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ABSTRACT 

In 1972 committees of the United Nations and the U.S. National Academy of Sciences 
emphasized the need for organ dose estimates on the Japanese atomic-bomb survivors. These 
estimates were then supplied by workers in Japan and the U.S., and they were used with the so-
called T65D estimates of a survivor's radiation exposure to ass: risk from radiation. Recently the 
T65D estimates have been questioned, and programs for reassessment of atomic-bomb radiation 
dosimetry have been started in Japan and the U.S. As a nart of this new effort a mathematical 
analogue of the human body (or "mathematical phantom"), to be used in estimating organ doses in 
adult survivors, is presented here. Recommendations on organ dosimetry for juvenile survivors are 
also presented and discussed. 
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INTRODUCTION 

The need for organ dose data on the Japanese atomic-bomb survivors was emphasized by the 
BEIR Committee (1972) and by UNSCEAR (1972). Later reports by both committees (BEIR 
1980, UNSCEAR 1977) used organ-dose estimates from studies conducted at the Japanese 
National Institute of Radiological Sciences (Hashizume et al. 1973, 1974; Hashizume and 
Maruyama 1975) and Oak Ridge National Laboratory (Jones et al. 1975, Jones 1977, Kerr 
1979). These organ dose estimates, based on the so-called T65D estimates of a survivor's radiation 
exposure (Milton and Shohoji 1968; Auxier 1975, 1977) were used as a basis for risk assessment 
throughout the 1970's. The T65D exposure estimates have recently been subjected to critical 
review as a result of concern over possible changes in radiation protection standards (BEIR 1980, 
NCRP 1980, Rossi and Mays 1978). 

Several reviews, using newer calculational 'rchniques, found serious discrepancies between the 
T65D study and recent studies of the atomic-bomb explosions in Japan (Bond and Thiessen 1982). 
Hence, programs for reassessment of atomic-bomb radiation dosimetry were instituted at national 
laboratories, universities, and other organizations within the U.S. and Japan (Thompson 1983, 
RERF 1984). A mathematical analogue of the human body (or "mathematical phantom") for use 
in the reassessment of organ doses to adult atomic-bomb survivors is presented here. 
Recommendations are also presented and discussed with regard to organ dosimetry for juvenile 
survivors. 

HISTORICAL PERSPECTIVE 
ON MATHEMATICAL PHANTOMS USED IN RADIATION DOSIMETRY 

Snyder Adult Phantom 

In the ™d-1960's at Oak Ridge National Laboratory (ORNL) Fisher and Snyder developed a 
mathematical phantom representing an "adult human" for use with a Monte Carlo radiation 
transport computer program to estimate doses from photon-emitting radionuclides within organs of 
the body (Fisher and Snyder 1967, 1968). Simple equations were given for the major body sections 
and the principal organs. Into the Monte Carlo code were programmed three tissues of different 
compositions and densities—lung tissue, skeletal tissue, and bulk soft tissue. 

This phantom consists of three principal body sections: (1) an elliptical cylinder representing 
the arms, torso, and hips; (2) a truncated elliptical cone representing both the legs and the feet; and 
(3) an elliptical cylinder representing the head and neck (Fig. 1). The arms are not separated from 
the trunk; the legs are not separated from each other; the testes are inside the legs region; and 
minor appendages such as hands, feet, chin, and nose are omitted. The principal internal organs 
are defined by simple geometric shapes such as ellipsoids, elliptical cylinders, and cones, or portions 
of these shapes (Fig. 2). These simple shapes were chosen to facilitate the computer calculations. 

This phantom was developed for estimating doses to radiation workers from radionuclides inside 
the body. This phantom was later adopted by the Medical Internal Radiation Dose Committee 
(MIRD) of th: Society of Nuclear Medicine for estimating doses to patients from diagnostic 
studies in nuclear medicine (Snyder, Ford, Warner, and Fisher 1969). 

In the 1970's Snyder and co-workers (Snyder, Ford, Warner, and Watson 1974; Snyder, Ford, 
and Warner 1978) modified this phantom in several ways, including separating the legs region into 
two parts, housing the testes in a "male genitalia" box between the two legs, and rounding the top 
of the head (Fig. 3). This phantom, its earlier version, and other phantoms of similar design (see 
below) have been referred to as MIRD-type phantoms. 
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Fig. 2. Anterior view of principal organs in head and trunk of phantom (from Snyder et al., 
1969). This schematic illustrates the simplicity of the geometries of the organs. 
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Fig. 3. Adult phantom, 1970's version (from Snyder et al., 1978). 
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Other MIRD-type Phantoms 

Similitude phantoms 

To estimate radiation doses in Western children, Snyder and co-workers employed so-called 
"similitude phantoms" (Snyder and Cook 1971; Hilyer, Snyder, and Warner 1972; Snyder and Ford 
1973; Warner, Poston, and Snyder 1974; Poston, Snyder, and Warner, 1975; Snyder et al. 1976). 
These phantoms were obtained by transforming the adult phantom. Three orthogonal scaling 
factors were chosen for each body section so that the shape and size of each section could be 
transformed to approximate the dimensions of a child of a given age. The dimensions chosen for 
ages 0-, 1-, 5-, 10-, and 15-year-old children in one of these studies (Snyder et al. 1976) are given 
in Fig. 4. (Age 0 years is the newborn; the age grid is that recommended by Kereiakes et al., 
1965). The scaling factors for the trunk are thus seen to be AT (given age)/ AT (adult), BT (given 
age)/ BT (adult), and CT (given age)/ CT (adult). The head dimension BH is set equal to BT\ and 
in the legs region, the radius of each leg is set equal to 0.5AT at the top and 0AAr at the botton. 
These constraints mean that only two dimensions for the head and one dimension for the legs region 
are chosen independently. Thus, although there are nine scaling factors, only six are independent. 

Similitude phantoms have also been employed for Japanese atomic-bomb survivors by 
Hashizume et al. (1977). 

The Monte Carlo radiation transport computer program can be used in conjunction with a 
"similitude phantom" (i.e., a phantom whose major body sections are each a similitude of the 
corresponding body section in the adult phantom), even though there are no explicit equations for 
the individual body organs but only explicit equations describing the three major body sections. To 
determine whether a point in a phantom for a given age lies in a particular organ, one uses the 
adult organ equation and the scaling factors for the appropriate body section. The . dvantage of 
this procedure is that one has to provide only the dimensions of the body sections to spawn a 
phantom with all oi the internal organs of the adult phantom. One disadvantage is that the 
volumes, shapes, and positions of the internal organs are all determined by the scaling factors and 
may not be realistic for a particular organ and age. Another disadvantage is that the changes in 
active marrow distribution with age is not taken into account. 

Pediatric phantoms of Hwang and co-workers and of Cristy 

Hwang and co-workers at ORNL developed a series of pediatric phantoms representing ages 0, 
1, 5, 10,* and 15 years (Hwang, Shoup, Warner, and Poston 1976; Hwang, Shoup, and Poston 
1976a,b; Jones et al. 1976). These phantoms are similar to the Snyder adult phantom (1970's 
version, Fig. 3) in that the basic equations for the body sections and organs throughout the series 
are the same (e.g., the liver is represented by an elliptical cylinder cut by an oblique plane in all 
phantoms). Like the Snyder adult phantom, each phantom is defined by specific equations for the 
internal organs as well as for the external surfaces, and different densities and elemental 
compositions are given for lungs, skeleton, and soft tissues. 

Cristy (1980), also at ORNL, developed a similar series of pediatric phantoms representing ages 
0, 1, 5, 10, and 15 years, which he argues form a developmentally more consistent family than 
those of Hwang and co-workers (see pp. 3-7 of Cristy, 1980). He also made some changes in the 
adult phantom: female breast tissue was added to the trunk; an improved heart model (Coffey 
1978; Coffey, Cristy, and Warner 1981) was fitted into the trunk; the lungs were redesigned to 
accommodate the new heart; the difference in size between the right and left lungs—not 
represented in the Snyder phantom—was incorporated into the new design; the head was redesigned 
to incorporate the ideas of Hwang, Shoup, and Poston (1976b), including adding a facial skeleton 
and changing the position of the thyroid. Other minor changes were made so that the adult 
phantom would be consistent with the manner in which organs were fitted into the pediatric 
phantoms and thus it would also be a member of this developmentally consistent family (see p. 7 of 
Cristy, 1980). Later the age-15 phantom was modified so that it would represent an adult female. 

* The description of the phantom for age 10 was never published. 
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and some changes were made in the densities and elemental compositions of the tissues of all the 
phantoms. The latest version of Cristy's MIRD-type phantoms, all designed for Western 
populations, are described fully in Cristy and Eckerman (1985). These phantoms, which are 
currently in use at ORNL, will be referred to henceforth as "ORNL phantoms." A view of the 
exterior surfaces of these phantoms and their dimensions are given in Fig. 5. 

