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ABSTRACT

Estimating absorbed doses to children from external and internal
radiation sources has become important to the nuclear industry and
nuclear medicine. Previous methods for estimating absorbed dsses to
children were calculated from shrunken versions of the Snyder-Fisher
phantom. However, the child is not merely an adult shrunk by a
constant factor. The size and shapes of many organs are not those of
the adult reduced by some factor, and this undoubtediy affects the
dose to the various organs from a source in any one of them. To
mitigate uncertainties in absorbed dose which may be introduced in
using shrunken phantoms, two pediatric phantoms were developed.

Mathematical representations of a one-year old and a five-year
old human have been designed. The phantoms consist of head, trunk and
leg regions with a skeletal system and twenty-two internal organs,
each. The mathematical descriptions of these phantoms have been coded
into Fortran computer language for use with a Monte-Carlo photon
transport code. This computer code was used to calculate absorbed
fractions of energy deposited in different target organs from a
radionuclide deposited uniformly in a source organ.

Absorbed dose calculations were performed for two 29MTc Tlabeled
pharmaceuticals. Photon absorbed fraction estimates for the pediatric
phantoms from Monte-Carlo calculations were combined with biological
data to estimate dose distributions in one-year old and five-year old

children.
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CHAPTER I
INTRODUCTION

The first official recommendations of precautionary measures for
ionizing radiations came in 1916 from the British Roentgen Society.
Since that time, there have been general recommendations for radiation
protection by various councils and commissions. The International
Congress of Radiology and the National Council on Radiation Protection
and Measurements (USA) have made recommendations on the levels of
maximum permissible exposure to ionizing radiation (ICRP, 1965; ICRP,
1959; NBS, 1959). The application of these 1limits in radiation
protection practices requires an accurate determination of absorbed
doses. In nuciear medicine the determination of the radiological
hazard to patients who are administered radiopharmaceuticals requires
also an assessment of absorbed doses in organs from a radioactive
material deposited in another organ.

In 1954, the International Commission on Radiological Protection
(ICRP) recognized the need for the standardization of some of the
basic assumptions relative to the average man, 1i.e., the mass and
affective radii of the body organs, rates of ingestion and inhalation,
elimination rates, etc., and made the first attempt at defining
Reference Man (formerly Standard Man) (ICRP, 1955). This first
Reference Man consisted of Tittle more than (1) the specification of
the weights of some of the fmportant organs and tissues, (2)
specification of 1intakes of air, water, and a few elements, and (3)
some data on excretion. With increasing use of dinternally and

externally applied radiation, it became necessary to expand the



concept of Reference Man and to reevaluate the existing parameters.
In December of 1963, Committee II of ICRP requésted that the
Commission establish a task group for the revision and extension of
the Reference Man concept. During the formulation of this report
members of the Task Group reported on the revision of Reference Man
(Snyder, et al., 1966) and on the elemental composition of Reference
Man (Tipton, et al., 1966). The Report of the ICRP Task Group on
Reference Man has been published only recently (ICRP, 1975).

The development of a reference man and the subsequent
incorporation of this design into computer codes used in absorbed dose
calculations (Snyder, et al, 1969 and Snyder, et al., 1974A) has
brought a certain sophistication to the area of dose estimation. In
the past, many geometrical shapes had been used to simulate the human
body. For example, Ellett, Callahan and Brownell (1964, 1965) and
Reddy, Ellett, and Brownell (1967) used Monte Carlo techniques to
determine the absorbed doses delivered by uniform low energy point
source gamma-ray emitters in tissue equivalent phantoms. The phantoms
included spheres, ellipsoids, and elliptical cylinders ranging in mass
from 2.1 to 198 kg. Other authors have used right circular cylinders
to simulate not only the human body (Jones, et al., 1971) but also the
body of small laboratory animals (Willhoit and Jones, 1970 and Jones,
1971).

With the 1increased growth of nuclear energy, estimates of
absorbed dose to other population groups (e.g. children) were
required. In addition, children are being exposed to wmany nuclear

medicine procedures and accurate dose estimates are needed. Fisher



and Snyder (1966) recognized this problem early and, in fact, reported
on the design of six phantoms corresponding to ages 0 (newborn), 1-,
5-, 10-, 15-, and 20-years of age. The 20-year old phantom is the
well-known Snyder-Fisher phantom (Fisher and Snyder, 1967) designed
according to the data on Reference Man. The phantoms of ages younger
than the adult were obtained by shrinking each of the three regions
of the phantom {head, trunk and legs) by constant factors chosen to be
representative of the particular age. A1l organs, etc. within each
region were "shrunk" isotropically by the same factor and changes in
organ shape, location, etc. were ignored. These phantoms have been
used extensively in the evaluation of the exposure of children even
though it was recognized that these phantoms represented children only
to a first approximation (Hilyer and Snyder, 1973 and Poston, et al.,
1974).

The physiological geometry of a child is different than that of
an adult. For example: (1) the weight of the head with respect to
total body weight is greater for a child than an adult, (2) the trunk
of a child 1is more cylindrical than that of an adult trunk which is
elliptical and (3) some internal organs, such as the thymus gland, are
larger with respect to other major organs in the child (than din the
adult). Such factors as these may Tead to gross uacertainties in
calculated dose estimates to children. Preliminary dosimetric
studies (Warner, et al., 1974) indicate large differences exist for
different age groups. For example, the absorbed dose to the total
body can be higher in a child by a factor 10 or more for a particular

source administered to a child and to an adult.



The purpose of this research is to develop phantoms for children,
1-year and 5-years of age, and to use these phantoms as the basis for
dosimetry studies similar to those of the adult. These mathematical
phantoms will be suitable for use in Monte Carlo simulation of many
exposure  situations. However, only one application will be
demonstrated, i.e. the children phantoms will be used to simulate an
exposure situation typical of that practiced in pediatric nuclear

medicine.



CHAPTER TI
THEORY

Interaction of Photons with Matter

Photons are classified according to their origin, not their
quantum energy. Gamma rays are produced in nuclear reactions, whereas
x~rays are caused by the excitation or removal of orbital electrons or
by the deceleration of electrons. The emission of gamma rays is a
mechanism by which the energy of excitation of & nucleus can be
removed. The excitation or vremoval of orbital electrons, which
precedes the production of x-rays, may be accomplished in many ways,
including the 1inelastic scattering of other electrons, the internal-
conversion phenomenon, and the electron-capture process. The energy
released upon the return of the orbital electrons to the ground state
appears as x-ray photons, known as fluorescent radiation, or
characteristic x~rays. The x-ray production which accompanies the
deceleration of electrons is called bremsstrahlung.

When a photon interacts with matter it can be with an entire atom
(photoelectric effect and Rayleigh scattering), or with an electron in
an atom (Compton effect and pair production 1in the field of an
electron), or with the atomic nucleus (pair production, etc.). The
primary interactions of x-rays and gamma rays with matter involve the
production of energetic secondary charged particles, usually
electrons. The biological effects of x-rays and gamma rays are fin
fact the effects of their secondary charged particles on the

biological system.



In photoelectric collisions the entive primary photon energy, hv,
is absorbed by the struck atom. One electron, usually from the K or

l. shell, is then immediately ejected with kinetic energy, T, whare
T =hv - BE (1)

and BE 1is the binding energy of the electron. Momentum is conserved
by the recoil of the entire residual atom. The energy BE 1is emitted
promptly by the residual atom as characteristic x-rays and Auger
electrons from the filling of the vacancy in the inner shell. Because
the entire atom participates in the interaction, the probability of
the photoelectric interaction is described by an atomic cross section
t. cm?/atom. A crude expression is

a

AL
T, Vv const Thoy? (2)

The angular distribution of photoelectrons per unit solid angle for

the nonrelativistic case is given by

- sin?g
N =T cos gy W (

[#%]
L

where dN 1is the number of photoelectrons ejected in the small solid
angle dg making an angle o with the incoming photon and 8 = v/c is
the velocity of the photoelectron expressed as a function of the
velocity of Tight.

The Compton effect is the change of photon wavelength or of
frequency upon scattering electrons. For sufficiently nigh gamma-ray
energies, these electrons can be considered as initially unbound and

stationary. The application of the laws of conservalion of energy and



momentum to the c¢ollision of a primary photon with a free electron

Teads to the expression

.o hrv ,
v = 1+ (1 -cos o) hu/mc? (4)

where hv” is the energy of the scattered photon and ¢ is the angle
between 1its direction and that of the primary photon. The kinetic

energy E of the recoil electron is

kin

= hu o hoe = (1 - cos &) hv/mc?
ho = o = [1 F{IT cos o) h/mc? |- (5)

Since each electron enters individually into the scattering process,
the partial absorption coefficient, ¢, is proportional to Z. The
dependence of 5 on photon energy has been calculated quantum-
mechanically by Klein and Nishina (Price, 1964). For hy >> mc2 the

expression for o is

v NZ 2 hv , 1
ST H (‘znmcz +}2) (6)

\

which is essentially an inverse dependence on hv. The Klein-Nishina
calculation divides the absorption coefficient o into two parts, J
and o, The energy in the scattered photons is taken into account by
o's and a represents the enerqy absorbed in the recoil electrons, only
the latter represents a true energy absorptien.

The third main type of interaction is called pair production in
which a high-energy quantum ‘interacts with the Coulomb field of an

atomic nucleus. The annihilation of the photon produces a positron-

. . . + -
electron pair. The interaction can be expressed by hv > e + e + 27,



with a very small amount of energy going into the vrecoiling nucleus.
A minimum incident photon ernergy, the threshold erergy, of hv = 2m0c2
= 1.02 MeVY is required for pair production in the field. The
atomic cross section, Ky for nuclear pair production can be written
as k= NZ?(hv - 2m c®) in the vicinity of 1 MeV, and k, = NZZnhv at
very high energies. Pair production s an important mode of
interaction at photon energies greater than 2.5 MeV. The energy
transferred "locally" from the gamma vray to the positron and the
electron causes ionization or excitation which leads to molecular
disruption and subseugent chemical and biological changes.

Considered collectively, the photoelectric effect predominates at
low energies; the Compton effect predominates at intermediate
energies; and the pair production predominates at high energies.
Interaction coefficients for these different processes are complex
functions of photon energy and absorber material, and depend on the
atomic composition but not upon the chemical or physical state of the
absorber, In summary, the 7 and E dependence for these three

principal photon interactions can be described as follows:

Z-dependence E~-dependence
photoelectric effect 7% cm?/aton %3 E < 0.5 MaV
LB 0.5 Mey
Compton effect 71 cm2/atom 1
E
pair production 72 cm?/atom n £

(Attix, et al., 1968; Price, 1964; Llapp and Andrews, 1972; Whyte,
1959).



