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THE DEVELOPMENT AND USE OF A FIFTEEN YEAR-OLD
EQUIVALENT MATHEMATICAL PHANTOM FOR INTERMAL
DOSE CALCULATIONS

Abstract

The existence of a phantom based on anatomical data for the
average fifteen year-old provides for a proficient means of obtaining
estimates of absorbed dose for ch{ldren of that age. Dimensions
repreéentative of an average fifteen year-old human, obtained from
various biological and medical research, were transformed into a
mathematical construct of idealized shapes of the exterior, skeletal
system, and internal organs of a human. The didealization for an
average adult presently in use by the International Commission on
Radiological Protection was used as a basis for design.

The mathematical equations describing the phantom were developed
to be readily adaptable to present-day methods of dose estimation.
Typical exposure situations in Nuclear Medicine have previously been
modeled for existing phantoms. With no further development of the
exposure model necessary, adaptation to the fifteen year-old phantom
demonstrated the utility of the design. Estimates of absorbed dose
were obtained for the administration of two radiopharmaceuticals,

99mTc-Sulfur Colloid and 99MTc-DMSA.
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CHAPTER 1
HISTORY AND PURPOSE

The research described herein spans several disciplines and is
important to all of them. The research results are important to-the
field of health physics because the health physicist is charged with
the responsibility of protecting man and hié environment from the
harmful effects of ionizing radiation. The research is important in
huclear engineering because of the high importance of population
exposure calculations to the siting of nuclear power reaftors and fuel
processing facilities. Finally, this research has d{rect app]icatioﬁ
in nuclear medicine and diagnostic radiology. It is we11 known the
exposdre to medical diagnostic x-rays represents the major soufce of
exposure to the population from man-made sources of radiation. 52

Thus, a historical foundation for this research would 1ie probably
with Roentgen's discovery of x-rays in 1895. Many date the beginning
of - diaagnostic radiology and radiation protection to this discovery.
Not Tong after his dicovery, the biological effects of ionizing
radiation became apparent. The French physicist Henri Becquerel had
done much work in 1jnking the'phenomenon of phosphorescence to x-rays
making use of photographic plates. In 1901, after traveling to Londpn
to lecture there, he discovered a reddened area on his abdomen. The
cause he linked to a sample of radium that he had with him in the
pancket. directly aver the spot. -This was one of the first. noted <cigns
that these x-rays might have some harmful effect on tissue. It was in
- 1903 that the American inventor Alexander Graham Bell made the

suggestion that sources containing radium might be placed near or in
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tumors, for it had been hypothesized that this destructive effect might
be more potent interacting with cancerous tissues than with normal
tissues. 1 The first ideas that this new discovery of x-rays might be
a new type of miracle cure sparked many different forms of
serendipitous experimentation. At this time it was hardly thought that
the small amounts of radium being used on humans would have any harmful
effects biologically. A statement dealing with the biological effects
of radium appearing in the 1916 journal Radium, stated that radium has
absolutely no toxic effects, it being accepted as harmoniously by the
human system as is sunlight by the plant.?

During this "classical” period, the physicists attempted to learn
more about the atom and its radiations. In addition, ‘the
instrumentation for detection and measurement of these radiétions was
being developed. Rutherford utilized a photographic plate and in 1203,
Crookes' invention of the spinthariscope marked the opening of the
development of the scintillation detector. The invention of the cloud
chamber and gold leaf detectors also played major roles. A culmination
of much of the knowledge gqained in this period can be found in the
perfection of the Geiger counter in 1¢28.1

The improvement in instrumentation opened the door for the use of
radioisotopes as tracers. The first of these experiments was performed
by the Hungarian chemist Hevesy in 1923. He utilized an isotope of
lead to investigate the metabolism of lead 1in plants using a very
sensitive gold leaf detector. He was a pioneer in this field, defining
many of the basic principles of tracer technology in use today.3 By

the late twenties, clinical studies using radioactive injections, such



as the determination of the mean arm-to-arm circulation time, were well
underway. !

The transition from the "classical" period into the "modern era"
was seeded early in 1219 by Rutherford's discovery that the structure
of matter could be changed by bombardment with alpha particles from
radium. It was the ingenious work of Ernest 0. Lawrence in the
development of the cyclotron in 1931% and the experimentation of Irene
Curie and Frederic Joliot in 1934, showing the mutation of some 1light
elements to radioactive forms of other elements by neutron bombarding,®
that clearly marked the end of the "classical" period. Artificially
produced radioisotopes began to emerge slowly from all parts of the
world. Lawrence and his brother John produced a large cyclotron that
they called "The Medical Cyclotron".% Hevesy and his colleques with
the use of a Geiger counter and 32P as sodium phosphate, determined
that bone formation in the rat is a dynamic procesﬁ.6 In 1936, John
Lawrence = used the same radionuclide as a phosphate in the treatment of
Teukemia.l Therefore, two of the most important studies in nuclear
medicine were underway in 1936; the study of the dynamic state of body
constituents and therapeutic uses of radioisotopes.

During this same transitional period there were recommendations
for protection against the hazards associated with the radiation and
the use of radioisotpes. It was 1916 before organized efforts for
methods of radiation protection came into existence. However, good
recommendations from individuals came as early as 1902 when Rollins
suggested the wuse of x-ray film as a means of monitoring exbosure.7

The recommendations were exactly that and not enforceable laws. They



were based on qualitative measures which made any estimation of dose
far from precise. For example, in 1925, Mutscheller made
recommendations that the 1imit of protection should be 1/100 of an
erythema dose in 30 days.® The reddening of the skin was used as an
indicator of -dose and the theory was that there was a threshold level
of exposure below which one could receive radiation and tolerate it
without ultimately suffering injury. Thus, the term "tolerance dose"
was used widely in fhe field. The estimation of dose to tissues from
external sources in this early period, was more ‘an artistic evaluation
‘than a science. It is important to note also that the estimation of
dose from internal sources was non=existent. The adoption of the
Roentgen as the standard unit of exposure by the International
Commission on Radiological Units (ICRU) in 1928 marked the beginning of
efforts fo quantify dose estimations as measures of exposure.’ The
ICRU, 1925, and the International Commission on Radiological Protection
(ICRP), 1928, were established by the International Congress of
Radiology. In 1929, the National Committee on Radiation Protection and
Measurements (NCRP) was formed in a close relationship with the ICRP
and has maintained that closeness to the present. For the first two
decades of their existence, both the ICRP and the NCRP were concerned
primarily with recommendations of maximum permissible exposures from x-
rays and radijum. 9 |

The introduction of the first nuclear reactor on December 2, 1942,
marked the beginning of the "modern" era for all fields éssociated with
radioactivity. The change was exemplified in the first use of the word

"Health Physics" for the whole of radiation protection and all its



associated activities.10  The discoveries made in the "classical"
period became dynamic in their gfowth. The change is due Tlargely to
the efforts of Enrico Fermi and his colleagues. In 1946 artifically
produced radioisotopes were made available to the public and as a
result of the advances in technology and physics, were soon tailor-made
for use in medic{ne. Some of the isotopes produced in the early period
were not put to specific use until advances in instrumentation and
pharmacology made their use feasible. The field of nuclear medicine
has become so advanced with sophisticated scanning instrumentation,
advances in and methods of tracers in diagnosis and treatment, that
today subspecialties are appearing such as cardiovascular,
endocrinologic pulmonary and pediatric nuclear medicines.!

In 1946 the NCRP realized a need for reorganization and growth to
meet the needs of the prob1ems associated with the progress in all
fields of radioactivity.* Four years Tlater, the ICRP underwent a
similar change. Since 1944 the use of maximum permissible dose (MPD)
as a standard for recommendations of exposure 1imit largely replaced
the use of tolerence dose. From more recent ana1ysis it appears that
certain types of damage such as the shortening of the 1life-span,
leukemic incidence; and genetic changes increase monotonically with
dose, thus contrasting the theory of a threshold.l12 This would suggest
that any amount of radiation exposure, no matter how small, is
potentially harmful. Whether or not there exists a threshold for
radiation exposure below which no harmful effects would be encountered
still remains in debate. However, at this point one finds a change in

the attitude of the recommended allowable exposures in that the
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attitude is now one of risk versus benefit. The Federal Raciaticn
Council (FRC) was formed in 1659 in the United States to provice policy
on human exposure to ionizing radiation. Their attitude toward the
setting of allowable standards was expressed formally in 1961.

",..the establishment of radiation protection

standards invelves a balancing of the ktenefits

to be derived from the controlled use of radia-

tion exposure. The principle is based upon the

position adopted by the Federal Radiation Council

that any radiation exposure of the population

involves some risk; the magnitude at which in-

creases with the exposure."13
This attitude is very much the same as that of both the HNCRP and the
ICRP. In practice, the FRC has closely followed the advice of both of
the Commiséions in setting standards of exposure.

In the estimation of risk, orne must depend on a correlaticn of the
amourt of exposure with the potential damage. Usually  these
correlations are preSented in terms of a response versus absorbed dose.
There are many problems associated with an attempt to formulate such a
relation. Casual relations between radiation exposure and deleterious
effects, except for massive acute exposures, can only be established
statistically. The induced biological effects of radiation do not
appear to be unigue. Secondly, there are sometimes long periods of
time before effects are noticitle. In addition, there are only
approximate ways to calculate the absorbed dose to tissues, for the
calcutations depend on numerous variables. As a result, there are
several correlation curves that may represent the true response versus
absorbed dose relation. The most conservative position to take would
be to assume a linear relation without a threshold at 19w_exposures.