Active Marrow and Bone Surface Dosimetry 

One problem that has plagued dosimetry is that the complex structure of bone surfaces and 
marrow cannot be modeled in a phantom designed for use with a Monte Carlo computer program. 
MIRD-type phantoms have skeletons in which the mineral bone and the soft tissues within the 
skeleton are homogenized—the complex structure is ignored. This homogenization is reasonable for 
the transport equations, but it can lead to substantial errors in absorbed doses if the amount of 
energy absorbed in this homogenized skeleton is assigned to active marrow and bone surfaces (Kerr 
1980), as has been done with MIRD-type phantoms heretofore (e.g., see Snyder et al., 1974, 
p. 37). Eckerman has solved this problem in the following way: for application in the radiation 
transport code with either forward or adjoint Monte Carlo techniques, he derived response functions 
which represent the absorbed dose in the skeletal tissue of interest per unit photon or neutron 
fluence in the skeleton (Eckerman and Cristy 1984, Eckerman and Kerr 1985, Kerr and Eckerman 
1984, Cristy and Eckerman 1985). These response functions were derived by consideration of the 
secondary charged particles liberated in interactio n within the skeleton and their energy deposition 
in the active marrow and bone surface (endosteal tissue). The energy deposition by the liberated 
charged particles is computed following the methods of Spiers and co-workers (Spiers 1969; 
Whitwell and Spiers 1976; Spiers, Whitwell, and Beddoe 1978). For photons, for example, the 
former methods overstated the absorbed dose in the active marrow by 3-4 times at low energies 
(around 30 keV). For neutrons, the old method would understate the absorbed dose in the active 
marrow for energies above 1 MeV. Note that although this problem has been associated with 
dosimetry using mathematical phantoms, it was solved without changing the phantoms per se. 

PHANTOMS FOR JAPANESE ATOMIC-BOMB DOSIMETRY 

Suitability of Existing MIRD-type Phantoms for Japanese Atomic-bomb Dosimetry 

There are several advantages to using existing phantoms as they are or with limited 
modifications, should there be no major overriding disadvantages: 

(1) The detailed data needed for phantom development are scarce. Data on 
body weight and gross dimensions and on organ weights are available for Japanese 
(see, e.g., Ellett and Maruyama, 1984), but estimates of organ weights for 
children, Japanese or Western, are based on much smaller sample sizes than are 
the estimates for adults. Therefore, any differences between organ weights of 
Japanese and Western children are difficult to assess. 

(2) Doses to the body and individual organs from external sources of radiation 
change slowly with body size or organ size, except at low energies (Warner, 
Poston, and Snyder 1974; Poston, Snyder, and Warner 1972; Kerr 1979). 
Placement of organs within the body is more important. 

(3) Comparisons with other QRNL phantom dose calculations would be more 
meaningful. Hence, it is recommended that the Japanese adult phantom developed 
by Kerr, Hwang, and Jones (1976) be abandoned and one more similar to the 
series of phantoms now in use at ORNL be used in its place. 



Phantom W e i g h t A r * T C r A " B " C » C l 

(kg) (cm) (cm) (cm) (cm) (cm) (cm) (cm) 
ORNL-DWG 7 9 - 1 9 9 5 5 

0-yr 3.6 6.35 4.90 21.60 4.52 5.78 13.09 16.8 
i-yr 9.7 8.80 6.50 30.70 6.13 7.84 17.76 26.5 
5-yr 19.8 11.45 7.50 40.80 7.13 9.05 20.22 48.0 

10-yr 33.2 13.90 8.40 50.80 7.43 9.40 21.78 66.0 
15AF . 56.8 17.25 9.80 63.10 7.77 9.76 2?..89 78.0 

Adult male 73.6 20.00 10.00 70.00 8.00 10.00 24.00 80.0 

R 

0-yr 1-yr 5-yr 10-yr 15AF Adult male 

Fig. 5. Computer drawn three-dimensional perspective drawings showing external views of the ORNL phantom series (Cristy 1980; Cristy 
and Eckerman 1985). The U15AF" phantom represents a 15-year-old male and an adult female. The variables AT, BT, etc. are defined in 
Fig. 4. In the younger-age phantoms, the head is relatively larger, the legs are relatively smaller, and the trunk is relatively thicker. The view 
is from above and to one side of each phantom. Breasts are not shown. 
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Internal vs external dosimetry 

The MIRD-type phantoms described above were developed for estimating doses to the body and 
its organs from radionuclides inside the body (internal dosimetry), but they have also been used, 
sometimes with modifications, for estimating doses from sources of radiation outside the body 
(external dosimetry). 

One problem with using these phantoms for external dosimetry is that the depth of organs 
within the body was not an important design criterion when they were developed for internal 
dosimetry. For most organs, however, the doses estimated with these mathematical phantoms agree 
well with doses measured in more realistically designed physical phantoms (Kerr 1980; Ryr^.a.i 
et al., 1984). One special problem, however, has been the thyroid, because in the mathematical 
phantoms it is housed within a head-and-neck region that has too much tissue around the thyroid. 
Kerr (1979) handled this problem by moving the phantom's thyroid one centimeter forward, so that 
the depth of the thyroid was appropriate for radiation sources in front of the body. However, there 
was still too much tissue between the thyroid and the rear of the body. Nagarajar., Wittman, and 
Burger (1981) handled this problem by redesigning the exterior surfaces of the head-and-neck 
region of a MIRD-type phantom, giving the phantom a separate, more realistic neck. 

Body and organ size—children 

The body size of Japanese is smaller than that of Americans or Europeans, with the difference 
becoming progressively larger after early childhood (Figs. 6 and 7). In each population there, is 
little sex difference in size until puberty. Note that an American one-year-old is about the same 
size as a Japanese 1.5-year-old, an American five-year-old is about the same size as a Japanese 
7.5-year-old, and an American ten-year-old is about the same size as a Japanese 14-year-old. Thus 
can the existing one-year-old phantom fairly represent a Japanese 1.5-year-old, etc.? To answer 
this question, we have consulted the classic work of Scammon (1930) in developmental anatomy (of 
Western children). The course of growth of the body and the body organs falls into four major 
categories: general, neural, genital, and lymphoid (Fig. 8). The body as a whole, the external 
dimensions of the body except for the head and neck, the respiratory and digestive organs, the 
kidneys, the spleen, the musculature as a whole, the skeleton as a whole, and blood volume all 
follow the general growth pattern. Thus for everything in this category the suggested mapping is 
appropriate. The testes, the ovaries, and the uterus follow the genital growth pattern. This growth 
curve changes slowly with age until puberty, so that for children there is little error in this mapping 
procedure. The thymus follows the l>.nphoid growth pattern, and the brain and many head 
dimensions follow the neural growth pattern. The largest errors in the mapping procedure occur in 
these two categories: neural organs are about 40% of adult size in the one-year-old and about 50% 
of adult size in the 1.5-year-old, and lymphoid organs are about 75% of adult size in the 5-year-old 
and about 110% of adult size in the 7.5-year-old, for example. (The assumption is made that these 
growth patterns are similar functions of age in the Japanese.) 

Body and organ size—adults 

The 57-kg phantom that is used to represent a fifteen-year-old male and adult female for 
Western populations (Cristy and Eckerman 1985) is about the same size as a present-day Japanese 
adult male but slightly larger than Japanese adult males and females at the time of the bombing 
(Table 1). The organ sizes in this phantom are similar to organ sizes measured for Japanese adults 
except for lungs, pancreas, and testes (Table 1). Note that the lung size for Japanese adult males 
is virtually the same as the lung size in Western adult males, although the body sizes are different. 
Methods of measuring the lung size (how much blood is included, for example) may have differed 
in the Japanese and Western studies. ICRP Publication 23 states (p. 158) that "one must be 
skeptical of autopsy data, since there is a progressive accumulation of fluid in the lungs postmortem 
which has been demonstrated and to some extent quantified by studies on dogs." Since the lungs fill 
most of the upper trunk, it is reasonable to assume that the ratio of lung size to trunk size is similar 
in the two populations. However, the lungs in the 57-kg phantom are still too small and would 
need to be enlarged to represent a Japanese adult adequately. 
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Fig. 6. Height vs. age curves for Japanese and U. S. populations in the 1930's and 1940's. 
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Fig. 8. The course of growth of the various types of organs (from Scammon, 1930). 

The active marrow distribution in the 57-kg phantom, i.e., the distribution in Western 15-year-
olds, is also appropriate for Japanese adults. For comparison, the distribution of active marrow in 
Western 15-year-olds and adults are compared with that in Japanese adults in Table 2. 

Phantoms for Japanese Atomic-bomb Dosimetry 

It should be re-emphasized that body size rather than age is the more important variable for 
transport of photons or neutrons in the body. Thus, although the O R N L phantoms are labelled by 
age—the phantom has the median body size of Westerners of that age—results plotted against 
body size are more meaningful. This is true for a Western person with body size differing from the 
median as well as for a Japanese atomic-bomb survivor. 