Monte Carlo Technique

Monte Carlo calculations provide a direct means of determining
the gamma ray energy deposition in phantoms from photon emitters.
Monte Carlo techniques are used to determine the average photon energy
delivered to a given target vegion (absorbed fraction) or to a point
region (specific absorbed fraction). Random sampling techniques are
used to simulate the entire sequence of scattering and absorption
events that follow the emission of a source photon. Such a seguence
is known as a historv and each history consists of a anumber of photon
interactions.

Photon histories are determined using the mass-attenuation

coefficients, u e(e), uC(E) and upp(E), for the photoelectric, Compton

p
and pair-production dinteractions, respectively. Because these are
calculated from atomic attenuation coefficients and compositions, they
have different values for regions with differing composition. For the
first step of the procedure, an initial attenuation coefficient, Vos
is selected which 1is greater than or equal to those of any of the
regions, i.e., skeletal, lTung and the remainder of the phantom. A

potential site for an interaction is chosen by the procedure of first

taking a distance traversed, defined as:

d = -(tn ri/u (7)

0

where r is a number selected at random from a uniform distribution of
numbers., The coordinates of a point at this distance (from the
starting point) are tested to determine its location in the phantom;

this region is designated as i. One then plays a game of chance with
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probability “i/”o of acceptance of this as an interaction site where
U is the total mass attenuation ceefficient for the region. If the
outcome of the game dis favorable, this site is accepted; if it is
unfavorable, the photon is allowed to continue with the same direction
and energy, but beginning at point i.

In addition to scattering, the photon has a finite probability of
absorption which predominates at lTow energies. Thus very few photons
will penetrate to large distances, and the statistics of the estimate
will therefore be poor. To compensate partially for this, each photon
is given a statistical weight that initially is set at wunity. With
each Compton scattering interaction, this weight is reduced to allow
for the probability of survival, and the photon is allowed to

continue. The reduction of weight is expreassed by:

u (E )
= "”1
bn " Moo E(E:‘jl (®)
h

in which Nn is the weight carried by the photon after the nt
collision and uC(En_l) and “(Enml) are the coefficients for Compton
scattering and the total coefficient before the nth collision,
respectively. This reduction of the weight carried by the photons is
equal to the expectation of a Compton scattering which the photon
would have in the actual physical processes. The total fiight history
of the photon is terminated (1) if it escapes from the phantom, (2) if
its energy falls below 4 keV or (3) if its weight falls helow 107>; in
the latter two cases, the energy is considered to be absorbed locaily.

th

The energy deposition for the n™ interaction is



11

e (B ) w (E 1)
Ex = |y e n-1 t''n~1
N el i WE ) St e 7 e T E)
u  (E_ )
+ - n-1 - 2
WET (Fag - 2 )] (9)
in which “pe(En-l)’ uC(En_l) and “pp(En~1) are the mass-attenuation

coefficients for the photoelectric, Compton, and pair production
processes before the collision at the site considered, respectively,
and moc2 is the rest mass energy of an electron. It should be noted
that the total energy of the photon 1is absorbed locally when a
photoelectric interaction occurs, and this is alse the case for the
kinetic energy of the electron and positron produced by pair
production. The positron will be annihilated, and two photons of
energy mOCZ (= 0.511 MeV) will be emitted. The computer code is
designed to take account of these photons since a new photon of energy

0.511 MeV with weight:
2 W
1 upp(Enﬁl)/u(En"l)

and random orientation is started at the site of the pair production
and followed independently afterward.

No procedure has been used to take account of the finite range of
the electrons and positrons produced. Generally, these ranges are
small compared with the diameters of most organs, and the absorbed
dose will not change abruptly with distance except at an interface
where the composition and density change or at the boundary of the

source organ. At such an interface the number of photon interactions
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per unit volume may change abruptly and the change in absorbed dose
will be somewhat less abrupt due to the finite range of the secondary
particles. However, no attempt is made to estimate boundary effectis.
An absorbed fraction is estimated for each organ considered as a
whole.

Finally, bremsstrahlung may be considered as a further example of
a secondary form of radiation which may have an extended range, and
may be followed using Monte Carlo methods. But, this has not been
done because first the probability of producing a photon with an
energy approaching the kinetic energy of the electron is rather small-
-although greater than zero--and second, the total energy accountad
for by bremsstrahlung 1is very small for these regions and materials
(Snyder et al., 1969; Ellett, et al., 1968).

Direct simulation of the gamma-ray histories in which the
histories are exact mathematical analogues of the physical events has
been wused. Only photoelectric and Compton interactions are
considered.

Absorbed Dose Calculations

Calculations of absorbed dose for both homogensous  and
heterogeneous media, irradiated by various types of radiation, are
developed around the concepts of the absorbed fraction and specific
absorbed fraction. Absorbed fractions and specific absorbed fractions
were obtained from Monte Carlo calculations.

The photon absorbed fraction of photon energy in a target region,

V, from a source region r, can be expressed as:



p (Ve r) =
i Ao (10)
r i
where
¢1(v <« r) = the absorbed fraction in v from r,
m, = the mass of the target volume, (in grams),

D.(v « r) = the mean absorbed dose in target volume from radiation

of type i from the source region r in units of rad,

I
4

- the time integral of the source activity (cumulated
activity) in units of uCi-hr,

A, = the equilibrium absorbed dose constant (the emitted

photon energy per disintegration) in units of g-rad/

uCi—hP.

For photons of energy E 1.(Mev) and fractional abundance ngo the

number of i-type photons per disintegration, Ay can be expressed as
by =2.13 n, E; g-rad/uCi-hr. (11)

The constant 2.13 is equal to the product of:

1.602 x 1075 (ﬁi%) x 1072 (Eggﬁg) x 3.70 x 104 (QiﬁééﬁE)

x 3.60 x 10° (3€)

and has the units g—rad/(pCi~hr) (MeV/dis).

A more general formulation is obtained by defining the specific

absorbed fraction:
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o (Ver) s T m g (12)

The absorbed fraction 4 1is vrelatively insensitive to size and
shape of source and target when the energy is largely absorbed in a
single target (¢ > 1). The specific absorbed fraction is relatively
insensitive to size and shape of source and target when only a small
fraction of the energy is absorbed in a single target (¢ << 1). ,

The absorbed dose, ﬁ# , can be calculated from:

D, (V<r) = ‘A’V ZAi o, (V<r) (13)
i

where AV is the cumulative activity (Loevinger and Berman, 1968).



CHAPTER 111
MATHEMATICAL PHANTOMS
Mathematical descriptions (phantoms) representing a one-year old-
and a five-year old-child were designed in a manner similar to the
adult phantom of Fisher and Snyder (1967). The phantoms consist of
three principal sections: (1) an elliptical cylinder representing the
arms, torso and hips; (2) two truncated cones representing the two
legs and feet and attached to this is a small region with a plane
front surface to contain an approximation to the testicles; and (3) an
elliptical cylinder representing the neck region and the Tower portion
of the head which is topped by half an ellipsoid. The exterior of the
one-year old phantom is shown in Figure A-I and that of the five-year
old phantom is shown in Figure B-I (see Appendixes A and B).
Mathematical representations of a one-year old child of 10.4 kg

weight and 76 cm height and a five-year old child of 20 kg weight and
112 cm height were formulated. The volumes for the whole bodies of
children represented by these phantoms were found through the use of
available data of specific gravity as a function of age. The specific
gravity for the one-year old child was found to be 1.017 and that for
the five-year old child was 1.019. The specific gravities for
children tend to be Tlower than those for adults. Once the total
volume of the bedy was establiished, the volume of each part, head,
trunk, arms and legs, was partitioned. The volume percentages of the
different parts of the total volume were different for each of the
different ages. The head section was 25.5% of the total volume for a

one-year old and 16.2% for a five year old. The trunk section was 50%

15
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of the total volume for a one-year old and 52.3% for a five-year old.
The legs section was 15.5% of the total volume for a one-year old and
23% for a five-year old. The remaining volume was assigned to the
arms, 9% for a one-year old and 8.5% for a five-year old. In
designing the phantoms, the volumes for trunk and arms were composited
and referred to as the volume of the trunk section. For all these
sections circumferences were found 1in the anatomical references,
(ICRP, 1975); all of the remaining gross dimensions were then
determined. These data are summarized in Table 1.

Skeleton

The weight of the skeleton was one of the most difficult to
determine due to the presence of bone marrcw, Tat and water. Many
investigators have studied only dry, defatted bone or individual bones
rather than the whole skeleton. Because it was so difficult to obtain
an entire skeleton by dissection, data on the skeleton as a whole were
not plentiful.

The tota! weight of the skeleton was taken as 1.6 kilograms for
the one-year old phantom and 2.8 kilograms for the five-year old
phantom (ICRP, 1975). The specific gravity of the skeleton was
assumed to be 1.4 for the one-year old and the five-year old phantom.
There was Tlittle information available on the weight or volume for
each bone in the skeleton of children. Therefore, the relative volume
of each bone was determined by certain proportionalities. This

assumption can be expressed as

(V) (Vy)e = (V
cs/ a's (c)s/(";\)s (1)
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TABLE 1

SUMMARY - PHYSICAL DIMENSIONS OF THE ONE-YEAR

AND FIVE-YEAR OLD PHANTOMS

One-Year Five-Year
Wt: Total Mass (gms) 10400 20000
S.G.: Specific Gravity 1.017 1.019
V: Total Volume (cm?) 10225 19627
Cy: Circumference of Trunk (cm) 49 61
Cy: Circumference of Head (cm) 46.6 49.4
A;: Major Axis (X-direction)
of the trunk (cm) 8.6 11
By: Minor Axis (Y-direction)
of the trunk (cm) 7 8.2
Az Major Axis (Y-direction)
of the head (cm) 8 8.8
By: Minor Axis (X-direction)
of the head (cm) 6.8 6.8
Hy: Length of Trunk (cm) 32 42
Ho: Length of Head (cm) 17.6 19.3
Hz:  Length of Legs (cm) 26.4 50.7
H: Total Height {cm) 76 112
ry: Upper Radius of Legs (cm) 4,3 5.5
ro: Lower Radius of Legs (cm) 1.7 1.7
C: Vertical Semi-Axis of
the E17ipsoid of Head {(cm) 7 7.3
Head (cm3) 2608 3180
Arms and Trunk (cm3) 6033 11933
Legs (cm?) 1585 4514
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where (V is the total volume of the skeleton for the child, (V

A)S
is the total

C)S
is the total volume of the skeleton for the adult, (VC)B

volume of the whole body for the child, and (V iz the total volume

A)B
of the whole body for the adult. (VA)S’ (VC)B’ and (VA )B are known
and (V(:)S can be found. The volume of the skeletal bones in each

section was determined in the manner outlined above, i.e.,

Ve / (plys = (VC)H/ (Vpdys

HS represents the bones in the head section; TS represents the bones

(15)

in the trunk section. After the volume of the bones in each section
was found, the volumes of individual bones in each section were found
by applying this proportional method again. The weights, the volumes,
and the equations describing the bones for each phantom are given in
Appendix A for the one-year old and in Appendix B for the five-year
old.

