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The mathematical phantom for adult Japanese atomic-bomb survivors is a modification
of the 57-kg Oak Ridge National Laboratory (ORNL) phantom for Western 15-year-old
males and adult females.! For younger Japanese survivors mathematical phantoms were
similarly modified from the 18 and 9 kg ORNL phantoms for Western 5- and 1-year-olds,
respectively.? To make the phantom correspond more closely with dimensions and organ
sizes recommended for Japanese adults by Maruyama and coworkers (cf El84), changes
were 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 was modified to improve the dose estiméles
for the thyroid from external radiation, alter the ideas of Nagarajan et al.* The arms were
scparated from the trunk to represent maore accuralely the shiclding by the phantom in external
exposures. Furthermore, provisions were made to provide a phantom in a knecling posture.
The elemental composition of the tissues was changed to that given by Kerr.* The resulting
phantom is slightly smaller in mass (55 kg). Details of these changes are given below.

Description of the Japanese Phantoms

The description of the phantom will follow the format of Snyder et al,® Cristy,? and
Cristy and Eckerman,! 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 four major scctions: 1) an elliptical cylinder representing the
trunk; 2) truncated circular cones representing the legs and feet; 3) a circular cylinder (neck)
topped by an elliptical cylinder that in turn is topped by half an ellipsoid representing the
head and neck; and 4) two truncated circular cones representing the arms, which may either
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THE JAFAMNESE PHANTOM

Figure 1. The Japanese adult phanom

hang down from the shoulders or be extended forward. Attached to the legs section is
a small region with a planar front surface to contain the testes (this region is cafled the
male genitalia). Attached to the trunk are portions of two ellipsoids representing the female
breasts; these should be removed when dose 1o the lung in males from external radiation 13
required, The exterior of the phaniom is depicied in Figure 1. Minor appendages such as
hands, fect, cars, and nose are omitted. The neck region in this phantom is more realistic
than in previous ORNL phantoms,

Elemental Composition of the Tissues

Three types of tissues - skeletal, lung, and all other tissues (called "sofl tissue” here) -
are recognized in the Monte Carlo radiation transport codes used at ORNL.%7 The elemental
composition of each tissue type is from Kerr* and is given in Table 1. The compositions
are similar to those given by Cristy and Eckerman® except that the calcium content of the
skeleton is about 209 higher in Kerr's tabulations.

On the basis of data in Table 105 of ICRP Publication 23,% Cristy and Eckerman!
changed the densities of skeletal and soft tissues slightly from those given by Snyder et al.®
Compared with the densities assigned by Snyder et al, the new densities were changed from
1.4862 1o 1.4 g cm™2 for skeletal tissue and from 09869 1o 1.04 g cm™? for soft tissue.
The lung density is unchanged but was rounded to three significant digits (0.296 g cm™?).
These new densitics are used here.

Description of the Body Regions and Organs
The exierior of the phantom has approximately the form of the human body; but, as in

other ORNL phantoms, there has been no attempt 10 introduce small variations which are
presumed to have only a small effect on the scattering of photons and neutrons. Similarly,
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CHAPTER 8 APPENDIX |

Table 1. Element Composition of Tissue in the
Japanese Adult Phantom

Percent by weight

Element
Soft tissve Skeleton Lung

H 10,514 T.270% 10.212
c 22,631 24,644 10.241
N 2.339 3.057 2.910
(0] 63686 A6, B84 75,630
Ma 0.114 0,322 0.185
Mg 0.013 0111 0,007
P 0.134 5.027 0080
5 0.202 0312 0.226
Cl 0.134 0141 0,267
K 0,202 0,151 0.195
Ca 0.0:24 12.065 0.00%
Fe 0006 0.008 0.037

Density 1.04 pfcm? 1.4 g/em’ 0.296 g/em?

the description of the interior organs, while approximately correct as Lo size, shape, positions,
composition, and density, are simplified o provide formulas which are readily calculated
on a digital computer, The 15 intemal organs specified for use in the dosimetry system are
aiven below.

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 readers right in Figure 1),
and the y-axis is direcled toward the posterior side of the phantom.

In general, the dimensions (in centimeters) are given to two decimal places. The use of
iwo decimal places does not 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. For each parameter three values will be given. They are
for the adult, child, and infant Japanese phantoms.

Trunk. The trunk, exclusive of the female breasts, is represented by two sections of solid
elliptical eylinders specified by:

€I o b 2

e o bl o

[ﬂgsﬂ'-I*S] +[b5=+.3] =1 (1a)
when

DL z<Cp
0=y

—(ag + 5) € z < [ag + 5)

and by
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THE JAFPANESE PHANTOM

[aﬂj-s]g e e (1b)
when
0<z<Crp
y <0

Here azs, = 16.36, 10.88, and 6.04cm, bs, = 9.60, 7.35, and 6.37cm, ar = 14.66, 9.73,
and 748cm, by = 9.60, 7.35, and 6.37cm. S is the skin thickness, and Cpr = 63.10, 40.80,
and 30.70cm?, The parameters with the 8, subscript are also found in the section on the
scapulae. The parameters with the B subscript are defined in the ribs description.

The volumes of the trunks are 29,745, 9716, and 4872 cm® excluding the volume of the
breasts.

