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ABSTRACT

A mathematical model of a phantom simulating the body and major

internal organs of a Japanese adult has been developed for use in

computer calculations of radiation dose. The total body height of the

mathematical phantom is 162 cm, and the total body mass is 55 kg based

on densities of 0.3, 1.4, and 1.0 g/cm3 for the lung, skeleton, and bulk

tissues of the body, respectively.
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INTRODUCTION

The Health Physics Division of the Oak Ridge National Laboratory

(ORNL) has participated for a number of years in liaison studies with

the Atomic Bomb Casualty Commission (ABCC), which was recently reorga

nized and renamed the Radiation Effects Research Foundation (RERF).

These liaison studies have been concerned with the development of tech

niques for estimation of the radiation dose received by survivors of the

1945 bombings of Hiroshima and Nagasaki, Japan.1-7 A mathematical model

of a phantom simulating the body and major internal organs of a Japanese

adult has been developed recently as a part of liaison studies continued

by RERF and ORNL. This phantom is similar mathematically to one devel

oped at ORNL8 to represent standard or reference man as defined by the

International Commission on Radiological Protection (ICRP).9'10 The

ICRP standard or reference man, based mainly on anatomical data from

European and American studies, has a total body mass of 70 kg and a

total body height of 172 cm. In comparison, anatomical data11-13

applicable to atomic-bomb survivors 20 years of age or older in 1945

indicated a mean total body mass and height of about 50 kg and 152 cm,

respectively. While these differences in body size have a significant

influence on depth dose from external gamma-ray and neutron fields

similar to those experienced by atomic-bomb survivors,6 the differences

in body size between 1945 and present-day Japanese adults are negligible.

To be of maximum usefulness, a mathematical phantom was developed with a

total body mass and height of 55 kg and 162 cm, respectively, based on

published anatomical data from several recent Japanese studies14"16

and suggested total body characteristics for a standard (present-day)



Japanese adult by the National Institute of Radiological Sciences in

Japan.17 This mathematical phantom is not only suitable for use in the

liaison studies by the RERF and ORNL, but it is also suitable for use in

dosimetry studies by others. For example, the absorbed dose to bone

marrow and the genetically significant dose from diagnostic and thera-

peutic radiation practices in Japan have been studied recently. °

DESCRIPTION OF THE PHANTOM

The total body of the phantom consists of three principal sections:

(1) an elliptical cylinder representing the trunk and arm regions, (2)

an elliptical cylinder topped by half an ellipsoid representing the head

and neck region, and (3) two truncated elliptical cones representing the

leg region. A small region with a front plane surface is attached to

the legs to represent an approximation to the male genitalia. The

exterior of the phantom is shown in Figure 1. Mathematical relationships

defining these regions of the body are given in Appendix A. The origin

of the coordinate system used in developing these mathematical relation

ships, as well as those defining the major internal organs, is located

at the center of the base of the trunk and arm region. The positive

Z-axis extends vertically through the head, and the positive Y-axis and

X-axis extend through the back and left side of the phantom, respectively.

A summary of the total body dimensions is given in Table 1. In devel

oping the mathematical phantom, extensive use was made of measurements

of the body sponsored by the Agency of Industrial Science and Technology

of the Ministry of International Trade and Industry in Japan. 5



ORNL-DWG 72-I2864R8

Fig. 1. Illustration of total body characteristics
of a mathematical model of a phantom simulating the body
of a Japanese adult.



Table 1. Summary of Total Body Dimensions of a Mathematical Model

of a Phantom Simulating the Body of a Japanese Adult

Head and neck

Length

Circumference

Minor (X) axis

Major (Y) axis

Vertical (Z) semi-axis

Trunk and arms

Length

Circumference

Major (X) axis

Minor (Y) axis

Legs

Length

Upper minor (X) axis

Upper major (Y) axis

Lower minor (X) axis

Lower major (Y) axis

Total body height 162 cm

24 cm

54 cm

14 cm

20 cm

8.5 cm

66 cm

85.,7 cm

33 cm

20 cm

72 cm

16,.5 cm

20 cm

4 cm

4 cm

An anterior view is given in Figure 2 of some of the major organs

in the head and trunk region of the phantom. Also listed in the figure

are other major organs included in the mathematical phantom, but not

shown in this anterior view. The sizes, shapes, and locations of these

major organs are discussed in Appendix A, which contains mathematical

relationships defining each of the organs, and are shown in Appendix B,

which contains computer plots of several coronal and transverse planes

of the phantom. A summary of organ masses is given in Table 2. The

mass of each organ in the table is based on volumes given in Appendix A
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Fig. 2. Anterior view of the major internal organs
in the head and trunk regions of the phantom.