Two types of bone marrow may be distinguished in the adult,
namely, red and yellow. Red bone marrow is hematopoetically active.
Yellow marrow does not have any hematopoietic activity, being composed
mostly of fat. In the new born, all of the bone marrow is red. There
is a gradual reduction in the percentage of cellularity of red marrow
with age and its replacement by fatty marrow. By the age of twenty,
no red marrow generally exists in extremities other than the proximal

epiphysis of the femurs and the humerii. The distribution of active
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marrow 1in the adult is in the skull, clavicles, scapulae, sternum,
ribs, spine, pelvis and proximal extremities.

The percentage of the red and yellow bone marrow in the
individual bones of the one-year old child and the five-year old child
was determined by Shleien (1973). These data are shown in Table 2.

Information on active bone marrow distribution throughout the
skeleton is sparse for children. Therefore, in arriving at bone
marrow distribution for the children phantoms it is assumed that: (a)
while the volume of active bone marrow increased with age, the
percentage distribution of the total marrow with respect to skeletal
weight remained constant; and (b) the percentage distribution of
marrow in individual bones in children is the same as the percentage
distribution in adults. The mean weight of the whole bone marrow for
the one-vear old child was assumed to be 150 grams and for the five-
year old was 450 grams. There was a small quantity of yellow marrow
in the shafts of the tibias and femurs of a one-year old child and for
purposes of this model this yellow marrow was neglected. The weight
of the red bone marrow used in the one-year old phantom was 150 grams
and that used in the five-year old phantom was 400 grams. The weights
of the two wmarrow types for the one-year old and five-year old
phantoms are given in Tables 3 and 4. These quantities were assigned
to the corresponding regions of bone and were assumed to be
distributed uniformly in these regions.

Oraans
Mathematical descriptions of the organs were formulated after

consideration of the descriptive and schematic material from several



TABLE 2
THE DISTRIBUTION OF ACTIVE BONE MARROW IN CHILDREN

One-Year Five-Year
Distribution of Red Marrow Fraction Distribution of Red Marrow Fraction
Site Red Bone Marrow of Total Marrow {Red & Red Bone Marrow of Total Marrow {Red &
in Skeleton Yellow) in the Bone in Skeleton Yellow) in the Bone

Arms 4,08 1 4.08 0.8

Upper 1.38 1 1.38 0.8

Lower 2.70 1 2.70 0.8
Clavicles 1.12 1 1.12 0.9
Legs §.81 1 8.81 0.8

Upper 4.54 1 4.54 0.8

Lower 4,27 1 4,27 0.8
Pelvis 34.44 1 34.44 g.9
Ribs 13.00 1 13.00 0.85
Scapulae 3.48 i 3.48 0.9
Skuti 7.0C 1 7.00 0.9
Cranium 6,37 i 5.37 0.9
Mandible G.63 1 0.63 0.9
Spine 28.04 1 28.04 0.95

Upper 3.14 1 3.14 (.95
Middle 14.00 i 14,0 $.95

Lower 10,90 1 10.390 .95

02

(Shleien, 1973)
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TABLE 3

MASSES OF RED AND YELLOW MARROW AND BONE

IN THE ONE-YEAR OLD CHILD PHANTOM

Red Marrow (g)

Bone Region Bone (q) Yellow Marrow (g)
Arms
Upper* 2.07 50.42 0
Lower 4,06 89.13 0
Clavicles 1.68 9.35 0
Legs
Upper** 6.81 148.81 0
Lower 6.41 144,57 0
Pelvis 51.57 73.99 0
Ribs 19.50 117.25 0
Scapulae 5.23 34.30 0
Skull
Cranium*** 9.56 423,20 0
Mandible 0.95 251.10 0
Spine
Upper' 4.71 22.64 0
Middle 21.00 91.60 0
Lower T 16.35 25.90 0
TOTAL 150.00 1482.26 0
* *% ek ke
31.2 > 7 > 23.5 0>7Z>-8 Z> -3Y + 35.6

32 < 7 < 36.5

™0 <7 < 16.1
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TABLE 4

MASSES OF RED AND YELLOW MARROW AND BONE
IN THE FIVE-YEAR OLD CHILD PHANTOM

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

Upper* 5.5¢ 84.5 1.38

Lower 10.84 148.72 2.71
Clavicles 4.48 17.22 0.50
Legs

Upper** 18.16 395.13 4,54

Lower 17.08 384.00 4.27
Pelvis 137.80 91.10 15.31
Ribs 52.00 236.74 9.17
Scapulae 13.96 61.45 1.55
Skull

Cranium*** 26.80 449.75 2.98

Mandible 2.52 276.47 0.28
Spine

Upper! 12.56 44.35 0.66

Middle 56.00 159,83 2.95

Lower' ' 43,60 38.89 230
TOTAL 401.32 2388.15 48.60

* *k *k%
81.2 > 7 > 31 0>7>-14.5 7> -3V + 46.7

Ta2 < 7 < 47.5 Mo <7< 21.1
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general anatomy references. The representations of the organs by the
mathematical equations (given in Appendix A and Appendix B) are only
approximate. The goal in constructing these mathematical organs was
to obtain the approximate size and shape of an average organ through
the use of a few simple mathematical equations. If the size and shape
approximate those of the real organ, the dose estimate should be
correspondingly accurate. To minimize running time and the cost, the
formulas used should be as simple as possible. The tissue region of
the phantom had an average density of 1.05 g/cm. For the lungs a
density of 0.3 gm/cm was used. The volume of each organ was
determined from these mathematical descriptions. When there are left
and right oraans, the equations for only one, the left, are given in
the Appendixes. The equations for the other may be obtained by
replacing X by -X in the inequalities. The principal internal organs
are shown in Figure A-III, A—IV, A-v, A-VI; and A-VII (see Appendix
A), which represent the general shape of each organ. Figure 1 shows
an anterior view of some of the larger organs and their positions in
the phantoms. A brief summary of organ weights and volumes can be
found in Table 5.

In order to check the proper positioning of the organs, organ
shapes, etc. the mathematical descriptions for these phantoms were
coded and checked with a computer plotting program. Results of this
program showed that the skeleton and the organs are positioned
correctly within the interior of the phantom, i.e. internal organs and

bones do not intersect each other.
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FIGURE 1. ANTERIOR VIEW OF THE PRINCIPAL ORGANS IN THE HEAD
AND TRUNK OF THE PHANTOMS USED FOR THE ONE-YEAR

OLD AND THE FIVE-YEAR OLD.
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TABLE 5
SUMMARY OF ORGANS FOR THE ONE-YEAR AND FIVE-YEAR -OLD PHANTOMS

One-Year Five-Year One-Year Five-Year
Organs Mass (g) Volume (cm3)
Adrenals 4.04 6.12 3.94 5.97
Bladder 8 14 12.04 17.96
Brain 1005.5 1179.3 977.2 1146.1
G.I. Tract
Stomach 27.27 52.18 25.99 49,69
S.I.* 75.90 175.95 76.92 178,32
u.L.I. 26.35 46.46 25.26 44 .55
L.L.T. 21.45 40.02 20.56 38.37
Heart 48.17 91.16 46.78 88.52
Kidneys 68.00 115.51 64,95 110.22
Lungs 128.82 255.10 429.40 850. 32
Liver 303.64 608.14 289.54 575.89
Ovaries 0.65 1.90 0.62 1.81
Pancreas 8.99 18.93 8.58 18.07
Spleen 27.30 49.62 25.71 46.72
Skeleton 1612.50 2785.15 1151.79 1989.39
Red Bone Marrow 150.0 400.0
Yellow Bone Marrow 0 48.0
Thymus 21.88 30.61 21.32 29.84
Thyroid 2.38 4.85 2.26 4.62
Testes 1.47 1.60 1.41 1.53
1.45 2.47

Uterus 1.53 2.60

*
Includes Small Intestine Contents
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The plot vroutine simply scans diagonally back and forth in a
specified plane of a phantom using the mathematically encoded
geometries of the organs. When the vroutine locates an interface
between two different organs or media, it plots a point at that
position. Examples generated by this plot routine are presented in
Figures 2-13. This program has been instrumental 1in avoiding organ

overlap and in developing organ shapes, sizes, and orientations.
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FIGURE 2. X-Y SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM
SHOWING THE UPPER LEG AND HIP REGION.
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FIGURE 4. X-Y SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM
SHOWING THE UPPER ABDOMEN.
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FIGURE 5. X-Y SECTIONAL PLOTS OF THE ONE~YEAR OLD PHANTOM
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FIGURE 6. X-Y SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM
SHOWING THE SHOULDER AND HEAD REGIONS.
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X~Z SECTIONAL PLOTS OF THE ONE-YEAR OLD PHANTOM.

FIGURE 7.
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FIGURE 8. X-Y SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM
SHOWING THE UPPER LEG AND HIP REGION.
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FIGURE 9. X-Y SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM
SHOWING THE LOWER ABDOMEN.
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FIGURE 11. X-Y SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM
SHOWING THE CHEST REGION.



37

ORNL-DWG 75-6306

Z = 51.00
Skull (Bottom)
Z - 48.00 Nar’eS
Z = 43.50
Clavicle
Z = 41.30

FIGURE 12. X-Y SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM
SHOWING THE SHOULDER AND HEAD REGIONS.



FIGURE 13. X-Z SECTIONAL PLOTS OF THE FIVE-YEAR OLD PHANTOM.



CHAPTER IV
CALCULATIONS

Monte~Carlo Code

A photon transport code had been written to compute random
histories which originate in one source organ and to estimate the
fraction of a photon's initial energy absorbed in each of the target
organs. This code, a Monte-Carlo computer program, was written to
estimate the distribution of absorbed energies in target organs for a
variety of gamma-ray exposure situations. A radicactive source was
specified through a computer subroutine. A magnetic tape was prepared
from tables of the photoelectric and pair-production cross sections.
These data were combined with computed values of the Compton cross
section to produce, on the tape, the following tables:

(1) total cross section for all media under study,

(2) ratio of scattering to total cross section for all

media,
(3) ratio of pair-production to total cross section
for all media
An indexing procedure was required for finding the values of Tables 1,
2, and 3 for a particular energy during the calculation.

The subroutine describing the source was written to describe the
specific exposure situation, 1i.e., a radionuclide. This routine
described the distribution, energy, and energy spectrum of the photons
from a given source. Each photon was given eight of the nine
parameters which characterize it, and they are changed as a result of

subsequent events in its history. The eight initial parameters which

39
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the source must start with included: (1) three starting coardinates
relative to the phantom coordinate system, (2) three starting
direction cosines relative to these axes, (3) the initial energy, and
(4) the initial statistical weight. The statistical weight is related
to the probability of existence of the photon. An initial weight of
1.0 was given to each photon and was reduced following each
interaction by multiplying the initial weight by the vratio of the
cross section for Compton scattering to the total cross section (see
Equatiocn 8). In this way, photons were never absorbed, thus
improving the statistics of dose estimate. A ninth characteristic
parameter of a photon was defined by the mean path length which was a
function of the reciprocal of the total macroscopic cross section.
The mean path length for a particular energy was made constant
regardless of the medium.

