neutrons were much less than those from 

gammas, even when multiplied by the factor of ten that RERF uses to account for their radiobiological effectiveness, and 

they decrease more rapidly with distance from the hypocenter than do doses from gammas. For the new pediatric and 

adult series, differences in body TFs between the new and old phantoms are moderate in size and vary considerably 

among anatomical sites and phantom ages. For the new pregnant woman phantoms, body TFs for dose to the fetus 

relative to those for the non-pregnant uterine dose in the old adult phantom, used as a surrogate for fetal dose, vary 

substantially with stage of pregnancy. The same is true for body TFs for some maternal organs in the abdomen. The new 

phantoms were also used to make special calculations of partial-body shielding of Nagasaki factory workers by benches, 

because issues had been raised by biodosimetry measurements, such as chromosomal aberrations, that suggested that 

factory worker dose estimates might be erroneously high. However, the results of the new calculations did not suggest 

significant partial-body shielding.  

 

A detailed report on the new phantoms is nearing completion. RERF has implemented computational code to calculate 

doses with the new phantoms and is calculating and statistically evaluating doses for the RERF survivor cohorts, such as 

the Life Span Study of 120,321 survivors that have been followed for rates of health effects such as cancer. 
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