Arms. The individval armn regions are formed at the side of the trunk by two frustrums of
two circular cones specified by:

RMT + £T
- O ]'3 {2}

[z £ (ag + 5 + BMT)E + ¢* < |
when

0<z2<Crp

The < sign is taken as minus for the left arm and plus for the right arm. RMT is the arm
radius at the shoulder and is calculated by;

_l_ﬂl-‘iTBr _ lor + 5) (br + 5)
T 2 4

RMT = |

_(az_+ S) (bs, + S)v/[a2s, + S) — (ar + S)?
27 (azs, + 5)

{bSu + S] [ﬂﬂﬁc + 5} . 11 8r + S 1/2
- oin™ [ 2= ©)
The parameters ag, by, azs5,, bg,, and Cpr were defined in the preceding section. S is
skin thickness. The parameters Ay = 17.25, 1145, and 8.80cm, By = 9.80, 7.50, and 6.50
cm, and RMT = 4.036, 2.938, and 2.3%4cm,
The volumes of the arms are 3767, 1291, and 645 cm®, about 7% of the total phantom
volume,

Head and Neck. The head-and-neck section is a right circular cylinder (neck) topped by a

right elliptical c¢ylinder which in trn is topped by half an ellipsoid. The locus is specified
by:
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2° +y* < Ry and Cr € z < Cr + Cuo @)
ar
[ F+[ ]2 land O 4+ Cro = 2 € Cr + Cgo + Cm
or
Cr 4+ Cyp + C
[_,4 ]g'*'[ iz'l'[ [TE.HDI- m}lz“_:lﬂﬂﬂﬂ}*:':r-+ﬂ'_lm+ﬂm
M2

where Ay = 7.77, 7.13, and 6.13cm, By = 9.76, 9.05, 7.84cm, Ry = 6.80, 5.32, and
4.64cm, Cyo=3.79,3.30, 293 cm, Cg; = 12.18, 10.01, and 942 ¢m, and Cg g = 6.92, 6.31,
and 5.41cm. The volumes are 4570, 3670, and 2410cm? and the masses are 5060, 3880,
and 2470 g. The value of Cy was given previously with the trunk values, A modification
for use in calculating thyroid dose is described at the end of this appendix.

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

A
m“+y2£:!:m[a‘ir+g—?'3] and —Cp, =20 ()
LI'

where the £ sign is taken as plus for the left leg and minus for the right leg, and where Cp,
= 74.0, 48.0, and 26.5 cm, and Oy = 95.0, 65.0, and 37.1 cm. The value of A+ is that given
previously for the trunk. The volumes are 14,600, 4380, and 1470c¢m® and the masses are
15,900, 4630, and 1550 g.

Male Genitalia. The male genitalia are in the region specified by:

72 £2<0 (6)
rTsr
—r<y<O0and(z£r)*+9* 2+

The last inequality must hold for cither choice of sign (i.e., the genital region lies oulside
both legs). The value of r is given by the expression 0.5 Ar (1 + =/Cp), where Ag is the
trunk dimension and O is the leg dimension defined previously. The value of z; is given
by the expression —(2e + §), where ¢ i the parameter defined below [or the testes and 5
is the skin thickness, Thus, all of the parametric values are defined elsewhere. The volumes
are 154, 23.2, and 12.1 em® , and the masses are 161, 24.1, and 12.6 g.

Mass of Total Body. The total body masses of the phantoms are 55.0, 19.1, and 9.4 kg.
The male genitalia and the female breasts are included, and the different densities of lung,
skeleton, and soft tissues were taken into account.
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THE JAPANESE PHANTOM

Organs. In the text below, each organ is explicitly defined and the volume given. The mass
determined by this volume and the appropriate density is given in Chapter 8 Appendix 1a.

In the equations of the organs, which follow, the body section parameters Ap, By, Cr,
Ar. By, Cun.Cry,Cra, Cr,Crr, and the skin thickness S will be used without further
explanation or denotation. Symbols for other parameters, usually lower case letters, will
have meaning only for the organ being defined. The symbols "a." for example, is used in
delining many different organs.

Figure 2. Skeleron of Jopanese adulr. Srandivng phantom (left), kneeling
phantom fright), and anatomically correct skeleton feenter).

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

Les 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:

J"!.T .‘EE ] o Rl'_.ll?ﬂ a
- e ——is
T Ed - !E+GLHS]]+H_[R1+I{?L—S]H]
—(Cp —8) =250 (7)
where
_Ar, Cu-0
Gl 2 1 Cles ]
: R = 0175 A7
= B = AzCu-0
e 7 | Clr.:
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The volumes are 1990, 610, and 207 cm?,

Arm Bones. Each arm bone is the frustrum of an elliptical cone. It is placed off-center in
the arm region, such that the outside edge of the bone is in the center of the arm region. It
is defined by:

-z = 22) + (= % (ar + 5 + RMT - §))
a

2 Yia
P+ 1Y
220 + [z — z3)

< 222

| and 0 € 2 < =, (8)

The parameter values are ¢ = 1.21, 0.80, and 0.62cm, & = 2.65, 2.03, and 1.76cm, and
zq = 62.20, 40.22, and 30.26cm. The positive sipn is used for the left arm bone, and
negative for the right. The parameters ap and RMT were defined previously, The volumes
are 731, 239, and 121 cm®,

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

& ¥ = Ho
(2P o+ (Lot <

L on N — Woalqn
st s oLl a
2P+ L 2 1

v

Y2 Y2, 0 z<Sg,andy <y il 2 € 24 ()

The parameter values are a; = 9.75, 6.47, and 4.97cm, by = 11.07, 8.48. and 7.35cm,
az = 10.35, 6.87, and 5.28cm, b3 = 11.76, 9.00, and 7.80cm, y,; = -3.72, -2.85, and -
247 cm, y,e = -294, -2.25, and -1.95¢cm, y; = 4.90, 3.75, and 3.25 cm, z; = 12.62, 8.16,
and 6.14 cm, and z, = 19.83, 12.82, and 9.65cm. The volumes arc 460, 151, and 76 cmi™.
Sping, The position of the sping within the head-and-neck region was changed from that
given in Cristy and Eckerman® for the 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 sping in the
trunk 1o give it a more realistic position within the neck of the phantom. The length of the

spine within this region was shortened slightly so that it would not overlap the wop of the
trunk. The spine consists of elliptical cylinders given by:

|§]*+[y—;y£!‘51zmnzlgzgza-s
or

[EF T [%]’J <land z3 €z < 24 (10)

It is divided into three 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
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THE JAPMANESE PHANTOM