Energy deposition at an interaction site n by a photon coming
from the previous interaction site n-1 is calculated by Equation 9.
After an 1interaction, the photon had a new energy and new direction

both of which were governed by the well-known Kiein-Nishina scattering

formula:
= et hv”) 2 _‘L‘L_- + L Vo . gin2 16
dUS = e (.ﬁ_._m> <h\)’ hy SN e) dn ( )

This formula gives the cross section per electron, dos , for the
scattering of a photon of energy hv into the element of solid angle d@
at the angle 9 (with the energy hv”). Pair production is allowed when
the photon energies were above 1.02 MeV. The characteristics of the

parent photons were stored temporarily while a history of the daughter
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photon was followed with direction chosen isotropically and energy of
0.511 MeV. This photon had twice the weight of the parent so as to
represent the production of a photon pair. This history was followed
until terminated by one of the test criteria. Then the parent photon
history was continued because as stated before, no photons were
absorbed.

When the histories of all source photons had been compiled and
the accumulated energies were vrecorded, standard deviations,
coefficients of variation, and absorbed fractions for each subregion
were computed (Warner, et al., 1968).

Standard deviations and absorbed fractions were calculated from
deposited energy in the different organs and tissues of the phantom.
Let Eni be the energy deposited in the region under consideration on
the nth interaction of the ith source photon. This energy might be
zero, as it was in the frequently occurring case when the nth
interaction didn't occur within the region. The total energy

deposited by the 1th photon in the region would be

m,
j

* = * 17

Ex = 30 EX, (17)
n=1

in which m, is the number of interactions in the region occurring in

i
the ith history before termination. The estimate of the average

energy deposited per photon in the region is then

_ 'lM
E"WZE'_’{ (18)
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in which M source photons were followed. (Dose 1is obtained by
multiplying the energy deposition by the appropriate constant 1.6 x
1078 rads/MeV.)

The standard deviation of the mean, 5, was calculated using the

formula

Absorbed fraction of the ith history can be expressed as

oM
]_A.ﬂ-

;- (20)

1)
o

where E0 is the 1initial photon energy emitted by the source. The

absorbed fraction in a target organ is expressed as:

M M e
¢=§;¢i 2 = (21).
i=1 i=1 ©

Since the absorbed fraction differs from E by a constant factor, the

coefficient of variation, C.V., was given by

100 o
£

C.V. =

(Snyder, et al., 1974).

The computer code had been programmed Tor 60,000 pnotons to
estimate gamma-ray dose in the various organs from a source of 99T¢
uniformly distributed in the bladder contents, kidneys, liver, spleen,
red bone marrow and the total body respectively. An example output
from the Monte-Carlo code for the one-year old phantom using the

kidneys as a source organ is shown in Table 6.



TABLE 6. SAMPLE OUTPUT FROM THE MONTE-CARLO CODE FOR THE ONE-YEAR-OLD
PHANTOM USING THE KIDNEYS AS A SOURCE ORGAN

Organ Rads/Photon Std. Dev. Coef. Var. Collisions Mass £{G-Rads } Var. of £ Absd, Frac. Photons

1. Total Body 5.195E-14 2.385E-16 4.591€-03 150658 1.040F 04 5.401E-10 6.149E-24 2.618E-01 40238

2. Legs 3,608E-15 1.591E-16 4.414E-02 1899 1.672E 03 6.027E-12 7.075E-26 2.921€-03 320

3. Trunk 9.016E-14 4.163E-16 4.617€-03 147230 5.875£ 03 5.297€-10 5.983E-24 2.568E-01 40063

4. Head 1.529E-15 B.B33E-17 5.775€-02 1529 2.B49E 03 4,357€-12 6.3336-26 2.112E-03 483

S. Total Tissue 5.03%E-14 2.813E-16 5.782€-03 89369 6.115E 03 3.081E-10 3.174E-24 1.493€-01 31863
100. S.I. + Conts.  1.050E-13 3.402E-15 3.239E-02 2334 7.590€ 01 7.972E-12 6.666E~26 3.864E-03 1598
161. RM Lo. L. Arm  5.732£-14 3,.274E-15 5.711E-02 581 2.030E 00 1.164E-13 4.416E-29 5.640E-05 434
102. RM Lo. R. Arm  6,223£-14 3.472E-15 5.580£-02 655 2.030E 00 1.263€-13 4,968€-29 6.123E-05 471
103. AM Llo. L. Leg 6.685E-16 2.675E-16 4.002E-01 18 3.205E 00 2.143E-15 7.352E-31 1.038£-06 8
104, RM Lo. R. Leg 1,138E-15 3.855E-16 3.388t-01 25 3.205E 00 3.646E-15 1.5268E-3D 1.767£-06 15

€V
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Biological Data for Dose Calculations

Methods for the calculation of absorbed dose for biologically-
distributed radionuclides have evolved over the years. Some of the
procedures contain simplifying assumptions for the vadionuclides and
the biological models of interest. The word "model" was used to
designate the set of assumed spatial, structural and kinetic
conditions for which dose calculations were to be made. The ever-
increasing number and types of radionuclides in medical application
and the growing interest in detailed biological models prompted the
re-evaluation of the various computational procedures and also the
physical and biological data required for the calculation.

Some widely wused vadiopharmaceuticals in pediatric nuclear
medicine are 99mMTc labeled. Examples of two commonly administered
drugs are 99MTc Sulfur-cclloid and 99MTc~DMSA which concentrate in
the liver and the renal cortices, respectively. Biological data for
these pharmaceuticals were provided with the assistance of Dr. E. M.
Smith and are given below.

1. 99mTe  Sulfur-colloid

(a) Distribution of the sulfur-colloid is the following:

Organ Fraction of Admin. Activity
Liver 0.85
Spleen 0.07
Red Marrow 0.05

Total Body 0.03
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(b) Assumptions used in calculation of the cummulated activity,

(1) Administered activity is instantaneously taken up by
the organs and uniformly distributed in the organs.
(2) The biological clearance of the material is much larger

than the physical half-1ife of 29mTc, i.e. Te = T, phy.
2

ff

(3) The fraction (0.03) distributed in the total body is
assumed to be uniformly distributed in all tissués. This assumption
will introduce an error of less than 5% with total body dose.

(c) Calculation of cumulated activity, Al uCi-h). A is the
cumulated activity given by t,
A =f A(t)dt uCi (23)

t
It 1is convenient to define a distribution function Q(t) as the amount
of the administered radionuclide in the organ at time t, then the
activity is given by

(24)
Alt) = q(t) et yci

where A is the physical decay constant of the radionuclide. If now
a(t) can be resolved into exponential components with an accuracy

adequate for absorbed dose calculations, then

; t
q(t) = 2: q\].e'}‘J uCi (25)
J

where the coefficient qj is the value of the jth exponential component

at time t=0 and Aj is the biological decay constant of the jth

exponential constant. Carrying out the integration of



%)
A :J. A(t) dt (26)
4
from t1=0 to t,=t
Y ~ 9 (A + 2, :
K =, £ b [1- 0 e (27)
j J
and
3 % :
Ah(m) = Ao 3 TR pCi-h (28)
: J
J

where Ah(m) is the cumulated activity in the source region y_ over an

h
.th

infinite period (pCi-h), g js the fractional value of the J

hj
exponential component of the administered substance as the labeled

radiopharmaceutical that appears in the source region o and AO is

the administered activity in uCi. For 9%mTc, the half-life, T

1 1
3

is six hours and the decay constant,

y = 1092 - 0.693 . g 1155 471 (29)
T, 3
2
(1) Liver
KL(m) = (1 x 0.85)/0.1155 = 7.36 uCi-h/uCi admin. (30)
(2) Spleen

B

ASPL(m) = (1 x 0.07)/0.1155 = 0.606 uCi-h/uCi admin. (31)

(3) Red Marrow

Pew(=) = (1 x 0.05)/0.1155 = 0.433 4Ci-h/uCi admin. (32)
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(4) Total Body

. (33
Arp(=) = (1 x 0.03)/0.1155 = 0.260 Ci-h/uCi admin. )

2. 99MTc-DMSA (2, 3-dimercaptosuccinic acid)

(a) Distributions of 2?MTc-DMSA and assumptions in
calculating A.
(1) 60% of the administered activity localized

instantaneously in the renal cortices with T much larger
2

B

than T%phy ; i.e., Teff = Tphy . Ratio of the cortical tissue

in the adift to total renal tissue is 186/300 = 0.62.
(2) 33% of the administered activity distributed
itself instantaneously and uniformly throughout the total body

phy; i.e., Teff = Tphy'

(3) 5% of the administered activity localized

with a TLB >> T
2

instantaneously 1in the liver and spleen (proportional to organ mass)

with a TLB >> T, 3 1.e., T =T
2

phy eff phy”

(4) 2% of the administered activity was cleared by the
kidneys, the effective residence time of the activity in the bladder
was one hour. Physical decay was not considered. (The value of 2%
excretion was taken to err the low side, thus increasing the estimate
of tissue radiation dose from retained activity).

(5) There was no free 99MT¢ and all of the 99M7¢
actively followed the kinetics of the renal agent.

(b) Calculation of A (uCi-h).

(1) Renal Cortices

~ q
- RC _1x 0.6 _ . . .
ARC AO xeff * OT1iEE - 5.19 uCi-h/uCi admin. (34)
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(2) Total Body (35)
o Q-+
R = A5 ?B = é.)ﬁgé% = 2.86 uCi-h/uCi admin.
eff
(3) Bladder (36)
e oz = ¢ 1 = Ve i - i i
ABLAD Ao 931AD t=1x 0.22 x 1 = 0.22 wCi-h/pCi admin.
(4) Liver and Spleen (37)
3 _MMeS L 1x0.05 L 043 icinnci admin
L&S ~ A _cf 0.1155 St '

Absorbed Dose Calculations

The calculation of absorbed dose depends on both the properties
of the radiation source and the biological model. The absorbed dose,

D, can be expressed by

D(v *‘T).= Ar/mv X 2: By b5 (v < r) rads (38)
i

where the A's are given in the previous section, mv is the mass of the
target organ and LY is the equilibrium dose constant for the source
radionuclide and is expressed in terms of g-rad/uCi-nr.

The calculation of the 4;'s, the absorbed fraction, for 99MTe s
described din  the section on the Monte-Cario Code. A set of ¢1's is
calculated for each source organ which may exist. From the twe
radiopharmaceutical examples discussed in the section on Biological
Data, six source organs are identified: bladder contents, kidneys,

liver, spleen, red bone marrow and total baody. A composite of the
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photon absorbed fractions of 29™Tc for these source organs for the one
year old and the five year old phantoms are shown in Tables 7 and 8,
respectively.