The mathematical phantom recommended for adult Japanese atomic-bomb survivors is a 
modification of the 57-kg O R N L phantom for Western 15-year-old males and adult females (Cristy 
and Eckenrian 1985). To make the phantom correspond more closely with dimensions and organ 
sizes recommended for Japanese adults by Maruyama and co-workers (see Ellett and Maruyama, 
1984), changes have been made in the size of the lungs, the pancreas, the thyroid, and the testes 
and in the length of the legs. In addition, the size of the female breasts has been changed, and the 
head-and-neck region has been modified to improve the dose estimates for the thyroid, after the 
ideas of Nagarajan, Wittman, and Burger (1981). The resulting phantom is slightly smaller in 
mass (55 kg). The phantom is described in detail in Appendix A. 

Since dose changes slowly with change in body mass (Kerr 1979), this phantom should be 
adequate for adolescent and adult atomic-bomb survivors. For juvenile survivors, one or more of 
the current O R N L phantoms for children could be used, with the doses assigned to juvenile 
survivors on the basis of body size (weight or length) rather than age (Kerr 1979). For this 
purpose, the head-and-neck region of the ORNL juvenile phantoms should be modified as above. 



Table 1. Comparison of organ weights in Japanese adults with those in Western adults and ORNL phantoms. 
All values are rounded to three or fewer significant digits. 

Japanese Adult Female Japanese Adult Male ORNL Phantoms Western Adults' 

Organ 
Tanaka et 
al. (1979) 

Aimi et 
al. (1952) 

Tanaka et 
al. (1979) 

Aimi et 
al. (1952) 

Age-15-male/ 
adult female 

Adult 
male Female Male 

Adrenals 13.2g 10.5g 14.7g 11. lg 10.5g 16.3g 14g (13.0) 14g (13.8) 

Brain 1310 1260 1440 1420 1410 1420 1200(1220) 1400(1360) 

Heart 284 249 352 309 241 316 240 (253) 330 (332) 

Kidneys 280 235 327 269 248 300 275 (275) 310 (310) 

Liver 1360 1270 1600 1430 1410 1910 1400(1440) 1800(1820) 

Lungs 893 1160 651 1000 800 (886) 1000(1170) 

Pancreas 111 135 64.9 94.3 85 (84.8) 100(96.1) 

Spleen 122 106 127 109 123 183 150 (153) 180 (192) 

Testes 35.3 15.5 39.1 35 (34.7) 

Thymus 25.6 21.7 31.7 24.9 28.4 20.9 20 (20.1) 20 (20.1) 

Thyroid 16.8 17.2 19.1 18.8 12.4 20.7 17 (14.6) 20(17.4) 

Total body weight 51kg 57kg 56.8kg 73.6kg 58kg (56.7) 70kg (74.0) 

Total body height 152cm 165cm 164cm 174cm 160cm(162) 170cm(175) 

* These values are those recommended for Reference Man from ICRP Publication 23 (1975). Values in parentheses are my judgements 
of organ weights to three significant digits, based on data in ICRP Publication 23 (some of the recommended values — e.g., the 
lungs — are rounded too much for the purpose of these comparisons). 
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Table 2. Comparison of active marrow distribution in Japanese adults 
with that in Western 15-year-olds and adults 

Active marrow in a given bone expressed as 
Bone a percentage of active marrow in the body 

Japanese Western Western 
adults* 15-year-olds* adults" 

Cranium 7.2% 9.2% 7.6% 
Mandible 0.5 0.9 0.8 
Scapulae 2.2 3.3 2.8 
Clavicles 0.8 1.0 0.8 
Sternum 2.7 2.7 3.1 
Ribs 13.6 13.6 16.1 
Cervical vertebrae 2.9 3.3 3.9 
Thoracic vertebrae 13.2 13.7 16.1 
Lumbar vertebrae 11.2 10.5 12.3 
Sacrum 8.6 8.4 9.9 
Os coxae 22.2 18.5 17.5 
Femora 11.4 11.2 6.7 
Humeri 3.7 3.8 2.3 

* from Maruyama and co-workers (see Ellett and Maruyama, 1984). 
** from Cristy (1981); the adult values are his age-40 values. 
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INTRODUCTION 

The mathematical phantom for adult Japanese atomic-bomb survivors is a modification of the 
57-kg O R N L phantom for Western 15-year-old males and adult females (Cristy and Eckerman 
1985). To make the phantom correspond more closely with dimensions and organ sizes 
recommended for Japanese adults by Maruyama and co-workers (see Ellett and Maruyama, 1984), 
changes have been made in the size of the lungs, the pancreas, the thyroid, and the testes and in the 
length of the legs. Also the head-and-neck region has been modified to improve the dose estimates 
for the thyroid from external irradiation, after the ideas of Nagarajan, V/ittman, and Burger 
(1981). The elemental composition of the tissues has been changed to that given by Kerr (1982). 
The resulting phantom is slightly smaller in mass (55 kg). Details of these changes are given 
below. 

DESCRIPTION OF THE JAPANESE ADULT PHANTOM 

The phantom description will follow the format of Snyder et al. (1974), Cristy (1980), and 
Cristy and Eckerman (198S) and even include language and diagrams used therein (without formal 
attribution in many cases) so that the reader will not have to refer to those publications constantly 
to fill in missing information. 

Each phantom consists of three major sections: (1) an elliptical cylinder representing the trunk 
and arms; (2) two truncated circular cones representing the legs and feet; and (3) a circular 
cylinder (neck) topped by an elliptical cylinder which in turn is topped by half an ellipsoid, 
representing the head and neck. Attached to the legs section is a small region with a planar front 
surface to contain the testes — this region is called the male genitalia. Attached to the trunk are 
portions of two ellipsoids representing the female breasts. (It may be appropriate to remove the 
female breasts when dose to the lungs in males from external irradiation is required.) 

The exterior of the phantom is depicted in Fig. A-l . The arms are not separated from the 
trunk, and minor appendages such as hands, feet, ears, and nose are omitted. The neck region in 
this phantom is more realistic than in previous ORNL phantoms. 

Elemental composition of the tissues 

Three tissue types — skeletal, lung, and all other tissue (called "soft tissue" here) — are 
recognized in the Monte Carlo radiation transport codes used at ORNL (Ryman, Warner, and 
Eckerman 1985; Fraley 1976). The elemental composition of each tissue type is from Kerr (1982) 
and is given in Table A-l . The compositions are similar to those given by Cristy and Eckerman 
(1985), except that the calcium content of the skeleton is about 20% higher in Kerr's tabulation. 

On the basis of data in Table 105 of ICRP Publication 23, Cristy and Eckerman (1985) 
changed the densities of skeletal and soft tissues slightly from those given by Snyder et al. (1974). 
Compared with the densities assigned by Snyder et al., the new densities were changed from 1.4862 
to 1.4 g /cm 3 for skeletal tissue and from 0.9869 to 1.04 g /cm 3 for soft tissue. The lung density is 
unchanged but was rounded to three significant digits (0.296 g/cm3). These new densities are used 
here. 

Description of the Body Regions and Organs 

The exterior of the phantom has approximately the form of the human body; but, as in other 
ORNL phantoms, there has been no attempt to introduce small variations which would be 
presumed to have only a small effect on the scattering of photons or neutrons. Similarly, the 
description of the interior organs, while approximately correct as to size, shape, position, 
composition and density, are simplified to provide formulas which are readily calculated on a digital 
computer. The exact specifications of the phantom and the internal organs are given below. 
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Fig. A-l . The Japanese adult phantom. Breasts are not shown. 

Table A- l . Elemental composition of the tissues 
in the Japanese adult phantom 

Percent by weight 
n,iei'.ciii -

Soft tissue Skeleton Lung 

H 10.514 7.279 10.212 
C 22.631 24.644 10.241 
N 2.339 3.057 2.910 
O 63.686 46.884 75.630 
Na 0.114 0.322 0.185 
Mg 0.013 0 . 1 1 1 0.007 
P 0.134 5.027 0.080 
S 0.202 0.312 0.226 
Cl 0.136 0.141 0.267 
K 0.202 0.151 0.195 
Ca 0.024 12.065 0.009 
Fe 0.006 0.008 0.037 

Density 1.04 g/cm3 1.4 g /cm 3 0.296 g /cm 3 
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Body regions 
The body is represented as erect with the positive z-axis directed upward toward the head. The 

x-axis is directed to the phantom's left (the reader's right in Fig. A- l ) , and the y-axis is directed 
toward the posterior side of the phantom. The origin is taken at the center of the base of ihe trunk 
section of the phantom. 

In general, the dimensions (in centimeters) are given to two decimal places. The use of two 
decimal places does net imply that the average dimensions in some human population are known to 
such precision. This use is for convenience in designing the organs with correct volumes and spatial 
relationships. 

Trunk. The trunk, exclusive of the female breasts, is represented by .a solid elliptical cylinder 
specified by 

+ Bf < 1 and 0 < z < CT, 

where AT = 17.25, BT = 9.80, and CT = 63.10 cm. The volume is 33,500 Tm3 and the mass is 
33,900 g. 