This, therefore, is the position that has been taken by the ICRP and
NCRP .12



The basis of sound estimation of risk involves a precise
estimation of absorbed dose. The absorbed dose, however, is dependent
on such parameters as the nature of the exposure, whether internal or
external, the energies of the emitted parfic]es and the physiologic
factors of the system encountered. In 1949 a group of concerned health
physicists from the United Kingdom, Canada, and the United States
agreed to gather the necessary information to formulate a "Standard
Man" as a typical radiation worker.ll From that time there have been
various mathematical and.experimental efforts to estimate absorbed dose
to various tissues of an ‘"average" adult. The most sophisticated
methods are those associated with the efforts of the ICRP, NCRP, and
the Medical Internal Radiation Dose Cohmittee (MIRD) of the Society of
Nuclear Medicine. Organized efforts to formulate the "Standard Man"

are culminated in the ICRP Publication, Report of the Task Group on

Reference Man.l% This report represents a detailed analysis of

anatomical data, elemental composition of various tissues and organs,
intake of air, water, and other elements, and data on excretion.

In nuclear medicine the administration of radionuclides to various
age groups has increased. The diagnostic use of x-rays has broadened
to dinclude all age groups and accounts for a major portion of the
increase 1in external exposure to the ‘general population. These
increases in exposure to radiation dictate the need for precise
estimates of absorbed dose. An effort to do so came 1in 1667 when
Fisher and Snyder completed -the design of a detailed mathematical
phantom based on the anatomical values outlined by the Task Groups of

the ICRP as being representative of an "average adult."15 Since that



time, revisions in the model have been made and published by Snyder et
at. in 1974.16'Though other phantoms have been used in this country and
other countries, the MIRD Committee and the ICRP have chosen this
particular idealization of the "average adult" for use 1in dose
estimates for various. age groups. Five smaller phantoms have been
formed by "scaling down" the adult by proper constants.!” The use of
these small adults in dose estimations has been recognized to be a
. first order approximation. Recently, anatomical data has been used to
deveiop mathematical phantoms that better represent the "average" ohe
year-old and five year-old humans.l®  Though organ shapes remain.
similar to the adult phantom, physioisgica1 geometries of the children
phantoms differ from the "scaled down" phantoms. Preliminary results
indicate that the dose estimates obtained in these more advanced
phantoms are different from those obtained in the "scaled down"
‘phantoms.

In order to improve present estimates of dose to various age
groups, the purpose of this research was to develop a fifteen year-old
equivalent mathematical phantom based on anatomical data.. The phantom
was to be designed so that it was consistent with the adult and
children phantoms in existence. Therefore, the idealization of most
organ shapes were similar to that of the adult. In addition the
equations describing the two phantoms were similar. In order for the
design of the fifteen year-old phantom to be one of utility, it was
necessary that it be readily adaptable to present-day methods of
estimating dose. To demonstrate this utility, the phantom was used in

a computer simulation of a typical situation in pediatric nuclear



medicine from which estimates of dose to certain organs were
calculated. The models and techniques used in the estimation of dose
have been adopted 1in their entirety. 1t.has not been the purpose of
this research to improve upon or justify the reported accuracy of these
methods, but rather to demonstrate - the. adaptability of the fifteen
year-old phantom design to these methods. Therefore, the major
contribution of this research has been the design of the fifteen year-
old mathematical phantom, for no other anatomically based idealization
of a fifteen year-old human is in existence for purposes of estimations

of absorbed dose.



CHAPTER II
MATHEMATICAL PHANTOM

Introduction

After obtaining the necessary anatomical dimersions, these data
must be transformed into a set of mathematical equations which,
consistent within themselves, form a phantom similar in shape to an
"average" human being of a certain age. This mathematical construct
must have organs similar in shape to those organs of a human. The
organs must not intersect at any point and must remain within the
constraints of the exterior equations. In addition these organs must
be placed within the boundaries in such a manner as to resemble their
pecsitioning within the human body. The Snyder and Fisher phantom

t.1® This phantom is

accomplishes these tasks successfully for the adul
the most detailed mathematical design of the human adult for purposes
of dose estimations in use at the present time. F‘tor this reason it was
decided to employ anatomical data for the fifteen year-old in a manner
similar to that used by Fisher and Snyder to construct the average
adult.

In Chapter I, it was stated that the Snyder-Fisher phantom,
(previous reference to this phantom has been as the adult phantom), has
been shrunk by constarft factors to form a fifteen year-old phantom.
One should be aware of the differences resulting in this type of
formation of a fifteen year-old phantom and the formation using
anatomical data. For instance, the thymus is larger in a fifteen year-

old human than in an adult. If the adult phantom is shrunk to create

a younger phantom, the thymus will be smaller than the adult and would

10
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not correspond to that of a fifteen year-old. Though the overall
weight and height of the fifteen year-old will be less, the relative
size of the organs may differ and can be determined only by referring
to actual anatomical data.

To describe the phantom in Figure 1 requires a large rnumber of
equations. Although these mathematical descriptions represent the
major contribution of the research, they have been placed in explicit
form in Appendix A. The phantom is placed in a rectangular coordinate
system with the origin at the center of the base of the trunk. The
positive Z-axis points upward toward the head, the positive X-axis is
directed toward the reader's right and the phantom's left, and the
positive Y-axis is directed out the rear of the phantom. The equations
were plotted on a calcomp plotter toAcheck for errors, intersections of
organs, shape and location. The results are in Figure 2 through Figure
7. Both X-Y and X-Z cross sectional plots are shown and, combined with
the other figures, give a pictorial image of the mathematical

construct.

Composition of the Phantom

To transform the data on body and organ masses into mathematical
equations, one must obtain a value for the density of the medium. The
total volume of the phantom was determined using a specific gravity
specified for fifteen year-old humans. However, the density alone is
not sufficient to carry out the calculations of absorbed dose. The
elemental composition of the phantom must be determined. Photon
interaction cross-sections are an integral part of the photon transport

code. These cross-sections are determined based on the elemental
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composition of the medium through which the photons are assumed to
pass. In 196€, Tipton et al. published values for composition based on
the analysis of tissue samples from autopsies of 150 grossly normal
U.S. adults.!S Fisher and Snyder used the results of this study to
divide the adult phantom into three regions with different densities:
(1) the skeleton; (2) the Tungs; and (3) the remainder of the phantom
which was considered to be soft tissues. Data of this nature was
sparse for age groups other than the adult. Therefore, the
composition  for the regions of bone, lungs, and tissue in the adult
phantom, have been used for the fifteen year-old phantom. The
densities of these regions are 1.4826 g/cm3, 0.3 g/cm3, and 0.9869
g/cm3 for the skeleton, lungs and tissue respectively.

Exterior of the Phantom

The weight of an average fifteen year-old has been reported by
several authors and ranges between 52 to 61 kg. A total body weight of
58 kg was chosen as a design basis for the phantom. This was an
average value of the data, which included a study of 300 healthy
Californian children.2% Similarly, for the total body height, one
finds a range from 161 cm to 173 cm. The phantom design height was
chosen to be 167 cm. This value was 96% of the adult phantom height
and was a representative percentage of adult height for fifteen year-
olds. Formulae given by Boyd,?! for different age groups and different
statures, were used to determine the specific gravity. An average
specific gravity of about 1.03 was selected. Though this appears to be
much higher than the overall density of the adult phantom df' 1.004

g/cm®, this value is comparable to the values assigned to the male and
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female adults of 1.07 and 1.04 respectively in The Report of the Task

Group on Reference Man 1% It is important that the total volume of the

phantom be based on anatomical data. Therefore the determination of
this paramater was made assuming a total body weight of 58 kg and a
specific gqravity of about 1.03. The use of an average total body
weight that 1is possibly more than '"normal" 1is a result of the
realizatfon that upon adoption of the three regional compositions, the
final phantom mass would be less fhan the design basis. It was
desirable that a phantom total body weight be obtained that is
reasonable while holding the total volume constant.

While linear measurements of thé body change rapidly from one
individual to the next, the relative volume a section occupies is a
more slowly varying function. The relative volume of various sections
of the body as a function of age can be obtained from a study of
Bardeen .22 The phantom has three principal regions: (1) the head, (2)
the trunk, and (3) the legs region. These regions do not correspond
exactly to an anatomical counterpart. For example, the head region
contains both the head and the neck, and the -ears and nose are
considered negligible. The trunk contains not only the trunk, but the
arms as well, with the hands and fingers included in the arm mass. The
feet and toes are treated similarly and are included "in the 1legs
region. The genitalia region .has no real anatomical counterpart, but
is constructed to house the testicles in tissue and allow for proper
positioning. In most cases the testicles are considered to be a'part

of the legs region. Using the data from Bardeen22 for a fifteen year-
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old, the relative volumes for the phantom head, trunk, and legs region
are 8%, 62%, and 30% respectively.

To be consistent with both the anatomical data and the existing
adult and chi]dren phantoms, the head volume of the fiteen year-old was
éhosen to be the same as the head volume of the adult. Thus, the
anterior to posterior diameter of the trunk section was set at 20 cm.
Anatomical data from Pryor23 supports the choice of 20 cm as dose data

from The Report of the Task Group on Reference Man!“ (sagittal diameter

at the thorax of about 19 cm).

At this point, the remaining' external dimensions were adjusted
.within geometrical and anatomical constraints to achieve a consistent
phantom design. The resu1ting-dimensions are given in Table I. The
equations for the exterior of the phantom are explicityly given in
Appendix A. Note that the leg region of the phantom differs slightly
inA general description from that of the adult phantom. The upper
crdss—sectiona1 areas of the legs are elliptical in this design with
the major axis 1in the anterior to posterior direction, whefeas the
adult design exhibits circular cross sections. Both designs have
circular cross sectional areas at the bottom of the legs.