For 99M¢ Tabeled pharmaceuticals, the equilibrium dose constant
used for calculating absorbed dose 1is the sum of the Ai's for
penetrating radiations, i.e., gamma-rays and x-rays. This is
illustrated in Figure 14.

The masses of individual target organs, m,s can be found in Table
5 (see page 25).

These data, cumulated activity, organ masses, equilibrium dose
constant and absorbed fractions are combined to calculate the absorbed
dose to different target organs in the one-year old and the five-year
old phantoms. The following target organs were selected as being
important for the radiopharmaceutical studied in children: bladder
wall, gonads, kidneys, liver, ovaries, red bone marrow, spleen,
testes, thymus, and thyroid as well as the total body dose.k Tables 9
and 10 show the absorbed dose for  29MTc¢ sulfur-colloid calculated
for the one-year old and five-year o0ld phantoms, respectively; and
absorbed dose calculations are 1illustrated in Tables 11 and 12 for

99MTc DMSA.



TABLE 7. ABSORBED FRACTIONS FOR THE PHOTON SPECTRUM OF 9%Pre
FOR THE ONE-YEAR-OLD DOANTOM

Target Source Organs

Organs , Blad. Cont, Kidneys Liver Soleen Total Body Red Marrow
Adrenals 1,278E-05 5.057E-04  1.745E-04 5.019E-04 1.148E-04 5.047E-05
Biadder Wai? 7.622E-03 1.062E-0C4  1.362E-04  4.962E-05 2.0692-04 4.091E-04
Brain 6.112E-05 2.330E-04  3.603E-04 5.075E-04 2.229E-02 5.231E-05%
G.I. {Stomach) 4.151E-04 7.886E-04  1.318E-03 2.811FE-03 7.119E-04 6.654F-04
G.I. (SI} 5.849E-03 3.864£-03  3.509E-03  2.232F-03 2.186E-03 . 9.164E-03
G.I. (ULI Wa1l) 2.082E-03 8.516E-04  1.761E-03  6.394E-04 6.532E-04 2.5445-33

I.o(LLI wWal1) 3.13i0E-03 4.1975-04  2.383E-04  3.394E-04 5.277e-04 2.6148-03
Heart 1.682E-04 7.415e-04  2,330E-03  1.966E-03 1.377E-03 2.052E-04
Kidneys 8.877E-04 4.879E-02  2.683E-03  7.994F-03 1.652E-03 2.818E-03
Liver 4,185E-02 1.129E-02  9.003E-02  9.978E-03 7.841E-03 5.298E-03
Lungs 3.157E-04 1.777E-03  3.743E-03  5.255E-03 2.897E-03 4.954E-04
Ovaries 5.415E-05% 2.051E-05  1.737E-05 5.125E-06 1.697E-05 2,060E-05
Pancreas 8.78CE-05 5.695E-04  7.216E-04  1.82B8E-03 2.199E-03 1.5428-04
Skeletion Z2.224E-02 2.895E-02  2.154E-02  2.961£-07 L.525E-02 7.8861£-02

Red Marrow 5.235E-03 8.270£-8: 4,393E-03  5.015E-03 4£,863E-03 2.836E-02

Yellow Marrow 0.0 0.0 0.0 0.0 $.0 0.0
Skin 5.503E-03 7.1126-03  6.526E-03  6.197£-03 8.565E-03 £.785E-03
Spleen 2.581E-04 3.437E-03  8.116E-04  4,500E-02 6.950E-04 5.131E-C
Tes tes 1.734E-04 1.368E-05  8.42QE-06  1.381E-§ 4 ,413E-05 3.859L-0%
Thymus 3.089£-05 1.214E-04  3.445F-04  2.7408-04 5.403E-04 2.657E-35%
Thyroid G.0 4.2788-06  1.565E-05  B.5620E-06 6.926E-05 0.C
Utarys 4 .809E-04 3.623E-05  2.762E-05  2.499E-05 4,855E-05 1.214E-04
Total Body 3.023E-01 2.618E-01 2.853E-01  2.929E-01 2.362E-01 2.915E-01

]
pm
o>

*
Note: ¥hen using these data the weighted value of the equilibrium dose constant, i.e.
should be used. For technicium-99m the value is 0.242 g-rad/pCi-hr. Z I



TABLE 8. ABSORBED FRACTIONS FOR THE PHOTON SPECTRUM OF 99mTc

FOR THE FIVE-YEAR-OLD PHANTOM*

Target Source Organs

Organs Blad. Cont. Kidneys Liver Spleen Total Body Red Marrow
Adrenals 1.613E-05 4.,982E-04 1.373E-04 5.063E-03 4.104E-05 2.341E-05
Bladder Wall 6.280E-02 4,026E-04 4,836E-04  2.334E-04 1.057E-03 2.063E-03
Brain 9,070E-06 1.824E-04 1.642E-04  3.529E-04 1.503E-02 1.803E-05
G.I. (Stomach) 4,378E-04 1.240E-03 1.561E-03  3.321E-03 9.215E-04 5.237E-04
G.I. (SI) 7.566E-03 5.502E-03 5.032E-03  3.017E-03 3.443E-03 1.259E-02
G.I. (ULI Wall) 1.752E-03 1.122E-03 1.744E-03  7.365E-03 8.693E-04 2.658E-03
G.I. (LLI Wall) 3.353E-03 3.102E-04 2.250E-04 2.724E-04 6,700E-04 2.763E-03
Heart 1.320E-04 1.091E-03 3.163E-03 2.365E-03 1.656E-03 1.883E-04
Kidneys 5.986E-04 5.716E-02 2.773E-03  9.457E-03 1.729E-03 2.039E-03
Liver 3.154E-03 1.430E-02 1.133E-01 1.098E-02 9.276E-03 4,647E-03
Lungs 2.624E-04 2.206E-03 4,238E-03 6.150E-03 3.695E-03 3.925E-04
Ovaries 1.235E-04 2.756E-05 2.581E-05 1.376E-05 2.210E-05 1.097E-04
Pancreas 8.614E-05 8.274E-04 1.003E-03 2.935E-03 3.966E-04 1.514E-04
Skeleton 2.527E-02 3.658E-02 Z2.555E-02 3.517E-02 4.907E-02 9.183E-02

Red Marrow 8.567E-03 1.405E-02 6.976E-03  9.465E-03 8.270E-03 4 539E-02

Yellow Marrow 9,783E-04 1.128E-03 7.355E-04 8.875E-04 9,211E-04 4,980E-03
Skin 6.329E-03 6.575E-03 6.278E-03  6.108E-03 8.909E-03 6, 106E-03
Spleen 1.983E-04 4,025E-03 8.002E-04 5.464E-02 7.258E-04 3.588E-04
Testes 1.014E-04 5.052E-06 1.232E-06  8.396E-07 2.875E-05 2.291E-05
Thymus 4.622E-06 9,301E-05 2.358E-04  1.792E-04 4. 416E-04 2.904E-05
Thyroid 5.515E-10 1.683E-07 4,315E-06 5.468E-06 5.909E-05 3.178E-09
Uterus 3.430E-04 3.087E-05 3.532E-05  3.075E-05 6.139E-05 1.718E-04
Total Body 3.673E-01 3.207E-01 3.380E-01  3.496E-01 2.715E-01 3.514E-04

*Note: When using these
should be used.

data the weighted value of the equilibrium dose constant, i.e.
For technicium-99m the value is 0.242 g-rad/uCi-hr.

18§



TECHNETIUM-959M
ISCMERIC LEVEL DECAY

HALF LIFE & 6,03 HOURS

DOSE CONSTANT
FOR PENETRATING
RADIATION

10)
(6-rAD/
MICRQCT~-

0.0001

0.0017
0.0008
0.0004

9534Tc
43 Qa7
/ \vﬁl Q. 1455
T3 B
|
Zch 2.18%10° v
MEAN MEAN EQUI~
NUMBER/ ENERGY/ LIBRIUM
DISINTE~ PAR~ DOSE
RADIATION GRATION TIcLe CONSTANT
AER ) E(L) ACT)
(MEV/ {G-RAD/
PAR~ MICROCI-
TICLE) HOUR)
GAMMA 1 G.0000 0.0021 0.0000
M INT CON ELECT 0.9860 0.0016 0.0035
GAMMA 2 0.8787 0.1405 0.2630
K INT CON ELECT 0.0913 0.1194 0.0232
L. INT CON ELECT 0.0118 0.1377 0.003¢%
M INT CON ELECT 0.0039 0.1400 0.0011
GAMMA 3 0.0003 0.1426 0.0001
K INT CON ELECT 0.0088 0.1215 0.0022
L INT CON ELECT 0.0035 0.1398 0.0010
M INT CON ELECT 0.0011 0.1422 0.0003
K ALPHA-1 X~RAY 0.044%1 0.0183 0.0017
K ALPHA-Z2 X-RAY 0.0221 0.0182 0.0008
K BETA-1 X~RAY 0.0105 0.0206 0.0004
KLl AUGER ELECT 0.015272 0.0154 0.0005
KLX AUGER ELECT 0.0055 0.0178 0.0002
LMM AUGER ELECT 0.1093 0.0019 0.0004
MXY AUGER ELECT 1.2359 0.0004 0.0011
ZA
FIGURE 14.

ISOMERIC LEVEL DECAY OF 99MTc, DECAY DATA AND
EQUILIBRIUM DOSE CONSTANTS.