The trunk section includes the arms and the pelvic region to the crotch. The female breasts are 
appended to the outside of the trunk section. The volume and mass of the trunk given above do not 
include the breasts. 

Head-and-neck. The head-anJ-neck section is a right circular cylinder (neck) topped by a right 
elliptical cylinder which in turn is topped by half an ellipsoid. The locus is specified by 

x2+y2^Rf, and CV^z^CV + C, / / o . 

or 

or 

+ 
Bh 

< 1 and Cr + CH0^z s£ Cr + Cm + CH\, 

• 2 I 
X + J L - + 

A „ 
+ 

BH 

z -[CT + CH0 + CHl] 
-HI 

<1 and z>CT + CHQ + C, H1 . 

where AH = 7.77, BH = 9.76, R H = 6.80, CHn = 3.62, Crii = 12.37, and CH 2 = 6.92 cm. The 
volume is 4570 cm3 and the mass is 5060 g. The value of Op has been given previously with the 
trunk values. 

Legs. The legs region of each phantom consists of the frustrums of two circular cones specified by 

and 0 , 

where the " ± " sign is taken as plus for the left leg and minus for the right leg, and where 
CL = 74.0 and C'L = 95.0 cm. The value of AT is as given previously for the trunk (17.25 cm). 
The volume is 14,600 cm3 and the mass is 15,900 g. 
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Male genitalia. The male genitalia region consists of the region specified by 

2 | 

— r ̂ x < r , 
- r^yHO, 

and (x ± r)2 + y2>r2. 

The last inequality must hold for either choice of sign (i.e., the genitalia region lies outside both 
legs). The value of r is given by the expression 0.5 Ax(l + z / Q ) , where A T is the trunk dimension 
and C'i is the legs dimension defined previously. The value of zl is given by the expression 
—(2c + S), where c is the value defined for the testes and S is the skin thickness. Thus, all of 
the parametric values are defined elsewhere. The volume is 154 cm3 and the mass is 161 g. 

Mass of total body. The total body mass of the phantom is 55.0 kg. The male genitalia and the 
female breasts are included, and the different densities of lung, skeleton, and soft tissues have been 
taken into account. 

Note: In the equations of the organs, which follow, the body section parameters AT, Br, CT, 
AH, BH, CHo, CH i , CH2, C l , and C'L and the skin thickness S will be used without further explana-
tion or denotation. Symbols for other parameters, usually lower case letters, will have meaning 
only for the organ being defined. The symbol "a," for example, is used in defining many different 
organs. 

Organs 

In the text below, each organ is explicitly defined and the vo'ume is given. The mass 
determined by this volume and the appropriate density is given in Appendix B. 

Skeletal system. The skeletal system consists of the 13 parts described below. A view of the whole 
skeleton is shown in Fig. A-2. 

Leg bones. Each leg bone is the frustrum of a circular cone. In the defining inequalities below, 
the " ± " sign is taken as minus for the left leg bone and plus for the right: 

in which 

x ± AT kz 
2 C L ~ S 

+ yl /?. + R-7 
CL 

and - ( C t - S ) < z «S0, 

k - 1 -
C'F — C, 

C'L 

and R i 

RT = 0.175 AT, 

AT [C>L-CL\ 

C'L 

The volume is 1990 cm3. 
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SKELETAL REGION DEFINED 
DISTRIBUTION OF ACTIVE MARROW 

IN JAPANESE ADULT PHANTOM 
IN PHANTOM (%) 

SKULL 10.1 
SPINE 25.3 
RIBS 16.3 
SCAPULAE 3.3 
ARM BONES 3.8 
CLAVICLES 1.0 
PELVIS 33.6 
LEG BONES 6.6 

ACTIVE BONE MARROW 

Fig. A-2. The idealized model of the skeleton for computer calculations is shown on the left and a more realistic representation is shown on 
the right. The shaded areas indicate where the active bone marrow is located in adults (from Hashimoto, 1960). The amount of active marrow 
in given bones, expressed as the percentage of the active marrow in the body, is also given. Clavicles, scapulae, and facial skeleton are not 
shown in the phantom. 



2 6 

Arm bones. Each arm bone is the fruslrum of an elliptical cone, and is defined by 

' 2 

(z - z2) + U - Xo) a 
( 2 z 2 

+ 2z2 + (z - z2) 
2z, 

and 0 < z < z 2 . 

The parametric values are a = 1.21, b = 2.65, x0 = ± 15.87, and z2 = 62.20 cm. Positive values 
of x0 are used for the left arm bone, and negative for the right. The volume of both arm bones is 
731 cm3. 

Pelvis. The pelvis is a portion of the volume between two nonconcentric elliptical cylinders. 
The inequalities defining the pelvis are 

<*2 
+ y - y 02 

< l 

+ y ~ yoi 
' i 

y>y 02-
0 < z < z 2 , 

and y if z < Z| . 

The parametric values are a, = 9.75, b, = 11.07, a2 = 10.35, b2 = 11.76, y0i = —3.72, 
y02 = - 2 . 9 4 , y, = 4.90, z, = 12.62, and z2 = 19.83 cm. The volume is 460 cm3. 

Spine. The position of the spine within the head-and-neck region was changed from that given 
in Cristy and Eckerman (1985) for the age-15-male/adult female phantom because of the changes 
made in the head-and-neck region itself. The spine in the head-and-neck region is offset from the 
spine in the trunk in order to give it a more realistic position within the neck of the phantom. The 
length of the spine within this region has been shortened slightly so that it would not overlap the 
cranium. The length of the spine in the trunk has been shortened slightly to allow for skin on the 
top of the trunk. The spine consists of elliptical cylinders given by 

2 2 
X + y - yo < 1 and z 
a b 

Z\ ^ Z < Z 3 — S . 

or 

^ + < 1 and z3 < z < z 4 . 

It is divided into 3 portions — an upper, middle, and lower — such that dose can be estimated 
separately for each portion. The upper portion is that in the head-and-neck region (z > z 3 ) , the 
lower portion is that below the plane z = z2, and the middle portion is that between the planes 
z = z2 and z = z3—S. The parametric values are a = 1.73, b = 2.45, yo = 5.39, 
z, = 19.83, z2 = 31.64, z3 = 63.10, and z4 = 72.58 cm. S is the skin thickness (0.17 
cm). The volume of the spine is 700 cm3. 
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Skull. The skull comprises the cranium and the facial skeleton. The cranium is represented by the 
volume between two concentric ellipsoids defined by 

and 

+ a 

x 

z — [CT + CH0 + CH |] 
> 1 

a + d b+d 
+ z - [CT + CH0 + CWI] 

c+d 
< 1 . 

The values a, b, and c are the same as the values a, b, and c given in the statements for the brain 
(6.58, 8.57, and 5.73 cm, respectively). The value of d is 0.76 cm. The volume of the cranium is 
508 cm3. 

The facial skeleton is represented by a portion of the volume between two concentric elliptical 
cylinders. The portion of the volume that intersects the cranium and brain is excluded. The 
inequalities are 

+ JL 
b, < 1 , 

a, — d 
+ 

b, -d 2= 1 , 

and 

y 
C r + Z i < z < C r + z 5 , 

a2 
+ JL-

b2 
+ 

z [CT + Cy /o + Ch\\ 

Cl 
> 1 . 

The variables a2, b2, and c2 correspond in numerical values with the variable expressions 
(a + b), (b + d), and (c + d), respectively, in the statements defining the cranium. The 
other parametric values are a, = 6.92, b, = 8.91, d = 1.10, Zi = 3.79, and z5 = 14.05 cm. The 
volume of the facial skeleton is 234 cm3. 

Rib cage. The rib volume is a series of bands between two concentric, right-vertical, elliptical 
cylinders. This region is sliced by a series of equispaced horizontal planes into slabs, every other 
slice being a rib. The statements that must be satisfied are 

2 I 12 

+ h < 1 , 

a-d + 1 
b - d > 1 , 

and Integer is even. 
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The function Integer (u) is the integral part of u [e.g., Integer (3.67) = 3]. Thus, the state-
ment "Integer [(z - Zi)/c] is even" amounts to requiring that 

Z — Z | Z — Z i Z — Z i 
0 « 1 < 1 or 2 < 1 < 3 or 4 < L < 5, etc. 

c c c 

The parametric values are a = 14.66, b = 9.60, d = 0.47, Zi = 31.67, z2 = 60.65, and 
c = 1.26 cm. The volume of the ribs is 531 cm3. 

Clavicles. The clavicles are represented as two portions of a torus which lies along the circular 
arc x2 + ( y - y0)2 = R2 at z = Z| and has a smaller radius of r. The clavicles include only the 
portion of the torus between the planes yo - y = W cot 6\ and yo - y = W cot d2. (The absolute 
value sign on x allows for both a right and a left clavicle.) These equations can be reduced to the 
form 

( z - z , ) 2 + ( * - V ^ + C K - ^ f 

yo~~ y 
cot 02 < j—j— < cot and y < 0 . 