(z > z3), the lower portion is that below the plane z = ag, and the middle portion is that
between the planes z = 23 and 2 = z3 — §. The values of the paramelters are a = 1.73, 1.15,
and 088¢cm, b = 245, 1.88, and 1.63cm, y, = 5.39, 4.13, and 3.58cm, z; = 1983, 12.82
and 9.65 cm, 2o = 31.64, 20.46, and 15.39¢m, 25 = 63,10, 40.80, and 30.70 cm, and 2z, =
72.58, 48.83, and 38.01cm. § is the skin thickness (0.17, 0.09, and 0.08 ¢m). The volumes
of the spines are 702, 245, and 128 cm?,

Skull, The skull comprises the cranium and the facial skeleton. The cranium is represented
by the volume between two concentric ellipsoids defined by:

|£|? 4 |E]2 + |3 =! |GT + Cho + E‘Hl]lg > 9
a b e 7=
and
E s
a-+d

— [Cr ,+ ,Cro + Cri
e+ d

Frarlb i A F<i (1)

The values of a, b, and ¢ are the same as those given for the brain. The values of d are 0.76,
(.56, and 0.30cm. The volumes of the crania are 508, 339, and 139 cm®.
The facial skeleton is represented by a portion of the volume between two concentric

clliptical cylinders. The portion of the volume that intersects the cranium and brain is
excluded. The incqualities are:

] Y2 -
[P+ [P <1

A

gt gl 2

by —d’ T

y = 0

Cr+xn =25 0Cr+ 25
ani

g = [Cr 4 Chyo + E’Hl]]g LA

S Y2
st el i T

(12)
The variables aq, bs, and 5 equal the terms (a+d), (b+d), and (c+d), respectively, in

the statements defining the cranium. The other parameter values are a; = 0.92, 6.68, and

5.73cm, by = 8.91, 8.60, and 7.44cm, d = 1.10, 0.58, and 0.14cm, z; = 3.79, 3.30,, and

293 cm, and =5 = 14.05, 12.57, and 11.18 cm. The volumes of the [acial skeletons are 234,

114, and 22.8cm®.

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 stalements that must be satisfied are:

¥ LAY
=it =1 (13)
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- 2 y 2}
sl =) =

n << 5

and
2—=2

[

INT | | must be even. (13a)

The function INT(u) is the integral part of u [e.g., INT(3.67) = 3]. Thus the statement,
INT[(z — 2;)/c] is even, amounts (o requiring:

z—z - —
L < lor2 < 2521 - Bord < i < b, elc. (13hb)

c (4 [

0=

The parameter values are a = 14.66, 9.73, and 7.48 cm, b = 9.60, 7.35, and 6.37cm, d =
0.47, 0.34, and 0.28cm, z; = 31.67, 20.53, and 15.44 cm, 2. = 60.65, 39.16, and 29.47 cm,
and e =1.26, 0.81, and 0.61cm. The volumes of the ribs are 531, 174, and 87.4 cm?.
Clavicles. The clavicles are represented as two portions of a torus that lics along the circular
arc z° + (v — ¥,) = R* al z = z;, and has a smaller radius of r. The clavicles include only
the portion of the torus between planes (y, — ¥) = |z] cot 8, and (y, — y) = |z] cot fa.
{The absolute value sign on z allows for both a right and a left clavicle.) These equations
can be reduced to the form:

(z—2) +[R- V22 + (y—w)f <7

Yo— N
|z

cotff; < <colfyand y < O (14}

The parameter values are g, = 7.22, 3,14, and 1.38 m, z; = 61.52, 39.78, and 29.93 cm,
R =1593, 9.80, and 7.14cm, r = 0.7274, 0.4991, and 0.3930cm, cot A, = 6.45852, 5.9977,
and 5.6814, and cot A5 = 0.73137, 0.56391, and 0.43161. The volumes of the two clavicles
together are 41.6, 13.7, and 6.85 cm?.

The clavicles are slightly inside the cylinder defining the rib cage and just above the top
rib.
Scapulae. The scapulae are defined as part of the volume between two concentric elliptical
cyclinders, For each scapula, the volume is bounded by the plancs = = 2,2 = 2,y =
my|z|, and y = mgz|z|. (The absolute value sign on z allows for both a right and left
scapula.) The defining inequalities are:

T 12 AT
e — :3.]_
=P + 4]

Z) £z % g
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THE JAPANESE PHANTOM

y =0
and

m; < - < my (15)

|=|

The parameler values are a; = 14.66, 9.73, and 7.48 cm, a; = 16.36, 10.88, and 5.36 cm,
b = 9.60, 7.35, and 6.37cm, z; = 45.88, 29.67, and 22.32cm, and z; = 60.67, 39.23, and
20.52cm, my = 0.28, 0.33, and 0.37, and ms = 0.91, 1.05, and 1.18. The volumes of the
two scapulae together are 154, 50.4, and 25.3em? |
Bong Marrow, On the left in Figure 2 is shown a standing adult skeleton, On the right is
shown a kneeling adult skeleton. In the center is shown an adult skeleton with the areas
containing active mammow cross-hatched.

The approximate weights of the total (active plus inactive) marrow are 2600, 460, and
170 g; the active (hematopoictic) marrow are 1050, 320, and 150 g; and the inactive (fatty)
marrow are 1550, 140, and 20g. The percentages of active and inactive marrow and of bone
mass for individual bones, parts of bones, and bone groups of the phantoms are given in
Tables 2 1o 4, The weights of active and inactive marrow in individual bones are given in
Chapter 8 Appendix 1a. The marrow from the lumbar vertebra Ly and 50% of the upper half
of the femora were assigned o the pelvis of cach phantom (Tables 2 to 4). This assignment
occurs because of the simplicity of the skeleton in the phanioms. 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 masses of the skeletons (bone marrow plus other tissues within the skeleton)
are 7500, 2800, and 1210g.

