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INTRODUCTION

Estimating absorbed doses to children from external and internal
radiation sources has become important to the nuclear industry and
pediatric nuclear medicine. The Medical Physics and Internal Dosimetry
Section at ORNL has recently completed the design of mathematical
representations of children of ages newborn, l-year, and 5-years old,
which will be referred to as pediatric phantoms. The description of the
l-year and 5-year old phantoms were reported in ORNL-TM-5293, and the
newborn is described in this report. Using these phantoms, relevant
energy deposition data have been developed which establish a meaningful
model for use in estimating radiation dose to children.

For several years, members of this Section have been developing the
computer techniques to estimate fractions of x-ray or gamma-ray energies
absorbed in an adult phantom. This phantom is described in MIRD
Pamphlet No. 5 and ORNL 5000.

Until these pediatric phantoms were developed, geometrical shapes
and similitude phantoms were used to represent children when dose
estimates were calculated. Similitude phantoms, phantoms of ages younger
than the adult, were obtained by shrinking each of the three regions of
the adult phantom--head, trunk, and legs--by constant factors chosen to
be representative of the particular age. All organs within each region
were "shrunk" isotropically and changes in organ shepe and location were
ignored. Also, all the organs in the trunk, for instance, would have

the same relative location in each phantom. These phantoms have been



used extensively in the evaluation of the exposure of children even
though it was recognized that these similitude phantoms represented
children only to a first approximation.

However, the child is not merely an adult shrunk by a constant
factor; the physiological geometry of a child is different from that of
an adult. For example, (1) the weight of the head with respect to total
body weight 1is greater for a child than an adult, this is taken into
consideration for the similitude phantoms, (2) some internal organs,
such as the thymus gland, are larger with respect to other major organs
in the child, (3) the bone marrow of a newborn and a l-year old is
primarily red where in an adult the bone marrow is approximately 50% red
and 50% yellow, and (4) the trunk of a child is more nearly circular
than the adult trunk (which is best represented by an ellipse). Such
factors as these precluded the possibility of making meaningful dose
estimates to radiosensitive organs such as the gonads and red bone
marrow.

The mathematical representation of the newborn was developed using
data from anatomical references and the ICRP Task Group on Reference Man1
as a basis for gross phantom geometries and organ sizes, shapes, and
weights. This phantom consists of head, trunk, and leg regions with a
skeletal system and 24 internal organs. Tables 1, 2, 3, and 4 summarize
the important physical parameters. The reader is referred to ORNL-TM-5293,
Chapter III, for a detailed discussion of the development of those data.
The detailed mathematical description of this newborn phantom is

discussed in the following section.



TABLE 1

SUMMARY —PHYSICAL DIMENSIONS OF THE NEWBORN PHANTOM

Newborn
Wt: Total Mass (g) 3964
S.G.: Specific Gravity 1.016
V: Total Volume (cmz) 3901
Clz Circumference of Trunk (cm) 37
C2: Circumference of Head (cm) 34,2
Alz Major Semiaxis (X-direction) of the trunk (cm) 6.2
Blz Minor Semiaxis (Y-direction) of the trunk (cm) 5.6
AZ: Major Semiaxis (Y-direction) of the head (cm) 5.6
BZ: Minor Semiaxis (X-direction) of the head (cm) 5.3
Hl: Length of Trunk (cm) 21
H2: Length of Head (cm) 12.5
H3: Length of Legs (cm) 18.5
H: Total Height (cm) 52
T Upper Radius of Legs (cm) 3.1
Ty Lower Radius of Legs (cm) 1.2
C: Vertical Semiaxis of the Ellipsoid of Head (cm) 4.1
V: Head (cms) 1038
V: Arms and Trunk (cms) 2290

