DESCRIPTION OF THE MATHEMATICAL PHANTOMS
INTRODUCTION

The mathematical phantoms were designed by Cristy (1980) after the adult phantom of Snyder et
al. (1974) but have different densities and chemical compositions for lung, skeletal, and soft tissues.
(The term “ soft tissues” will be used herein for al near-unit-density tissues, i.e., density = 1 g/em®)
These phantoms have been described by Cristy (1980), but several changes have been introduced
since the 1980 report and are summarized in the following paragraphs.

One major change has been made: the age 15 phantom has been modified to represent both a
15-year-old male and an adult female, following the observation that the body weight and
dimensions of areference adult female (ICRP 1975) are approximately the same as those in the age
15 phantom. The breasts, the ovaries, and the uterus in the age 15 phantom were modified to be
appropriate for an adult female. Also, the size of the liver was changed dlightly, and the position
of the gall bladder was changed so as not to overlap the new liver. These changes are noted in the
description of these organs. This phantom is labeled “15-AF’ in the tables of parametric values
below.

The phantom labeled “ Adult male” in the descriptions below is the Snyder adult phantom (Snyder
et a. 1974), with certain organs modified as described by Cristy (1980). In brief, these
modifications were the following: Female breast tissue was added to the trunk (this phantom, like
all the others, is hermaphroditic and could represent a larger than average adult female), and the
improved heart model of Coffey (1978) was fitted into the trunk. The lungs had to be redesigned
to accommodate the new heart; the difference in size between 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 (1976), including a change in position of the
thyroid. The gall bladder of Hwang et a. (1976) was added. A modification of the descending
colon was made to eliminate asmall overlap with the pelvic skeleton and to make the wall thickness
uniform. Other minor changes were made so that the “Adult male” phantom would be consistent
with the manner in which certain organs werefitted into the pediatric phantoms:. the position of the
adrendss, the position of the gall bladder, the size of the pancreas, and the shape and position of the
thymus were all changed for this reason.

Two additional modifications to the “Adult male’ phantom were made by Cristy and Eckerman
(1990). The volumes of the breasts and the uterus have been changed slightly to be consistent with
the “15-AF’ phantom. Eckerman and Ryman (1993) revisied the head region to include a neck,
added the esophagus, and consideration of the extrathoracic airways.

Another noteworthy change has been made: the chemical composition and density of each type of
tissue in the phantoms (skeletal, lung, and soft tissues) have been modified dightly. Also,
compositions of the skeletal and soft tissues of the newborn are now different from those at other
ages. The new chemical compositions and densities are given in Tables A-1 and A-4. Asa
consequence of this change, there are minor changes in the organ masses and whole-body masses



from those listed in Cristy (1980). The new organ masses are listed in Appendix B. Centroids of
the organs are given in Appendix C.

DESCRIPTION OF THE MATHEMATICAL PHANTOMS

The phantom descriptions follows the format of Snyder et al. (1974) and Cristy (1980) and includes
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. However, the
descriptions of the methods used to develop the phantoms and the references to anatomical data that
were given in Cristy (1980) are omitted here. References to anatomical data are given wherever
changes to the phantoms have been made.

Each phantom consists of three mgjor sections: (1) an elliptical cylinder representing the trunk and
arms, (2) two truncated circular cones representing the legs and feet; and (3) acircular cylinder on
which sets an elliptical cylinder capped by half an ellipsoid representing the neck and head.
Attached to the legs section is a small region with a planar front surface to contain the testes.
Attached to the trunk are portions of two ellipsoids representing the female breasts.

The exterior of the“ Adult male” phantom isdepicted in Fig. A-1. The arms are not separated from
the trunk, and minor appendages such as fingers, feet, chin, and nose are omitted. Drawings
depicting the external features of all the phantoms and some of the internal structures are shownin
Fig. A-2.

Elemental composition of the tissues

The Monte Carlo radiation transport code (Ryman and Eckerman 1996) recognizes three tissue
types. skeletd, lung, and all other tissue (called “ soft tissue” here). The elemental composition of
each tissue type (for all phantoms except the newborn) is given in Table A-1. The compositions
were derived from data in ICRP Publication 23 (ICRP 1975); they differ dlightly from the
compositions given by Snyder et al. (1974) for their adult phantom, because ICRP's revision of the
P content of the body was included (see Addendum of ICRP 1980) and the minor elements F and
S wereincluded. The value of photon interaction coefficients for each tissue in Table A-1 differs
trivially from the value for the corresponding tissue as defined by Snyder et al.

Onthebasis of datain Table 105 of ICRP Publication 23, the densities of skeletal and soft tissues
were changed dightly from those given by Snyder et a. Compared with the densities assigned by
Snyder et al., the new densities have been changed from 1.4862 to 1.4 g/cm® for skeletal tissue and
from 0.9869 to 1.04 g/cm? for soft tissue. The lung density is unchanged but was rounded to three
significant digits.

These elemental compositions were derived from information on adults and are used for al
phantoms except the newborn.



Newborn

It is generaly acknowledged that the elemental composition and specific gravity of the newborn are
different from those of the adult. A higher water content and lower bone mineral content are the
most prominent differences. The specific gravity of the newborn isabout 1.02 g/cm® compared with

Table A-1. Elemental composition of thetissuesfor all phantoms except the newborn

Percent by weight
Element Soft Skeleton Lung
tissue

H 10.454 7.337 10.134
C 22.663 25.475 10.238
N 2.490 3.057 2.866
O 63.525 47.893 75.752
F 0 0.025 0

Na 0.112 0.326 0.184
Mg 0.013 0.112 0.007
Si 0.030 0.002 0.006
P 0.134 5.095 0.080
S 0.204 0.173 0.225
Cl 0.133 0.143 0.266
K 0.208 0.153 0.194
Ca 0.024 10.190 0.009
Fe 0.005 0.008 0.037
Zn 0.003 0.005 0.001
Rb 0.001 0.002 0.001
Sr 0 0.003 0

Zr 0.001 0 0

Pb 0 0.001 0
Density 1.04 g/oem? 1.4 g/lem? 0.296 g/cm®

about 1.07 for the adult male (ICRP 1975). Composition and tissue density are important
parameters in determining the transport of photons in the body. Of particular concern is the
influence of the less mineralized skeleton of the newborn.

Skeleton. The skeleton of the newborn contains more water, lessfat, and less mineral than the adult
skeleton. Furthermore, the distinction of two bone types, cortical and trabecular bone, is not evident
in the newborn skeleton, and the marrow of the skeleton is all active. Thus it is clear that the
elemental composition of the adult skeleton cannot be used when evaluating radiation transport in
the newborn.



The newborn skeleton is wetter than the adult skeleton. The water content of the newborn skeleton
has been estimated as 56% by Swanson and 1ob (1940) and 62% by Klose (1914). Dickerson (1962)
obtained a value of 64% from measurements of awhole femur.

The skeleton of the newborn contains approximately 28 g of calcium (Widdowson and Spray 1951,
Mitchell et a. 1945). Assuming that the skeletal massis 350 g (ICRP 1975) and that 38.8% of the
bone ash is calcium (Holtzman 1962), we calculate that 20.6% of the skeleton is mineral.

Dickerson (1962) found the nitrogen content of the whole femur to be 2.71%. This corresponds to
16.9% protein with use of the factor 6.25 given by Fomon (1966).

The fat content was estimated as about 1% by Swanson and Iob (1940). Dickerson (1962) found
0.14% fat in the whole femur. Klose (1914) estimated the fat content as 2.6%.