Skeletal System

The model for the skeletal system, shown in Fiqure 8, assumes a
homogeneous mixture of -bone and bone marrow. Though it appears to be
a simple model, the individual masses required for the degign are
scarce. Data giving the mass of the.entire skeleton as a function of
age are available. The nature of these data depends on a number of

things, such as the manner in which the skeleton was prepared for
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TABLE 1
EXTERNAL DIMENSIONS OF THE FIFTEEN

YEAR-OLD HUMAN PHANTOM

Total Mass

Total Volume

Total Height
Circumference of Head
Length of Head

Major Axis of the Head
(Y-direction)

Minor Axis of the Head
(X-direction)

Circumference'of Trunk
Length of Trunk

Major Axis of the Trunk
(X-direction)

Minor Axis of the Trunk
(Y-direction)

Length of Legs

Major Axis of the Upper Legs
(Y-direction)

Minor Axis of the Upper Legs
(X-direction)

Radius of the Lower Legs

56,980 g

56,272 cm3
167 cm
A4 cm

24 cm

10 cm

7 cm
84 cm
67.2 cm

16.5 cm

10 cm
75.8 cm

10 cm

8.25 cm
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measuring, the state of hydration, the sex, the race, and the original
height and weight of the body. These factors are difficult to
determine in most studies. However, these data cannot be ignored
entirely, for this is usually the only information available. The data
on individual bone weights for a particular age, other than the adult,
are even more scarce. However, Jackson2* provides a foundation for a
gencral relation which is wuseful 1in finding the individual bone
weights. He states that the relative weight of the skeleton as a whole
remains nearly constant throughout postnatal growth. Ingals?25 states
that even though the relation of the total skeletal system weight and
the total body weight is constant, the individual bone growth is not
constant with relation to total body weight.

Assuming that the weight of the skeletal system in a section of
the phantom in relation to the weight of the principal section in which
it Tlies remains constant throughout postnatal growth, the simple ratio

derived is

Mass of Child Bone _ _ Mass of Adult Bone (1)
Mass of Child Body Section = Mass of Adult Section °

Precise values of section weights were not known at this point;
however, estimates were used based on section volumes and the assumed
specific gravity. The resulting individual masses represent the total
of the bone and bone marrow in that particular bone. These values can
be obtained for each bone by adding the values given in Table II for
bone, yellow marrow, and red marrow for each bone.

The bone marrow in the model is divided into two types: (1) red

marrow, which is the active marrow; and (2) yellow marrow, which is the



25

TABLE II

Masses of Red and Yellow Marrow and Bone in the Phantom

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

Upper* 28.5 400.2 it
Lower 140.3 441.5 177.4
Clavicles 9.5 ' 41.9 16.6
Legs

Upper** 107.4 445.3 85.7
Lower 18.5 1431.8 227.0
Pelvis 228 163.7 363.3
Ribs 95 574.8 194.1
Scapulae 38 17 5 40.4
Skull

Cranium*** 85.5 533.4 108.9
Mandible 9.5 415.9 10.1
Spine

Upper' 92.7 96.1 32.8
Middle 94.2 466.1 136.1
Lower ' 72.9 77.9 105.1
Total 950.0 6283.1 1500.0

%%

* ek *
66.2 > z > 50.47 0> 2 > ~210 z > =3y + 74,2

'S1.2czeri8d Mo 1229300
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remaining bone marrow. Information on the distribution of marrow in
terms of absolute masses for individual bones as a function of age is

not available. The Report of the Task Group on Reference Man contains

data on the mass of the total marrow and the total red marrow as a
function of age.l* Shleien26 discusses the results of Atkinson's work
in 1962. Atkinson,26 in deriving an active marrow distribution in
various age groups, assumed that: (1) the adult distribution of bone
marrow could be used for children; and (b) while active bone marrow
distribution varied with age, the distribution of the total marrow
remained constant. The red marrow in the fifteen year-old phantom has
been distributed from data on the active marrow distribution as a
function of age found 1in Shleien,26 The total marrow, both red and
yellow, 2.45 kg, was distributed in the same manner as the adult
phantom in all regions excepting the legs region. The marrow alotted
to the Teg region was not distributed as in the adult for the upper and
lower leg regions. In the adult phantom, 2.5% of the total marrow is
located 1in the femora, thus 62.5 grams of total marrow would be
assumed to be in the fifteen year-old femora. According to Shleien,
there should be 11.3% of the active marrow in these bones; a total of
107 grams of red marrcw. The contradiction is obvious. In 1light of
the data from Mechanik,?27 the distribution of only 2.5% of the marrow
seems too Tow. Mechanik reports that of the 38.76% of the bone marrow
spaces in the body are 1in the leg region, 17.9% of the spaces are
located in the femora. Of the marrow in the -legs region, the adult
phantom contains 14.2% in the femora and 85.8% in the remaining lower

portions. Mechanik concludes that for the bone marrow spaces in the
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leg region, 44% are in the femora and 56% are in the lower portions.
There are no conclusive studies as to the active marrow and total
marrow distributions 1in the skeleton, especially for the age group of
concern. To relieve this contradiction, the adult phantom distribution
of total marrow remains constant in the legs region, but this marrow is
divided according to the percentages of bone marrow spaces in the upper
and Tower regions determined by Mechanik. The resulting distribution
of active marrow 1is given in Figure 8 and the absolute values of red
marrow, yellow marrow and that which remains as bone are tabulated in
Table II.

Internal Organs

Anatomical data were more readily available for the internal organ
masses shown 1in Figure 9. In formulating the design masses given in
Table III only one assumption was made. Though an anatomical value was
obtained for the total mass of the intestines as a whole there have
been no studies concerned with the individual weights of the intestines
as a function of age. A study by Underhil12® shows the weight of the
intestines to be a function of body size rather than age. If this is
the case, a simple weight ratio can be formed as in the derivation of
the skeletal system. Again the distribution of the total mass remains
the same as in the adult phantom.

In the design of the fifteen year-old the general shape of each
organ recmained the same as in the adult. |lowever, a special
modification was made in the head region. The brain of the adult
phantom was defined as the volume of an ellipsoid. The fifteen year-

old phantom's brain is also defined by an ellipsoid, but is cut by a
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TABLE III

of the Internal Organs of the Phantom

Organ Mass (g) Reference
Adrenals 9.1 14, 41, 22
Bladder (wall) 34.5 14

Brain 1344.2 14, 41, 42, 43, 44
G.I. Tract 14, 28, 16
Stomach (wall) 116.3

S.I. (wall and contents) 742.7

U.L.I. (wall) 146.3

L.L.I (wall) 111:1

Heart 237.9 14, 41, 42, 43, 45,

46

Kidneys 2331 14, 41, 42, 47
Liver 1267.5 14, 41, 42
Lungs 650.2 14, 42, 45, 48
Nasal Region 237
Ovaries 9.2 14, 41, 49
Pancreas 56.4 14, 42
Spleen 141.5 41, 42, 50
Thymus 27.0 14, 41, 42, 46
Thyroid 132 14, 42, 46, 51
Testes 15.6 14, 41, 42, 49
Uterus 28.8 14
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plane on the bottom. This shape was chosen as a better approximation
of the vreal brain (seen in Figure 10). A nasal region has also been
included. This special region was not included in the published
version of the adult phantom,!® but was added to the adult construct in
the computer codes as a source region only. The nasal region was
included here to facilitate future calculations. Explicit equations
describing these two regions can be found in Appendix A and in Figure

2 and Migure 7.
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CHAPTER III
DOSIMETRIC MODEL

Introduction

Another purpose of this research was to demonstrate the utility of
the phantom design in present day calculations of dose estimates. To
do so, one must have a method for simulating the "real world" situation
of human exposure to radiation. There are two general approaches to
this problem: (1) to model the situation experimentally in the
laboratory using a physical construct of the mathematical phantom; or
(2) to incorporate the mathematical model into sophisticated
calculations wusing high-speed computer techniques. The phantom model
is easily adaptable to the first method, for such experiments have been
performed using the adult geometry.2® However, it is more expedient to
approach the problem in the latter manner. Mathematical models using
the adult mathematical phantom have been formulated for a variety of
exposures both external and internal. Though the fifteen year-old
mathematical phantom 1lends itself to similar applications, the "real
world" exposure situation chosen is one of the administration of a
radiopharmaceutical to an "average" fifteen year-old human. The method
used has been that followed in the MIRD calculations for absorbed dose
estimates to the "average" adult from biologically distributed
radionuclides,30  Because of its widespread use in Nuclear Medicine,
technetium-99m has been chosen as a representative radionuclide.3! The
administration of ?°MTc s studied in the form of two different
radiopharmaceuticals, sulfur-colloid and DMSA (2, 3-dimercaptoruccuno

acid). 99MTc sulfur-colloid is used primarily in scans of the liver,

32
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whereas DMSA s wused for renal studies. The detai]s'of the modeling
will be discussed for 99MTc sulfur-colloid. Any assumptions or methods
used to obtain the results for DMSA which are different from those for
sulfur-colloid are presented in Appendix B.

Absorbed Dose

The purpose of the modeling process is to calculate the absorbed
dose to certain organs resulting from the exposure situation. The
calculation of absorbed dose used here is based on the approach
outlined by Loevinger and Berman'in MIﬁD Pamphlet Number 1.32 The

basic equation is

A
D(v «r) = M_r EAi ¢1-(v «r) rads 4 (2‘)
where
D(v « r) = the mean dose to a target organ r
from a source region v (rads),
R} = the cumulated activity in the source
region r (uCi-h),
M = the mass of the target organ v
V' (grams),
Ay = thﬁ equilibrium dnse constant for the
~ itN type of radiation (g-rad/uCi-h),
and

the absorbed fraction of energy in
the target organ frﬁm the source .
region v for the itf type of radiation.

¢i(v < r)

The mass of the target organ is merely the mass of the fifteen year-old
organ in question as previously given in Chapter I. The methods used
to calculate the other values needed in equation (2) are discussed

later 1in this chapter. Once the values of D(v « r) are calculated for
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each source organ in the biological distribution, the mean dose to a
target organ can be obtained by summing the values of D(v < r) over the
source organs.