V: Legs (cm®) 572




TABLE 2

THE DISTRIBUTION OF ACTIVE BONE MARROW
IN THE NEWBORN PHANTOM

% Distribution of Red Marrow Fraction of
Site Red Bone Marrow Total Marrow (Red and
in Skeleton Yellow) in the Bone
Arms L.08 1
Upper 1.38 1
Lower 2.70 1
Clavicles 1.12 1
Legs 8.81 1
Upper 4.5k 1
Lower h,o7 1
Pelvis s 1
Ribs 13.00 1
Scapulae 3.48 1
Skull T.00 1
Cranium 6.37 1
Mandible 0.63 1
Spine 28.04 1
Upper 3.1L 1
Middle 1Lk.00 1
Lower 10.90 1

(Shleien, 1973)



TABLE 3

MASSES OF RED AND YELLOW MARROW AND BONE
IN THE NEWBORN PHANTOM

Bone Region Red Marrow (g) Bone (g) Yellow Marrow (g)
Arms

Upper* 0.55 18.85 0

Lower 1.08 31.85 0
Clavicles 0.45 4.09 0
Legs

Upper** 1.81 37.68 0

Lower 1.71 33.66 0
Pelvis 13.78 38.02 0
Ribs 5.2 53.3 0
Scapulae 1.39 15.31 0
Skull

Cranium 2.55 133.4 0

Mandible 0.25 55.1 0
Spine

Upper+ 1.25 20.51 0

Middle 5.6 39.68 0

Lower++ 4.36 13.49 0

*20.4 > Z > 15.4 **0 > Z > -5.6
T21 <z < 26 Tto < z < 10.6



TABLE 4

SUMMARY OF ORGANS FOR THE NEWBORN PHANTOM

Organs Mass (g) Volume (cms)
Adrenals 5.3 5.27
Bladder 2.67 2.66
Brain 372 369
Gall Bladder 0.72 0.72
G.I. Tract

Stomach 5.93 5.88

S.1.* 29.9 29.7

U.L.I. 9.02 8.95

L.L.I. 8.25 8.19
Heart 25.2 25
Kidneys 18.92 18.78
Lungs 39.7 132.3
Liver 112.7 111.9
Ovaries 0.303 0.30
Pancreas 2.58 2.56
Salivary Glands 6.28 6.12
Skin 231 229.3
Spleen 8.83 8.76
Skeleton 532.2 3801.36

Red Bone Marrow 40.0

Yellow Bone Marrow 0 0
Thymus 11.54 11.46
Thyroid 0.97 0.96
Testes 0.84 0.83
Uterus 2.77 2.75

*Tncludes Small Intestine contents.



The mathematical description of this phantom has been coded into
Fortran computer language for use with a cross-section plotting routine
and with a photon transport code.

Horizontal and vertical chest cross sections of this phantom are

shown in Figures 1-7.
DESCRIPTION OF THE NEWBORN MATHEMATICAL PHANTOM

The phantom consists of three types of tissue—lung tissue, skeletal
tissue and soft tissue. The skeletal system represents the total content
of the intact skeleton and includes both bone and bone marrow. The
marrow is considered to be homogeneously distributed in the skeleton.

The densities of the skeletal region (bone plus marrow), lungs and the
remaining soft tissue of the phantom are approximately 1.4, 0.3 and

1.0074 g/cms, respectively.

Description of the Phantom and Organs Exterior of the Phantom

The body of the phantom 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 Figure 8), and the Y-axis is
directed toward the posterior or back of the phantom. The origin of
these Cartesian coordinates is at the center of the base of the "trunk"
section of the phantom and the axes are calibrated in centimeters.

The '"trunk" is a solid elliptical cylinder specified by
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and

0<z<2l

where the "trunk" includes the arms as well as the pelvic and hip bones
from the point where the separation of the legs begins. The volume of
the trunk section is 2,290.6 cm3, and the mass, as will be discussed
later, is 2,283 g.

The head section is a right elliptical cylinder topped by half an

ellipsoid. The locus is specified by:

[s).(s]z ' (51{6]2 <1,

21 < 2 <29.4

x )°, (X)), 2-29.42<1
5.3 56 i1 =1,

and

29.4 < 7 < 33.5 .

The total volume is 1,038 cms, and the mass is 1,105 g.