Other Organs.
Brain. The brain is an ¢llipsoid given by:

Tz, Mz, 12=[Cr +Cho+Crilyz
b= i T | <1
a b =

z (16)

The parameter values are a = 6.58, 6.34, and 5.63cm, b = 8.57, 8.26, and 7.34cm, ¢ =

5.73, 5.52, and 4,91 ¢m. The volumes are 1350, 1210, and 850 cm? |
Breasts. The female breasts are represented by a portion of two ellipsoids attached to the

trunk and given by:

E_Iﬂz y_yﬂ? 2—3,,2{
e P b ey e S0 (17)
and
z 2 ¥ 2
[E.R“]*S'i +Ibﬂ+.5'] T UTE]
where
T,
= —} m g
Yo R+SJ1|H+S]
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Table 2. Active Marrow in Individual Bones, Parts of Bones, or Bone Groups
Expressed as Percent of Active Marrow In the Body

Fercentage
Corresponding skeletal dapansese Japanese Japaneig
Phantoa skeletal reglon reglon(s] Adult Child Infant
Skull ﬁ:ranjun * facial -
skeleton] Ekuell (eranium + mandibie] 10.12 17,44 LT .47
Scapalae Scapulam i 2.12 2.73
Clavicles Clavicles Q.93 # B B3
Eibs Ribs + sternwem 16. 27 10,58 9.61
Tnine (upper nurtinnhb Cervical vertebrae EI'EE 2.2h 1.46 l1.EB
Spime (mlddle pnrtinnh; Cervical wertebras © = all
tharacic T:rLthrEr 14,75 4,58 0.27
Spine [lower Pﬂrtiﬂﬂb] Lumbar vertebrae Lo-L, B.29 5.31 d.47
Paivis Sacrum 4 oF coxed *+ Tumbar
vertebra Lo + 502 of upper
12 femora 11,60 ?3.33 16,47
Leg bones {upper portion™) 50% af wpper 1/2 femora 4. 60 Satl .07
Leg bongs (middie portion®) Lowpr 1/2 femora 2.04 G20 .08
Leg bones (lower pertion®) Tibiae, fibwlac, patellac +
ankle amd foot bomes 0 11.55 13.40
Am benes {opper pnr:1unuﬁ Upper 1/2 hemerd 3.34 236 2.41
Arm bones (middle partinnﬁ} Lower 142 hemerd 0.70 i.l8 L]
Am bones {lower pur:1undj fadil and ulnae + wrist and .
hand bomes 0 .68 i 36
B In column 1, cranium does not include the fecial skeletom, but im columm 2, cramium inclwdes all
the facial skeletpn pxcept the mendible.
b The upper, middie, &nd Yower portioms of the spine are defined {m the section on the =pine.
€ The upper portion of the 1eg bonet §5 defined &s the upper )21 of the length of the bBmps: The
lower pertion 15 defined 23 the lower 57%; ond the middle portion 15 the rest. The unevenness
nf1t2ese numbers results from the assignmant of part of the marrow in the upper femora ta The
pelvis.
d

The vpper portion of the &m banes: §%5 defimpd 2% the upper 25% of the lemgth of the bones: the
Yower portion is defingd a5 the Tower S0%; and the middle portien 1s the rest.

Since the outer thickness S is counted as skin, the breast lissue is represented by:

Z— Zpqn ¥— Yo
[ﬁ] +[5—% ]2 + [ i2
and
b e e e L)

The parameter values are a = 4.50, (L,79, and 0.63cm, b = 4.00, 0.79, and 0.63cm, ¢
= 3.80, 0.79, 0.63cm, z, = £ 8.63, & 5.73, and £ 4.40cm, and =, = 46.87, 30.31, and
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Table 3. Inactive Marrow in Individual Bones, Parts of Bone, or Bone Groups
Expressod as Percent of Inactive Marrow in the Body

Percentage
Corresponding skeletal Jepancse Japaneso Jdapencie
Fhantom skeletal reglon reglonis) Adult Chitd Infant
skl {eranjum <+ facial
steletan) Skull [craniom + -l.nadlh'h::ll 5,63 10.17 11.33

Teapulae Scapulap 1.82 1.50 1.04
Clavicles Clavicles 0.6l « 53 35
Ribs Ribs = stermum 3.1 4.32 3,90
Spine [upper purﬂnnh'ln Cervical vertebrag ‘1":5 .51 LB .78
Spine (niddle portion’) Corvical vertebrae Co-Cy + all

tharacic vertebrhe 3.34 3.95 1.82
Enine (Voser purtiumb] Lushar vertebrae "1'1'1 1.50 .71 : 1.48
Pelwis Sacrum # 0% coxea + lumbar

vertebra Lg + E0% of upper

1/2 femara 13.28 13.28 £.79
Leg bones [upper portion®) 50T of upper 172 Temara 3.83 2.36 B4
Leg bones [middie portion®) Lower 1/2 femora 12.53 §.05 1.72
Leg banes {lower portica”) Titlae, fibulae, patellae +

ahkle and foot bones [ 13,28 £31.35
Are bones (upper nnr:innd] Upper 172 humerd 267 1.63 a7
Arm bones (middle partien®) Lower 1/2 hismerd 4.9 ?.06 7.71
Arm bones (lower pn.-tinndl Eadii and ulnap + wrist amd

hand bomes 9.28 12.4 17,45
2

In eolumn 1, eraniom dees mot fnclude the feeial skeletes, but in colimn 2, erbndim imeludes a1l
the facial skeleton except the mamdibie.

The upper, middle, and lewer portions of the spine are defined in the section on the spine.
C

The wpper pertion of the leg bomes 1% defined as the upper 133 of the length of the bones; the
Towar porties 15 defined &5 the Tower 5755 end the middie portion 45 the rest. The unevenness
ﬂf‘tl‘iui nusbers results from the assigneent of part of the marrow im the uvpper femora to the
pelvis,

The wpper portios of the arm bones 45 defined as the wpper 25% of the Tength of the bones; the
Tower pertien s defined as the Tower 50%L: end the middle portion is the rest.

22,81 cm. The positive values of =, are for the left breast and the negative values for
the right. The parameters ap, bg, and S were defined previously. The volumes of the
two breasts together are 302, 2.09, and 1.06 cm® including the skin and 265, 1.45, and
0.704 em? excluding the skin.