Decay Scheme Data

The decay scheme data for gngc are taken from the most recent
calculations performed in connection with the MIRD Committee. The data
in Figure 11 are published in the MIRD Pamphlet Number 10.53 The data
have also been presented in calculations using the one year-old and
five year-old phantoms.l® As discussed in the MIRD Pamphiet Number
9,33 the approach used vin the Monte Carlo calculations leads to the
calculation of the absorbed fraction for the complete 99MTc spectrum
instead of each ith type of radiation.33 Therefore, computing

"effective absorbed fractions," ¢,

§ :'Ai 9 to the equivalent form ¢TZA-

1 i !
It is evident that a summation of the Ai terms of Figure 11 yields a

» Changes the term

(3)

value

ZAi = 0.2660 (g-rad'/uCi-h) (4)

.i

Binlogical Model

The biological .model for the radiopharmaceuticals is a result of
unpublished work of Dr. E. M. Smith and has been used in calculations
for the one year-old and five year-old phantoms.!® Numerical values
for the model are presented in Table III for both °9MTc sulfur-colloid
and °9MTc DMSA.  The assumptions involved in deriving the values for

the sulfur-colloid are as follows:
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HALF LIFE = 6.03 HOURS

DOSE CONSTANT
FOR PENETRATING
RADIATION

a(3)
(6-rRAD/
MICROCI-

0.0017
0.0008
0.0004

0.2660

Bre
43 0.4437
_/// vj\\ﬂi___mxai
T L
I N
5
43Tc 2.12X10° Y
ME AN ME AN EQUI-
NUMBER/ ENERGY/ LIBRIUM
DISINTE- PAR- DOSE
RADIATION GRATION TICLE CONSTANT
N(I) E(ID) AlLT)
(MEV/ {G-RAD/
PAR- MICROCI-
TICLE) HOUR)
GAMMA 0.0000 0.0021 0.0000
M INT CON ELECT 0.9860 0.0016 0.0035
GAMMA 0.8787 0.1405 0.2630
K INT CON ELECT 0.0913 0.1194 0.0232
L INT CON ELECT 0.0118 0.1377 0.0034
M INT CON ELECT "0.0039 0.1400 0.0011
GAMMA 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 CLCCT 0.0011 0.1422 0.0003
K ALPHA-1 X-RAY 0.0441 0.0183 0.0017
K ALPHA-2 X-RAY 0.0221 0.0182 0.0008
K BETA-1 X-RAY 0.0105 0.0206 0.0004
KLL AUGER ELECTY 0.0152 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
LA
99m
FIGURE 11. ISOMERIC LEVEL DECAY OF

EQUILIBRIUM DOSE CONSTANTS.

Tc, DECAY DATA AND
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1) the administered activity is instantaneously taken
up by the organs and uniformly distributed in the
organs,

2) the biological clearance of the material is much
longer than the physical half-1ife of 99MTc, i.e.
Teff = T1/2 phy,

3) -the fraction of administered activity in the total
body is assumed to be uniformly distributed in all
tissues. This assumption will introduce an error
of less than 5% in the total body dose.!8

A more detailed presentation of the derivation of the following
equations is presented in Appendix C. The basic equation for the

cumulated activity is

~ qry

— (5)
TF O
0 j

where

Arh(m) = the cumulated activity in the source
region rh over an infinite period
(uC1-h)

A = the administered activity (yuCi)

qrhj = the initial value of the jth exponen-
tial component of the fraction of the

administered substance as the labeled

radiopharmaceutical that appears in

the source region L

r. ~ the bio]ogica] disappcarance constant
J of the jth exponential component (1/h).

A = the physical decay canstant of the
radionuclide (1/h).

Assuming A, equals 1 Ci and dividing both sides of equation (5)
by A0 one obtains the mean dose in units of rads per uCi administered
activity, which is a more useful estimation of dose. With the above

assumptions, the equation for a cumulated activity is
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q
r
5~ #Ci-h/uCi administered (6)

T
r

where

9 = the initial fraction of administered
radiopharmaceutical in the source
region r

A = the physical decay constant for °99MTc,

Values for K} are given in Table IV for both radiopharmaceuticals.
Substituting these results and the.results from the decay scheme data

into equation (2) gives the equation for dose

I =0

=|

D'(v<r)=x" 3(ver) Z a; rads/uCi administered (7)
v .
;

Monte Carlo Simulation

The only values in equation'(7) that remain unassigned are the
"effective absorbed fracitons", D'(v < r). At the heart of the
calculation of such values must 1ie a model for simulating the
transport of photons through the phantom. In 1966, "OGRE, A General-
Purpose Monte Car]o Gamma-Ray Transpoft Code System" was developed at
the Oak Ridge National Laboratory. This code has been used in studies
of the transport of photons through different medium and geometries34.
Since that time, the code has been adapted to the geometry of the adult
phantom to form a new code "ALGAM" which is used to calculate estimates
of internal dose from gamma-ray sources.35 A similar code using the
géometry of the one year-old and five year-old phantoms has been used
in estimates of dose from pediatric exposures with 39MTc.18 A detailed

- description of the OGRE code has been published.3% However, a summary



38

TABLE 1V
CUMULATED ACTIVITY FOR 29MTc-SULFUR COLLOID AND 99MTc-DMSA

Source ' _ ﬁ} (uCi-h/uCi Admin.)
Organ Sulfur Colloid ~ DMSA
Bladder - 0.220
Kidneys ' - 5.190
Liver 7.360 ' 0.387
Spleen 0.606 0,043
Red Marrow 0.433 ‘ -

Total Body 0.260 2.860
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of those details which apply to a phantom geometry is found in Appendix
D.

A Monte Carlo code, GAM-15, was developed using OGRE and the
geometry of the fifteen year-old mathematical phantom in the same
manner in which ALGAM was developed for the adult. The code is
designed so that an cperator famj]iar with the use of ALGAM can work
easily with GAM-15.  GAM-15 was designed to run on the Virginia
Polytechnic Institute and State University's IBM 370/155 computers
using a Fortran-H compiler.

The main purpose of GAM-15 is to calculate the fraction of photon
energy from a particular source region that 1is deposited 1in a
particular target region for any number of source photons. The entire
code can be btroken into three basic packages: (1) the source routines,
(2) the geometry of the medium, and (3) the transport code. The
transport code has been adopted in its entirety from OGRE.3* The
source routines and the geometry, however, are specific for the fifteen
year-old and the exposure situation being modeled.

The purpose of the source routine packaée is to model a particular
organ 1in the body which contains a radioactive source. Within the
geometrical constraints of that particular organ, the program chooses
randomly an initial X, Y, and Z coprdinate for the location (starting
coordinates) of the first photon history. Then the program chooses
randomly three starting direction cosines for the photon. In
accordance .with the decay data for a particular radionuc]ide, the
source routine assigns to the photon an initial energy characteristic

of the energy spectrum for that radionuclide. In this example, the
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energy spectrum used simulated the spectrum of 99MTc. The final task
of the source routine is to assign to the source photon a statistical
weight of 1.0 which is its probability of existence.

This information 1is passed into the transport part of thé code.
The transport section assigns 'to the photon a particular filght
distance. Combining this distance with the above information, the
coordinate position for a potential photon interaction is determined in
terms of X', Y', and 7'. At this point the geometry package is used to ‘
determine the organ or region in which the photon lies. Once this
medium 1is known, the total mass attenuation coefficient is used in a
game of chance. ~If the result is not favorable, there “is no
‘interaction, and the photon continues in the same direction with the
same energy. However, if the result is favprab1e the site is chosen as
an interaction site. In this case, the program considers several
possible  interactions; (1) Compton scattering, (2) photoelectric
effect, and (3) pair production. The energy deposition for this
interaction 1is calculated and recorded in a bookkeeping system that
keeps track of the energy deposited in each organ. If by chance the
interaction site 1is in a region of bone, a special subroutine is used
to calcuate the amount of energy deposited to the red marrow, the
yellow marrow, and the remaining portion of the bone.

In addition to .experiencing a reduction in energy, the photon
experiences a reduction in'statistical wefght. The history might be
terminated here if it escapes from the phantom geometry, if its energy
falls below 5 keV, or if its weight falls below 10-5. If the history

is not terminated, a new potential interaction site is determined, the
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location in the phantom is determined, and the game begins again. This
process is repeated until the photon is terminated for one of the three
possible reasons. The path that the photon has traveled, the
interactions encountered and the energy that it has deposited until its
death 1is considered to be 1its history. Vhen the first photon is
terminated, the bookkeeping system has recorded its h{story and the
program reinitializes parameters and a new source phofoh is born. GAM-
15 repeats this process until the histories of 60,000 source photons
are recorded.

After the required number of histories are recorded, GAM-15
estimates the average energy deposited in ‘each organ per source photon
emitted. Thus the Va1ue of absorbed fraction for each organ is
calculated. In addition to the absorbed fractions, other values for
each organ are calculated by the code. The coefficient of variation,
fhe standard deviafion and the numbef of photons that have an
interaction are all used to determine the accuracy of the absorbed
fraction for each organ. This is discussed in morz detail in Appendix
D. A sample output for GAM-15 is shown.in Figure 12..