The leg region of the phantom consists of the frustrums of two

circular cones specified by

and

-18.5 <2 <0,
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where the plus sign defines the left leg and the minus sign the right.
The total volume of both legs is 572.3 cmS, and the mass is 605.9 g.
The leg region does not join smoothly to the trunk region, since the
legs protrude slightly beyond the ellipse defining the trunk in the
plane Z = 0.

The genitalia region (male) of the phantom consists of the region

specified by

and

This last inequality must hold for either choice of sign, i.e., the
genitalia region lies between but outside both legs. The genitalia

region has a volume of 4,48 cm3 and a mass of 4.52 g.

Organs

Skeletal System. The skeletal system consists of the thirteen

parts described below, and in Monte Carlo photon transport calculation
absorbed fractions are recorded separately for each part as well as for

the total skeleton.

Leg Bones. Each leg bone is the frustrum of a circular cone. The

expression for the left leg bone 1is
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2 2
1.9 2 0.7
X =31 - 1337 ZJ MR [1'0 Y1837 4

and

-18.37 < Z <0 .
The volume of both bones is 53.5 cm3 and the mass is 74.9 g.

Arm Bones. Each arm bone is the frustrum of an elliptical cone.

The left one is defined by

(0.5/40.8)(Z - 20.4) + (X - 5.57) 2 . Y 2 < 40.8 + (Z - 20.4) 2
0.5 1.0 - 40.8
and

0 <Z<20.4
The volume of both arm bones is 37.4 cm3 and the mass is 52.3 g.

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

nonconcentric circular cylinders described by

X2+ (¥ + 0.8)% < (4.4)°

X2+ (Y + 1.2)% > (4.0)2

Y + 0.8 >0
0<Z<6.5

Y <2.3 if Z<4.2

Its volume is 37 cms, and its mass is 51.8 g.

Spine. The spine is an elliptical cylinder given by



and

and has a volume of 60.6 cm3 and a mass of 84.9 g. It is divided into
three portions—an upper, middle, and lower—in which absorbed fractions
are estimated separately. These divisions are formed by the planes

Z =21 and Z = 10.6.

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 equispread horizontal planes into slabs, every other

elliptical slice being a rib. The equations describing the ribs are:

Integer Z———3£Lji is even
tnteg 0.4 .

The total rib volume is 41.8 cm3 and the mass is 58.5 g.

Clavicles. The clavicles are represented as two portions of a

1

torus which lie along the circular arc X2 + (Y + 0.3)2 = (4.5)2, Z 20.2,

and has a smaller radius of 0.2884 cm. The clavicles include only the

portion of the torus between the planes -0.3 - Y = }Xl cot & where 6 = 6°
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and 85°. The absolute value sign on X allows for both a right and a
left clavicle. The volume of both clavicles is 3.24 cm3, and the mass

is about 4.54 g. The equation can be reduced to the form

2
(z - 20.2)% + [4.5 CAY .y s 0.3)2] < (0.2884)°

and

- 0.3 -Y

.0875 < -———I—X—I——-—f_ 9.514 ,

Y <0

The clavicles lie slightly inside the elliptical cylinder defining the
rib cage and just above the top rib. They are shown schematically in

Figure 9.

Scapulae. The scapulae extend from Z = 19 cm to Z = 13.9 cm and
lie between two elliptical cylinders:
Y

2 2
{._—~} + [3727} = 1 (outer surface of ribs)

and
X)L,
5.7 5.47 -

Although the lower portion of the scapula is somewhat smaller than the
upper, this distinction is ignored here, and the left scapula will occupy
all the above space between the planes Y = 0.25X and Y = 0.80X.

Thus the test for point (X,Y,Z) to be in the left scapula it must

satisfy the following:
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13.9 < Z < 19 ,

._.)_(.__.2+ _.1_._2>1
5.07 5.47 ’

Y >0, 0.25<Y/X<0.80.
For the right scapula, only the last inequality needs to be replaced by
0.25 < Y/-X < 0.80 .
For both scapulae, one uses
0.25 < Y/|X| < 0.80 ,

where the other four inequalities remain unaltered.