With the above data in mind, we propose the following composition for the newborn skeleton; for
reference we show also the adult values:

Percent by weight

M aterial Newborn Adult

Water 61 33
Protein 17 19
Mineral 21 28
Fat 1 19

The CaP ratio in the newborn skeleton is about 2.1:1 (Dickerson 1962, Swanson and Iob 1940).
Hence the P content is approximately 13 g. The Mg content of bone ash is about 0.7% at all ages
(see Forbes 1952). Thusthe Mg content of the newborn skeleton is about 0.5 g. For all other trace
elements we have assumed a content corresponding to the adult values in the 12-element
approximation of Kerr (1982).

In Table A-2 the elemental composition of the newborn skeleton is presented. The higher water
content of the newborn skeleton and its lower mineral content, as compared with the adult skeleton
(see Table A-1), are evident in the increased H and O content and decreased Ca content,
respectively.



Table A-2. Elemental composition
of the newborn skeleton

Element Mass (Q) % by wit.

H 28.0 7.995
C 34.0 9.708
N 9.5 2.712
o) 234.0 66.812
Na 1.1 0.314
Mg 0.5 0.143
P 13.0 3.712
S 1.1 0.314
Cl 0.49 0.140
K 0.52 0.148
Ca 28.0 7.995
Fe 0.028 0.008

Lung. Littleinformation on the composition of the newborn lung is presented in the Reference Man
Report (ICRP 1975). Thus we have used the composition of the adult lung in the radiation transport
calculations for the newborn.

Whole body. Fomon (1966) has suggested a gross composition for the newborn whole body. That
composition reflects a higher water and lower mineral content as noted above. We have adopted
the following gross composition, with the composition of the adult shown for reference:

Percent by weight
M aterial Newborn Adult
Water 75.1 60.0
Fat 11.0 19.0
Protein 114 15.0
Bone ash 25 3.9

The elemental composition of the newborn is given in Table A-3. Datafor the trace elements were
derived by assuming the soft tissue composition of the adult (Kerr 1982). For reference the adult
values for the whole body given by Kerr are also shown.



Table A-3. Elemental composition of
the newborn and adult whole body

Newborn Adult
Element Mass(9) % by % by wt.
wit.
H 381.0 10.376 10.052
C 528.0 14.387 22.922
N 66.0 1.797 2.442
O 2622.0 71.407 61.289
Na 3.6 0.099 0.144
Mg 1.1 0.030 0.027
P 18.9 0.515 0.835
S 9.1 0.247 0.216
Cl 3.2 0.087 0.137
K 10.5 0.285 0.202
Ca 28.1 0.765 1.728
Fe 0.18 0.005 0.006

Soft tissue and summary. Data for soft tissue are obtained by subtracting the skeletal and lung
compositions from the whole-body composition. In Table A-4 are summarized the elemental
compositions of each tissue; these are the elemental compositions we have used with radiation
transport calculations in the newborn phantom. The values for the specific gravity of each tissue
typeare also given in Table A-4. With these data the specific gravity of the newborn whole body
is calculated to be 1.02 g/lcm?®, consistent with observed measurements (ICRP 1975).

Description of the Body Regions and Organs

The pediatric phantoms were designed to form a developmentally consistent family with the existing
Snyder adult phantom. The exterior of each phantom has approximately the form of the human
body; but, asin their adult phantom, there has been no attempt to introduce small variations which
would be presumed to have only a small effect on the scattering of photons. Similarly, the
description of the interior organs, while approximately correct as to size, shape, position,
composition and density, are smplified to provide formulas which are readily calculated on a digital
computer. The exact specifications of the phantom and the internal organs are given below. See
Fig. A-3 for a schematic view of the principal organs.



Table A-4. Elemental composition of the tissues
of the newborn

Percent by weight

Element Soft tissue Skeleton Lung®

H 10.625 7.995 10.134
C 14.964 9.708 10.238
N 1.681 2.712 2.866
O 71.830 66.811 75.752
Na 0.075 0.314 0.184
Mg 0.019 0.143 0.007
P 0.179 3.712 0.080
S 0.240 0.314 0.225
Cl 0.079 0.140 0.266
K 0.301 0.148 0.194
Ca 0.003 7.995 0.009
Fe 0.004 0.008 0.037

Density 1.04g/cm® 1.22g/em® 0.296 g/cm®

®The lung tissue a so contains trace amounts of S,
Zn, and Rb-see Table A-1.

Body regions

The body is represented as erect with the position z-axis directed upward toward the head. The
x-axis is directed to the phantom's left (the reader's right in Fig. A-1), and the y-axis is directed
toward the posterior side of the phantom. The origin istaken at the center of the base of the trunk
section of the phantom.

In genera, the dimensions (in centimeters) are given to two decimal places. The use of two decimal
places does not imply that the average dimensions in some human population are known to such
precision. This useisfor convenience in designing the organs with correct volumes and spatial
relationships.

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

2 2
X o+ L slandOszsCT.
AL B,



The values of A, B, and C; for each phantom are given in the table below.

Length (cm)

Volume  Mass
Phantom Ar Br Cr (cm?) (9)
Newborn 6.35 490 2160 2,110 2,100
Agel 8.80 6.50 30.70 5,520 5,530
Age5 11.45 750 4080 11,000 11,000
Age 10 13.90 840 50.80 18,600 18,700
15-AF 17.25 9.80 6310 33500 34,500

Adultmale  20.00 10.00 70.00 44,000 44,800

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 volumes and masses for the trunk given above do
not include the breasts.

Head. The head section includes a neck, represented by aright circular cylinder, and the head,
consisting of aright elliptical cylinder topped by half an ellipsoid. The neck is specified by

+y? < Ri and C; < z< C+ Cyg

The head is specified by

Ay
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Length (cm)

Volume Mass
Phantom Ru Ay Bu Cio GCu Gy (cm®) (9)
Newborn 2.8 452 578 156 701 399 965 1,020
Agel 3.6 613 784 230 950 541 2410 2,580
Ageb 3.8 713 905 330 1070 6.31 3,670 4,000
Age 10 4.4 743 940 470 1168 6.59 4,300 4,710
15-AF 5.2 777 976 770 1235 6.92 4,900 5,410
Adult male 54 8.00 1000 840 1305 7.15 5430 6,040

The values of C; have been given previoudy in the table of trunk values.

Legs. Thelegsregion of each phantom consists of the frustrums of two circular cones specified by

where the “£” sign istaken as plus for the left leg and minus for the right leg.

Length (cm)

Volume Mass
Phantom C o (cm?) (9)
Newborn 16.8 21.6 451 480
Agel 26.5 37.1 1,470 1,600
Ageb5 48.0 65.0 4,380 4,780
Age 10 66.0 90.0 8,930 9,740
15-AF 78.0 100.0 15,400 16,800
Adult male 80.0 100.0 20,800 22,600

The values of A; have been given previoudly in the table of trunk values.



Male genitalia. The male genitaliaregion of each phantom consists of the region specified by

z <z<0,
-r<x<r,
-r <y <0,

and (X = r)? +y?>r2

The last inequality must hold for either choice of sign (i.e., the genitalia region lies outside both
legs). Thevaueof r isgiven by the expression 0.5A;(1 + z/C’|), where A; is the trunk dimension
and C’| isthe legs dimension defined previously. The value of z is given by the expression -(2c
+ S), where c is the value defined for the testes and S is the skin thickness. Thus, al of the
parametric values are defined elsewhere, and only the volumes are given here.

Volume

Phantom (cm?)
Newborn 5.48
Agel 121
Age5 23.2
Age 10 36.2
15-AF 109

Adult mae 196

Mass of whole body. See discussion and Table B-2 in Appendix B.