Tables V and VI give the values for §(v < r) necessary for both
39mTc sulfur-colloid and 99MTc DMSA as calculated by GAM-15. Usfng the
same computer and the same {nitial random numbef, the results should be
identical. Using a different random number generator the values for
(v < r) should be nearly the same. It is important to note that when
the value of the_coefficient of variation exceeds 50%, the estimate may

be in error by a factor of 2 to 15.16
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14 GENITALIA 4.1REE-14 1.551E-15 A.T26F-C2 2086 1.517F 02 6.3398~12
1S HEART 1.982F-16 6.733E-17 J«395€E-C1 34 2.379F 02 4.T13%5-14
18 LEFT KINNFY 2.224E-15 3.329E-16 149TF-C1 152 1.1¢5€ 02 2.532F=-12
17 RIGHY KIODNEY 2.552F-15 3.179E-16 1.2%€6E-C1 197 1.1¢5F 32 2.97F-13
18 KINNEYS 2:38€EF-15 2.201€-10 SHISE-G2 349 2.331F 92 S.50%F-13
19 LIVER 1.397€-15 94950E-17 T121E-C2 1221 1.267€ 23 1.7Y.E-12
20 LEFT LUNG l.1R€E-16 - 3.E38€E-17 Z.231F~-Cl1 3a 3.251F '22 3.852F~14
21 RIGHT LUNG 4.634E-16 l.L18E~-16 £e 2E-C1 62 3.251F 02 1.597E-13
2 LUNGS 2,9115-16 5.G12€-17 c.031F=-Cl 100 6.502F 32 L.893E-13
FIGURE 12. A SAMPLE OUTPUT OF GAM-15.

VAR ,NF &

3,.004F-30
2.930°-29
3.230F-29
1.T46F-25
1.465%-24
5.906%-29
?.029%-27
4 190F-27
1.822F-26
2.160F-26
4.G40F-26
3.773F-26
1.412F=-25
5.537-26
2.566F-23
1.506F=-27
1.3736-27
2.875E-27
1.590%-26
1.5587¢-28
1.322F-27
1.67TTF-27

APPSR, EPAC

0.°278F -0
0.427T7€-0°F
0.5118F=-0¢
0.1C66F-01
0.R235F=-M
0.3715F-0%
0.1715F-n2
0. 2552F=-N3
D.12767-n2
0.1473F-02
0.2?82E-02
N.23064F=02
0.7262F=-02
0.2069F-02
0.2281F-04
0.12%3F-0N2
N.14276-03
0.26€0F=-0n3
D.8560F-N1
0.1867F~04
0.7282F-04
0.%142F-06

A



23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
4l
42
43
44
45
46
47
%8
49
50

52
53
54
55
56

58
59
60
61
62
63
64
65
66
67
68
69
70
71
12
73
T4
15
76
17
78
79
80

RM UP.L.ARM
RM LO.L,8RM
RM UP.R,.ARM
RM LOLR,ARM
RM CLAVICLES
RM UP.L.LFR
RM LO.L.LEG
RM UP.RLLEG
RM LOD.R.LFG
RM PFLVIS

RM RI1BS

RM SCAPULAE
RM CRANTUM
RM MANNIBLE
RM LOW,SPINF
RM MID.SPINF
RM UPP.SPINE
RM MID.REGION
RM LOW.REGION
RM HEAD

REND MARROW
YM UP.L.ARM

YM L0.L.ARM

YM UP,.R.ARM
YM LDJR.ARM
YM CLAVICLES
YM UP.L.LEG
YM LD.L.LEG
YM UP.R.LEG
YM LD.R.LEG
YM PELVES

YM RIBS

YM SCAPULAR
YM CRANIUM

YM MANDIBLE
YM LCW.SPINE
YM MIN,SPINF
YM UPP.SPINE
YM NID.RFGIUN
YM LOW.REGTON
YM HEAD
YELLOW MARROW
SEPTUM

NARFS

NASAL REGION
LEFT OvaRy
RIGHT OVARY
OVARIES
PANCREAS .
LEFT ARM BONE
RT. ARM BONE
CLAVICLES
LEFT LEG BONF
RT. LEG BOME
PELVIS

RIBS

SCAPULAE
sKuLL

1.578F-16
B.375F-14
2.792E-16
1.129F-14
9.504(-19
0.0

0.0

1.279E-14
1.874E-16
4.610F-14
6.854F-16
1.403E-16
0.0

0.0

l.16CF-14
6.48GE-16
1.602F-19
5.065F~16
3.084F-14
3.0R8E-20
1.91¢6F-14
1.578E-16
6.584E-14
2.792E-16
P.958F-15
9.504F-16
0.0

0.0

3.05¢F-14
l.8&4F~16
4.0610F~14
4.995E-16
1.402F~16
0.0

0.0

1.160F-14
6.4R67-16
1.601E-19
4.519F-106
2.772F-14
3.46CF-20
1.750¢-14
0.0

0.0

0.0

5.94CF-14
3,385F-14
4.6H65F-14
2.T54F-15
2.,T73E~14
3.8041-15
©.504E-19
0.0

£.614F-15
4.611C-14
5.483E~16
1.4020~-16
0.0

FIGURE 12 (CONTINUED).

1.0876-1¢
2.299F-15
1.48¢E~-16
T.224F-1¢
9,504E-19

3.937e-16
4.603E-17
7.550E-16
T7.5148-17
5.374E-17

6.S98E-16
9.118F-17
1.601F-19
4.581E-17
3.996E-16
3.C88E-20
2.469F-16
1.087E-16
1.807E-15
1.486F-16
5.679F~16
9.504E-19

9.418F-16
4.578E-17
7.550€-16
5.475E-17
5e374E-17

6.598F-16
9.118F~17
1.601E-19
44344E-17
3.628F-16
3.46CE-20
2.276E-1¢

1.064E-14
7.913€-15
5.657F-15
5.662F-16
7.609E-16
2.399F~-16
9.504E-19

2.637E-16
T.549E-16
6.C11E-17
543T4E-17

6.388F-01
2.T745€6-02
5.321E-01
6.339E-02
1.000F 00

2.079FE-02
2.456E-01
1.6385-02
1.0665-01
3.630FE-01

6.032E-02
1.405F-01
1.000€ 0O
$.028E-02
1.296F-02
1.000F 00
1.289€-02
6.8835-01
2.7458-02
5.321F-01
6.339F-02
1.0CcE 00

3.079€-02
2.456F-01
1.638F-02
1.056E-01
3.830€-01

6.032F-02
1.405E-01
1.0CCF 00
8.834F-02
1.3C9€E-02
1.009F 00
1.301£-02

1.792E-01
24335F-01
1.427€-01
2.056F-01
2.743F-02
6.206F-02
1.00CE 00

3.061F-02
1.6377-02
1.056F-01
3,8306-01

6249

5692
79
12183
244
10

1499
263

541
27892

?
28435

6849
11
890

5692
79
12863
244
10

1499
263

541
27392
2

28435

70
41
1t
93
6858
Q01

5771
122883
244
10
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A SAMPLE OUTPUT OF GAM-15.

1.425F
6.090F
1.425F
6,090F
9.500¢
T.240F
9.205F
7.240fF
9.2C5F
2.280€
7.600F
3.800F
9.550E
3.500F
7.290C
9.420%
2.270F
2.462E
5+359E
1.177F
9.498E
1.2508
9.T65F
1.253F
9.795F
1.660F
2.415F
1.135F
2.415F
1.135¢
3.633F
2.131F
4.040€
1.089C
1.010€
1.051¢E
1.361F
3.280F
4.0ETE
9.397F
1.518E
1. 500F
1.424€
9,4G5E
2. 374F
2.595E
2.555€E
5.189E
5.638F
5.952€
5.952F
6.799F
1.658F
1.658E
T.550F
84 639€
2.529F
1.183F

o1
ot
01
o1
00
01
00
(2
oo
02
o1
ol
01
00
01
01
o1
02
02
02
02
00
ol
99
0l
al
01
02
[¢23
02
02
02
o1
02
01
02
02
ot
02
02
o2
03
01
00
o1
00
00
00
ol
02
02
ot
03
03
02
02
02
03

2.2486-15
5.101F-12
31,979F-15
6.9396-13
9.029E-18
0.0

0.0 -
9.259F-13
1.7255-15
1.,0516-11
5.209F~14
5.332£-15
0.0
0.0
8.458F-13
6.113E-14
3.635F-1R
1.249F-13
1.807F-11
3.6356-18
1.2206-11
1.972F-16
6.4695-12
3.490F-16
E.775%-13
1.578F-17
0.0

0.0
7.308F-13
2,1177-14
1.675€-11
1.064E-13
S5.669E-15
0.0

0.0
1.2196-12
£.8325-14
5.2526-18
2.9106-13
?.5056-11
5.252F-18
2.625F-11
0.0

0.9
0.0
1.541E-13
8.794E-14
2.421F-13
1.553F-13
1.6518-11
2.264F-12
6,462F-17
0.0
1.4785-11
3.481F-11
4.737€6-13
3.549F-14
0.0

2.369F-30
1.960¥-26
4.482F-30
1.935F-27
8.152F-35

8.1247-28
1.795F =31
2.9¢30-26
3.261F=-29
4,170R-30

2.603F-27
7.378F£-29
1.321F-35
1.272F-218
5.483F-26
1.321F-35
5.498E-26
1,846F-32
3.134F-26
3.449F-32
3.,094F-27
2.489°F-34

65.1757-23
2.703F=-29
1.523F-26
1.3A1F-28
4.713F-30

§.4009r-27
1.540£-28
2.T59F-35
3.1527-28
1.162F=25
2.759F-35
1.166F-25

1.€626F-28
4.,215F-28
1.193F-27
1.019-27
2.051F=~25
2.039F-2¢
4.176F-33

1.911F=-25
3.249%-25
2.697F-27
1l.847F-28

0.1087F-0%
0.2465F-02
0.1923F-05
0.3354F-03
0.43647-00
0.0

0.0

0.4475F-03
0.6338F~-06
0.50P0F-02
0.2518F-n4
0.2577F-05
0.0

0.0

N.4NPBE-03
0.2955F-04
0.1757F-C¥
0.6032F-04
0.87347~-02
0.1757F-08
0.87%5F-02
0.9533F-07
0.3117F~0Q2
N.168TF-0¢
D.42417-0?