The parametric values are y0 = 7.22, Z! = 61.52, R = 15.93, and r = 0.7274 cm and 
cot 0, = 6.4852 and cot 02 = 0.73137. The volume (both) is 41.6 cm3. 

The clavicles lie slightly inside the cylinder defining the rib cage and just about the top rib. 

Scapulae. The scapulae are defined as part of the volume between two concentric elliptical 
cylinders. For each scapula, the volume is bounded by the planes z = Zi, z = z2, y = m j x | , 
and y = m 2 |x | . (The absolute value sign on x allows for both a right and a left scapula.) The 
defining inequalities are 

< 1 , 

> 1 , 

z i 1 : Z 2 . 

and 

^ > 0 , 

m , < £ i < m 2 . 

The parametric values are ai = 14.66, a2 = 16.36, b = 9.60, Z] = 45.88, and z2 = 60.67 cm 
and mi = 0.28 and m2 = 0.91. The volume of both scapulae is 154 cm3. 

Bone marrow. On the right in Fig. A-2 is shown an adult skeleton, with the areas containing 
active marrow cross-hatched. On the left is shown the idealized skeleton used for the phantom with 
the corresponding areas cross-hatched. 

The approximate weights of the total (active plus inactive) marrow, the active (hematopoietic) 
marrow, and the inactive (fatty) marrow are 2600, 1050, and 1550 g, respectively. The amount of 
active and inactive marrow in individual bones, parts of bones, or bone groups of the phantoms, 
expressed as the percentage of active marrow in the body, are given in Tables A-2 and A-3. The 
weights of active and inactive marrow in individual bones are given in Appendix B. 
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The marrow from the lumbar vertebra L5 and 50% of the upper half of the femora weie 
assigned to the pelvis of each phantom (Tables A-2 and A-3). This assignment occurs because of 
the simplicity of the skeleton in the phantoms. For example, approximately the upper quarter of 
the femora is adjacent to the os coxae of the pelvis in humans, but in the phantoms the leg bones 
begin below the pelvis. 

The total mass of the skeleton (bone plus marrow and other tissues within the skeleton) is 
7500 g. 

Table A-2. Active marrow in individual bones, parts of bones, or bone groups 
expressed as the percentage of active marrow in the body 

Phantom skeletal region 
Corresponding skeletal 

rejtion(s) 
Percentage 

Skull (cranium + facial 
skeleton)" Skull (cranium + mandible)" 10.12 

Scapulae Scapulae 3.26 
Clavicles Clavicles 0.98 
Ribs Ribs + sternum 16.27 
Spine (upper portion4) Cervical vertebrae C1-C5 2.25 
Spine (middle portion4) Cervical vertebrae C$-C7 + all 

thoracic vertebrae 14.75 
Spine (lower portion6) Lumbar vertebrae L1-L4 8.29 
Pel' i. Sacrum + os coxae + lumbar 

vertebra Ls + 50% of upper 
1 /2 femora 33.60 

Leg bones (upper portion') 50% of upper 1 / 2 femora 4.60 
Leg bones (middle portion') Lower 1 / 2 femora 2.04 
Leg bones (lower portion') Tibiae, fibulae, patellae + 

ankle and foot bones 0 
Arm bones (upper portion**) Upper 1 / 2 humeri 3.14 
Arm bones (middle portion'') Lower 1 / 2 humeri 0.70 
Arm bones (lower portion'') Radii and ulnae + wrist and 

hand bones 0 

"In column 1, cranium does not include the facial skeleton, but in 
column 2, cranium includes all the facial skeleton except the mandible. 

*The upper, middle, and lower portions of the spine are defined in the 
section on the spine. 

cThe upper portion of the leg bones is defined as the upper 14% of the 
length of the bones; the lower portion is defined as the lower 57%; and the 
middle portion is the rest. The unevenness of these numbers results from the 
assignment of part of the marrow in the upper femora to the pelvis. 

rfThe upper portion of the arm bones is defined as the upper 25% of the 
length of the bones; the lower portion is defined as the lower 50%; and the 
middle portion is the rest. 
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Table A-3. Inactive marrow in individual bones, parts of bones, or bone groups 
expressed as the percentage of inactive marrow in the body 

Phantom skeletal region Corresponding skeletal Percentage 

Skull (cranium + facial 
skeleton)" Skull (cranium + mandible)" 5.63 

Scapulae Scapulae 1.82 
Clavicles Clavicles 0.61 
Ribs Ribs + sternum 3.70 
Spine (upper portion6) Cervical vertebrae C r C 5 0.51 
Spine (middle portion6) Cervical vertebrae C6-C7 + all 

thoracic vertebrae 3.34 
Spine (lower portion6) Lumbar vertebrae L1-L4 1.90 
Pelvis Sacrum + os coxae + lumbar 

vertebra L5 + 50% of upper 
1/2 femora 13.28 

Leg bones (upper portion') 50% of upper 1 / 2 femora 3.83 
Leg bones (middle portion') Lower 1/2 femora 12.53 
Leg bones (lower portion1') Tibiae, fibulae, patellae + 

ankle and foot bones 36.66 
Arm bones (upper portion*) Upper 1/2 humeri 2.62 
Arm bones (middle portion'') Lower 1 / 2 humeri 4.29 
Arm bones (lower portion'') Radii and ulnae + wrist and 

hand bones 9.28 

"In column 1, cranium does not include the facial skeleton, but in 
column 2, cranium includes all the facial skeleton except the mandible. 

4The upper, middle, and lower portions of the spine are defined in the 
section on the spine. 

T h e upper portion of the leg bones is defined as the upper 14% of the 
length of the bones; the lower portion is defined as the lower 57%; and the 
middle portion is the rest. The unevenness of these numbers results from the 
assignment of part of the marrow in the upper femora to the pelvis. 

dThe upper portion of the arm bones is defined as the upper 25% of the 
length of the bones; the lower portion is defined as the lower 50%; and the 
middle portion is the rest. 
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Adrenals. Each adrenal is half an ellipsoid atop a kidney, defined by 

+ + < 1 and z i > 0 , 

where the (xi.yi.z^-coordinate system is related to the phantom's (x,y,z)-coordinate system by the 
following rotation-translation equations, given in matrix form: 

X\ cos 0 sin 6 0 * - *0 

y\ = —sin 9 cos 9 0 y - >0 

. o 0 1 z - Zo 

The parametric values are a = 1.30, b = 0.43, c = 4.30, xo = ±3.02, y0 = 4.90, and 
zo = 34.26 cm and 9 = ±55 .6° . The values of Xo and 9 are both taken as positive for the left 
aurenal and both negative for the right. The volume of both adrenals is 10.1 cm3. 

Brain. The brain is an ellipsoid given by 
2 I2 

+ i \ + a b J 
z~[CT + CH o + C„ , ] 

1 . 

The parametric values are a = 6.58, b = 8.57, and c = 5.73 cm. The volume is 1350 cm3. 

Breasts. The female breasts are represented by a portion of two ellipsoids attached to the trunk, 
given by 

2 2 
~ x0 + y - yo + z — Zo + + 
a b c 

and Ax 

where y o = ~ B T 

I Bf > 1 , 

J * o 

Af 
Since the outer thickness S is counted as skin, the breast tissue is represented by 

x - x0 
a - S 

and 

+ y - yo b-S 
2 

+ z - zo 

.<4 7" + p -I 

c - S 

> 1 . 

< 1 

The parametric values are a = 4.50, b = 4.00, c = 3.80, Xo = ±8.63, and zo = 46.87 cm. 
The positive values of Xo are taken for the left breast; and the negative values, for the right breast. 
The volume of both breasts is 298 cm3 (including the skin) or 262 cm3 (excluding the skin). 

There is some disagreement between Kramer and co-workers (Kramer and Drexler 1981; Kra-
mer, Williams, and Drexler 1982) and Cristy (1980, 1982) on the appropriate size of the breast for 
a reference adult female (Western populations). Cristy (1982) recommends a volume of 
190-200 ml for the size of a single breast, in accord with the 180 g mass recommended by the 
ICRP (1975). Kramer and co-workers first recommended a volume of about 365 ml (Kramer and 
Drexler 1981) but later changed their recommendation to 260-270 ml (Kramer et al. 1982). The 
present difference in recommended representative breast sizes (•—195 ml vs. —265 ml) is similar to 
the difference between the median (193 ml) and the mean (238 ml) in one study (Katch et al. 
1980; and see Cristy, 1982), and the standard deviation of the mean is large (50%). This difference 
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in breast size does not yield important differences in estimates of dose to the breast from either 
internal or external sources of photons, except at energies well below 0.025 MeV (Cristy 1984) and 
possibly for external sources of neutrons. 