Note: In the equations of the organs, which follow, the body section parameters A, B, C;, Ay,
B,, Cy1, Cp C, and C’| 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 symbol “a,” for example, is used in defining many different organs.

Organs

In the text below, each organ is explicitly defined and the volume 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-4.

Leg bones. Each leg boneisthe frustrum of acircular cone. In the defining inequalities below, the
“+” sign istaken as minus for the left leg bone and plus for the right:



in which
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Volume (both)

Phantom (cm®)
Newborn 61.4
Agel 207
Ageb5 610
Age 10 1250
15- AF 2100
Adult male 2800

Arm bones. Each arm bone s the frustrum of an elliptical cone and is defined by
2

a ~ (v
o L -
a b

and 0 < z < z,.

2z, + (2 - Z)|
22,

In the table below, positive values of x, are used for the left arm bone, and negative for the right.



Volume

(both)
Phantom a b X, (cm?)
Newborn 0.44 1.32 +5.84 21.29 45.3
Agel 0.62 1.76 +8.10 30.26 121
AgeS 0.80 2.03 +10.53 40.22 239
Age 10 0.97 2.27 +12.79 50.07 404
15-AF 121 2.65 +15.87 62.20 731
Adult male 1.40 2.70 +18.40 69.00 956

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

gl

1
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2 Yoo
0<zc< 22,
andy <y if z<z.
Volume
Phantom a, b, a b, Yo1 Yoo Y1 4] 5 (cm?)
Newborn 3.59 554 381 588 -18 -147 245 432 6.79 289
Agel 497 735 528 780 -247 -195 325 614 965 76.0
Age5 6.47 848 687 900 -28 -225 375 816 1282 151
Age 10 7.85 949 834 10.08 -3.19 -252 420 10.16 1597 258
15-AF 9.75 11.07 1035 1176 -3.72 -294 490 12.62 19.83 460
Adult male 11.30 11.30 12.00 1200 -3.80 -3.00 500 14.00 22.00 606

Spine. The spineisan eliptical cylinder given by

3

+

b

2
yo) <1 and 7z <z< 2z,



Itisdivided into 3 portions — an upper, middle, and lower — such that dose and absorbed fractions
can be estimated separately for each portion. These divisions are formed by the planesz = z, and
z2=12,

Volume
Phantom a b Yo z z, yA 4 (cm?)
Newborn 0.64 1.23 2.70 6.79 10.83 21.60 27.02 50.0
Agel 0.88 1.63 3.58 9.65 15.39 30.70 38.01 128
AgeS 115 1.88 4.13 12.82 20.46 40.80 48.83 245
Age 10 1.39 2.10 4.62 15.97 25.47 50.80 59.89 403
15-AF 1.73 2.45 5.39 19.83 31.64 63.10 72.91 707

Adult male  2.00 2.50 5.50 22.00 3510 70.00 80.54 920

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

EE R ECE

a b c -

and( x]2+( y]z+(z—(cT+cHl))2<1
a+d b +d c+d -

Thevaues a, b, and c arethe same asthe values g, b, and ¢ given in the statements and table for the
brain.

Volume
Phantom d (cm?)
Newborn 0.20 49.8
Agel 0.30 139
Age5 0.56 339
Age 10 0.67 434
15-AF 0.76 508
Adult male 0.90 618

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
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Thevariables a,, b,, and c, correspond in numerical values with the variable expressions (a + b), (b
+d), and (c + d), respectively, in the statements defining the cranium and hence are not given below.

Volume
Phantom a b, d z yA (cm?)
Newborn 417 543 0.07 2.16 8.18 6.13
Agel 573 7.44 0.14 2.93 11.18 22.8
Age5 6.68 8.60 0.58 3.30 12.57 114
Age 10 6.93 8.90 0.74 3.61 13.73 161
15-AF 6.92 891 1.10 3.79 14.05 234

Adultmale 7.00 9.00 140 400 1473 305

Rib cage. The rib volume is a series of bands between two concentric, right-vertical, eliptical
cylinders. Thisregionissliced by a series of equispaced horizontal planesinto slabs, every other
dice being arib. The statements that must be satisfied are



The function Integer (u) is the integral part of u [e.g., Integer (3.67) = 3]. Thus, the statement
“Integer [(z - z,])/c] iseven” amounts to requiring that

z - z - z -
0 < 21<1 or 2« 2133 or 4 < 21<5,etC.
c c c

Volume
Phantom a b d A z, c (cm®)
Newborn 5.40 4.80 0.21 10.86 20.75 0.43 34.0
Agel 7.48 6.37 0.28 15.44 29.47 0.61 87.4
AgeS 9.73 7.35 0.34 20.53 39.16 0.81 174
Age 10 11.82 8.23 0.39 25.43 48.89 1.02 295
15-AF 14.66 9.60 0.47 31.67 60.65 1.26 531

Adult male 1700 9.80 0.50 3510 67.30 1.40 694

Clavicles. The clavicles are represented as two portions of atorus which lies along the circular arc
x*+(y-y)*=RPat z=z and hasasmaller radius of r. The claviclesinclude only the portion of
the torus between the planesy, - y = [x| cot 0, and y, - y = |x| cot 0,. (The absolute value sign on
x alows for both aright and aleft clavicle.) These equations can be reduced to the form

(2—21)2+(R—\/x2+(y—y0)2)2sr2,

yo -y
X

cot 0, < <cotb, and y<O



Volume

(both)
Phantom Yo z R r cot®, coth, (cm?)
Newborn 0.73 21.06 5.07 0.2833 55868 0.38510 2.62
Agel 138 29.93 7.14 0.3930 5.6814 0.43161 6.85
Age5 3.14 39.78 9.80 0.4491 5.9977 0.56391 13.7
Age 10 493 4953 12.40 0.5981 6.2581 0.65708 23.2
15-AF 7.22 6152 15.93 0.7274 6.4852 0.73137 41.6

Adult male 1110 68.25 20.00 0.7883 7.0342 0.89415 54.7

The clavicleslie dightly 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 theplanesz=z,,z=z,y =m|x|,andy =
m,|X|. (The absolute value sign on x allows for both a right and a left scapula.) The defining
inequalities are

2 2
i + X Sl,
a, b

2 2
i + X >1,
a b

zlszszz,y>0,andml<’—y’<mz.
X

Volume
Phantom a, a, b z A m, m, (both) (cm®)
Newborn 5.40 6.04 4.80 1571 20.77 0.39 1.23 9.64
Agel 7.48 836 6.37 22.32 29.52 0.37 1.18 25.3
Age5 9.73 1088 7.35 20.67 39.23 0.33 1.05 50.4
Age 10 11.82 1320 8.23 36.94 4884 0.30 0.97 85.7
15-AF 1466 16.36 9.60 45.88 60.67 0.28 0.91 154
Adult male 1700 19.00 9.80 50.90 67.30 0.25 0.80 202

Bonemarrow. Ontheright in Fig. A-4isshown an adult skeleton, with the areas containing active
marrow cross-hatched. On the left is shown the idealized skeleton used for the “Adult male’
phantom with the corresponding areas cross-hatched.



The regiona distributions of the active (hematopoietic) bone marrow and the inactive (fatty) marrow
vary greatly with age. The approximate weights of the total (active plusinactive) marrow, the active
marrow, and the inactive marrow as a function of age are given in Table A-5. Data from Hudson
(1965), Custer (1974), ICRP (1975), and Woodard and Holodny (1960) were used to estimate the
weight of the total marrow. The weights of active and inactive marrow in Table A-5 were
calculated from the total marrow values by the method of Cristy (1981).