Table 2. Summary of Organ Masses of a Phantom Simulating the Body
and Major Internal Organs of a Japanese Adult

Organ Mass in grams

Adrenals 15

Bladder 36

Brain 1,470

Gastrointestinal tract

Stomach 120
*

Small intestines 829

Large intestines 302

Heart 329

Kidneys 233

Liver 1,492

Lungs 781

Ovaries 8

Pancreas 50

Skeleton 7,825

Spleen 133

Testes 37

Thymus 26

Thyroid 20

Uterus 66

Total body 55,200

Includes contents of small intestines.

and densities of 0.3, 1.4, and 1.0 gm/cm3 for lung, skeleton (bone plus

marrow), and other tissues of the body, respectively. These densities

are consistent, in general, with those given for reference man and those

used in dosimetry measurements and calculations. The organ masses of

Table 2 expressed as a percent of total body mass of the phantom are

consistent with Japanese autopsy data11 and data for reference man.10



For example, the skeleton, with a total mass of 7.8 kg, represents about

14 percent of the total body mass of the 55 kg phantom. Ranges of 9 to

18 percent and 9 to 15 percent have been found in autopsy studies of

males and females, respectively, between the ages of about 20 and 65

years.10

The mathematical model of the skeleton is illustrated in Figure 3.

It consists of eight distinct parts: the leg bones, the arm bones, the

pelvis, the spine, the skull, the ribs, the clavicles, and the scapulae.

All but the scapulae and clavicles are shown in Figure 3. Shaded

portions of this figure illustrate regions of active (red) marrow in the

skeleton of the mathematical phantom. No attempt has been made to model

the intricate intermixture of bone and bone marrow in the skeleton.

Instead, the skeleton is considered to be a homogeneous mixture of bone

and bone marrow, and the dose in each of the bone regions is weighted by

the fraction of the total red or yellow marrow in that bone region and

summed over all bone regions to estimate the bone marrow doses. The

mass and distribution of both the red and yellow bone marrow in the

skeleton in Table 3 were adopted from data of the Bone Marrow Research

Group in Japan. 8

DISCUSSION

Elemental composition of the skeleton (bone plus marrow), lung and

bulk tissues of the body have been given in a number of reports.8'24-26

Several of these reports8'25'26 also contain discussions of the use of

mathematical phantoms in radiation dose calculations from both sources

internal and external to the body. The mathematical model of the phantom
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Fig. 3. Illustration of mathematical model of the skeleton
with shaded portions indicating regions of active bone marrow.



Table 3. Masses of Red Bone Marrow, Bone, and Yellow Bone Marrow
in Skeleton of a Mathematical Model of a Phantom Simulating

the Body of a Japanese Adult

Mass of Mass of Mass of

Bone region red marrow bone yellow marrow

in grams in grams in grams

Arms

Upper 28 263 85

Lower 0 616 49

Clavicles 42

Legs

it bUpper 88 1 ,144

Lower 0 1 ,237

Pelvis 219 352

Ribs 164 520

Scapulae 17 174

Skull

Cranium 56 601

Mandible 4 425

Spine

dUpper 31 100

Middle 91 444

Lower 80 137

Total 784 6 ,055

65 > Z > 49.55 in Eq. (A7) of Appendix A.

?0 > Z > -20.5 in Eq. (A4) of Appendix A.

JZ > -3Y + 73 in Eq. (A10) of Appendix A.
i
66 < Z < 74.3 in Eq. (A9) of Appendix A.

J18.7 < Z < 33.1 in Eq. (A9) of Appendix A.

11

262

202

94

70

28

93

6

13

39

34

986
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simulating the body and major organs of a Japanese adult is being used

to investigate the dose to red bone marrow for survivors of the bombings

of Hiroshima and Nagasaki. Other mathematical models of phantoms devel

oped at ORNL to simulate the bodies and major internal organs of a one-

year-old and a five-year-old27 are also being used to investigate the

dose to red bone marrow as a function of the age of a survivor at the

time of bombing. Results of these calculations and results of an analysis

of leukemia data from medical studies of atomic-bomb survivors based on

red bone marrow doses will be presented in future reports.
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APPENDIX A

DESCRIPTION OF A MATHEMATICAL MODEL OF A PHANTOM

SIMULATING THE BODY OF A JAPANESE ADULT

In cases of left and right organs, only the mathematical expressions

defining the left organ are given. The mathematical expressions for the

right organ can be obtained by replacing X by -X in the mathematical

expressions given for the left organ. The volume of each organ was

obtained by integration. Geometrical shapes used to represent organs in

the phantom are illustrated in detail in Refs. (8), (25), and (27).