For the Japanese adult phantom the breast dimensions in the O R N L age-15-male/adult female 
phantom (Cristy and Gckerman 1985) were reduced by approximately 10%, yielding a volume 
reduction of approxiir itely 25%. This reduction was based on anecdotal evidence — no reliable 
data for breast size in adult female A-bomb survivors was found. The largest error from using an 
inappropriate breast size in the A-bomb dosimetry would probably be in dose to the lungs in adult 
females from radiation entering the body through the breasts rather than in the breast dose itself. 
However, any reliable data on breast size in Japanese adult women would be welcome. 

Gall bladder and contents. The gall bladder is represented by the frustrum of a cone capped with a 
hemisphere. The gall bladder is defined as a walled organ. 

The equations are given below in (x^yi.ZiJ-coordinates which are related to (x,y,z)-coordinate 
system by the following rotation-translation equations: 

* 1 a 1 (3, 7 i X - X o 

y\ --- a2 ft 7 2 y - >"0 

Zl ot 3 183 7 3 z -

The walls are specified as follows: 

(hemispherical part) 

and (conical part) 

xf +yf + z ? ^ r § , 

xf +yf+z?Zrt, 
and Z | < 0 ; 

y 2 ? < ( r 2 - j z , ) 2 

2 _L „ 2 1 . _ „ „ \2 xf + y f > ( r ] - s z 1 y , 

and 0 < z i < ft . 

The contents are specified as follows: 
(hemispherical part) 

and (conical part) 

xf + yf+zf<rf 
and Z [ < 0 ; 

xf + ^ ? < ( r , -SZyf 
and 0 < z i . 

The value of xo in the Japanese adult phantom (as in the O R N L age-15-male/adult female 
phantom from which it was derived) has been changed from that given for the age 15 phantom in 
Cristy (1980). This change was made to avoid overlap with the liver, whose volume was changed. 

The parametric values are r, = 1.916, r2 = 2.031, h = 7.66, Xo = —3.98, 
y0 = - 3 . 1 4 , and z<, = 27.04 cm; s = 0.2275; a , = 0.9550, ft = 0, 7 , = - 0 . 2 9 6 4 , 
a 2 = - 0 . 0 6 0 6 , ft = 0.9789, y2 = - 0 . 1 9 5 2 , a 3 = 0.2903, ft = 0.2044, and 
7 3 = 0.9349. The volume of the gall bladder wall is 8.92 cm3 and the volume of the contents is 
47.1 cm3. 
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Gastrointestinal tract and contents. Stomach. The stomach wall is represented by the volume 
between two concentric ellipsoids. The contents are represented by the volume within the inner 
ellipsoid. The wall is defined by 

x ~ x0 + 

and 

The contents are defined by 

a 

x —x 0 

y - y o l M i ^ x . 1 2 ^ 

a - d 
+ y-y o 

2 

b-d 
\z — r 0 

c — d\ 

x — x0 

a~d 
+ y - y o \ 2 J i z M 2

< l 
b - d c - d 

The parametric values are a = 3.43, b = 2.92, c = 7.16, d = 0.56, Xo = 6.90, y0 = —3.92, 
and zo = 31.55 cm. The volume of the wall is 113 cm3 and the volume of the contents is 187 cm3. 

Small intestine. The smaii intestine does not seem to remain in any "standard position" except 
the ends, which are relatively fixed. Thus, the small intestine is to be regarded as occupying a vol-
ume within which it is free to move. N o attempt to determine a specific configuration is made 
here, and thus the wall and contents are not distinguished for estimation of dose. 

The small intestine and contents are represented by a section of an elliptical cylinder, defined by 

y\ *Zy ̂ yi, 
and Z[ < z < z j . 

The portion of the large intestine within this region is excluded. 
The parametric values are a = 9.75, b = 11.07, y0 = —3.72, yt = —4.76, y2 = 2.16, 

z\ = 15.32, and z2 = 24.34 cm. The volume is 806 cm3. 

Upper large intestine. The upper large intestine consists of an ascending colon and a transverse 
colon. 

The ascending colon wall is defined by the space between two coaxial elliptical cylinders: 

x — X(S 
2 r )2 

X — x0 

a - d 
+ • ^ o 

b - d > 1 , 

and z ! < z < z 2 . 

The contents are defined by the space within the inner cylinder, 

X - Xo 

a - d 
+ y-y o 

b - d 
< l 

and z ] < z < z 2 . 
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The parametric values are a = 2.16, b = 2.45, d = 0.65, x<) = —7.33, y0 = —2.31, 
Z[ = 13.03, and z2 = 21.63 cm. The volume of the ascending colon wall is 69.5 cm3 and the 
volume of the contents is 73.4 cm3. 

The transverse colon wall is also defined by the space between two coaxial elliptical cylinders: 

y o + 
z — z 0 

« I 

>•0 

b-d + 
z — Z 0 
c d > 1 , 

and — J C I ^ X ^ * ! . 

The contents are defined by the space within the inner cylinder, 

2 

< 1 

2 
y -yo z — Z 0 

b - d 
i 

c - d 

and — 

The parametric values are b = 2.45, c = 1.35, d = 0.49, y0 = —2.31, Zo = 22.99, and 
X! = 9.06 cm. The volume of the transverse colon wall is 92.3 cm3 and the volume of the con-
tents is 96.0 cm3. 

Lower large intestine. The lower large intestine consists of a descending colon and a sigmoid 
colon. 

The descending colon wall is defined by the space between two coaxial elliptical cylinders. The 
axis of the cylinders is at a slight angle with the z-axis of the phantom, but the ends of the descend-
ing colon are defined by horizontal planes (z = Z\ and z = z2). The wall is specified by 

x ~ x0 + •y o 

* 0 + y o 
b - d 

where 

and 21 < z < z 2 , 

fnx{z — z2) 
* o = + 

and >>o = 
my(zx — z) 

z2~z i 

The contents of the descending colon are defined by the space within the inner cylinder, i.e., 

* ~ * o 

a~d 
+ y b-d\ < 1 , 

and zj < z < z 2 . 
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The parametric values are a = 1.62, b = 2.09, d = 0.49, x, = 7.98, m* = 0.6728, 
my = 2.450, Z) = 7.86, and z2 = 21.63 cm. The volume of the descending colon wail is 
68.3 cm3 and the volume of the contents is 78.2 cm3. 

The sigmoid colon plus contents is represented by portions of two flattened tori; that is, the axis 
of each torus is circular but the cross-section is elliptical. The wall is defined as follows: 

(portion of upper torus) 

V ( * - x 0 ) 2 + ( z - 2 o ) 2 - R i 
2 2 

+ z « 1 + b 

V ( x - * o ) 2 + ( * ~ * o ) 2 -

a-d 

x > x 0 , and z < z 0 ; 

2 2 

+ y 
* 1 , + b-d 

and (portion of lower torus) 

V(* ~ x0)2 + z2~R 2 f 
- x 0 ) 2 + Z 2 - R; 

2 

+ y + b-d [ a-d 

x < j c 0 , a n d z > 0 . 

The contents of the sigmoid colon are defined as follows: 

(portion of upper torus) 

> 1 , 

V ( x - X o ) 2 + ( z - z 0 ) 2 -

a-d 

2 ' J2 
JL + b-d <1 , 

x > x 0 , and z < z 0 ; 

and (portion of lower torus) 

| V ( x - x 0 ) + z 2 - R2 

a-d + b-d < 1 , 

x < x 0 > a n d z > 0. 

The parametric values are a = 1.18, b = 1.76, d = 0.59, Xo = 2.59, zo — 7.86, R, - 5.16, 
and R 2 = 2.70 cm. The volume of the sigmoid colon wall is 53.8 cm3 and the volume of the con-
tents is 26.8 cm3. 
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Heart and contents. The heart model developed by Coffey has been employed (Coffey 1978; 
Cofi'ey, Cristy, and Warner 1981). The outer surface of the heart is represented by four quarter-
ellipsoids. Within this space, the heart is divided into regions representing the muscular walls and 
the four chambers. The equations are given below in (xi,yi,Z|)-coordinates, which are related to the 
(x,y,z)-coordinate system by the following rotation-translation equations: 

* 1 « i 01 7 i 

y\ = « 2 02 72 
a 3 03 

* o 

>>0 

zo 

In the equations below, the variable names VX, AVY, LAVZ, RAVZ, AX, TLVW, TRVW, 
and TAW are acronyms in which the letters L and R refer to left and right, A and V to atrium and 
ventricle, T to thickness, W to wall, and X, Y, and Z to dimensions in the xi, yi, and Z| directions. 
Thus, AVY is a dimension common to the atria and ventricles in the yi direction. 

The left ventricle (wall + contents) is represented by half an ellipsoid. The wall is defined by 
the inequalities 

VX 
+ _ Z L _ 

AVY 
+ 

LAVZ 
«S 1 

VX - TLVW 
+ y i Z l 

AVY - TLVW 

and JC| > 0 . 