The volume of both scapulae is 11.9 cm3 and the mass is 16.7 g.
The scapulae, as so defined, do not intersect the arm bones or the ribs
or other designated organs of the phantom. The scapulae are included in

Figure 9.

Mandible. The mandible is a portion of the volume between two
concentric elliptical cylinders. The upper rear portion of these
cylinders intersect the cranium and this volume is subtracted off. The

mandible is described by:
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X 2 . Y 2 <1
3.77 3.87) -

Y <0

23.2 < 7 < 28.2 .

and

X )2, [y )?, (z-20.9)% |
5.17 5.47 3.97 —
The total volume of the mandible 39.3 cms, with a mass of 55.1 g.

Cranium. The cranium is the volume between two concentric

ellipsoids defined by

X )2 L[y 2 L [z2-29.4 2 X
5,17 547 3.97 <
2 2 2
X . [ . [z 20.9)% |
7.8 5.1 36 2

The total volume of the cranium is 95.3 cm3, and the mass is 133.4 g.

Adrenals. Each adrenal is half an ellipsoid atop a kidney. The

left adrenal is given by

and

The volume of both adrenals is 5.27 cm3 (Figure 10), and the mass is

5.3 g.
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Urinary Bladder and Contents. The bladder is an ellipsoid and is

defined by the inequalities:

| A

ENLy s (229" <
2.27 1.55 1.55
X )2 % (v+ 2.5)%  (z - 2.6)2
[’2’”2"} {1.48 J * [1.48 J 21
The volume is 2.66 cms, and the mass is 2.67 g. The contents have a
volume of 20.2 cm3 and a mass of 20.3 g. This represents a moderately
full bladder.

Dose to the bladder wall from a photon emitter present in the urine
will vary greatly, depending on the degree of filling even for the same
concentration or amount of activity present. The specific absorbed
fraction, ¢(bladder « content), will vary by approximately an order of
magnitude.2 [Thus the user of these data should be aware that the values
tabulated are - only appropriate for one size of bladder. The
difference in ¢, or dose rate, to the bladder walls of different sizes

from other source organs outside the bladder is generally small.! The

bladder is shown in Figure 10.

Brain. The brain is an ellipsoid given by

and the volume is 369 cm3 and the mass is 372 g (Figure 11).
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Gastrointestinal Tract and Contents

Stomach (S). The stomach is represented as the mass between two

ellipsoids

X—2.52+Y+22+Z—922<1

1.9 155 75 <
and

X-2.52+Y+22 .7.-9.22>1

1,77 142 737 kd

The volume is 5.88 cms, and the mass is 5.93 g. The contents have a
volume of 24.9 cm3 and a mass of 25 g. The thickness of the stomach
wall is about 0.13 cm.

The stomach represented here is a '"full'" stomach, and the average
dose rate, even for the same activity present, probably varies greatly
depending on the degree of extension of the stomach, presence of air

spaces, etc.

Small Intestine (SI). The small 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 volume within
which it is free to move. No attempt to determine a specific configuration
is made here, and thus the wall and contents are not distinguished for
estimate of photon dose. The total mass is 29.9 g, and has a correspond-
ing volume of about 29.7 cms. This volume, which lies in the abdominal

region, is a section of a circular cylinder given by
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X2+ (v +1.2)% < (4.0)°

-1.45 <Y < 1.5

but the portion of the large intestine within this region is excluded.