*0.7625F-CF

0.0

0.0

0.3571F-03
0.1023F~-04
0.80¢5F-02
0.5144F-04
0.2740F-0°¢
0.0

0.0

0,50947-02
0.42¢C<C~0¢
0.253Sf-08
0.0714F-04
0.1259fr-01
0.2539F-C8
0.1269F~-01
0.0

0.0

0.0

N.7449%-04
0.4251F-04
0.1170F-02
0. 7505F-04
0.7979F-02
0.10¢45-02
0.3123F-07
0.0

0.6902F-02
0. 16 83F~01
0.2250€~02
0.1715F-04
0.n

ey



SPINE
SKELETON
TRUNK SKIN
LEG SKIN
HEAD SKIN
TOTAL SKIN
SPLEEN

LEFT TESTE
RIGHT TESTE
TESTES
THYMUS
THYROID
TRUNK TISSWF
LEG TISSUF
HEAD TISSUF
TOTAL TISSUE
UTERUS

TRUNK

LEGS

100 HEAD
101 TOTAL BONY

3.096E~15
3,21¢F-15
T.190E-15
3.4056-15
0.0
4.R44E-1%
1.762F-15
5.462F-14
6.059F-14
S.76CF-1%
4.,120E-17
2.0
2.311F-14
S+ 190E-15
3.510F-18
1.599€-14
1.529€6-13
2.494E-14
6.060E-15
2.972E~18
1.68¢F-14

FIGU‘RE 12 (CCINT‘[NUED). A SAMPLE QUTPUT OF GAM-15.

1. T44F~-16
1.011F-16
2.067E-16
1.407F-16

1.143E-16
1.166E-16
T.236E-15
T.239F=15
5.193E-15
4.1206-17

9,984E-1T
7.049E~1T
2,592F-18
6.4TTE-LT
6.558F-15
8.698F-17
7.3856-17
2.134E-18

5.504E~1T

5.627F-02
1.230F-02
2.8 4E-02
4.132F-02

2.359fF-C?
1.796F-0"
1.325€-01
1.165E-01
9.015£-02
1.000F 09

4.,320E-03
1.358£-02
8,524F-01
4,0525-03
44290€-02
3.487€-03
1,219¢-02
7.181F-01
3.264F-03

1764
28435
2626
1292
0

4018
130
143
157
200

1

[}
204761
39886
5
235¢52
tiol
296042
45963
8
342053

L. 104F
3.733F
1,154€
1. 044F
2.481F
2.446F
1. 415E
T.779F
1. 7T7SE
1.556F
2.6S8E
1.319F
2.462F
1.318F
2.073F

©3.609¢%

2.82LF
3.426F
L. 753F
5.042F
5.698¢

03
03
03
013
02
03
02
00
00
a1
12
01
2
04
03
04
o1
04
L3
03
04

3.421F-12
7.1785-11
R,295F-12
3.5664F=-12
0.7

1,185¢-11
2.494€-13
4.249E-13
4.713F-13
R.062E~-13
1.1126-15%
0.0

5.691F=10
6.360F-11
T.211F=-15
5.3755=-10
44 %04F—12
8.546F-10
1.062S~10
1.4995-14%
9.609F-10

1.7057-26
7.801F =25
5.6%5F-26
2.157F=26

7.813F=26
2.008F=27
3.168¢-27
3.171F-27
6.S52TF-217
1.236F-30

6.NG4F=24%
Ba6317-25
3.%47F-29
6.671%-24
2.569% =26
8.8€1F-24
L.675F-24
1.158F=-28
G.P375-24

N.,1653-02
2.2 £9F=0)
3.4009F-02
0.171PF-0?
0.0

0,5726F-02
0.1206F-03
0.2054F-03
0.2278F-02
0.4222F-02
0.5373F-C¢
0.0

0.2751F 00
0.3306F-01
0.3517F-0F
0.2081F 00
Q.2128F-02
0.4151F 0¢
2.51247-01
N.7244F-0%
0.4644F 00
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ABSORBED FRACTIONS FOR THE PHOTON SPECTRUM OF 93MTc FOR THE FIFTEEN YEAR-OLD HUMAN PHANTOM

TABLE V

Source Organs

Target : .
Organs Biadder Contents Kidneys Liver Spleen Red Marrow Total Body
Adrenals 5.115E-2J6* 4,768E-04 1.305E-04 5.369E-04 7.754E-05 5.643E-05
Bladder Wall 1.066E-92 4,.314E-04 3.505E-05 2.648E-05 1.226E-04 2.919E-04
Brain 3.715E-26* 1.584E-05 4,132E-05 65.930E-05 6.966E-03 6.229E-03
Stomach 1.715E-24 '1.610E-03 1.293E-03 4.419€-03 4,648E-04 9.099E-04
S.I. (wall & contents) 7.242E-23 1.085E-02 1.022E-02 6.426E-03 6.327E-03 7.042E-03
U.L.1. 2wa11 1.376E-23 1.679E-03 2.269E-03 9.665E-04 8.969E-04 1.276E-03
L.L.I. (wall 3.382E-23 . 3.389E-04 1.125E-04 3.240E-04 1.079E-03 1.009E-03
Heart 2.281E-925 8.656E-03 . 2.387E-03 - 1.767E-03 1.007E-03 1.811E-03
Kidneys 2.690E-24 6.534E-02 3.386E-03 1.133E-02 1.690E-03 1.549E-03
Liver 8.560E-)4 1.866E-02 1.393E-01 9.188E-03 4.552E-03 9.238E-03
Lungs. 9.148E-25 2.586E-03 - 5.887E-03 6.366E-03 3.509E-03 3.367E-03
Ovaries 1.170E-24 2.601E-05 2.577E-05 1.478E-05 4,922E-05 4.514E-05
Pancreas 7.505E-925 .1.374E-03 1.210E-03 5.401E-02 3.963E-03 5.724E-04
_Skelteton 3.469E-21 4,795E-02 3.898E-02 4,679E-02 1.366E-01 6.919E-02
Red Marrow 8.795E-93 1.039E-02 7.852E-03 9.077€-03 3.044E-02 1.277€-02
Yellow Marrow 1.269E-D2 1.536E-02 1.149E-02 1.335E-02 4.102E-01 1.786E-01
Skin 5.726E-33 5.588E-03 5.146E-03 4.820E-03 6.341E-03 9.224E-03
Spleen 1.206E-94 7.522E-03 7.982E-04 7.493€-02 7.175E-04 1.043E-03
Testes 4,332E-94 4.068E-07* 5.647E-06* 1.445E-07* 1.801E-05 9.978E-04
Thymus 5.373E-97* 1.042E-05 6.295E-05 3.809E-05- 1.091E-04 1.339E-04
Thyroid 0.0 - ~ 5.136E-06* 0.0 1.897E-05 3.857E-05 1.055E-04
Uterus .2.128E-03 : 9.498E-05 5.636E-05 6.153E-05 1.745E-04 2.330E-04
Total Body 4,644E-01 3.968E-01 4,155E-01 4.302E-01 3.658E-01 3.459E-01

E.J ) ' 1
The coefficient of variation for these values is greater than 50%.

St



TABLE VI
ABSORBED DOSZ 7O SELECTED ORGANS FROM ®9MTc-SULFUR COL_DID

Target Dose for Source Organs: T'(,; < r) rads/uCi Admin. Total Dose to Target:
Organ Liver Spleen Rad Marrow Total Body ~ Dy rads/uCi Admin.
Bladder .9907E-06 1.2383E-07 4,0966E-07 5.9566E-07 3.1098E-06
Hea~t 1.9643E-05 1.1973E-06 4,8753E-07 5.2648E-07 2.1854E-05
Kidneys 2,8433E-05 7.8350E-06 8.3505E-07 4.5958E-07 3.7568E-05
Liver .1523E-04 1.1690E-0€: 4 .1380E-07 5.0426E-07 2.1733E-04
Lungs .7725E-05 1.5782E-0€ 6.2159E-O7 3.5814E-07 2.0284E-05
Ovaries .7223E-06 4.5914E-07 1.0925E-06 6.0163E-07 1.1876E-05
Red Marrow .6181E-D5 - 1.5402E-07 3.6905E-06 9.2966E-07 2.0955E-05

\ Spleen 1.0919E-05 8.5360E-05 5.8403E-07 . 5.09785;07. 9.7373E-05
Uterﬂs . . 8299E-06 3.4427€-07 6.9762E-07 . 5.5933E-07 5.4311E-06
Tota1 Body Z.4276E-05 1.2170E-06 7.3942E-07 4,1984E-07 1.6652E-05

9v
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Estimates of Absorbed Dose

With the results from the Monte Carlo calculations, the necessary
values have been obtained to calculate D'(v <« r) for each target organ
and each source organ. Target organs chosen were those with a
coefficient of variation less than 50% for all of the source organs in
the biological distribution for the radiopharmaceutical. The final
estimate of dose for a particular organ 1is obtained by summing the
results for each source organ,

Bv = Zﬁ' (v «r) rads/uCi -administered. (8)

r
Table y11 gives the estimates for the absorbed dose estimates resulting
from both calculations; the administration of 929M¢ su]fur-co]]oid and

the administration of 99MTc DMSA.