LAVZ - TLVW\ 1 , 

The contents of the left ventricle are defined by the volume within the inner of the two half-
ellipsoids given above, i.e., 

VX - TLVW 
+ y i + 

AVY - TLVW 

and X ! > 0 . 

z i 

LAVZ - TLVW 
< 1 , 

The right ventricle (wall + contents) is represented by a quarter-ellipsoid that wraps around 
half of the left ventricle. The wall is defined by the inequalities 

X\ 

VX 
y l 

AVY\ 
+ 

RAVZ < 1 , 

VX - TRVW\ 
+ y\ 

AVY - TRVW] 
+ z i 

RAVZ - TRVW > 1 , 

x i > 0 , and z i < 0 . 

The volume common to the left and right ventricle walls is considered part of the left ventricle 
wall and is excluded here. 
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The contents of the right ventricle are defined by the inequalities 

VX - TRVW 
+ y i + 

l 2 

I < 1 , AVY - TRVW) \ RAVZ - TRVW 

xt>0, and z t < 0 . 

The poition of the left ventricle within this space is excluded, i.e., the inequality 

— vx\ + 
AVYJ |LAVZ 

\ x , 
> 1 

must also hold. 
The left atrium (wall -t- contents) is represented by two adjacent quarter-ellipsoids. The 

atrial wall is defined as follows: 

(part I) 

AX ~ TAW 

AX 

+ 

+ 
AVY 

y i 

+ Z | 

LAVZ 

AVY - TAW 
+ 

< 1 , 

Z l 

LAVZ - TAW > 1 . 

* i < 0 , and z,>0; 

and (part 2) 

AX 

X\ 

2 12 
+ " + •I 

AX-TAW 

AVY\ [ LAVZ - TLVW + TAW 

2 

< 1 , 

+ AVY - TAW 
+ Z l 

LAVZ - TLVW > 1 , 

* ! < ( ) , and z | < 0 . 

The contents of the left atrium are represented by the volume within these walls, i.e., by 

(part 1) 

+ 
AX-TAW I AVY — TAW 

y i + Z l 

LAVZ - TAW < 1 , 

J C J C O , and Z i > 0 \ 

and (part 2) 

* i + y i 
AX-TAW \ AVY-TAW 

z 1 
LAVZ - TLVW < 1 , 

x i < 0 , and Z ! < 0 . 
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The right atrium (wall + contents) is represented by a quarter-ellipsoid that wraps around part 
of the left atrium. The wall is defined by the inequalities 

AX - TAW 

* i 

AX 

2 
+ 

+ y i 
AVY] 

y i 

+ z i 

RAVZ 

AVY - TAW 
+ 

< 1 , 

Z | 

RAVZ - TAW > 1 , 

x i < 0 , and zx< 0. 

The volume common to the left and right atrial walls is considered part of the left atrial wall 
and is excluded here. 

The contents of the right atrium are defined by the inequalities 

AX - TAW 
y i 

AVY - TAW\ 
+ Z) 

RAVZ - TAW < 1 , 

* i < 0 , and z i < 0 . 

The portion of the left atrium within this space is excluded, i.e., the inequality 

AX 
+ y i 

AVYl 
+ 

LAVZ - TLVW + TAW 
> 1 

must also hold. 

The values of the parameters VX, AVY, LAVZ, RAVZ, AX, TLVW, TRVW, TAX, Xo, y0, 
and ZQ are 7.86, 4.57, 2.83, 6.40, 4.94, 1.19, 0.55, 0.27, 0.86, - 2 . 1 0 , and 45.10 cm, respectively. 
The values of the parameters ait ft, 71, a2, ft, y2, ®3< ft. and y3 are 0.6453, —0.5134, —0.5658, 
- 0 . 4 4 2 8 , 0.3523, - 0 . 8 2 4 5 , 0.6226, 0.7825, and 0, respectively. 

The volumes of the left ventricle wall and contents and the right ventricle wall and contents are 
135, 77.4, 51.4, and 82.9 cm3, respectively. The volumes of the left atrium wall and contents and 
the right atrium wall and contents are 23.7, 88.3, 20.7, and 85.5 cm3, respectively. For the heart as 
a whole the volume of the walls is 231 cm3 and the volume of the contents is 334 cm3. 

Kidneys. Each kidney is an ellipsoid cut by a plane, given by the following: 

x — x0 + •y 0 + Z - Zo 
< 1 

and 1 • 

The parametric values are a = 4.05, b = 1.53, c = 4.96, Xq = ±5.18, y0 = 5.88, Zo = 29.30, 
and X) = 2.48 cm, where Xo is taken as positive for the left kidney and negative for the right kid-
ney. The volume of both kidneys is 238 cm3. 
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Liver. The liver is defined by an elliptical cylindci cut by a plane as follows: 

f h 1 -

xm ym 2m 
and z i < z < z 2 . 

The parametric values are a = 14.23, b = 7.84, xm = 31.51, ym = 44.75, z„, = 38.76, 
z, = 24.34, and z2 = 38.76 cm. The volume of the liver is 1360 cm3. 

The liver in the ORNL age-15-male/adult female phantom (Cristy and Eckerman 1985) was 
changed slightly from that given for the age 15 phantom in Cristy (1980) to match the data for a 
(Western) reference adult female (ICRP 1975). This size is also close to that for Japanese adults 
(see Table 1 of main text). 

Lungs. Each lung is represented by half an ellipsoid with a section removed. Note that the section 
removed from the left lung is larger than that removed from the right lung because of the position 
of the heart. The right lung is defined as follows: 

x + x0 
2 

+ z 
2 

+ Z — z 0 
2 

+ b 

2 
+ c 

and 2 >20; 

sS 1 

if z l i j < z < z 2 j ? and y < y m , then 

must also hold. 
The statements for the left lung are similar, but replace (x + xo) with (x - Xo), and z1R. z2R, 

and y2R with zq, z2L, and y2L» respectively; and replace the inequality (x < x I R ) with (x > x1L). The 
letters R and L refer to right and left. 

The values of the parameters a, b, c, xo, and Zo are 4.70, 7.50, 23.00, 7.33, and 39.21 cm, 
respectively. The values of the parameters x) R, y1R, z1R, and z2R are —5.00, 1.20, 41.60, and 
48.50 cm, respectively. The values of the parameters XIL, ytL, and z 2 l are +7.10, 1.00, and 
50.00 cm, respectively. 

The volume of the left lung is 1393 cm3, the volume of the right lung is 1614 cm1, and the vol-
ume of both lungs is 3007 cm3. 

The size of the lungs in the Japanese phantom has been made larger than that in the O R N L 
age-15-male/adult female phantom to correspond more closely with measured lung size in Japanese 
adults (see Table 1 of main text). This size was determined by assuming that lung size relative to 
trunk size in Japanese adults is the same as the lung size relative to trunk size in Western adults, 
and that the Western adult lungs weigh an average 1170 g and have a density of 0.296 g /cm 3 

(ICRP 1975). 
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Ovaries. Each ovary is an ellipsoid and is given by 

x - X 0 + Zo 
< 1 

The parametric values are a = 0.92, b = 0.60, c = 1.80, x0 = ±5.18, and 0 — 13.52 cm. 
The values of x0 are taken as positive for the left ovary and negative for the right ovary. The vol-
ume of both ovaries is 6.32 cm3. 

The ovaries in the ORNL age-15-male/adult female phantom (Cristy and Eckerman 1985) 
were changed from those in the age 15 phantom in Cristy (1980), to represent an adult female 
rather than an adolescent female. These new values are retained for the Japanese adult phantom. 

Pancreas. The pancreas is half an ellipsoid with a section removed. It is defined by 

x - x 0 + 
2 

z + 
Z — Zq 

b 
+ 

C 
< 1 , 

x>x0, 

a n d z > zQ i f x > X\. 

The parametric values are a = 14.91, b = 1.25, c = 3.21, x0 = —0.72, ZQ = 33.35, and 
X| = 3.01 cm. The volume of the pancreas is 85.7 cm3. 

The pancreas has been enlarged somewhat from that given in Cristy and Eckerman (1985) for 
the ORNL age-15-male/adult female phantom, in order to correspond more closely with Japanese 
autopsy data (see Table 1 of main text). Space-fitting problems precluded an even closer corre-
spondence. 

Skill. The skin is represented as a layer of thickness S extending over the exterior of the phantom, 
including the exposed top of the trunk and bottom of the legs, but excluding the exposed bottom of 
the trunk and top of the legs. The part of the legs covered by the male gentalia region has skin, 
but the part of the trunk covered by the female breasts does not. 

The value of S used in the O R N L age-15-male/adult female phantom (Cristy and Eckerman 
1985) was retained for the Japanese adult phantom. Doses to radiosensitive cells in the skin from 
external irradiation may not correspond well with doses to the skin of the phantom, and we recom-
mend that other methods be used to estimate this dose. 

The value of S is 0.17 cm. The volume of the skin in the head-and-neck, trunk, and legs is 225, 
988, and 822 cm3, respectively. The volume of skin covering the male genitalia region of the phan-
tom is 15.9 cm3, and the volume of skin in the whole phantom is 2050 cm3. 