TABLE 9. ABSORBED DOSE TO SELECTED ORGANS IN gg% ONE-YEAR OLD PHANTOM
PER uCi OF ADMINISTERED ACTIVITY OF Tc-SULFUR COLLOID

Target Source Organs Total Dose to the
Organs Liver Spleen Red Marrow Total Body Target Organs (rads/uCi)
Liver 5.806E-04 5.298E-06 2.010E-06 1.786E-06 5,897E-04
Ovaries 2,671E-05 1.270E-06 1.604E-05 1.804E-06 4 ,582E-05
Red Marrow 5.734E-05 6.464E-06 2.155E-05 2.242E-06 8.760E-05
Spleen 5,820E-05 2.657E-04 2.186E-06 1.761E-06 '3.278E-04
Testes 1,130E-05 1.526E-07 3.125E-06 2.092E-06 1.667E-05
Thymus 3.082E-05 2.019E-06 1.399E-07 1.708E-06 3.469E-05
Thyroid 1.289E-05 5.846E-07 0.0 2.015E-06 1.549E-05
Total Body 5.371E-05 4,540E-06 3.228E-06 1.571E-06 6.305E-05

€5




TABLE 10. ABSORBED DOSE TO SELECTED ORGANS IN THE FIVE-YEAR OLD PHANTOM
PER uCi OF ADMINISTERED ACTIVITY OF gngc-SULFUR COLLOID

Target Source Grgan Total Dose to the
Organs Liver Spleen Red Marrow  Total Body Target Organs {rads/uCi)

Liver 3.648E-04 2.911E-06 8.802E-07 1.055E-06 3.696E-04

Ovaries 2.665E-05 1.170E-0¢8 6.66L4E-06 8.061E-0C7 3.529E-05

Red Marrow 3.403E-05 3.802E-08 1.303E-05 L AZ5E-06 5.230E-05

Spieen 3.157E-05 1.775E-04 8.328E-G7 1.012E-06 2.108E-04

Testes 1,506E-06 8.453E£-08 1.648E-05 1.242E-06 4.481E-06

Thymus 1.508E-05 9.437E-07 1.093E-07 9.977E-07 1,713E-05

Thyroid 1.740E-06 1.8186E-G7 7.541E-11 8.4195-07 2.764E-06

Total Body 3.347E-05 ¢.850E-06 2.047E-C6 1.2295-06 3.960E-05

2]




TABLE 11. ABSORBED DOSE TO SELECTED ORGANS IN THE ONE-YEAR OLD PHANTOM
PER nuCi OF ADMINISTERED ACTIVITY OF 99mTC-DMSA

Target Source Organs Total Dose to the

Organs Kidneys Total Body Bladder Liver & Spleen Target Organs (rads/uCi)
Bladder 2.004E-05 2.180E-05 5.543E-06 1.445E-05 6.183E-05
Kidneys 9.905E-04 1.848E-05 6.945E-08 5.261E-06 1.014E-03
Liver 5.134E~-05 1.965E-05 7.333E-08 3.162E-05 1.027E-04
Ovaries 4.353E-05 1.985E-05 4.429E-07 2.894E-06 6.672E-05
Red Marrow 7.611E-05 2.466E-05 1.849E-07 3.466E-06 1.044E-04
Spleen 1.738E-04 1.937E-05 5.614E-08 1.843E-05 2.117E-04
Testes 1.294E-05 2.301E-05 6.323E-07 6.182E-07 3.720E-05
Thymus 7.660E-06 1.878E-05 7.511E-09 1.779E-06 2.822E-05
Thyroid 2.485E-06 2.217E-05 0.0 7.290E-07 2.538E-05
Total Body 3.475E-05 1.728E-05 1.546E-07 3.1539E-~06 5.534E-05
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TABLE 12. ABSORQ;D DOSE TO SELECTED ORGANS IN gg% FIJE Y?AR OLD PHANTOM
PER 1Ci OF ADMINISTERED ACTIVITY OF Tc-D

Target Source Organs Total Dose to the

Organs Kidneys Totai Body Bladder Liver & Spleen farget Organs {rads/uCi)
Bladder 3.914E-05 5.663E-05 2.353E-05 3.755E-06 1.230E-04
Kidneys 6.832E-04 1.139E-05 2.757E-08 3.208E-06 5.978E-04
Liver 3.2456E-05 1.16CE-05 2.759£-08 1.997E-05 5.406E-95
Ovaries 2.007E-35 8.868E-06 3.465E-07 1.506E-06 3.079E-05
Red Marrow 4.833E-05 1.568E-05 1.136E-07 2.038E-06 &.616E-05
Spleen 1.120E-04 1.313E-05 2.126E-08 1.050E-05 1.336E-04
Tes tes 4.356E-06 1.366E-05 3.369E-07 8.606E-08 L.844E-05
Thymus 4.195E-G6 1.096£-05 8.033E-10 8.664E-07 1.602E-05
Thyrotid 4,787E£-08 9.261E-06 6.044E-13 1.036E-07 9.412E-06
Total Body 2.239E-05 1.045E-05 5.884E-08 1.960E-06 3.490E-05

9s



CHAPTER V
SUMMARY

Mathematical representations of one-year old and five-year old
children were developed using anatomical references as a basis for
gross phantom geometries and organ sizes, shapes and weights. These
mathematical phantoms were encoded into Fortran computer language such
that they could be used in the Monte-Carlo photon transport code in
existence at ORNL. This transport code and the Snyder-Fisher phantom
were the basis of dosimetric studies on adults.

Absorbed dose calculations were performed for two 99Mmre  1abeled
pharmaceuticals using the one-year o1d and five-year old phantoms,
The radioistope gngc was chosen for use in these calculations since
this 1isotope has wide use in pediatric nuclear medicine (Adelstein,
1975 and Smith, 1975)

The development of pediatric phantoms which can be wused to
estimate absorbed dose has become important. Children are being
exposed to many nuclear medicine procedures, and dose estimates are
needed in the nuclear industry, for children represent an important
group in the U. S. population. Previous estimates of absorbed dose in
children were calculated by using shrunken versions of the Snyder-
Fisher phantom. This adult phantom was reduced by factors chosen to
represent a particular age. But a child is not merely an adult shrunk
by a constant factor. Some organs are fn different proportion in
children than in the adult, e.g., the thymus gland is larger in

children in proportion to the rest of the organs than in the adult.

57
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These pediatric phantoms will play an increasingly important vole
in calculating absorbed doses to children from both internal and
external radiation spouyrces and will help eliminate uncertainties

introduced when shrunken adult phantoms are used in estimating dose.
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APPENDIXES

APPENDIX A
DESCRIPTION OF THE ONE~YEAR-OLD MATHEMATICAL
CHILD PHANTOM

Exterior of the Phantom

The body is represented as erect with the positive Z-axis
directed upward toward the head. The X-axis is directed to the
phantom's left (the reader's right in Figure A-1), and the Y-axis is
directed toward the posterior side of the phantom. The origin is
taken at the center of the base of the "trunk" section of the phantom.
The axes are calibrated in centimeters.

The "trunk" is a solid elliptical cylinder specified by

W) 6 <
and
0<% 32
sc that 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 6,052 cm3, and the mass is 5,875 g.
The head section is a right elliptical cylinder topped by half an

e1lipsoid. The locus is specified by
X \2 Y\2
(68 + (&) =1

32 £ 7 < 42.6

and

or

65
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FIGURE A~I. THE ONE-YEAR 01D PHANTOM.
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X \2 L (Y2 <Z-42.6> <
(58) * (&) + &5 =1

and
42.6 57 < 49.6.
The total volume is 2,609 cm3, and the mass is 2,849 g,
The leg region of the phantom consists of the frustums of two

circular cones specified by
VA
2 2 : —t
X2 + Y2 £ X <8.6 + 5.075> R

and
-26.4 <1750,

where the plus sign defines the left leg and the minus sign the right.
The total volume of both legs is 1,586 cm?3, and the mass is 1,672 gq.
It is apparent thatthe the leg region does not join smoothly the trunk
region, because the legs protrude slightly beyond the ellipse defining
the trunk in the plane 7 = 0.

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

specified by

and



<h
Q0

W, 7 \?
(x « (3.3 + 10,15") Y22 (3 )

and this last inequality must hold for either choice of sign, i.e.,
the genitalia region lies outside both legs. The genitalia region has
a volume of 12 cm3 and a mass of 11.9 g.

Organs

Skeletal System. The skeletal system consists of the twelve

parts described below, and the dose and absorbed fraction are recorded
separately for each part as well as for the total skeleton.

Leg Bones. Each leg bone is the frustum of an elliptical cone.
The expression for the left leg bone is
2

2)2 Y2 < (17 vl 7",

2.
26.

per

(x - 4.3 -

fa]

and

~26.2 <7 < 0.

The volume of both bones is 219 c¢m3 and the mass is 306.6 g.
Arm Bones. Each arm bone is the frustum of an elliptical cone.

The left one is defined by

62.4

[(007/62,4) (7 ~03%.2) + (X - ?.7)]2 X ( Y >2 . [62,4 + (7 - 31.2)]2

and <7< 31.2.

fen]
/

The volume of both arm bones is 104 cm 3 and the mass is 145.6 g,
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Pelvis. The pelvis is a portion of the volume between two
nonconcentric circular cylinders described by
X2 + (Y + 1.5)2 < (6)2
X2 + (Y +2)2 > (5.5)2
Y+1.520
0<7c<9.6
Y=< 2.5 if Z<6.14,

Its volume is 89.76 cm3, and its mass is 125.66 9.

Spine. The spine is an elliptical cylinder given by

@) (53
and
9.6 < 7 < 36.5,

and has a volume of 130 cn® and a mass of 182.7 g. It is divided
into three portions--an upper, middle and lower third--and dose and AF
are estimated separately for each portion. These divisions are formed
by the planes Z = 32 and Z = 16.1.

Skull. The skull 1is the volume between two nonconcentric

ellipsoids defined by

(e (ols) » (5izy <4

and has a volume of 489 cm3 and a mass of 684.8 g.



Rib Cage. The rib volume 1is a series of bands between two
concentric, right-vertical, elliptical cylinders. This region is
sliced by a series of equispaced horizontal plans into slabs, every

other slice being a rib. The statements that must be satisfied are

Z-16.1

The total rib volume is 97.7 c¢cm3 and the mass is 136.7 9:

Clavicles. The clavicles are represented as twe portions of a
torus which 1ie along the circular arc X2 + (Y - 12 = (6.8)2 , 7 =
31.4, and has a smaller radius of 0.3831 cm. The clavicles include
only the portion of the torus between the planes 1 - Y = |X| cote
with 8 = 49 30.24' and 6 = 769 30.24'. The absolute value sign on X
allows for both a right and a left clavicle. The volume of both
clavicles is 7.88 cm3, and the mass is about 11 g. The equations

can be reduced to the form

(z - 31.4)2 + (6.8 - /X2 + (Y - 1)2)2 < (0.3831)2

and

0.2400049 < lml < 12.694873, Y <0
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The clavicles 1lie slightly inside the cylinder defining the rib cage
and just above the top rib. They are shown schematically in Fiqure A-
II.

Scapulae. The scapulae extend from Z = 30.82 cm (the top of the

twelfth rib) to Z = 23.32 cm and lie between two elliptical cylinders.

(é)z + (g¥§)2 =1 (outer surface of ribs)
and
<75§>2 + <§¥§>2 = 1 (a somewhat larger cylinder)

Although the lower portion of the scapula is somewhat smaller than the
upper, this distinction {is dignored 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 is the

following:

23.32 < 7 < 30.82,
(7?8)2 ¥ <6Y8)2 =1

(3) + (57> 1,

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
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0.25 < Y/|X| < 0.80,

the other four inequalities being unaltered.