Total Body

Trunk and Arms. The elliptical cylinder representing the trunk and

arm regions of the body is defined by

and

X +(?*•)< 1, 0<Z< 66 . (Al)
16.5/ V 10/

These regions of the phantom have a volume of 34,212 cm3.

Head and Neck. The elliptical cylinder topped by half an ellipsoid

representing the head and neck regions of the body are defined by

(f)2+(lo)2<1 • 66<Z<81.5 , (A2)

}J +(!o)2+(^tiP)2 <x> 8i-5 <z<9o • (a3)

These regions of the phantom have a volume of 4,655 cm3.
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Legs. The leg region of the body is represented by the frustrums

of two elliptical cones. Mathematical expressions defining the left leg

region of the phantom are

and

(8.25 A/11.52)- ilMioTzre)2*1' -72<Z<0.

The total volume of the leg region of the phantom is 15,796 cm3.

Genitalia. The genitalia region (male) of the phantom is defined

by

-4.8 < Z < 0 ,

-(8-25 +DT52)<X<(8'25 +l]r52)'

- (lO +|)< Y<0 ,

( X \_ J2 +/Y )2 < ±
\8.25 + Z/11.52/ XJ VlO + Z/9/Z/

This region of the phantom has a volume of 124 cm3.

Skeleton

Leg Bones. Each leg bone is the frustrum of an elliptical cone.

The left leg bone is defined by

(x-8-25-foz)2 +Y2<(3-2 +fr8z)2-

(A4)

(A5)

-71.8 < Z < 0 . (A6)

Total volume of both leg bones of the phantom is 2,095 cm3.
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Arm Bones. Each arm bone is the frustrum of an elliptical cone.

The left arm bone is defined by

(1.3/130)(Z - 65) + (X - 15.0)
1.3

0 < Z < 65

+
(-Z-Y <[130 + (Z - 65)
V2.4/ L 130

(A7)

Total volume of the arm bones is 743 cm3.

Pelvis. The pelvis is a portion of the volume between two noncon-

centric circular cylinders defined by

X2 + (Y + 3)2 < (11.3)2 ,

X2 + (Y + 3.8)2 > (10.7)2 ,

Y + 3 > 0 ,

0 < Z < 18.7 ,

Y < 5 if Z < 11.3 . (A8)

Its volume is 475 cm3.

Spine. The spine is an elliptical cylinder. It is defined by the

mathematical expressions

1.8
+

Y - 5.5

2.2

18.7 < Z < 74.3 >

< 1 ,

and has a volume of 692 cm3.

(A9)
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Skull. The skull is the volume between two nonconcentric ellipsoids

defined by

(fMl)2 ♦(*#)*>*•

It has a volume of 847 cm3.

Ribs. The ribs are a series of equally spaced bands sliced out of

two concentric, elliptical cylinders. They have a total volume of 539

cm3 and are defined by

( X V . / Y *
+ [7To < 1 'V13.7/ V9.8.

V13.23/ V9.33/ '

33.1 < Z < 63.46 , (All)

when the truncated integer of (Z - 33.1)/1.32 is even.

Clavicles. The clavicles are two portions of a torus located

slightly inside the cylinder defining the rib cage and just above the

top rib. They have a total volume of 42 cm3 and are defined by

(Z - 64.35)2 + {15.0 - [X2 + (Y - 6)2]1/2}2 < (0.715)2 ,

0.62257 < U'1 "Y< 7.5 , Y<0. (A12)
Ixl
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Scapulae. The scapulae are located immediately outside the ribs

and are represented by two wedge shaped portions sliced out of two

nonconcentric, elliptical cylinders by horizontal and vertical planes.

They have a total volume of 156 cm3 and are defined by the expressions

GyM.rs)2*1-

(ib)2 +Co)2 * i • <A13>

and

Y >0 , 0.25 <J <0.80 , 50.0 < Z< 63.0

Adrenals. Each adrenal is half an ellipsoid located on top of a

kidney. The left adrenal is defined by

(H^f ♦ (H&f +(H^/ <1 • »<'<«• (AH,

Total volume of both adrenals is 15 cm3.