Upper Large Intestine (ULI). The upper large intestine consists of

an ascending colon and a transverse colon. The ascending colon is

defined by the inequalities

X +2.9)% + (¥ + 0.6)% < (0.85)°

(X + 2.9)% + (Y + 0.6)° > (0.45)°

The wall has a total volume of 3.75 cm and mass of 3.78 g. The inequali-
ties

(X + 2.9)% + (Y + 0.6)% < (0.45)°

define the contents of the ascending colon. The volume is 1.46 cms, and
the mass is 1.47 g. The thickness of the wall is 0.4 cm.
The transverse colon has an elliptical cross-section and is defined

by:

| A

Y +0.6)°  fz-6.2)°
R 03

2 2
Y + 0.6 . Z - 6.2 > 1
0.65 0.3 —

-3.6 < X < 3.6 .
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The volume of the wall is 5.2 cm3, and the mass is 5.24 g. By this model

the thickness is about 0.2 cm. The contents are specified by

1
(o)}
N
~—
[\

Y + 0.6 2 . Z .
0.65 0.3
-3.6 < X < 3.6 .

The volume is 4.4 cms, and the mass is 4.44 g.

Lower Large Intestine (LLI). The lower large intestine consists of

a descending colon and a sigmoid colon. The descending colon is described

by the inequalities

(o]
o7 ) Tlos ) <!
’x-xoz fY-YO‘Z
[ — >
o) * o3y 2!

where

_ 0.1 (Z - 5.7)
X, = 2.9 + 5

y = 0.6 (2.8 - Z)
0 2.9

The descending colon has a volume of 3.44 cm3 and a mass of 3.46 g. The
thickness of the wall varies between 0.22 cm and 0.42 cm.
The sigmoid colon consists of portions of two torii and is defined

by the inequalities (upper portion)
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x - 0.8% + 2 - 2.8)2 - 92+ ¥2 < (0.65)
X - 0.8 + (2 - 2.8)% - %+ Y2 > (0.28)2
X >0.8 and Z<2.8
and (lower portion)
x - 0.8)% + 22 - 0.8)% + Y2 < (0.65)2
X - 0.8)% + 22 - 0.8)2 + Y2 > (0.28)°

X<0.8 and Z>0.

The volume of the sigmoid colon is 4.75 cms, and the mass is 4.79 g.
The thickness of the wall is 0.37 cm.

The entire gastrointestinal tract is sketched in Figure 12.

Gall Bladder. The gall bladder is defined by two concentric

cylinders. A rotation and translation are then effected. The gall

bladder (Figure 13) is represented by:

X, = 0.9076(X + 0.8) + 0.2588(Y + 1) - 0.3303(Z - 7.2) ,
Y, = -0.2432(X + 0.8) + 0.9659(Y + 1) + 0.0885(Z - 7.2) ,
Z, = 0.342(X + 0.8) + 0.9396(Z - 7.2) ,
X2+ ¥ < (0.5)°
X} + Y] > (0.42)°
0<z<3.1
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Mathematical Model for the Gastrointestinal Tract

FIGURE 12.
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The volume is 0.716 cms, and the mass is 0.722 g. The contents have a
volume of 1.718 cm3 and a mass of 1.73 g. This represents a moderately

full gall bladder.

Heart. The heart is half an ellipsoid capped by a hemisphere which
is cut by a plane. A rotation and translation are then effected. The

heart (Figure 11) is represented by:

X1 = 0.6634(X + 0.4) - 0.383(Y + 1) - 0.6428(Zz - 16) ,
Yl = 0.5(X + 0.4) + 0.866(Y + 1) ,
Zl = 0.5566(X + 0.4) - 0.3214(Y + 1) + 0.766(Z - 16) ,

x. )2 (v. )V* (z.)?
_l._ + ._!:._ + .—1.. <1
2.4 1.8 1.8 - ’

xf+¥ . Zii(l.S)z £ X, <0,
X z
1 1 .
> - <
T + 52 1 if X1 <0

It has a volume of 25 cm3 and a mass of 25.2 g.

Kidneys. Each kidney is an ellipsoid cut by a plane (Figure 10).

The left kidney is given by

X>1

The volume of both kidneys is 18.78 cm3 and the mass is 18.92 g.
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Liver. The liver is defined by an elliptical cylinder cut by a

plane as follows:

Its volume is 111.89 cm3 (Figure 11) and its mass is 112.72 g.