There is some diasagreement between Kramer and coworkers®!® and Cristy®*! on the
appropriate size of the breast for a reference adult female (Western populations). Cristy*!
recommends a volume of 190 w 200 ml for the size of a single breast, in accord with the
180 g mass recommended by the ICRP.® Kramer and coworkers first recommended a volume
of about 365 ml,® but later changed their recommendation to 260 to 270ml.1? The present
difference in recommended representative breast sizes (195 ml versus 265 ml) is similar to the
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Table 4. Bone Mass in Individual Bones, Parts of Bones, or Bone Groups
Expressed as Percent of Bone Mass in the Body

Fercontage
Corresponding skaletal Japancse Japanese Japanese
Phantom skeletal roglon regloa(s) Adule Child Imfant
Skl [eran{um + facial
skeletoa) Skull [craniom + I.lndlh'lqil' 11.9 17.9 £3.49

Scapulae Scapulae 2.9 2.6 2.6
Clavicles Clavicles 8 o7 B
Ribs Ribs + sternum 5.9 8.9 5.0
Splme uppor pur:mr-h] Cervical wertebrae '::":5 2.4 2.5 2.8
Tpine (middle pra-r‘tiunb:l Cervical wertebrae C.-C, + all

thoracic wertebrie 7.8 7.0 7.1
Spine [lower pnann-h:I Leshar vertebrae I‘l'l'-l 2.9 2.8 )
Pelvis Sacrim + o3 coxea * lumbar

vertebra L + 502 of upper

1/2 femars a8.5 7.8 1.8
Leg banes {upper portion®) E0f of upper 1/2 femora 10.0 5.5 E.L
Leg bonas (middle pertion®) Lower 1/2 femora 14.9 14,6 12,2
Leg bones (lower purHunr'] Tiblae, fibulae, patellae +

ankle and foot Bomes 12.3 13.5 11.2
Arm boans (upper p-urnun'd:l Upper 1/2 humerd E.l 4.6 4.7
Arm bomes [middle pn-rﬂnnd]- Lower 1/2 husmerd 1.9 1.8 i.5
Arm bones [lower p-nrt‘:md: Redif &nd wlnae + wrist and

hand bones 4.6 4.1 4.2
a

In celumn 1, craniom does not include the facial skeleton, but fa coluimn 2, craniem {nclisdes all
the facial skeletos except the mandible.

b
The upper, middle, and lower portions of the spine are defined im the section on the ipine.

€ The upper portion of the leg boses 15 defined as the upper 14% of the lergth of the bones; the
lewer portion is defined as the lower 57%; and the middle portfon i3 the rest. The umevenness
nF1'L=1r:l rusbers results from the astigraent of part of the marrow §n the wpper femora to the
pelvis,

d

The upper portion of the arm bones 1s defined as the wpper 25% af the Tength of the bones; the
lewer portion 135 defined as the lower S502: and the middle partion 15 the rest.

difference between the median (193 ml) and the mean (238 ml) in one study (see Reference
11),22 and the standard deviation of the mean is large (50%). This difference 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 and possibly for
external sources of neutrons.*®

For the Japanese adult phantom the breast dimenisions in the ORNL age-15-male and
adult-female phantom?® were reduced by approximately 109, yielding a volume reduction of
approximately 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

434



THE JAPANESE PHANTOM

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.

Eye Lens, The left eye lens is represented by a line segment defined by:

A
3 3
-J;BH+ﬂ45ys;~J;HH+ﬂﬁ
and
z=Cr + ;ECH:} + Ch1) i,

For the right lens, = is replaced by z = Ag /2. The values of the parameters are listed in
previous sections, Each lens was modeled as a millimeter line segment located one-third of
the distance from the top of the right elliptical cylinder that forms the facial region, 5 mm
below the facial skin, and half of the semiminor axis distance of the facial elliptical cylinder
from the phantom center line.

It was assumed that the lens does not change in size with age.

Gastrointestinal Tract and Contents. Stomach. The stomach wall is represented by the vol-
ume between two concentric ellipsoids. The contents are represented by the volume within

the inner ellipsoid. The wall is defined by:
I — Tpqa ¥—Youm = Zom
—_— e T ST L [ ey
E=22P + 2P + =2 <

and

Z =Ty , (84— Yoy R o
—u-d] +|—h—d] + | fracz—zpc—d|* 2 1 (19)

[

The contents are defined by:

T = Tayg Y= Yoz & = Z019
e i b B oo 0 (20)

The parameter values are a = 3.43, 2.55, and 1.85cm, b = 292, 240, and 2.05¢cm, ¢ =
7.16, 4.66, and 3.51cm, d = 0.56, 0.45, and 0.33cm, z, = 6.90, 4.59, and 3.52cm, y, =
=-3.92, -3.15, and -2.70¢m, and z, = 31.55, 2040, and 15.35cm. The volumes of the walls
are 113, 47.2, and 20.9 c¢m?® , and the volumes of the contents are 187, 72.2, and 34.8 ¢cm?®,
Upper large intestine. The upper large intestine consists of an ascending colon and a trans-
verse colon. The ascending colon wall is defined to be the space between two coaxial
clliptical cylinders:

I--Igg y-yﬂg{
e =l
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€I €T y !ﬂ’n
[ =t s
and

Z) S TS I (21)

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

=

[ &=

=
and

) Sz S (22)

The parameter values are a = 2.16, 1.43, and 1.10cm, b = 2.45, 1.88, and 1.63cm, d =
0.65, 0.46, and 0.37cm, z, = -7.33, 4.87, and -3.74cm, y, = -2.31, -1.77, and -1.53 cm,

= 13.03, 842, and 6.34cm, and =z, = 21.63, 1399, and 10.53 cm. The volumes of the
ascending colon walls are 69.5, 22.9, and 11.5cm®, and the volumes of the contents are
73.4, 24.1, and 12.1cm?®,

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

y—yﬂg 3_35.2{
Eotep 4 (E2op < g
yi= yﬂi 2}
[Y=tep 4 (Z=22p > 4
and
—F S TSI {23)

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

'y !;Irnlﬂ _|_[ < 1
and

— T 5T AE (24)

The parameter values are b = 2,45, 1.88, and 1.63¢m, ¢ = 1.35, 0.87, and 0.65¢cm, d =
0.49, 0.33, and 0.26¢cm, y, = -2.31, -1.77, and -1.53cm, z, = 22.99, 14.86, and 11.18 cm,
and z; = 9.06, 6.01, and 4.62cm. The volumes of the transverse colon walls are 92.3, 30.2,
and 15.2em?, and the volumes of the contents are 96.0, 31.6, and 15.5 cm?®.