. X\2 Y \2 . .
Consider the ellipse rO IR 1. The point (p,8) 1lies on
this ellipse if
2 cos2 9 2 s5in2
0 a2 + ] b? el = 1’
or, equivalently, if
ab

p b~

vaZ sin? § + bZ cosZ 8

The area of a sector of the ellipse is given by

- 02 - a 6
Aoy, 65) t. 5~ do d( 2(aZsinZe + b2 cos26)
uel 61
ab a tan o, a tan g,
= % jarctan ——— - arctan R Y

The volume of a "wedge" of height h with the base is then

a tan o, a tan 81]
2

. abh — . ———
y = [arctan 5 arctan 5

The volume of one scapula is then

V(scapula) = V, - V;
where V, 1is obtained from the above formula by substituting a = 7.8,
b=26.8,h=7.5, tang, = 0.8, and tan6; = 0.25, and for V, one uses
the same values except that a = 7. One finds

V(scapula) = V, - V, = 92.132 ~ 78.011 = 14.121 cm3.

For density of 1.4 g/cm 3, one has a mass of 19.77 g for one
scapula. 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 A-II.
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Adrenals. Each adrenal is half an ellipsoid atop a kidney. The

Teft adrenal is given by
X - 2.15\2 /Y - 4.53)\? Z - 16\? <
( 5,95 > +< 6.33 ) i < 3 ) - 1

7 Z 163

and

the volume of both adrenals is 3.94 cm3 (Figure A-III), and the mass
is 4.04 g,

Urinary Bladder and Contents. The bladder 1is regarded as an

ellipsoid, and the defining inequalities are

X V(Y r2.4V , (7-3.6Y
(2,53> ¥ < 1.76 > ' ( 176 ) ° 1

X\ (Y +2.4\2 (- 3.6)
(2.37) *( 1.6 ) * ( 1.6 )

The volume 1s 7.41 cm3 and the mass is 7.31 g. The contents have

A

1V
—

a volume of 25.41 cm3and a mass of 25.08 a. 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, o¢(bladder wall « content), will vary by
approximately an order of magnitude (Snyder, Ford and Warner, 1970).
Thus the user of these data should be aware that the values tabulated
here are only appropriate for one size of bladder. The difference in

o, or dose rate, to the bladder walls of different sizes from other
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FIGURE A~TIT. MATHEMATICAL MODELS FOR THE BLADDER, KIDNEYS, PANCREAS,
UTERUS, SPLEEN AND ADRENALS.
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source organs outside the bladder is generally small. The bladder is
shown in Figure A-III.
Brain. The brain is an ellipsoid given by

X\2 Y\ 7 - 43.4\? _ 1
<§> * <7.2> +< 534 ) -

and the volume 1is 977.16 cm®and the mass is 1,005.5 g (Figure A-
IvV).

Gastrointestinal Tract and Contents-Stomach (S). The stomach is

represented as the mass between two ellipsoids

—X,42+Y+2.22+Z“'14.42§1
2.3 1.7 4.6

and
X -~ 4\2 + Y+ 2.2\2 + Z - 14.4 2> 1
1.985 1.385 4,285 -0

The volume 1s 25.99 cm?3, and the mass is 27.3 q; the contents have
a volume of 49.3 cm3 and a mass of 48.69 g. The thickness of the
stomach wall is about 0.315 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 dntestine 1is to he regarded as occupying a
volume within which it is free to move. No attempt to determine a

specific configuration s made here, and thus the wall and contents



77

HEART

BRAIN LUNG

FIGURE A-IV. MATHEMATICAL MODELS FOR THE HEART, LIVER, BRAIN AND LUNGS.
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are not distinguished for estimation of photon dose. The total mass
is 75.9 g, and the corresponding volume is about 76.92 cm3. This
volume, which 1ies in the pelvic region, is a section of a circular
cylinder given by

X2 + (Y + 2)2 < (5.5)?

~2.35Y21.9
7.24 <7 % 9.8,

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

A
-
—
.
N
Nt
N

(X +4.1)2+ (Y +1.1)2 ¢
(X +4.1)2 + (Y + 1.1)2 2 (0.72)?

5.3 7% 8.4,

The wall has a total volume of 8.97 cm® and a mass of 9.36 g. The

inequalities

(X +4.1)2 + (Y + 1.1)2 < (0.72)2
5.3 17 8.4

define the contents of the ascending colon. The volume is 5.05 cm® ,
and the mass is 4.98 ¢, The thickness of the wall according to this
model is 0.48 cm.

The transverse colon 1is an elliptical cross-section and is

defined by



5.2 £ X 25.2

The volume of the wall is 16.28 cm®, and the mass is 16.98 g. By

this model the thickness is about 0.3 cm. The contents are specified

Y + 1.1\2 7 - 9.1\2
(‘ 55 ) *(‘ 0.4 > 23

-5.2 £ X £5.2.

by

The volume is 11.76 cm3, and the mass is 11.6 gq,

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

of a descending colon and a sigmoid colon. The descending colon js

described by the inequalities
X - X \2 Y - ¥ \2
0
— + 0
(0.9) (1 )
K= X\? V- ¥ \2
065 ) * o,5>

4.1 272 %8.4

tA
Y

v
[

where
- 0.2(Z - 8.4)
Xo 4.3 + 73
y = 1.2{4.1 - 7)
) 4.3
The descending colon has a volume of 7.76 cm 3 and a mass of 8.1 g.

The thickness of the wall would vary between 0.25 cm and 0.5 cm

according to this model.
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The sigmoid colon consists of portions of two torii and is

defined by the inequalities (upper portion)

(ICTTEZ ¥ {7817 - 2.7)2 + ¥2 < (0.85)2

VX =T.HZ+ (7 - E07 - 2.7)2 + ¥2 2 (0.3)2

X>1.4 and Z24.1

and (lower portion)

(VIX-TE)Z+ 77 - 1.4)2 + ¥2 £ (0.85)2

VIX=TAHZF7Z - 1.4)2 + Y2 2 (0.3)2
X<1.4 and 7 2 0.

The volume of the sigmoid colon is 12.8 cm?3, and the mass is 13.34
g. The thickness of the wall would be 0.55 cm according to this
model.
The entire gastrointestinal tract is sketched in Figure A-V.
Heart. The heart is half an ellipsoid capped by a hemisphere
which is cut by a plane. A vrotation and translation are then

effected. The heart (Figure A-IV) 1is represented by

X; = 0.6943(X + 0.5) - 0.3237(Y + 1.5) - 0.6428(Z - 22.4),
Y, = 0.4226{X + 0.5) + 0.9063(Y + 1.5},
Z; = 0.5826(X + 0.5) - 0.2717(Y + 1.5) + 0.7660(Z -~ 22.4),

(Xl \2 (Yl 2 (1 V¥
— —— — <
3.4) *\oz/ t\zz) - L
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xf + Yf + Zf < (2.2)2 if X> 0,

X1 7y .
—i-:-2-, +—2f':"§ > -1 if X1< 0.

It has a volume of 45.14 cm® and a mass of 46.5 g.
Kidneys. Each kidney is an ellipsoid cut by a plane (Figure A-
I1r). The left kidney is given by

<X 2341)2 + (,Y__:_"Anz“)z + <z——;———%~2-~2->2 <1,

X21.2.

The volume of both kidneys is 64.94 cm3 and the mass is 68 aq.

Liver. The 1liver is defined by an e1liptical cylinder cut by a

) * (s3) < >

XL
121219 -

plane as follows:

-1,
9.8 £ 7 <19,

Its volume is 287.54 cm® (Figure A-IV ) and its mass is 303.67 g.
Lungs. Each lung is half an ellipsoid with an anterior section

removed. The defining expressions for the left lung are

X - 3.8\2 /Y \2 ., [1-19.2\2 .
< 5L ) *(3T§> * < 11.8 ) -1

19.2 £ 7 < 31,

(532 + (Gs) + (B®) 21 wr v

The volume of both Tungs is 429.4 cm? (Figure A-IV ) and the mass is

128.8 g.
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Ovaries. Each ovary is an ellipsoid {Figure A-VI). The left

ovary is given by

(K"5T§§§>2 ¥ (0.§1)2 ¥ (Z 5.344)2 21

The volume of both ovaries is 0.62 cm® and the mass is 0.65 g.
Pancreas. The pancreas is half an ellipsoid with a section

removed (Figure A-III). It is defined by
X + 1\2 ( Y >2 (Z - 152g>2<
( 75 > tlos) *UCTE o) b

X21,

Z>15.9 if X2 0.5

It has a volume of 8.58 cm® and a mass of 8.99 g.

Skin. Skin is represented as a Tlayer of 0.2 cm thickness
extending over the entire exterior of the phantom. Thus this
corresponds to the dermis as well as the epidermis. The back 1is the
only major body area where the thickness is larger, being about
double. The volume of skin is 770 cm® and the mass is 760 g.

Spleen. The spleen is defined by the ellipsoid

) (D + (5

and has a volume of 25.7 cm® and a mass of 27.3 g' (Figure A-111),
Testicles. The testicles are ellipsoid (Figure A-VI), which are

represented by the inequalties

() + (25 + (S92 <
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FIGURE A-VI. MATHEMATICAL MODELS FOR THE THYROID, TESTES, OVARIES,
AND THYMUS.
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where the plus sign is used for the right testicle and the minus sign
for the Teft. The volume of the testicles is 1.4 cm® and the mass of
both is 1.47 gq.

Thymus. The thymus is formed by the ellipsoid

(52) + (L53) « (B89 <,

and it has a volume of 21.33 cm® (Fiqure A-VI) and a mass of 21.87
g.

Thyroid. The lobes of the thyroid 1lie between two concentric
cylinders and are formed by a cutting surface (Figure A-VI  and

Figure A-VII). The expressions for this organ are

X2 + (Y + 4.8)2 5 (1.6)2,

X2+ (Y + 4.8)2 2 (1.4)2,

A"

Y+ 4.8:0,
3227 < 35.6,

[(v +4.8) - |x|]?— > 2 [xz P Y+ 4.8)2] 2,

in which
-3 < <9
1==(/2-2){Z~-32)+1 for0%17-32°% =%
9 10
and
_5(2 - /%) 2 /7 - 1 9 18
T 55 (Z - 32) + R M for 10 <7~ 32 ¢ 5

The volume is 2.26 cm? and the mass is 2.38 g.

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

by
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(B) Z = 32.36 Z = 42.42

(c) .= 32.9 [ = 43,05

(D) Z = 34,16 . = hl,52

FIGURE A-VII. SECTIONS OF THE MATHEMATICAL THYROID AT VARIQUS HEIGHTS
FOR THE CHILDREN PHANTOMS.
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X2 Y4+0.52 . 7-5.9¢2
o7 Y 14 Y Toaz b
Y > -1.26.