Table A-5. Weights of total marrow, active marrow, and
inactive marrow in the body as a function of age

Total Active Inactive
Phantom marrow (g) marrow (g) marrow (g)
Newborn 47 47 0
Agel 170 150 20
Ageb5 460 320 140
Age 10 1200 610 590
15-AF 2600 1050 1550
Adult male 3500 1120 2380

The active 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 Table A-6. The weight of active
marrow in a given bone or bone group may be found by using Tables A-5 and A-6 together.
Similarly, in Table A-7 are given the inactive (fatty) marrow percentages, and the weights of
inactive marrow may be found by using Tables A-5 and A-7 together. The weights of active and
inactive marrow in individual bones are given in Appendix B.

The marrow, active or inactive, is assumed to be distributed uniformly in the bone regions defined.
In calculating an absorbed fraction for active and for inactive marrow in these regions by the Monte
Carlo computer program, it is assumed that the marrow absorbs energy per gram as efficiently as
does bone. This assumption is not grossly in error at energies of 200 keV or more; but it is
increasingly inaccurate at energies below 100 keV, where the photoelectric effect dominates the
photon interaction process. The effect is to overestimate the dose to marrow and to underestimate
the dose to the bone mineral component of the mixture. It is difficult to program the intricate
microscopic intermixture of bone and marrow spaces in amore realistic fashion in the macroscopic
characterization used in photon transport. As a consequence, another method of calculating this
absorbed fraction was developed, as described in the section “ Special Case: Active Marrow and
Endosteal Tissues as Target Organs’ in Chapter 1.

The marrow from the lumbar vertebra L, and 50% of the upper half of the femora were assigned
to the pelvis of each phantom (Tables A-6 and A-7). This assignment occurs because of the



simplicity of the skeleton in the phantoms. For example, approximately the upper quarter of the
femorais adjacent to the os coxae of the pelvisin humans, but in the phantoms the leg bones begin
below the pelvis.

The total mass of the skeleton in each phantom is given in the following table.

Mass of skeleton

Phantom (9

Newborn 351

Agel 1,140
Age5 2,710
Age 10 4,630
15-AF 7,650
Adult male 10,000

Adrenals. Each adrenal is half an ellipsoid atop a kidney, defined by
2 2
oY I 04
a b

wherethe (x,, y,, Z,)-coordinate system is related to the phantom's (x,y,z)-coordinate system by the
following rotation-translation equations, given in matrix form:

2
ﬁ) <1 and z > 0,

c

Xy cosO sn® 0O [X — %
Yif =]-sn@ cosO® Of |Y - ¥,
z, 0 o 1 (z - z,

In the following table of parametric values, x, and 0 are both taken as positive for the left adrenal,
and both negative for the right - the volume is for both adrenals.

Volume
Phantom a b c X, A Z 0 (cm3)
Newborn 161 0.54 154 +141 245 11.73 +63.3 5.61
Agel 1.05 035 220 154 325 1666 162.2 3.39
Age5 1.12 037 292 +200 375 2214 1593 5.07
Age 10 1.17 039 363 243 420 2758 157.2 6.94
15-AF 1.30 043 430 +3.02 490 3426 1556 10.1

Adult male 1.50 050 500 +350 500 3800 +52.0 15.7




Brain. Thebrainisan ellipsoid given by

[1]2 + [X]Z + [ z - (CT * CHl))2 <1
a b c -

Volume
Phantom a b c (cm®)
Newborn 414 5.40 3.61 338
Agel 5.63 7.34 491 850
Ageb5 6.34 8.26 552 1210
Age 10 6.51 8.48 567 1310
15-AF 6.58 8.57 573 1350

Adult male 6.60 8.60 5.75 1370

Breasts. The female breasts are represented by portions of two ellipsoids attached to the trunk,
given by
X - 2 ~ 2 ;- 2
%o . Y Yo . % <1
a b C
2 2

L] ) [l) > 1,
A B,

2

' Xo
wherey, = -B 1-1—] .
yO T AT)

The positive values of X, in the table below are taken for the | eft breast; and the negative values, for
the right breast.

and

Since the outer thickness S is counted as skin, the breast tissue is represented by
X - 2 B 2 ;- 2
| )Y Y| |23 .,
a-S b-S c-S

2
20«11 >
A; B,

and




The breasts in the age-15-ma e/adult-femal e phantom have been changed from those given by Cristy
(1980) for the age 15 phantom. The latter were designed to represent adolescent breasts. Note also
that the breastsin the “ Adult male’ phantom as described in Cristy (1980) are modified dlightly here
to be consistent with the age-15-male/adult-female phantom. (The “Adult male’ phantom is
hermaphroditic, like all the other phantoms, and can be used for larger-than-average females.)

There has been some disagreement between Kramer and co-workers (Kramer and Drexler 1981;
Kramer, Williams, and Drexler 1982) and Cristy (1980, 1982) on the appropriate size of the breast
for areference adult female. 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) and 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%).

Cristy (1984) argues that 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. At such low energies the phantoms may be too simple in design to give
meaningful estimates of dose to the breasts for either internal or external sources — e.g., the
distribution of the radiosensitive glandular tissue within the breast could become important here.
Thus, this disagreement may be academic.

Volume (both) (cm®)

Phantom a b C X, zZ Including skin  Excluding skin
Newborn 036 036 036 318 16.05 0.197 0.103
Agel 063 063 063 440 2281 1.06 0.704
Ageb 079 079 0.79 573 3031 2.09 1.45

Age 10 094 094 094 695 37.73 351 2.50
15-AF 495 435 415 863 46.87 391 347
Adule 495 435 415 1000 52.00 388 337

male

Gall bladder and contents. For thethe age 1, the age 5, the age 10, the age-15-male/adult-female,
and the adult male phantoms, the gall bladder is represented by the frustrum of a cone capped with
ahemisphere. For the newborn phantom, the gall bladder iscylindrical. The gall bladder is defined
asawalled organ.

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



Xy ay By vl X - X
yl = “2 Bz Yz y - yo .
Z ay By Y5l[Z - 7

The walls are specified as follows:
(hemispherical part)

and the (conical part)

The contents are specified as follows:
(hemispherical part)
Xty g <oy
and z <0;

and (conical part)

X12+Y12<(r1_521)2
and 0<z <h.

To obtain the equations for the newborn gall bladder wall and contents, set s = 0 and ignore the
hemispherical part.

The vaue of x, in the age-15-ma e/adult-female phantom 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.



Phantom o, B1 Y1 ) B, Y2 3 Bs Y3
Newborn 09292 O -0.3695 -0.1018 0.9613 -0.2559 0.3553 0.2754 0.8933
Agel 09770 O -0.2132 -0.0348 0.9866 -0.1594 0.2105 0.1632 0.9639
Ageb5 09814 O -0.1921 -0.0291 0.9884 -0.1490 0.1898 0.1518 0.9700
Age 10 09722 O -0.2342 -0.0400 0.9853 -0.1661 0.2307 0.1709 0.9579
15-AF 09550 O -0.2964 -0.0606 0.9789 -0.1952 0.2903 0.2044 0.9349
Adultmale 09615 O -0.2748 -0.0574 0.9779 -0.2008 0.2687 0.2090 0.9403
Phantom r r, S h X, Yo Z,
Newborn 0.458 0.500 0 3.10 -0.67 -1.75 8.68
Agel 0.884 0.937 0.2275 354 -0.71 -2.08 13.16
Age5 1.414 1.499 0.2275 5.66 -0.59 -2.40 17.49
Age 10 1.768 1.874 0.2275 7.07 -1.69 -2.69 21.77
15-AF 1.916 2.031 0.2275 7.66 -3.98 -3.14 27.04
Adult male  2.000 2.120 0.2275 8.00 -4.50 -3.20 30.00
Volume (cm?)
wall +
Phantom
Wall Contents Contents
Newborn 0.392 2.04 2.43
Agel 0.875 4.62 5.50
Ageb5 3.59 18.9 225
Age 10 7.00 37.0 440
15-AF 8.92 471 56.0
Adult male 10.1 53.6 63.7