Lower large intesting. 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. The

ends of the descending colon are defined by the horizontal planes =z = 2; and = = 2. The
wall is specified by:
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&= g 19 !J""I-l'ng{ 1
=22 # [P <
Z=ITnn ¥=1%52
[u—d] I-!:—d] =1
and
21 53533 {ZS:I
whera
To = &3 + tna(s = %)
=9 — 21
and
_ my(z — =)
e e
g — 2]

The contents of the descending colon are defined by the space within the inner cylinder, i.e.,
i’a [y Yo IE

and
n <25 n (26)

The parameter values are a = 1.62, 1.08, and 0.83cm, b = 2.09, 1.60, and 1.38cm, d =
0.49, 0.34, and 0.27 cm, z; = 7.98, 5.30, and 4.07 cm, m, = 0.6728, 0.4466, and 0.3432cm,
my = 2.450, 1.875, and 1.625¢cm, z; = 7.86, 5.08, and 3.82 cm, and z; = 21.63, 13.99, and
10.53 cm. The volumes of the descending colon walls are 68.3, 22.3, and 11.0cm?®, and the
volumes of the contents are 78.2, 26.1, and 13.1 cm®.

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

(portion of upper torus)

ViE—z. )2 +(z—z,)° - R y
| e : 1]‘3+|€|3£1

ViEg—zo)2 + (2 — 2.)2 — By y
[ = P+ [mi2 > 1
T 2 T,
and
2= 2 (27)

and (portion of lower lLorus)
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Mozl 2o By e <
a b
T=To)2 4+ 22— R Y
l'\.-"r{ u}_d 2]2_1_1!:_&122 1
BR T
and
z >0 (28)

The contents of the sigmoid colon are defined as follows:
(portion of upper torus)

2
T gl < 1
T2 Ta
and
zE 2 (29)
and (portion of lower torus)
-.,.-"'{m—:,}]ji-a _R‘BE ¥z
=% <
[ = P +[51° <1
ViE—2.)2 +22 — Ry g TS
| a—d il s
o
and
z=0 (30)

The parameter values are a = 1.18, 0.88, and 0.69cm, & = 1.76, 1.21, and 1.02cm, d
= (.59, 0.42, and 0.34cm, =z, = 2.59, 1.72, and 1.32¢cm, =z, = 7.86, 5.08, and 3.82cm, R,
= 5.16, 3.33, and 2.51cm, and Rs = 2,70, 1.75, and 1.31cm. The volumes of the sigmoid
colon walls are 53.8, 17.6, and 8.78cm?, and the volumes of the contents are 26.8, 9.11,
and 4.49 cm3.

Liver, The liver is defined by an elliptical cylinder cut by a plane as follows:
o
EP+ 2P <1

a fins =

and
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5 Sz X I (31)

The parameter values are a = 14.23, 9,39, and 7.20¢m, b = 7.84, 6.30, and 5.47cm,
ZTm = 31.51, 16.27, and 12.83cm, yy, = 44.75, 20.34, and 16.55¢cm, z,, = 38.76, 25.06,
and 18.86¢cm, z; = 24.34, 15.74, and 11.84cm, and z; = 38.76, 25.06, and 18.86cm. The
volumes of the livers are 1360, 562, and 281 cm?.

The liver in the ORNL age-15-male and adult-female phantom® was changed slightly
from that given for the age-15 phantom in Reference 2 to match the data for a (Western)
reference adult female.® The size is also close to that for Japanese adults,

Lungs, Each lung is represented by halfl an ellipsoid with a section removed. Note that the

section removed from the left lung is Jarger than that removed from the right lung because

of the position of the heart, The right lung is defined as follows:

T+ Ty P
Lr e

Y2 Z— Zpyn
| +|b] +[—: e (32)

=

and

i

and, if zyp < z = 2zop and y < wap, then z < z;p must also hold.

The statements for the left lung are similar, but replace (z+ x,) with (z — =z,); and z; 5,
zag, and yop with 2q, 227, and yor,, respectively; and replace the inequality (z < z;r) with
(z = =z, ). The letters R and L refer to right and left.

The values of the parameters are a = 4.70, 3.47, and 2,68 cm, b =7.50, 5.63, and 4.88 cm,
e =23.00, 13,99, and 10.53¢cm, z, = 7.33, 4.87, and 3.74cm, and =z, = 39.21, 25.35, and
19.08 cm. The values of the other parameters for the right lung are z;p = -5.00, -3.50,
and -2.90cm, yap = 1.20, 1.00, and 0.70cm, 2,5 = 41.60, 26.90, and 20.10cm, and z35 =
48.50, 32.30, and 24.60cm. The values of the other parameters for the left lung are =1, =
7.10, 5.00, and 3.90cm, yor, = 1.00, 0,50, and 0.40cm, and z4;, = 50.00, 32.60, and 24.80
cm,

The volumes of the left lungs are 1393, 454, and 225 cm?®, the volumes of the right lungs
are 1614, 526, and 259 cm?, and the volumes of the two lungs together are 3007, 980, and
484 cm®,

The size of the lungs in the Japanese phantoms was made larger than that in the ORNL
age-15-male and adult-female phantom to correspond more closely with the measured lung
size in Japancse adulis, 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 Wesiern adult lungs weigh an average 1170 g and have a density of 0.296g
em™33
Ovaries, Each ovary is an cllipsoid and is given by:

T — o Y2 3—3:-2{
b s R e e (33)

The parameter values are a = 0.92, 0.53, and 0.38cm, & = (.60, 0.35, and 0.28cm, ¢ =
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1.30, 1.07, and 0.77cm, =, = £ 5.18, & 3.44, and & 2.6dcm, and z, = 13.52, B.74, and
6.58 cm. The values of z, are taken as positive for the left ovary and negative for the right
ovary. The volumes of the two ovaries together are 8.32, 1.66, and 0.686 cm?,

The ovaries in the ORNL age-15-male and adult-female phantom® were changed from
those in the age-15 phantom in Reference 2 to represent an adult female rather than an
adolescent female. These new values were retained for the Japanese adult phantom.
Pancreas. The pancreas is half an ellipsoid with a section removed. It is defined by:

[Fofepy (Up pEp <y 349
e b

and

The parameter values are a = 14.91, 9.16, and 6.85cm, b = 1.25, 0.90, and 0.71cm,
e=3.21, 1.92, and 1.41 cm, z, =-0.72, -0.57, and -043cm, z, = 33.35, 21.57, and 16.23cm,
and z; =3.01, 1.72, and 1.32 om. The volumes of the pancreases are 85.7, 22.7, and 9.87 cm?,

The pancreas was enlarged somewhat from that given in Cristy and Eckerman® for the

ORNL age-15-male and adult-female phantom to correspond more closely with Japancse
autopsy data. Space-filting problems precluded an even closer correspondence,
Skin. The skin is represented as a layer of thickness 5 extending over the exterior of the
phantom, including the exposed top of the trunk and bottom of the legs but excluding the
cxposcd bottom of the trunk and top of the legs. The part of the legs covered by the male
genitalia region has skin, but the part of the tunk covered by the female breasts does not.

The value of S used in the ORNL age-15-male and adult-female phantom® was retained
for the Japanese adult phantom. Doses to radiosensitive cells in the skin from the external
radiation may not correspond well with doses to the skin of the phantom, and we recommend
that other methods be used o estimate this dose.

The values of S are 0.17, 0.09, and 0.08 cm,

Testes, The testes are represented by the ellipsoids:

z:hﬂ'ﬂ y"ygg 3"'::-_3
i S D Al e 35
EE0p 4 (LR 4 (2o < 35

where the 4= sign is taken as positive for the right testis and negative for the lefi testis.
The parameter values are a = 1.25, 045, and 0.4lcm, b = 145, 0.52, and 047 cm,
c =222, 0.80, and 0.72cm, and y, = -6.75, <4.98, and -3.73cm. The volumes of the two
testes together are 33.7, 1.57, and 1.16 cm®,
The testes were enlarged from those given in the ORNL age-15-male and adult-female
phantom! to match more closely the Japanese autopsy data.
Thyroid, The lobes of the thyroid lic between two concentric cylinders and are formed by a
cutting surface. The statements defining this organ are:
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Y= Yo

Cp =z<Cr+c¢

and
[y — w) — I=l]* = 2[2% + (v — w)?]7? (36)
in which
VZ-—2
r=| 5 }[M5 ]+ 1for 0 < z2—Cp < 0.25¢
and
2—+/2 22— 1
= —— i H < - <
= 2 ”D.TE:] 5 or 026c < z-Cr <¢

The parameter values are B = 2.10, 1.21, and 0.97 cm, r = 0,95, 0,55, and 0.44cm, ¢ =
4,77, 2.76, and 2.21 cm, and y,, = -3.91, -3.31, and -2.87 cm. The volumes of the thyroids
are 17.3, 3.32, and 1.71cm?.

The size of the thyroid was increased over that used by Cristy and Eckerman' for the
ORNL age-15-male and adult-female phantom to match more closely the Japanese autopsy
data (Table 6 of Chapter 8). It is also associated with a modified neck, as described at the
end of this appendix.

Urinary Bladder and Contents, The bladder wall is represented by the volume between two
concentric ellipsoids. The conients are represented by the volume within the inner ellipsoid.
The wall is defined by;

= !-"u — &y
e O e I

and

e e e e e @37)

The contents are delined by:

[— F 3 ["r *"“F i _‘;‘]“ <1 (38)

The parameter values are a = 427, 304, and 2.35cm, b = 3,38, 2.77, and 2.42¢m,
e = 3.11, 2.16, and 1.64cm, d = 0.23, 0.17, and 0.14cm, y, = -4.41, -3.38, and -2.93 cm,
and z, = 7.21, 4.66, and 3.51cm. The volumes of the urinary bladder walls are 34.5, 14.0,
and 7.41 cm?, and the volumes of the contents are 154, 62.2, and 31.7cm®.

Uterus, The uterus is an ellipsoid cut by a plane and given by:
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Ze gy (Yoo 4 2% o
(i b i o e

and

I

V20 (39}

The uterus in the ORNL age-15-male and adult-female phantom® was changed from that
in the age-15 phantom of Reference 2, to represent an adult female rather than an adolescent.
This change was retained in the Japanese adult phantom,

The parameter values are a =247, 0.78, and 0.61 cm, b = 5.61, 2.00, and 1.80c¢cm, ¢ =
1.55, 047, and 0.36¢cm, y, = -1.96, -1.50, and -1.30cm, z, = 12.62, 8.16, and 6.14em, and
vy = =477, -2.51, and -2.20cm. The volumes of the uteruses are 76.0, 2.60, and 1.40cm?”.

Kneeling Posture Modifications

Many of the Japanese A-bomb survivors were in a knecling posture at the time of their
exposure 1o radiation. While there are a number of different kneeling, squating, and sitting
styles in Japan, the predominate nonstanding posture, especially for the man or woman at
home, is the traditional kneeling position. The person kneels with toes pointed backward,
ankles and knees flat against the floor, the buttocks are resting against the heels or ankles,
the trunk is straight, and the arms are extended down and out toward the knees. This
15 a common position for preparing food, eating, or working in the home. The phantom
description is generally very similar to the standing phantom. The differences are found
in the folded legs, the forming of a buttocks, shorlening the trunk, and extending the arms
down and out at a 45° angle from the shoulders. The only organs that are aflected are the
leg bones, arm bones, and the male genitalia and testes.