Spleen. The spleen is represented by the ellipsoid 

2 2 
x — x0 + y ~yo + 

Z ~ ZQ 
+ + 

a b C 

The parametric values are a = 2.90, b = 1.88, c = 5.19, xo = 9.49, y0 = 2.94, and 
ZQ = 33.35 cm. The volume of the spleen is 119 cm3. 
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Testes. The testes are represented by the ellipsoids 

x ± a >•0 + z + c 
< 1 , 

where the " ± " sign is taken as positive for the right testis and negative for the left testis. 
The parametric values are a = 1.25, b = 1.45, c = 2.22, and yo = -6.75 cm. The volume of 

both testes is 33.7 cm3. 
The testes were enlarged from those given in the ORNL age-15-male/adult female phantom 

(Cristy and Eckerman 1985) to match more closely the Japanese autopsy data (see Table 1 of main 
text). 

Thymus. The thymus is represented by an ellipsoid, given by 

' . V o l + z ~ Z 0 
< 1 . 

The parametric values are a = 1.75, b = 0.93, c = 4.00, y0 = —7.15, and zq = 52.00 cm. 
The volume of the thymus is 27.3 cm3. 

Thyroid. The lobes of the thyroid lie between two concentric cylinders and are formed by a cutting 
surface. The statements defining this organ are 

x2 + {y-yo)2^R2, 

x2 + {y ~y0)2>r\ 

y ^ya, 

C T ^ z sS C r + c , 

and [{y-yo)-\x\]2>2[x2 + (y-y0)2]r2, 
in which 

• J l — 2 z — C T 

0.25c 
+ 1 f o r 0 < z - 0.25c 

and r = 2-y/l z - C T 

2 0.75c + for o.25c < z - C r < c , 

The parametric values are R = 2.10, r = 0.95, c = 4.77, and y0 = —3.91 cm. The volume of 
the thyroid is 17.3 cm3. 

The thyroid has been enlarged from that given by Cristy and Eckerman (1985) for the ORNL 
age-15-male/adult female phantom, in order to match more closely the Japanese autopsy data (see 
Table 1 of main text). 

Urinary bladder and contents. The bladder wall is represented by the volume between two concen-
tric ellipsoids. The contents are represented by the volume within the inner ellipsoid. The wall is 
defined by 

2 
y -yo 

— 

z — z0 

c 
< 1 

and 
a - d 

+ > o l 

b-d\ r - ^ i 
> i . 
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The contents are defined by 

2 2 
X + y - yo + Z — Zo + + 

a-d 
+ 

b-d c-d 

The parametric values are a = 4.27, b = 3.38, c = 3.11, d = 0.23, yo = —4.41, and 
Zo = 7.21 cm. The volume of the urinary bladder wall is 34.5 cm3 and the volume of the con-
tents is 154 cm3. 

Uterus. The uterus is an ellipsoid cut by a plane and is given by 

12 2 

- + 

y - yo + 
Z - Zo 

- + 
+ 

A b c 

and y ^yi • 

The uterus in the O R N L age-15-male/adult female phantom (Cristy and Eckerman 1985) was 
changed from that in the age 15 phantom of Cristy (1980), to represent an adult female rather 
than an adolescent. This change was retained in the Japanese adult phantom. 

The parametric values are a = 2.47, b = 5.61, c = 1.55, y0 = —1.96, ZQ = 12.62, and 
y! = —4.77 cm. The volume of the uterus is 76.0 cm3. 
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As mentioned in Appendix A, the densities of skeletal and soft tissues used in the current 
ORNL phantoms (Cristy and Eckerman 1985) and in the Japanese adult phantom (this report) 
have been changed slightly from those used in earlier ORNL phantoms (Snyder et al. 1974, 
Cristy 1980). It should be appreciated that the assumed density values not only determine the mass 
of the organ from its geometric volume but also the linear cross-sections for interactions in the 
organs. 

It is also important to understand that Cristy (1980) viewed the design of the phantom series as 
a geometry problem where volume, not mass, values were of prime interest. Consider, for example, 
the design of a particular organ in a phantom whose mass (M) and specific gravity or density (d) 
are available from ICRP Publication 23 (ICRP 1975). A volume of M / d is thus associated with the 
organ. Note that the value of d cited in ICRP Publication 23 for the specific organ under 
consideration was used to derive the organ volume, a volume which Cristy refers to as the "targeted 
volume" in that the design was targeted to this volume. 

In the Monte Carlo calculations only three tissue densities are considered. During the course of 
preparing the data for calculations for internal emitters (Cristy and Eckerman 1985) it became 
apparent that the density values of Snyder et al. (1974) were not consistent with the design 
approach of Cristy. Although these differences were minor, Cristy and Eckerman felt that this 
inconsistency should be removed prior to undertaking the calculations for the entire series. 

Cristy and Eckerman's review of the data in ICRP Publication 23 (see Appendix A ) indicated 
that a soft tissue density of approximately 1.04 g/cm3 was representative of soft tissue organs and 
that a skeletal density of 1.4 g /cm 3 was in agreement with the Reference Man data. The lung 
density value was not changed, other than to carry fewer significant figures into the calculations. 
These density values result in a total body density of about 1.07 g/cm3, which is in good agreement 
with the literature. 

Too much attention to small differences between masses of organs in a phantom and in the 
population data is not warranted. As mentioned above, the construction of the phantoms is a 
volume problem; furthermore, Cristy (1981) has shown that if the design approach had been to 
obtain correct (numerical value) masses at the expense of correct (numerical) volumes, the errors in 
the specific absorbed fraction would have been larger than with his approach. Thus the approach 
taken is more accurate than the alternate method with a phantom having more accurate organ 
masses but poorer volume descriptions. In addition, the absolute masses of active marrow in given 
bones are less important than is the distribution of the marrow—comparison of the distribution (the 
amount of active marrow in a given bone expressed as a percentage of active marrow in the body) 
in Japanese adults with the Japanese adult phantom is given in Table 2 of the main text (the 
distribution for Western 15-year-olds in Table 2 is the same as that in the Japanese adult 
phantom). 

With these caveats, masses of organs are given in Table B-l . 



Table B-l . Summary of organ masses in Japanese adult phantom 

Organ Mass (g) 
of organ 

Organ Mass (g) 
of organ 

Organ Mass (g) 
of organ 

Skeletal system—active marrow 1050 Skeletal system—total 7500 Adrenals 10.5 
Leg bones—upper portion" 48.3 Leg bones—upper portion" 752 Brain 1410 
Leg bones—middle portion" 21.4 Leg bones—middle portion" 1120 Breasts—including skin 310 
Leg bones—lower portion" 0 Leg bones—lower portion" 923 Breasts—excluding skin 272 
Arm bones—upper portion" 33.0 Arm bones—upper portion" 386 Gall bladder—wall 9.27 
Arm bones—middle portion" 7.35 Arm bones—middle portion" 290 Gall bladder—contents 49.0 
Arm bones—lower portion" 0 Arm bones—lower portion" 347 Gastrointestinal tract & contents 
Pelvis 353 Pelvis 645 —stomach wall 118 
Spine—upper portion4 23.6 Spine—upper portion4 177 —stomach contents 195 
Spine—middle portion4 155 Spine—middle portion4 583 —small intestine, wall and 
Spine—lower portion4 87.0 Spine—lower portion4 220 contents 838 
Skull—cranium 72.8 Skull—cranium 712 —upper large intestine wall 168 
Skull—facial skeleton 33.5 Skull—facial skeleton 327 —upper large intestine 
Ribs 171 Ribs 744 contents 176 
Clavicles 10.3 Clavicles 58.3 —lower large intestine wall 127 
Scapulae 34.2 Scapulae 216 —lower large intestine 

contents 109 
Skeletal system—inactive marrow 1550 Heart—walls 241 

Leg bones—upper portion" 59.4 Heart—contents 347 
Leg bones—middle portion" 194 Kidneys 248 
Leg bones—lower portion" 568 Liver 1410 
Arm bones—upper portion" 40.6 Lungs 890 
Arm bones—middle portion" 66.5 Ovaries 8.66 
Arm bones—lower portion" 144 Pancreas 89.1 
Pelvis 206 Skin 2130 
Spine—upper portion4 7.9; Spleen 123 
Spine—middle portion4 51.8 Testes 35.1 
Spine—lower portion4 29.5 Thymus 28.4 
Skull—cranium 59.8 Thyroid 18.0 
Skull—facial skeleton 27.5 Urinary bladder wall 35.9 
Ribs 57.4 Urinary bladder contents 160 
Clavicles 9.46 Uterus 79.0 
Scapulae 28.2 Whole body 55,000 

"The upper, middle, and lower portions of the leg bones and arm bones are defined in Table A-2 of Appendix A. 
4The upper, middle, and lower portions of the spine are defined in the section of Appendix A defining the spine. 
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