Table A-6. Activemarrow in individual bones, parts of bones, or bone groups expressed as the per centage of active marrow in the body (derived from Cristy, 1981)

Percentage at various ages
Phantom skeletal region Corresponding skeletal region(s) 0 1 5 10 15 Adult®
Skull (cranium + facial skeleton)® Skull (cranium +mandible)® 29.50 27.47 17.44 12,72 | 10.12 8.32
Scapulae Scapulae 2.70 2.73 2.72 2.89 3.26 2.85
Clavicles Clavicles 0.80 0.83 0.85 0.89 0.98 0.79
Ribs Ribs + sternum 9.20 9.61 10.58 13.02 16.27 19.22
Spine (upper portion®) Cervical vertebrae C,-C 2.30 1.88 1.46 1.80 2.25 2.66
Spine (middle portion®) Cervical vertebrae C,-C, + all thoracic 9.40 9.27 9.58 11.79 14.75 17.41
vertebrae
Spine (lower portion®) Lumbar vertebrae L,-L, 1.90 3.37 5.39 6.63 8.29 9.79
Pelvis Sacrum + os coxae + lumbar vertebra 11.66 16.47 23.33 28.73 33.60 3331
L + 50% of upper ¥2femora
50% of upper ¥2femora
L eg bones (upper portion®) Lower ¥ femora 1.87 2.07 341 4.72 4.60 3.35
L eg bones (middle portion?) Tibiae, fibulae, patellae + ankle and 3.73 3.88 6.28 6.14 2.04 0
L eg bones (lower portion®) foot bones 16.24 13.40 11.55 551 0 0
Upper %2 humeri
Arm bones (upper portion®) Lower ¥ humeri 2.32 241 2.36 2.49 3.14 2.29
Arm bones (upper middle portion®) Radii and ulnae + wrist and hand 2.32 2.25 2.18 162 0.70 0
Arm bones (lower portion®) bones 6.07 4.36 2.88 1.06 0 0

®Age 40 values from Cristy (1981) were used for the “ Adult male” phantom.

®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.

“The upper portion of theleg bonesis defined asthe upper 14% of the length of the bones; the lower portion is defined as the lower 57%; and the middie portion isthe rest. The unevenness
of these numbers results from the assignment of part of the marrow in the upper femorato the pelvis.

“The 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.



Table A-7. Inactive marrow in individual bones, parts of bones, or bone groups expressed as the per centage of inactive marrow in the body (derived from Cristy, 1981)

Percentage at various ages
Phantom skeletal region Corresponding skeletal region(s) 0 1 5 10 15 Adult®
Skull (cranium + facial skeleton)b Skull (cranium + mandible)® 0 11.33 10.17 7.16 5.63 6.35
Scapulae Scapulae 0 1.06 1.60 1.64 1.82 217
Clavicles Clavicles 0 0.35 0.53 0.53 0.61 0.75
Ribs Ribs + sternum 0 3.90 4.32 3.42 3.70 3.86
Spine (upper portion®) Cervical vertebrac C,-C 0 0.78 0.61 0.47 0.51 0.53
Spine (middle portion®) Cervical vertebrae C,-C, + 0 3.82 3.95 3.10 3.34 3.50
all thorecic vertebrae
Spine (lower portion®) Lumbar vertebrae L,-L, 0 1.40 221 174 1.90 1.97
Pelvis Sacrum + os coxae + lumbar 0 6.79 13.28 11.87 13.28 16.07
vertebra L, + 50% of
upper ¥z femora
L eg bones (upper portion®) 50% of upper ¥2femora 0 0.84 2.36 331 3.83 4.70
L eg bones (middle portion?) Lower ¥ femora 0 3.72 5.95 10.08 12.53 12.53
L eg bones (lower portion®) Tibiae, fibulae, patellae + 0 45.35 39.29 40.05 36.66 32.05
ankle and foot bones
Arm bones (upper portion®) Upper %2 humeri 0 0.97 1.63 174 2.62 321
Arm bones (middle portion®) Lower ¥ humeri 0 221 2.06 2.64 4.29 4.29
Arm bones (lower portion®) Radii and ulnae + wrist and 0 17.45 12.04 12.25 9.28 8.02
hand bones

®Age 40 values from Cristy (1981) were used for the “ Adult male” phantom.

®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.

“The upper portion of theleg bonesis defined asthe upper 14% of the length of the bones; the lower portion is defined as the lower 57%; and the middie portion isthe rest. The unevenness
of these numbers results from the assignment of part of the marrow in the upper femorato the pelvis.

“The 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.



Gastrointestinal tract and contents.

Esophagus. The esophagus model is divided into two parts. The thoracic portion lies within the
upper trunk and contains asmall amount of air (represented by avoid in the model). It is described
as the region between two right elliptical cylinders:

2 _
é + Y Yo <1
a b
> ~ 2
X N y yo 51
a-d b-d

where z, < z < z,.

The abdomina portion lies within the upper abdomen (middle trunk of the phantom) and is closed.
It is described as aright circular cylinder:

whereapointinthe (x’, y’, z/) coordinate system is related to the phantoms's (X, y, 2) coordinate
system by the following rotation-translation equation:

x/ a; By vy X
y'l =% By vo||Y Yo
ay Py v3[| 2%

Z/

a b d Yo % Z r X, X, 4

Age

Newborn 0.35 021 014 115 1327 216 023 0.00 3.03 12.93
lyrold 0.51 027 019 133 1886 307 034 0.00 3.86 18.40
5yrold 0.65 032 022 1.69 2506 408 044 0.00 4.84 24.53
10yr old 0.79 036 025 2.04 3121 508 052 0.00 5.75 30.62
15yrold 1.05 040 028 2.29 3876 631 064 0.00 7.07 38.08

Adult 117 042 0.30 2575 43.0 70.0 070 0.10 7.80 42.30




Age o, Bl Y1 0y Bz Y, Oy BS Y3

Newborn 0.571348 -0.791789  -0.215943 0.810922 0.585154 0.0 0.126360 -0.175113 0.976406
lyrold 0.639520 -0.732178 -0.234370 0.753155 0.657843 0.0 0.154178 -0.176517 0.972148
5yrold 0.663545 -0.701214 -0.260782 0.726347 0.687328 0.0 0179243 -0.189418 0.965398
10yrold 0.678998 -0.677776  -0.282102 0.706470 0.707743 0.0 0.199655 -1.199296 0.959385
15yrold 0.708385 -0.637547 -0.302860 0.668965 0.743294 0.0 0.225114 -0.202603 0.953035
Adult 0.736084 -0.604969 -0.303634 0.634945 0.772557 0.0 0.234575 -0.192791 0.952789

Stomach. The stomach wall is represented by the volume between two concentric ellipsoids. The

contents are represented by the volume within the inner ellipsoid. Thewall is defined by

=[5

X_
and[
a_

The contents are defined by

2
] B
[

4|
4

c

2
Z_ZO) <1

L 2
+[ ZO) > 1.
c-d

X 2 ~ 2 ;- 2
%o + Yy~ % + % <1.

a-d b-d c-d
Phantom a b c d Xo Yo Z
Newborn 1.20 1.39 2.34 0.22 2.54 -1.96 10.80
Agel 1.85 2.05 3.51 0.33 3.52 -2.70 15.35
AgeS 2.55 2.40 4.66 0.45 4.58 -3.15 20.40
Age 10 3.14 2.74 5.81 0.53 5.56 -3.51 25.40
15-AF 3.43 2.92 7.16 0.56 6.90 -3.92 31.55
Adult male 4.00 3.00 8.00 0.613 8.00 -4.00 35.00




Volume-wall Volume-contents

Phantom (cm®) (cm®)
Newborn 6.17 10.2
Agel 20.9 34.8
Age5 47.2 722
Age 10 81.8 128
15-AF 113 187
Adult male 152 250

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. The small intestine does not seem to remain in any “standard position” except the
ends, which arerelatively fixed. Thus, the small intestine is to be regarded as occupying a volume
within which it isfree to move. No attempt to determine a specific configuration is made here, and
thus the wall and contents are not distinguished for estimation of photon dose.