Trunk. The trunk remains the same shape except the limits on its length are changed to:

A—:{z{ﬂr (40)

The volumes of the trunks are now 25679, 8353, and 4173 cm?®.
Arms. The arms are rotated at the shoulders by 45° o the front so that:

RMT + &35!
2

[z + (ag + 5+ RMT)? + y? < | ) (41)

o<z < Cr
$=:F:

y = 0.707 (y + z' — Cr)
z=0707(—y' + 2 — Cr) + Cr

The parameters ap, 5, RMT, andCy were defined in the section on the anm while stand-
ing. The volume of the arm remains unchanged.
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Legs for Kneeling Posture. The legs are separated into the tibiae and femora regions. The
lower 57% of leg forms the tibiag region, the upper 43% forms the femora region. The
femora region beging at the bottom of the pelvis bone and extends forward [rom the trunk.
The tibiae region is placed underneath the femora region so that the knee surfaces are in a
common plane and the lower part of the tibiae is under and behind the buttocks.

The femora region is defined by:

A
22 4 y? < dd [Ap + 2 (42)
207
where
=z
y =2z + yr
s Wiy ATg’
S X
Yo =2y = Y - 0430
The tibiae region is defined by the same equation, where
o= (43)

y=—z + Y — 0.86C,

At o
= ——t Ar — 2.4 &
x +y’+ E!:"L + Ap T[

— 048Gy,
CL

Y +014C, = y = Yy — 043C,

The parameter Y is the starting location for the legs and is set equal to the value of y,.
in the pelvis. Yy = -0.294, -2.25, and -1.95cm. Other parameters are defined in the seclion
on the leg while standing.

Genitalia for Kneeling Posture. The genitalia are moved and rotated about 90° with the
legs. They are specified by:

—r< < (44)
—r<y <0
and
(z' £ r)® + 42 > ¢
where
5 et
y = +z +¥g

443



CHAPTER B APPENDIX 1

, Apd!
2CY

t
I

Y £ vy ¥+ 2

The value of z; is given by -(2c + 5).
The same discussion concerning the parameters of the genitalia while standing hold for
the genitalia while kneeling. The volumes are the same.

Buttocks for Kneeling Posture. The buttocks are formed so that there is a smooth surface
of tissue from the vertical back of the trunk to the undersides of the horizontal thighs, They
are specified by:

T, Y 45
< )]
o e v e ¢
and
y > Yy
—Ar A
3 oS
y—YE 2 E—AT;’EE{
BT—'FHI +[ AT ] =il

Also, if z <0 and |z| = Ar /2, then

l Ax ] +[E] <1
2 2

The volumes of the buttocks are approximately equal to the volumes removed from the
trunk, i.e., 4066, 1363, and 699 cm®.

Arm Bones for Kneeling Posture. The arm bones are rotated at the shoulder by 45° 1o the
front so that:

[ﬁ[z‘—zz}+[=’i{:R+S+RM -%’H!: + [%]E <

[Ean +2[;]r -Iﬂ]n (46)

D<= < 2
and ;
=
y = 0.707 (v + 2’ — C7p)

444



THE JAPANESE PHANTOM

2 = 0707 [—y* + 2 - CT} + Cp
The parameters are given in the section on the arm bone. The volumes are unchanged.

Leg Dones for Kneeling Posture, The leg bones are divided into the femora and tibica
The femora is defined by:

A kz' - R
I! :l: b | F2 _‘:: 1 2 na
(= =[5 + gl v < B + [—=17] (47)
where

L = I'
y=-+z +Yx
I ""i:l""zt
S e
Y =2y > Yy - 043C;

The libiae is defined by the same equation, where:

.':I.‘=.:*.tr

(48)
y=—z'+ ¥Yr — 0.860;

Apz' r(a)
T2 +AT—MT[C" DdSGL]

z=+y +
& 2C0 'y,

Y +014C, =2y = Y — 0430,

The parameters are the same as those given for the leg in the standing position. The volume
is unchanged.

Tests for Kneeling Posture, The testes are moved and rotated about 90° with the legs and
genitalia, They are defined by:

l:|: [ o !
=2+ (P + (P <1 (49)

a
where

f
€ = &

y = +z' + Y

.."1.']" 3"

— '_
L 20

The parameters a, b, ¢, and y, are the same as for the estes while standing, Y
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1985 Japaness Fhantom with ormo 1365 Jnpancoo phontom with arma
Heck for thyroeld

Figure 3. Adult Japanese phantom (left) and modificd phaniom jor
rhyrofd dose calcwlation (right)

-2.94, -2.25, and -1.95cm. The volumes are unchanged.

Modified Neck for Thyroid Dose Calculations

Calculations of dose to the thyroid for standing and kneeling postures were performed
with phantoms modified in the neck region. As shown in Figure 3, the neck was made
longer, slimmer, and, it is thought, more realistic than that in the phantom used in the
balance of the organ dose calculations. The need for this modification was recognized late
in the phantom design-calculation process. Therefore, rather than increase the phantom height
beyond that deemed reasonable or modify the trunk to accomodate the longer neck, within
height constraints, it was decided to use the modified neck for thyroid dose calculations only.

The modified neck specifications are Ry =5.20, 3.80, and 3.60cm, Cxy = 7.70, 3.30,
and 230 cm, and Cpy = 12,18, 10,01, and 9.42cm. The location of the thyroid was also
modified to bring it closer to the surface of the neck, such that y, = -2.30, -1.99, and
-1.33 cm. Sece sections Head and Neck and Thyroid for the meaning of these parameters in
conjunction with neck size and thyroid location, respectively.
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