Bladder. The bladder is represented by the volume between two

concentric ellipsoids. It is defined by

Y +(Y +4.5)2 +(Z - 7.54)2 <
/ V 3.191 / V 3.191 / '4.575

(.M+mg-PitjgPhi-
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and has a wall thickness of about 0.2 cm and volume of 36 cm3. The

contents of the bladder defined by the smaller ellipsoid have a volume

of 159 cm3.

Brain. The brain is an ellipsoid defined by

(iM!)2 +(H^)2 <-

and the volume is 1,470 cm3.

Gastrointestinal Tract

Stomach. The stomach is defined by the volume between two con

centric ellipsoids. It is defined by

(f^)2+a^)2+5^)2-.

and has a wall thickness of about 0.5 cm and volume of 120 cm3. Contents

of the stomach have a volume of 215 cm3.

Small Intestine. No attempt was made to define the specific con

figuration of the small intestine. The region of the small intestines

are however represented by a section of a circular cylinder located in

the pelvic region. Mathematical expressions defining the region of the

small intestine are

X2 + (Y + 3.8)2 < (10.7)2 ,

-4.67 < Y < 1.96 ,

17.43 < Z < 26 . (A18)
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After the portion of the large intestine within this region is excluded,

the volume of the small intestine and contents of the small intestine is

829 cm3.

Upper Large Intestine. The upper large intestine consists of an

ascending colon and a transverse colon. Both are represented by volumes

between concentric cylinders. The ascending colon is defined by

(X + 8)2 + (Y + 2.2)2 < (2.3)2 ,

(X + 8)2 + (Y + 2.2)2 > (1.65)2 ,

14.3 < Z < 23.2 . (A19)

It has a volume of 72 cm3 and a wall thickness of 0.65 cm according to

this model. Contents of the ascending colon have a volume of 76 cm3.

The transverse colon is defined by

-9.8 < X < 9.8 . (A20)

It has a wall thickness of 0.5 cm and a volume of 98 cm3. The contents

of the transverse colon have a volume of 100 cm3.

Lower Large Intestine. The lower large intestine consists of a

descending colon and a sigmoid colon. Expressions defining the de

scending colon are
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X - X0\2 /Y - Y0^2
+ K-T7T- < 1 ,1.7 / V 2.0

X - X0\2 /Y - Y0^2

1.4 / V 1.28 > 1 ,

8.2 < Z < 23.2 , (A21)

where

Xo .8>4+0.2(Zi- 23.2)

Y _ 2.3(8.2 - Z)
Y° " 15

It has a volume of 76 cm3 and a wall thickness varying from 0.3 to

0.7 cm. Contents of the descending colon have a volume of 84 cm3.

The sigmoid colon is represented by portions of two torii. Ex

pressions defining the upper portion of the sigmoid colon are

{[(X - 2.8)2 + (Z - 8.2)2]1/2 - 5.4}2 + Y2 < (1.45)2 ,

{[(X - 2.8)2 + (Z - 8.2)2]1/2 - 5.4}2 + Y2 > (0.85)2 ,

X > 2.8 , Z < 8.2 , (A22)

and those defining the lower portion are

{[(X - 2.8)2 + Z2]1/2 - 2.8}2 + Y2 < (1.45)2 ,

{[(X - 2.8)2 + Z2]1/2 - 2.8}2 + Y2 > (0.85)2 ,

X > 2.8 , Z > 0 . (A23)
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It has a wall thickness of 0.6 cm and a volume of 56 cm3. Contents of

the sigmoid colon have a volume of 92 cm3.

Heart. The heart is half an ellipsoid capped by a hemisphere which

is cut by a plane. Expressions defining the heart are

Xx = 0.6943(X + 0.8) - 0.3237(Y + 2.7) - 0.6428(Z - 48.5) ,

Yi = 0.4226(X + 0.8) + 0.9063(Y + 2.7) ,

Z\ = 0.5826(X + 0.8) - 0.2717(Y + 2.7) + 0.766(Z - 48.5) ,

and

+ V7-ry +\T~rf < i .6.5/ V4.1/ \4.1>

Xi2 + YX2 + ZX2 < (4.1)2 if Xx < 0 ,

Xi Zi

2^+4^>-l if Xi < 0 . (A24)

The volume of the heart is 329 cm3.

Kidneys. Each kidney is an ellipsoid cut by a plane. The left

kidney is defined by

Total volume of the kidneys is 233 cm3.

Liver. The liver is a wedge shaped portion of an elliptical cylinder.

It is defined by the expressions
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(fsMf)2--

28 29 42

26 < Z < 42 , (A26>

and has a volume of 1,492 cm3.