3
It has a volume of 1.45 c¢cm (Figure A- III) and a mass of 1.53 g.



APPENDIX B

DESCRIPTION OF THE FIVE-YEAR-OLD MATHEMATICAL
CHILD PHANTOM

Exterior of the Phantom

Trunk. The volume of the trunk section (shown in Figure B-I) is

11,901.6 cm3 and the mass is 11,554.1 g, It is specified by
RALEVE AL
(;1) +(§,2> s b
057 <42

Head. The volume of the head section is 3,170.8 cm3 and the mass

is 3,462.5 g, It is specified by

or

54 < 7 < 61.3.
Legs. The total volume of both legs is 4,511.8 cm® and the mass

is 4,755.5 ¢, The leg region is specified by

7
X2 + Y2 < % x<11 + gj37> ,
50 <Z <0,

where the plus sign defines the left leg and the minus sign the right.
Genitalia. The genitalia region has a volume of 37.86 cmd and a

mass of 37.36 g. It is specified by

88
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and
......Z‘._-,.,Z 2 > 1 V4 2
X+ (5.5 ¢ p5gg) *+ Y22 (5.5 + q35ay)
Organs

Skeleton System. The skeletal system consists of the twalve

parts described below.
Leg Bones. The volume of both bones is 588 cm® and the mass fis

823.2 g. The expression for the left leg bone is

X - (5.5 - S_gf%z)ervz < (2+§%f%z)2’

and
-50.5 <7 0.

Arm Bones. The volume of both arm bones is 181.2 cm3 and the

mass is 253.7 g. The left one is defined by

'(0.8/82.4)7(2 -~ 41,2) + (X - 10)12 +(ﬂ1ﬁ>2 < |82.4 + (Z - 41.2) )2
0.8 J 1.5/ -~ 82.4 ?
and
0<7%41.2.

Pelvis. The volume of the pelvis is 174.43 cm3 and the mass s

244.2 g, It is described by
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X2 + (Y +1.9)%2 £ 7.62

X2 + (Y +2.4)2 277

Spine. The spine has a volume of 258 cm3 and a mass of 361 g,

It is defined by

(1%4? * <Y1T74'5>2 £ 1,

and
13 £ 7 <€ 47.5.

Skull. The skull has a volume of 542 cm3and a mass of 758.8

It is defined by

g.
X\2 Y Z - 54 B2
(6)+<8) ( ) 2
XN\, Y V2 (L= B4y
(6.6) ¥ (8.6) * ( >3) < 1.
Rib Cage. The total rib volume is 212.8 cm 3 and the mass is 298
g. The statements that must be satisfied are

(55%) < (§) =1

(55) 2

o}
L

¥ (7?6) = L

21.1 £ 7 2 40.42;

Integer <Z~6T%%Ll> is even.
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Clavicles. The volume of both clavicles is 15.86 cm 3, and the
mass is about 22.0 g, The clavicies include only the portion of the
torus between the planes 22 - Y = |X| cot & with = 70 42.59 and o= 40

34.43~, The equation can be reduced to the form

2
(z - 21.10)2 + (9.2 - ATV -ZZR) < (0.4875)2
and

0.350002358 < Z—%ﬂl < 12.5002413, Y < 0.

They are shown schematically in Figure A-II (page 72).
Scapulae. One scapula has a volume of 27.5 em3 and a mass of

38.5 g, The scapulae are included in Figure A-II (page 72). They

(52) + () 21

are expressed by

and

30.57 £ Z < 40.42.

Adrenals. The volume of both adrenals is 5.97 cm3 (Figure A-

IIT, page 75), and the mass is 6.12 g. The left adrenal is given by

X - 2.7\, (Y- 5.3\2, (Z-22\2
< T ) +<0.36 ) +<"§".“6“’) =1

and
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22 ¢ 1 £ 25.6.

Urinary Bladder and Contents. The bladder is described by
X \% . (Y + 3;l>2 <z - 4.9)?
() « (23 (555 b
X\, /Y + 3,1V <z - 4.9)2
(f1z) * () ) 2 b

The volume is 14.38 cm®and the mass is 14.2 g. The contents have

a volume of 58.7 cm? and a mass of 58 g. The bladder is shown 1in

Figure A-II1I (page 75).

Brain. The brain is given by
X\2 L (YN? . /2 - 54.8\% <
&) +(e) *(557) * b

and the volume is 1,146 cm3 and the mass is 1,179 g (Figure A-V, page 81).

Gastrointestinal Tract and Contents-Stomach (S). The stomach is

described by

and

X - 4.9\*, (Y + 3)2 Z-19.8\,
< 7753 ) ¥ ( 1.83) ¢ ( 5.43 ) - 1
The volume if 49.7 cm >, and the mass is 52.2  g; the contents have a

volume of 105.3 cm? and a mass of 103.9 g. The thickness of the

stomach wall is about 0.37 cm.
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~-Small Intestine {SI). The total mass is 175.95 g, and the

corresponding volume is about 178.3 em3. The small intestine lies in

the pelvic region and is given by
X2+ Y + 2.4)% £ 77
-2.9%Y <20

10 £ 7 £ 14,

~-Upper Large Intestine (ULI). The ascending colon is defined by

(X +5.2)2+ (Y +1.4)2 2 (1.5)?
(X +5.2)2 + (Y + 1.4)? > (0.95)?

8 <7 <12.2.
The wall has a total volume of 17.78 cm? and a mass of 18.54 g. The

inequalities

(X +5.2)2 + {Y + 1.4)2 £ (0.95)2

8 <7 212.2.

define the contents of the ascending colon. The volume is 11.9 cm?2,
and the mass is 11.75 g. The thickness of the wall according to
this model is 0.55 cm.

The transverse colon is defined by

Y+ 1.4\2 , (7 - 13.1\2 <
<‘"1.5 ) +< 0.9 ) -1
Y+ 1.4, (Z- 13,1>2
<1.18 ) +(0.58 2 1

-6.4 2 X £ 6.4,
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The volume of the wall is 26.76 cnnBand the mass is 27.9 4. The

thickness is about 0.32 c¢cm. The contents are specified by

Y+ 1.4V, /7 - 13.1)\2
(1.18 ) ¥ ('0,58 =) 1

-6.4 T 1 ¢ 6.4.

The volume is 27.5 cm3, and the mass is 27.2 g.

-Lower Large Intestine (LLI). The descending colon is described

by the inequalities

5.1 <272 s 12.2

where
- 0.25 (2 - 12.2)
X0 5.35 4 T
v = 1.55 {5.1 - 7)
0 7.1

The descending colon has a volume of 17.64 cm? and a mass of 18.4 g.
The thickness of the wall would vary between 0.25 cm and 0.56 ¢cm

according to this model.
The sigmoid colon is defined by the inequalities

{upper portion)

12’

1A

(VX T78)7 + (7 - 5.1)% - 3.35)2 + Y2

(X =T757 F T 517 - 3.35)2 + v2

[

(0.42)2
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A

x>1.75 and Z%5.1

and (lower portion)

(/(x TIIEYT ¥ 17 - 1.75)2 + Y2 <12

v

(VIXTTIE)ZF 27 - 1.75)2 + ¥2 2 (0.42)2

X<$1.75 and Z2Z0.

The volume of the sigmoid colon is 20.73 cm3, and the mass is 21.62
g. The thickness of the wall would be 0.58 cm according to this
model.

The entire gastrointestinal tract is sketched in Figure A-V (page 81).

Heart. The heart (Figure A-IV, page 77) is represented by

X; = 0.6634 (X + 0.5) - 0.3830 (Y + 2.1) - 0.6428 (Z - 29.4),
Y, = 0.5 (X + 0.5) + 0.8660 (Y + 2.1),
Zy = 0.5567 (X + 0.5) - 0.3214 (Y + 2.1) + 0.7660 (Z - 29.4),

Xy V2 /Y \? /7, \2
13) *\77, *("2‘?7* = b

xi + Yi + zi $(2.7)2 if X; <0,

Xy Z,
T:‘g*fé‘ﬁf»l if X, < 0.

It has a volume of 88.5 cm3 and a mass of 91.15 g,

Kidneys. The volume of both kidneys is 110.2 cm3 and the mass is

115.5 g. The left kidney (Figure A-III, page 75) is given by
Xm:m§;§>2 Y- 4.9\2 /7 -18\? _ .
( 37 ¥ ( 17 + ( 3 > <1,

X 2 1.6.
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Liver. The Tliver (Figure A-IV, page 77) is defined by

<§¥§>2 + (5¥§>2 1,

Its volume is 575.89 cm® and its mass is 608 g,

Lunas. The defining expressions for the left lung are
| X - 4.8\2 [ Y\, [1- 26\ .
( 3'.'2“> +<4.8> * ("1"'4‘.8"") =1
X - 1.0\2 , (Y \2, (Z-26\%> ey
(53 > +<4.8> +(14.8"'> =1t V<l
The volume of both Tungs is 850 cm® (Figure A-IV, page 77) and the mass is
255 g.

Ovaries. The volume of both ovaries (Figure A-VI, page g4) is 1.81

cm? and the mass is 1.89 g, The left ovary is given by
X - 3.3}\¢ Y \2 Z - 8.8\2
( 0.6 ) +(0.3) +( iz ) - b

Pancreas. The pancreas (Figure A-III, page 77) which has a volume

of 18 cm? and a mass of 18.9 ¢,  is defined by

(ngzo'f)z ' (6‘“%6)2 ¥ (Z_:Z_%LZ)Z =L
Xz -0.7,
7217 if X2 1.1
Skin. The volume of skin is 1286 cm? and has a mass of 1269 g.

Spleen. The spleen (Figure A-III, page 77) which has a volume of
46.72 cm3 and a mass of 49.6 g is defined by
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X - 5.5\2, (Y - 2.5\2 (7 - 21,7\
("’“2.2 ) +< 1.3 > *( 37 ) = 1.

Testicles. The testicles (Figure A-VI

, page 84) with a total voluie

of 1.53 cm3 and a total mass of 1.6 g are defined by the inequalities
0.41 Y + 4,68Y? -+ 0.72 1
Cad) - o) + o H2) S

the plus sign is used for the right testicle and the minus sign
for the left.

O:+

where

Thymus. The thymus- (Figure A-VI, page 84) with a volume of 28.9 cm3

and a mass of 30.6 g s defined by

X + 1.1)\2 Y + 4.9\ Z - 36
(B33 + 0.53> + (5 &Y < 1.
Thyroid. The expression for tne thyroid (Figure A-VI and A-VII
84 and 86) are

s pages

X2 + (Y +5.3)2 < (1.9)2,

X2 + (Y +5.3)2 2 (1.6)2,
Y + 5350,

42 271 % 46.2,

[(Y +5.3) - lxl] [x?- + (Y + 5.3)2] 2,

in which

'[‘:

FZ-2) (z-42)+1 for0<7 425 1.05

and

S I ) R Y

53 for 1.05 <7 - 42<4.2,

The volume is 4.62 cm?3 and the mass is 4.85 g,
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Uterus. [The uterus (Figure A-III, page 75) with a volume of 2.47

cm3 and a mass of 2.6 g is defined by

(6‘.%&”)2 ¥ (%_QZ)? + (;_—__8_:_6,\)?- <1,
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