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

4 [52 <

Yi=Y<Y,,

and z < z< z,.

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

Volume
Phantom a b Yo A Y, z A (cm?)
Newborn 3.59 5.54 -1.86 -2.39 1.08 5.25 8.33 50.9
Agel 4.97 7.35 -2.47 -3.16 143 7.46 11.84 132
AgeS 6.47 8.48 -2.85 -3.65 1.65 9.91 1574 265
Age 10 7.85 9.49 -3.19 -4.08 1.85 12.34 1059 447
15-AF 9.75 11.07 -3.72 -4.76 2.16 15.32 24.34 806

Adult male 11.30 11.30 -3.80 -4.86 2.20 17.00 27.00 1060

Upper largeintestine. The upper large intestine consists of an ascending colon and a transverse
colon. The ascending colon wall is defined by the space between two coaxia elliptical cylinders:



IN
[

\2
[

and z, < zZ <

Volume (cm?)
Phantom a b d %o Yo z YA wal  Contents
Newborn 079 1.23 0.27 -270 -1.16 4.46 741 4.38 4.63
Agel 110 163 0.37 -3.74 -1.53 6.34 1053 115 121
AgeS 143 1.88 0.46 -4.87  -1.77 842 1399 229 24.1
Age 10 1.74 210 0.54 -591 -198 1049 1742 388 40.8
15-AF 216 245 0.65 -7.33 -231 1303 21.63 695 73.4
Adultmale 250 250 0.7085 -850 -236 1445 2400 912 96.3

The transverse colon wall is aso defined by the space between two coaxial eliptical cylinders:

Y = Yo . Z- 4
b c

2 2
Y =Y . Z- 4
b-d c-d

IN
[

\2
[



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

2 2
(=)
b-d c-d

and -X; < X < X,.

Volume (cm?)

Phantom b C d Yo Z X, wall  Contents
Newborn 1.23 0.46 0.18 -1.16 7.87 3.33 5.69 6.15
Agel 1.63 0.65 0.26 -1.53 11.18 462 152 155
Ageb 1.88 0.87 0.33 -1.77 14.86 6.01 302 31.6
Age 10 2.10 1.08 0.40 -1.98 18.51 7.30 510 53.0
15-AF 2.45 1.35 0.49 -2.31 22.99 9.06 923 96.0
Adult male 250 1.50 0527 -2.36 25.50 1050 121 127

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 coaxia éliptical cylinders.

The axis of the cylindersis at a slight angle with the z-axis of the phantom, but the ends of the

descending

colon are defined by horizontal planes (z =z, and z = z)). Thewall is specified by

2 2

X = X Y = Yo
a b

< 1,

X% Y = Y%
a-d b-d

where



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

2 2
22 ] <
a-d b -d ’

and z, < Z < Z,.

Volume (cm?)
Phantom a b d Xy m, m, z zZ Wall  Contents
Newborn 060 1.04 020 294 02477 1225 269 741 427 4.98
Agel 083 138 027 407 03432 1625 382 1053 110 13.1
AgeS 108 160 034 530 04466 1875 508 1399 223 26.1
Age 10 131 179 040 643 05421 2100 6.33 1742 37.6 441
15-AF 162 209 049 798 0.6728 2450 7.86 21.63 683 78.2

Adultmale 1.88 213 054 925 0.7800 2500 872 24.00 899 102

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

(portion of upper torus)

[\/(Xxo)2+(zzo)2R1]2+(X]2<l,
b

a

[wxxo)zwzzo)w]ﬂ[ )

a-d b-d

X > Xy, and z < z,;

and (portion of lower torus)



The contents of the sigmoid colon are defined as follows:

(portion of upper torus)

|

Vo %)+ (@ -

and (portion of lower torus)

a-d

Zo)2R1) +[ y

X > X and z < z;

2
_ 2 2 _ 2
Y& - x)? + 22 R, Ly <1
a-d b-d
X < X, and z > 0.

Volume (cm?)
Phantom a b d %o Z R, R, Wall  Contents
Newborn 050 077 025 095 269 177 092 339 1.73
Agel 069 102 034 132 382 251 131 878 4.49
AgeS 0.88 121 042 1.72 5.08 3.33 175 17.6 9.11
Age 10 096 150 048 209 6.33 415 218 297 15.3
15-AF 1.18 1.76 0.59 2.59 7.86 5.16 270 538 26.8
Adult male 157 157 066 3.00 872 572 300 704 35.6




Heart and contents. The heart model developed by Coffey for the adult phantom has been
employed (Coffey 1978; Coffey, 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 (x,,y;,
z,)-coordinates, which are related to the (x,y,z)-coordinate system by the following
rotation-translation equations:

X-1 0y Bl Y1 X - Xo
y_l = |0y Bz Y, y - yo
4 ay By vs| [Z - 7

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 x,, y,, and z, directions.
Thus, AVY isadimension common to the atria and ventriclesin they, direction.

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

X 2 2 2

1 + yl + i <1

VX AVY LAVZ

2 2 2
# + Y1 + 4 > 1
VX - TLVW AVY - TLVW LAVZ - TLVW/)

and x, > 0.

The contents of the left ventricle are defined by the volume within the inner of the two
half-ellipsoids given above, i.e,,
2
2 ) o

LAVZ - TLVW

2 2
—Xl + 4! +
VX - TLVW AVY - TLVW

and x, > 0.

Theright ventricle (wal + contents) is represented by a quarter-ellipsoid that wraps around half of
the left ventricle. Thewall is defined by the inequalities



2 2
yl + Zl >
AVY - TRVW RAVZ - TRVW,

X, >0, and z <0.

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

The contents of the right ventricle are defined by the inequalities

RAVZ - TRVW

X 2 2 2
— 1 ]+ i + 4 <1,
VX - TRVW AVY - TRVW

X, > 0and z <0.

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

2 2 2
o (e (-
VX AVY

LAVZ
The left atrium (wall + contents) is represented by two adjacent quarter-ellipsoids. The left atrial
wall is defined as follows:

must also hold.

(part 1)



2
y]_ + Zl ]2 > 1,
AVY - TAW LAVZ - TAW

X, <0and Zz > O;

and (part 2)

2 2
i o, 4 <1
AVY LAVZ - TLVW + TAW

2 2
_ Ny, 4 N
AVY - TAW LAVZ - TLVW/

X, <0and z <0.

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

(part 1)
X 2 2 2
1 . Y1 . 4 <1
AX - TAW AVY - TAW LAVZ - TAW
X, <0and z > 0;
and (part 2)
X 2 2 2
) . Vs . 2, <1
AX - TAW AVY - TAW LAVZ - TLVW

X, <0and z <0.