TABLE VII

ABSORBED DOSE ~0 SELECTED ORGANS FROM 93MTc-DMSA

Target Jose from Source Organs: D'(v « r) rads/uCi Admin. Total Dose to Target:
Organ Bladder Kidneys Liver Spleen Total Body Dy rads/uCi Admin.
Bladder 1.8098E-05 1.7278t-06 1.0467E-07 8.7367E-09 6.442}E-06 2.6382E-05
Heart 5.6109E-09 5.0231E-05 1.0329E-06 8.4956E-08 5.79i2E-06 5.7146E-05
kidneys 6.7533E-08 3.8698E-04 1.4953E-06 5,5595E-b7 5.0554E-06 3.9415E-04
Liver 1,7971€-07 2.0332E-05 1.1318E405 8.2946E-08 5.5469E-06 3.7460E-05
Lungs 8.2335[-09 5.4907E-06 9.32)5E-07 1.1199E-07  3.9395E-26 1.0482E-05
Ovaries 1.3195E-06 6.9200E-06 5.1124E-07 3.2579E-08 G.GIéOE-DS 1.5401E-05
Red Marrow 5.4177E-07 1.5099E-05 8.5034E-07 1.0929E-08 1.0226E-)5 2.6728E-05
Spleen 4.9876E-08 7.3388E-05 5.7415€E-07 6.0569E-06 5.6076E-]5 8.5676E-05
Uterus 4,3225E-06 4,5513E-06 2.0138E-07 2.4428E-08 6.1526E-Db 1.5252E-05
Total Body 4.7695:-07 §.6139E-06 7.4066E-07 8.6357E-08 4.6182E-06 1.5546E-05

8t



CHAPTER IV |
| CONCLUSIONS AND~RECOMMENDATIONS

It is normal when drawing conclusions, to approach them from a
comparative analysis. Either one compares the results of the research
with the actual "fea] world" situation or with previous work that has
rélevance. Comparisons of this nature are ndt possib]e using the
results of this research. At present there are no means to measure
directly the radiation ‘absorbed in 1iving human tissue. Thus, it is
impossible to construct a table of absorbed doses describiﬁg the real
situation. Results of a similar experiment for an average fifteen
yeér-o]d human are also -not available. Most studies of radiation
exposure have been~ performed with the concern of dose to the average
adu]t,

The "re]iabi1ity“ of the values in Tables V and VI is determined
not by a.comparisoﬁ, but by'the reliability of the methods and models
used in their determination; The biojogical.mbde1, the decay scheme,
aﬁd the Monte Car]o calculation were all adopted. {n total. The
physical decay scheme is wej]ﬂ established and introduces Tittle
uncertéinty into -the resuits. The assumptions used in the biological
model are not as well established and must be taken into consideration
when applying the results in réa1 situations. However, the biological
model is based on c&refu] considefation of the available data by a
panel of expefts; i.e. the MIRD Committee. The Monte Carlo
calculations have inherent statisticé] uncertainties; The coefficients
of variation are designed fo be a measure of this uncertainty and with

proper use one can obtain re]iabIe data from this method. The term
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"reliable" s dndeed qualitative, but lack of experimental data
dictates the subjective rather than the objective nature of absorbed
dose estimates.

The purpose of the research was not to improve the reliability of
the methods and models above, but to develop the model of the fifteen
year-old. The limitations of the idealization are obvious. The most
serious of these are the model of the skeletal system and the static
nature of some of the organ designs. A better model for the bone and
marrow is needed but lack of anatomical data for younger age groups
prevents the design of such a model. A dynamic design for organs 1like
the bladder could introduce significant differences in dose estimates.
Studies concerned with the dose to a dynamic bladdef are being
performed for the adult and some adaptations are needed for the fifteen
year-old design.36

As new studies allow more conclusive anatomical data to be
obtained, the phantom should be updated, Better mathematical
representations for the organs are being developed at ORNL as well as
at other laboratories. As these new idealizations evolve, they should
be incorporated into the design of the mathematical phantom. »As a
confirmation for the existence of a phantom based on anatomical data,
similar estimates should be calculated using the similitude phantoﬁ
representing the average fifteen year-old. Although one would expect
there to be large differences, there is much to be gained by a
comparison of absorbed doses. To provide a check on the computational
methods wusing the phantom construct, if would be useful to design a
physical phantom that corresponds to the mathematical phantom and

generate similar data obtained experimentally.
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Nb other anatomically based idealization of an "average" fifteen
year-old human is in existence for purposes of estimating absorbed
dose. The phantom is a marked improvement over the use of a "small
adult" for setting standards of exposure to radiation. There is merit
also in the fact that this development brings estimates of dose for the
fifteen year-old to the same level of sophistication accepted by the
ICRP for present estimates of dose for the average adult. Therefore
the fifteen year-old equivalent mathematical phantom should stand not
as a final model, but as a foundation on which to improve estimates of

absorbed dose for groups other than the adult.
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APPENDIX A
THE EQUATIONS DESCRIBING THE FIFTEEN YEAR-OLD
| EQUIVALENT MATHEMATICAL PHANTOM

The following set of equations formulate the mathematical
construct used to repfesent an "average" fifteen year-old human. These
equations have been coded into a fortran plotting routine used to
display the boundary points of the organs described by the equations.
The resulting plots are cross sectional views of the phantom and are
presented as Figures 2 through 7 in Chapter II. The equations are cast
in an X, Y, and Z coordinate system with the origin at the center of
the base of the trunk section. Many of the organ pairs are symmetrical
~ with respect to the Y axis. In this case one equation will be written
using the conventional + sign, where the "plus" describes the organ to
the reader's left of the Y axis and the "minus“ describes the one to
the reader's right.

Both the mass and the volume of the principal sections arc given.
However, only the volume is given for those organs within each section.
The mass of these organs is obtained easily by multiplying. the given
volume by the proper density; 1.4862 g/cm3, 0.3 g/cm3 or 0.9889 g/cm3
for bone, lungs, or soft tissue respectively. The skin of theAphantom
is considered to be a layer of soft tissue 0.2 c¢m thick on all exterior
surfaces of the phantom. The phantom has a mass of 57 kg and a total
volume of 56,300 cm3. The equations will be given according to their
location in one of the three principal sections.A The axes are given in

centimeters.
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The head section is a right elliptical cylinder topped by a

hemisphere (Figure 1, page 12) with a mass of 5042 g and a volume of

4655 cm®. The defining equations are

(é)z * (f%)z <1, 67.2 <7< 82.7

and

(%)2 i (f%)z % (5—§;§§L3)2 ely BT <aZ,

The skull (Figure 8, page 23)is the space between two ellipsoids

and has a volume of 796 cm3. The defining equations are

(&s) + & 8) (z ) !

and

(6%1) (9 1) (Z B gi 7) =

The brain (Figure A-1) dis an ellipsoid cut by a plane on the

bottom side having a total volume of 1367 cm® as defined by
X \? Y )2 Z - 83.?)2
(%TT) ? (5??‘ i ("?i?ﬁr"‘ i

and

Z > 78.78.
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HEART

LIVER

BRAIN LUNG

FIGURE A-1. MATHEMATICAL MODELS FOR THE HEART, LIVER, BRAIN AND LUNGS.
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The nasal region (Figure 10, page 31) is composed of three

sections; two nares divided by a septum. The total volume is 24 cm3

defined by

73.2 < 1 < 76.7,

Y > -2.936,

and

(Y + 6.436)2 + (Z - 73.2)2 < (3.5)2,
with the nares defined by
.25 < X «.£.375

and the septum is defined by

=.3/5 < X = 375,

The lobes of the thyroid (Figure A-2) 1ie in the volume between

two concentric cylinders with a total organ volume of 13 cm® as defined
by
X2 4 (Y + 6)2 < (1.927)2,

1= 4 +8)2 » (0.876)2,

Y+ 6 <0,

67.2 < 7 < 71.58,
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M Feir

FRONT VIEW

THYROID TESTIS

THYROID OVARY

THYROID HHXMUS

FIGURE A-2. MATHEMATICAL MODELS FOR THE THYROID, TESTIS, OVARIES
AND THYMUS.
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and
[(Y +A) - |x|]2 > z[x2 + (Y + A)2] o
in which
T=2—(%l(z-s7.z)+1 for 0 < Z - 67.2 < 1.095
or
T = 2—(%‘?‘(3—1 (2 «67.2) % 3@.5_.1 for 1.095 < 7 - 67.2 < 4.38.

The upper spine (Figure 2, page 13) is an elliptical cylinder with
a volume of 102 cm® defined by

a 2 2
(1)(_9) +(—"—"—ng'5 w1y 678 €75 75,63

The trunk section (Figure 1, page 12) 1is described as a right

elliptical cylinder with a total mass of 34.3 kg and a volume of 34,834
cm3. It is the principal section in which most internal organs lie and

is defined by
2 2
(‘1_6x.5) s (j%‘) £, =< 6702

The middle spine (Figure 2, page 13) connects to the upper and

lower spine all described by the same elliptical cylinder. The middle
and lower portions have volumes of 469 cm3 and 173 cm3 respectively.

The defining equations are

X N2 . ¥ - 5.E\R
(T‘g‘) +(“"2._3 ) <1
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where

33.07 < Z < 67.2 for the middle spine

and

20.53 < Z < 33.07 for the Tower spine.

The arm bones (Figure 8, page 23 ) are frustrums of elliptical

cones having a combined volume of 801 cm3 defined by

=4
2.52 132.3

1.3 . -66. +14. e
[( 1/132 4){?3?5 2) + (X+14 99)]2 o ( )2 2 [?32-4 + (2 66-2?]2,

and

0 <Z < 66.2.

The ribs (Figure A-3) are represented as a series of bands between
two concentric, right elliptical cylinders. They are equispaced and

have a total volume of 581 cm3 defined by
X \2 Y \2
() (3.8) <1
X

(o) + ()" 2 1.

i
(€%
O

and
33.7 < 7 < 64.81,

where the integral part of (2-33'7 must be even.
1.353
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CLAVICLES

DETAILED VIEW OF SCAPULAE AND CLAVICLES.