Lungs. Each lung is half an ellipsoid with an anterior section

removed. The left lung is defined by

(H^T +(^)2 ♦ (^H2 - •

Total volume of the lungs is 2,602 cm0.

Ovaries. Each ovary is represented by an ellipsoid. The left

ovary is defined by

(X.4.8)2+(_X_)2+(^L)%!. (A28)

Total volume of both ovaries is 8.4 cm3.

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

It is defined by

X > 0 , Z > 35 if X> 2.6 , (A29)

and has a volume of 50 cm ,
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Skin. The dermis and epidermis are represented by a layer of

0.2 cm thickness extending over the entire exterior of the phantom.

This layer representing the skin has a volume of 2,390 cm0.

Spleen. The spleen is defined by the ellipsoid

and has a volume of 133 cm3.

Testes. The testes are ellipsoids defined by

X m2+(W)2+H^)2<i.

where the plus sign is used for the right testicle and the minus for the

left. Total volume of the testes Is 37 cm3.

Thymus. The thymus is represented by an ellipsoid. It is defined

by

mMWMW1)2^

and has a volume of 26 cm3.

Thyroid. The lobes of the thyroid are wedge shaped volumes cut

from two concentric cylinders. They have a total volume of 20 cm3 and

are defined by
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X2 + (Y + 6)2 < (2.2)2 ,

X2 + (Y + 6)2 > 1 ,

Y + 6 < 0 ,

66 < Z < 71 ,

[(Y + 6) - Ixl]2 > 2[X2 + (Y + 6)2] x2 , (A33)

where

x=2^| -2) (Z -66) +1

0<Z-66 <| ,

and

T=2(2 -S2) (z _66) +2V2-1

for

1 < Z - 66 < 5 .
4

Uterus. The uterus is an ellipsoid cut by a plane. It is defined

by

and has a volume of 66 cm .
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APPENDIX B

COMPUTER PLOTS OF THE MATHEMATICAL MODEL OF A PHANTOM

SIMULATING THE BODY OF A JAPANESE ADULT

The mathematical model of a phantom simulating the body of a

Japanese adult (Appendix A) has been coded into several subroutines for

use in Monte Carlo and other computer techniques for calculating radi

ation dose. These subroutines have been checked for proper positioning

of internal organs using a computer plotting program similar to that de

scribed in Ref. (27). Plots showing several coronal (XZ) planes are

presented in Fig. Bl. In Fig. B2, one coronal plane and two lateral

(XY) planes are presented to show the location and shape of the thyroid.

A number of lateral planes are presented in Figs. B3 through B6.
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Y = -4.00 Y = 0.0

Fig. Bl. Coronal (XZ) planes at Y =
from left to right, respectively.

ORNL DWG. 76-3129

Y = 5.00

-4, 0, and 5 shown
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ORNL DWG. 76-5920

SKIN

THYROID

Z = 70.00

SPINE

THYROID

Z = 68.00

RIBS

Y = -7.00

Fig. B2. Lateral (XY) planes at X = 70 and 68 and coronal
(XZ) plane at Y = -7 shown from top to bottom, respectively.
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ORNL DWG. 76-3128

SKULL

BRAIN

Z = 84.00

SPINE

SKULL

74.00
NARES

64.00

SCAPULAE

RIBS

LUNGS

Z = 58.00
THYMUS

Fig. B3. Lateral (XY) planes at Z = 84, 74, 64, and 58
shown from top to bottom, respectively.
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Z = 48.00

RIBS

LUNGS

HEART

44.00

Z = 39.00

36.00

Fig. B4. Lateral (XY) planes at Z = 48, 44, 39, and 36
shown from top to bottom, respectively.



31

32.00

Z = 24.00

Z = 18.50

Z = 13.00

ORNL DWG. 76-3130

KIDNEYS

SPLEEN

STOMACH

- LIVER

SPINE

SKIN

* TRANSVERSE
COLON

PELVIS

SMALL

INTESTINES

DESCENDING
COLON

ASCENDING
COLON

OVARIES

PELVIS

ARM BONES

UTERUS

Fig. B5. Lateral (XY) planes at Z = 32, 24, 18.5, and 13
shown from top to bottom, respectively.
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7.00

4.00

0.0

•2.0

Fig. B6. Lateral (XY) planes at Z
from top to bottom, respectively.

ORNL DWG. 76-3125

SKIN

BLADDER

PELVIS

'ARM BONES

SIGMOID
COLON

LEG BONES

SKIN

LEG BONES

•TESTES

= 7, 4, 0, and -2 shown
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