Theright atrium (wall + contents) is represented by a quarter-ellipsoid that wraps around part of the
left atrium. Thewall is defined by the inequalities

X 2 2 2
-1 + yl + i < 1,
AX AVY RAVZ
X 2 2 2
1T + L + Zl > 1,
AX - TAW AVY - TAW RAVZ - TAW

X, <0 and z <O.

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

The contents of the right atrium are defined by the inequalities

X 2
—r |+
AX - TAW

2 2
y]_ + Zl < 1,
AVY - TAW RAVZ - TAW

X, <0and z <0.
The portion of the left atrium within this space is excluded, i.e., the inequality

X 2 2 2
L + Y1 + 4 > 1
AX AVY LAVZ - TLVW + TAW

must also hold.

The age-dependent values of all the heart parameters are given in the tables below. The volumes
are given in cubic centimeters.

Phantom 0y B, Y1 %) B, Y2 O3 Bs Y3
Newborn 0.5942 -0.6421 -0.4845 -0.3291 0.3556 -0.8748 0.7340 0.6792 O
Agel 0.6009 -0.6216 -0.5025 -0.3493 0.3613 -0.8646 0.7190 0.6950 O
Age5 0.6237 -0.5721 -0.5327 -0.3926 0.3601 -0.8463 0.6760 0.7369 O
Age 10 0.6345 -0.5370 -0.5559 -0.4243 0.3591 -0.8312 0.6460 0.7633 O
15-AF 0.6453 -05134 -0.5658 -0.4428 0.3523 -0.8245 06226 0.7825 O
Adult male 0.6751 -0.4727 -0.5664 -0.4640 0.3249 -0.8241 05736 0.8191 O




Phantom VX AVY LAVZ RAVZ AX TLVW TRVW TAX %o Yo A
Newborn 371 216 134 3.02 233 0.56 0.26 013 042 -1.08 16.05
Agel 467 272 1.68 3.80 293 171 0.33 016 054 -167 2243
Ageb5 572 333 206 4.66 359 0.86 0.40 020 077 -1.70 29.60
Age 10 6.73 392 243 5.48 423 1.02 0.47 023 080 -1.70 36.60
15-AF 786 457 283 6.40 494 1.19 0.55 0.27 086 -210 45.10
Adultmale 860 500 3.10 7.00 540 1.30 0.60 030 100 -1.80 50.00
Volume
Phantom Left ventricle Right ventricle
Wall Contents Wall Contents
Newborn 14.3 8.23 5.42 8.68
Agel 28.5 16.2 10.9 17.3
Ageb5 52.0 30.2 19.8 32.0
Age 10 85.4 48.9 323 52.0
15-AF 135 77.4 51.4 82.9
Adult male 177 102 67.2 108
Volume
Phantom Left atrium Right atrium
Wall Contents Wall Contents
Newborn 2.55 9.31 2.21 8.91
Agel 4.96 18.5 4.32 18.0
Age5 9.31 34.0 8.09 327
Age 10 14.9 55.8 12.9 53.8
15-AF 23.7 88.3 20.7 85.5
Adult male 31.6 115 27.4 111




Phantom Volume-total  Volume-total

heart walls heart contents
Newborn 24.4 351
Agel 48.7 69.9
Age5 89.3 129
Age 10 145 210
15-AF 231 334
Adult male 303 437

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

RS RE

and |X|> X,.

In the following table, X, is taken as positive for the left kidney, and negative for the right - the
volume is that for both kidneys.

Volume
Phantom a b c Xo Yo A X, (cm?)
Newborn 1.79 0.93 1.70 +1.91 294 10.03 0.71 22.0
Agel 2.61 1.25 241 264 390 14.25 0.95 60.5
AgeS 3.20 1.40 3.20 +344 450 1894 131 111
Age 10 3.66 1.47 3.99 +4.17 504 2359 1.74 166
15-AF 4.05 1.53 4.96 +518 588 2930 248 238

Adult male  4.50 150 550 +6.00 6.00 3250 3.00 288

Liver. Theliver isdefined by an elliptical cylinder cut by a plane as follows:

L-fl—ig—l
Xn Ym  4n
and z <z<z

The liver in the age-15-male/adult-femal e phantom has been changed slightly from that given for
the age 15 phantom in Cristy (1980) to match the data for a reference adult female (ICRP 1975).



Phantom a b X Yim Z, z zZ,
Newborn 519 425 845 1090 1327 833 1327

Agel 720 547 1283 1655 1886 11.84 18.86
Ageb 939 630 1627 2034 25.06 1574 25.06
Age 10 1143 683 2198 2967 3121 1959 3121
15-AF 1419 784 3151 4475 3876 2434 38.76

Adult male 1650 8.00 35.00 4500 43.00 27.00 43.00

Volume
Phantom (cm?)
Newborn 117
Agel 281
Age5 562
Age 10 853
15-AF 1350
Adult 1830

Lungs. Each lung isrepresented 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. Theright lung is defined as follows:

[ () (=

and z > z,;
if zp<z<zy and y<y,, then Xx < Xz must also hold.

The statements for the left lung are smilar, but replace (x + xo) with (x - X,), and z,,, z,,, and y,g with
Z,, Z,, and y,,, respectively; and replace the inequality (X < X;5) withx > x;,). Theletters R and
L refer to right and left.



Phantom a b C %o Z
Newborn 1.89 3.68 7.41 270 1342

Agel 2.68 4.88 10.53 3.74  19.08
Ageb 3.47 5.63 13.99 487 2535
Age 10 3.82 6.30 17.42 591 3157
15-AF 4.09 6.98 20.55 733 3921

Adult male 5.00 7.50 24.00 850  43.50

Phantom Xir Yir ZR LR Xy Yu L

Newborn -230 075 1415 1785 +3.00 030 17.90
Agel -290 0.70 20.10 2460 +3.90 040 24.80
Age5 -350 1.00 2690 3230 +5.00 050 32.60
Age 10 -410 130 3340 3960 +590 0.75 40.00
15-AF -5.00 120 4160 4850 +7.00 0.70 49.00

Adult male -540 150 46.00 54.00 +8.00 1.00 55.00

Volume (cm?)

Phantom Left lung Right Both lungs
lung
Newborn 79.1 91.9 171
Agel 225 259 484
Ageb5 454 526 980
Age 10 709 821 1530
15-AF 1020 1180 2200
Adult mae 1560 1810 3380

Ovaries. Each ovary isan ellipsoid and is given by
X - 2 2 ;- 2
% A . % < 1.
a b C

The vaues of x, in the table below are taken as posditive for the left ovary, and negative for the right
ovary.

The ovariesin the age-15-mal e/adult-femal e phantom have been changed from those in the age 15
phantom in Cristy (1980), to represent an adult female rather than an adolescent female. Thereis
asmall intersection of the right ovary (as defined above) with the wall of the ascending colon and
asmall intersection of the left ovary (as defined above) with the wall of the descending colon in this
phantom. These regions of intersection are defined as colon walls only in the computer codes.



These regions are aso excluded in the computations of volume and mass of the ovaries given below
and in Appendix B.

The ovariesin the “adult male’ phantom have not been modified from those of Snyder et al. (1974)
and are smaller than those in the “15-AF” phantom. For recommended values of specific absorbed
fractions in the companion volumes, values of ®(ovaries-ovaries) derived from the “15-AF’
phantom are tabulated for both the “age 15 male or adult female” and the “adult male or large adult
female.”