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

removed. The defining expressions for the left lung are:

X - 2.9)% (¥ )?, (z-11.8)% |
1.7 2.5 8.1 — ’
11.8 < Z < 19.9
2 2 2
X - 0.7 Y Z - 11.8 .
[1.7J+[2.5)+[8.1 Jil it Y <o0.
The volume of both lungs is 132.3 cm3 (Figure 11) and the mass is 39.7 g.

Ovaries. Each ovary is an ellipsoid (Figure 14). The left ovary

is given by
x - 1.5 (¥ )?, (z-40)%
0.3 0.2 0.6 —
The volume of both ovaries is 0.3 cm3 and the mass is 0.303 g.

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

(Figure 10). It is defined by
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FIGURE 1k. Mathematical Models for the Thyroid, Testes,
Ovaries and Thymus



It has a volume of 2.56 cm3 and a mass of 2.58 g.

Skin. Skin is represented as a layer of 0.13 cm thickness extending
over the entire exterior of the phantom. Thus this corresponds to the
dermis as well as the epidermis. The back is the only major body area
where the thickness is larger, being about double. The volume of skin

is 229.3 cm3 and the mass is 231 g.

Salivary Glands. The salivary glands consist of three pairs of

glands located proximal to the mandible within the lower head section
(Figure 15). These three pairs of glands are described below:

-Parotid Glands. These glands are triangular shaped and lie between

the skin and mandible on the right and left sides of the head. Their
volumes are described by sections of two concentric elliptical cylinders
cut by an elliptical surface in the Y-Z plane. The parotid glands are

given by the equations as follows:
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MANDIBLE
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FIGURE 15. Head Section of Phantom Illustrating Approximate
Location of Salivary Glands
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The total volume of parotid glands is 3.69 cm3 and the mass is 3.72 g.

-Submaxillary Glands. These glands are elliptical discs which are

located immediately below and towards the front part of the mandible.
They lie symmetrically on the right and left sides of the x-axis. They

are described as:

and

22.6 < Z £23.1

the volume of both submaxillary glands is 1.69 cms, and the mass is 1.7 g.

-Sublingual Glands. These glands are elliptical discs and located

interior to and near the bottom of the mandible. They lie symmetrically

on left and right sides of the x-axis. They are given by:

and

23,3 < 7 <23.8;
the volume of both sublingual glands is 0.84 cm3 and the mass is 0.85 g.

Spleen. The spleen is defined by the ellipsoid



and has a volume of 8.76 cm3 and a mass of 8.83 g.

Testicles. The testicles are ellipsoid (Figure 14) which are

represented by the inequalities

where the plus sign is used for the right testicle and the minus sign
for the left. The volume of both testicles is 0.83 cm3 and the mass of

0.84 g.

Thymus. The thymus is described by the ellipsoid:

and it has a volume of 11.46 cm3 (Figure 14) and a mass of 11.54 g.

Thyroid. The lobes of the thyroid lie between two concentric
cylinders and are formed by a cutting surface (Figure 14 and Figure 16).

The expressions for this organ are

X2+ v+ 2.2)% < (1.2,

X2+ (v + 2.2)% > 1%,

Y +2.2<0,
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SECTIONS BY THE PLANES:

(@) (b)
(¢) (d)
(A) Z=21,17=23.1
(B) Z=21.21
(c) 7 = 21.52
(D) 7 =22.26

FIGURE 16. Sections of the Mathematical Thyroid at Various
Heights for the Children Phantoms. Shaded Areas
Represent the Thyroid



21 < Z < 23.1,

{(y v 2.2) - |x|}2 > 2{x2 bY + 2.2)2} 2,

in which
T=.2_£.‘£§__i._2)_(z-21)+1 for 0<Z- 21 <0.525
and
_ 2(%2 ; 2) (z - 21) + ZﬁZélﬂl. for 0.525 <7 - 21 < 2.1

The volume is 0.96 cm3 and the mass is 0.97 g.

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

It has a volume of 2.75 cm3 (Figure 10) and a mass of 2.77 g.
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