Volume
Phantom a b c X, A (both) (cm?)
Newborn 0.30 0.22 0.57 +1.91 4.63 0.315
Agel 0.38 0.28 0.77 +2.64 6.58 0.686
AgeS 0.53 0.35 1.07 +3.44 8.74 1.66
Age 10 0.66 0.40 1.36 +4.17 10.89 3.01
15-AF 1.17 0.58 1.80 +5.18 13.52 10.1
Adult male 1.00 0.50 2.00 +6.00 15.00 8.38

Pancreas. The pancreasis haf an ellipsoid with a section removed. It is defined by

2 (=

X > X,

and z > z, if x> x,.

Volume
Phantom a b C X, A X, (cm?)
Newborn 432 050 087 -0.09 11.42 0.99 2.69
Agel 6.85 071 141 -043 16.23 1.32 9.87
AgeS 916 090 192 -057 21.57 1.72 22.7
Age 10 1009 092 217 -0.38 26.85 2.15 28.9
15-AF 1332 114 287 -0.72 33.35 2.61 62.4

Adult male 16.00 120 330 -1.00 37.00 3.00 90.7

Skin. Skin is represented as a layer of thickness S extending over the exterior of the phantom,
including the exposed top of the trunk and the bottom of the legs, but excluding the exposed bottom



of the trunk, top of the legs, and bottom of the head. 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.

This layer corresponds to the dermis as well as the epidermis. Greater thicknesses in places such
as the back have been ignored.

Volume of skin (cm®)

Phantom S Head Trunk Legs MaeGentaia Total
Newborn 0.07 302 546 28.3 0.741 114
Agel 008 636 121 75.0 1.48 261
Age5 009 943 225 195 2.64 517
Age 10 0.10 117 370 363 4.05 854
15-AF 017 217 958 866 135 2050
Adult mae 020 274 1410 1190 23.4 2890

Spleen. The spleen isrepresented by the elipsoid

) ) (=

Volume
Phantom a b C X, Yo Z (cm?)
Newborn 1.13 1.00 185 3.54 142 11.42 8.76
Agel 1.65 135 263 4.94 1.85 16.23 24.5
AgeS 2.09 152 349 6.40 2.25 21.57 46.4
Age 10 243 168 435 7.65 2.52 26.85 74.4
15-AF 2.90 188 519 9.49 2.94 33.35 119

Adult male  3.50 200 6.00 11.00 300 3700 176




Testes. The testes are represented by the ellipsoids
2
xia2+ Y =Y .| zrc Zgl,
a b o

where the £ sign is taken as positive for the right testis and negative for the left testis.

Volume (both)
Phantom a b c Yo (cm®)
Newborn 0.36 0.42 0.64 -258 0.811
Agel 0.41 0.47 0.72 -3.73 1.16
AgeS 0.45 0.52 0.80 -4.98 1.57
Age 10 0.47 0.55 0.84 -6.15 1.82
15-AF 0.96 1.10 1.69 -7.10 15.0
Adult male 1.30 1.50 2.30 -8.00 37.6

Thymus. Thethymusis represented by an ellipsoid, given by

([ =

Volume
Phantom a b c Yo A (cm®)
Newborn 176 070 210 -3.60 19.30 10.8
Agel 1.75 100 3.00 -475  27.00 22.0
AgeS 1.85 105 3.50 -5.48  35.00 28.5
Age 10 1.85 100 3.90 -6.13  43.00 30.2
15-AF 1.75 093 4.00 -7.15 52.00 27.3

Adultmale 150 080 400 -7.30 57.00 20.1

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



X2 + (Y - Yp? < R?,
XZ + (Y -y 2 1
Y < Yo

Cr<z<C;+ec,

and ((y - Y9 — [X[])? 2 2(x* + (y - Y75,

in which
z-C;
0.25c

2

)+1 forOsz—CTsO.ZSC

- z-C -
and ¢ - | 212 )L A2 g 025 < z - C; < C.
2 0.75c 3

Volume
Phantom R r C Yo (cm?)
Newborn 0.87 0.40 200 -214 1.24
Agel 0.97 0.44 2.21 -2.87 1.71
Age5 1.21 055 276 -331 3.32
Age 10 1.60 0.73 3.63 -3.56 7.62
15-AF 1.85 0.83 4.20 -3.91 11.9

Adultmale 220 1.00 5.00 -4.00 19.9

It was stated in Cristy (1980, p. 94) that, when compared with the adult phantom of Snyder et al.
(1974), the “thyroid has been moved closer to the front surface of the body, after Hwang, Shoup,
and Poston [1976]. The thyroid had been located too deeply within the neck-and-head region for
external dose calculations (Kerr 1979). The new position is better for external sources anterior to
the body, but it will remain unsuitable for external sources from the back or sides until a separate
neck region is added to the phantom design. This difficulty is unimportant for internal emitters.”



There are several errorsin this quoted paragraph. While Kerr (1979) did move the thyroid closer
to the front surface of the neck-and-head region for his studies of doses from external irradiation,
Hwang et al. (1976, p.3) moved the thyroid “slightly back towards the center of the lower head
section and in[to] a more natural position.” The thyroid as given here and in Cristy (1980) was
moved backwards deeper into the neck-and-head region, like Hwang et al. but unlike Kerr. The
position as given here is better for internal dosimetry but worse for external dosimetry.

Cristy (1985) has recently modified the neck-and-head region in developing a Japanese adult
phantom for the A-bomb dose reassessment study, with the purpose of making the neck and thyroid
region suitable for either external or internal dosimetry. However, the parameters as given therein
will probably be changed and parameters for our Western phantoms have not been finalized. Note
that thisis a problem for external dosimetry only.

Urinary bladder and contents. The bladder 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
2 B 2 ;- 2
X + Y Yo + % <1
a b c




Volume- Volume-

wall contents

Phantom a b c d Yo A (cm®) (cm®)
Newborn  1.69 1.82 1.14 010 -221 2.47 2.77 11.9
Agel 2.35 2.42 1.64 014 -293 3.51 741 31.7
AgeS 3.04 2.77 2.16 0.17 -3.38 4.66 14.0 62.2
Age 10 3.61 3.04 2.63 020 -3.78 581 22.3 98.6
15-AF 4.27 3.38 3.11 023 -441 7.21 34.5 154

Adult 4.958 3458 3458 0.252 -4.50 8.00 457 203

male

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 wall - contents), will vary by approximately an order of magnitude
in the adult, according to the calculations of Snyder, Ford, and Warner (1970). Thus, the reader
should be aware that specific absorbed fractions calculated using these phantoms are appropriate
only for one size of bladder. The variation in the specific absorbed fraction to bladder walls of
different sizes from other source organs outside the bladder is generally small (Snyder 1970).

Uterus. The uterusisan ellipsoid cut by a plane and is given by

[ =

and y > vy;.

The uterus in the age-15-male/adult-female phantom has been changed from that in the age 15
phantom of Cristy (1980), to represent an adult female rather than an adolescent. The volume was
calculated from data given in ICRP Publication 23 (ICRP 1975).

The uterusin the “ Adult male’ phantom was al'so modified to be consistent with the change in the
“15-AF" phantom. The shapes are dightly different because of differences in trunk shape in the two
phantoms. Generally organ shapes were allowed to change according to change in trunk shape,
unless there was information to the contrary (see Cristy, 1980).



Volume

Phantom a b c Yo A Y, (cm®)
Newborn 083 257 049 -098 432 -2.27 3.70
Agel 061 180 036 -1.30 6.14 -220 1.40
AgeS 0.78 2.00 047 -150 816 -251 2.60
Age 10 091 217 057 -168 1016 -2.78 4.00
15-AF 247 561 155 -196 1262 -4.77 76.0

Adult male 2.62 522 157 -200 14.00 -4.62 76.0
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