SCAPULAE

FIGURE A-3.
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The clavicles (Figure A-3) are represented as two portions of a

focus which 1ie along the circular arc

X2 + (Y - 10)2 = (18.61)2, Z = 65.7568,

and has a smaller radius of 0.7568 cm. The volume of both clavicles is

46 cm® as defined by

(Z - 65.7568)2 + 18.61 - /X7 + (Y - 10)2 2.3 (0.7568)2,
and
0.96569 1517‘[-1 <9.6891, Y < 0.
The scapulae (Figure A-3) are two portions of the volume between

two nonconcentric elliptical cylinders. They have a combined volume of

170 cm® as defined by

L
=)
+
———
O
e |-
[o0]
ey
r
|v
-y
-

and

0.25 < 'I%l' < 0.80.

The pelvis (Figure 8, page 23) is a portion of the volume between
two nonconcentric circular cylinders with a total organ volume of 508

cm3 defined by
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X2+ (Y # 3)2 ¢ (11.2)2,
X2 + (Y 1 3.8)2 » (10.6)2,
Y+3>0,

0 <7 < 20.53,
and

Y<5 if Z<13.03.

The idealization used to represent the gastrointestinal tract is

shown in Figure A-4. The stomach is the volume between two ellipsoids.
The stomach wall is 0.56 cm thick and has a volume of 118 cm®. The
contents within the stomach occupy a volume of 193 c¢cm3. The defining

equations are
X - 6)2 ( ) Z - 33.6)\?
3.67 T 2 <1,
and
(X - 6)2 ¥ (Y + 4\2 (Z - 33.6)\?
3.107 2.187 6.777

The small intestine is regarded as occupying a volume within which

it is free to move. No attempt has been made to distinguish between
the wall and contents within the volume. The total volume of both
wall and contents dis 752 cm® and is located within the section of a
circular cylinder defined by

X2 + (Y + 3.8)2 < (10.6)2,

-4.67 < ¥ < 2.2,
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67

and

18.25 < 7 < 26,25,

The upper large intestine has two sections, an ascending colon and

a transverse colon. The ascending colon wall is the volume between two

circular cylinders. The wall volume is 64 cm® and the content volume

is 67 cm3, The wall is defined by
(X +7)2 + (Y + 2.36)2

| A

(2.13)2,

(X +7)2+ (Y +2.36)2

|v

(1.5264)2,

and

13.8 < Z < 23.

The wall of the transverse colon is the space between two

elliptical cylinders and has a volume of 85 cm®. The volume of the
contents is 89 cm3. The wall is defined by

(Y + 2.35)2 : (z - 24.5)?

2.13 < 1

1.9 =

(Y1.+'6322'_36)2 F ()

and

-8.63 < X < 8.63.

The 1lower Tlarge intestine consists of a descending colon and a

sigmoid colon. The contents of the descending colon has a volume of 71

cm3. The volume of the wall is 63 cm3 as defined by



and
B8i3 &7 %P3,
where
o= 8w DEGAEL,
and

¥ & 2.5(8.3 - 7)
0 14.7 :

The contents of the sigmoid colon has a volume of 25 cm3. The
wall consists of portions of two torii and has a volume of 49 cm® as

defined by

(\f(x - 2.86)2 + (Z - 8.3)2 - 5.44)2 + Y2 < (1.3457)2,

(\f(x - 2.86)2 + (Z - 8.3)2 - 5.44)2 + Y2 > (0.7801)2,

X>2.8 and Z<8.72,

and

(\l(x - 2.86)2 + 72 - 2.86)2 + Y2 < (1.3457)2,

/
\\/(x - 2.86)2 + 7% - 2.86\,2 + Y2 > (0.7801)2,

X<2.8 and Z>0.

The urinary bladder (Figure A-5) is an ellipsoid. The volume of

the contents is 155 cm® and the volume of the wall is 35 cm® as defined

by
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BLADDER KIDNEY

PANCREAS UTERUS

SPLEEN ADRENAL

FIGURE A-5. MATHEMATICAL MODELS FOR BLADDER, KIDNEYS, PANCREAS,
UTERUS, SPLEEN AND ADRENALS.
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w3m) + () + () <o

and

X \¢ Y + £.5\2 2 = 7.68\%
(3m) * (_’""2.933 e (“"‘2.9_33 I =5
The uterus (Figure A-5) is an ellipsoid cut by a nlane with a

total volume of 29 cm3 defined by
X )2 Y + 2\2 T - 18N2
(TT@) * ( 2 ('Efjﬁ—) ® 15~ ¥ 3=3,81,

The ovaries (Figure A-2, page 60) are ellipsoids with a combined

volume of about 5 cm3 defined by

(ome) + (o) + (e < 1.

The liver (Figure A-1, page 58) 1is described as an elliptical

cylinder cut by a plane with a total volume of 1282 cm3 defined by

(1)(—3)2 & %)4 <1,

and

26.25 < 7 < 42.

The pancreas (Figure A-5) 1s half an ellipsoid with a section
removed with a total volume of 57 cm3 defined by

(a) + (o) + (532" <0,

X 2085
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and :
Z>35.52 if X > 2.56.

The spleen (Figure A-5) is an ellipsoid with a volume of 145 cm3
defined by

(e + () - (%) 11

The kidneys (Figure A-5) are each described as an ellipsoid cut by

a plane with the combined volume of 236 cm3 as defined by

(i) + () + Gy <.

and
X > 2.69.

The adrenals (Figure A-5) are half ellipsoids located one on top

of each kidney. The volume of both adrenals is about 9 cm3, defined by
X + 4.743\2 + (Y - 6.419)\2 + (£~ 36.6)°
1.257 0.419 4.189 <1,
and

Z > 36.6.

Each luhg (Figure A-1, page 58) 1is half an ellipsoid with an
anterior section removed. The volume of both lungs is 2167 cm3 and the

defining equations are
X - 7\? Y\ 7 - 42.25\2
<4.312> ¥ (6.46 ) ¥ <"—20.'6_—°98 <1
Z > 42.25

and

X ~ 1.82\2 Y 2 7 - 42.25\2 ) .
(4,312 ) ¥ <‘6‘T4“58> ¥ <—————go,5gg > >1 if Y <0,
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The heart (Figure A-1, page 58) is half an ellipsoid capped by a
hemisphere which is cut by a plane. The volume of the heart is 241
cm3. The axes of the ellipsoids describing the heart are not'para11e1
to the X. Y, and Z axes.  The equations defining the rotation and

translation, as well as the heart Vo]ume, are
Xy = 0.6943(X + 0.825) - 0.3237(Y + 2.59) - 0.6428(Z - 29),
Yy
Z,

0.4226(X + 0.825) + 0.9063(Y + 2.59),
0.5826(X + 0.825) - 0.2717(Y + 2.59) + 0.766(Z - 49),

xl 2 / Y 2 21 2
AL T N S —_—
(5.'892) (3.682) +(3.682> =L

g X124+ Y12+ 7,2 < (3.682)2 if X, <0,

(%) + (o
2.22) * 3.682>->—'1 1 Xy < 0.

The thymus (Figure A-2, page 60) is an ellipsoid with a volume of
27 cm3 as defined by

X+ 2\2 (Y + 6\2 , (Z - 58.1\2
(3.086) +(0.514) * <4.115 ) b

The legs section (Figure 1, page 12) has two major regions which

are the Tegs region and the genitalia region. The genitalia region has

"a total volume of 154 cm$ and is considered to'bc soft tissue. The
region is defined by '
~-4.55 < Z = 0,

- —t Z
(8.25 + 12.128 ) <ZL< (8.25 + 12.128)’

-(10+§j§7g)§Y10,
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and

b ¢ : 2 i Y 2
[((8.25 + Z/12.1287> i-l] * [(10 + 2/9_475)]1 > 1.

The testicles (Figure A-2, page 60) are ellipsoids with a combined

~ volume of about 16 cm3 as defined by ’

X +0.973\2 (Y +7.6\2,  (1+1.722\2 -

<“o‘_“.973 > * <_1.'1‘2‘3"> YT ) =1

The legs region consists of the frustrums of two elliptical cones

with a total volume of 16,630 cm3 and a total mass of about 17.5. kg.

The defining equations for the leg region are

r 7 At T Y 2
((8.25 ¥ z/12.1287> - 1] ¥ [(10 + 2/9.4757] =1L

and -
-75.8 < Z < 0.
' The leg bones (Figure 8, page 23 ) are frustrums of elliptical

cones with a combined volume of 2,231 cm3as defined by

6.25
[x s (8‘.25 " 5% z)]2 +¥2 < (3.152 + £132 72,

and S '
-75.6 < Z < 0.



APPENDIX B
ASSUMPTIONS FCR 99MTC-OMSA
(2, 3-DIMERCAPTORUCCUNC ACID)

Certain assumptions had to be made in formulating the biclogical
model for the administration of °%°M7c-DMSA. The assumptions and
distributions used in the calculations asscciated with this particular
radiopharmaceutical were as folléws:

1. AN% of the administered activity localized irnstantaneously in
the renal cortices with T%B much larger than T%phy5 i.e., Teff = Tphy’
The ratio of the cortical tissue in the adult to tetal renal tissue is
186/30C = 0.62 and remains the same for the fifteen year-old.

2. 33% of the administered activity distributed itself
instantaneously and uniformly throughout the total body with a T%B >>

T =T

phy’ i.e., T.fo phy"

3. 5% of the administered activity localized instantaneously in
the liver and spleen (proportional to organ mass) with a T%B >>‘Tphy;
i.e., Teff = Tphy'

4. 2% of the administered activity was cleared by the kicneys and

the effective residence time of the activity in the bladder 1is one
hour.  Physical decay was not considered. (The value of 2% excreticn
was taken to err on the low side, thus increasing the estimate of
tissue radiation dose has retainecd activity).

5. There was no free 29MTc and all of the 29MTc¢ activity followed
the kinetics cf the renal agent.

These assumptions have been taken in their entirety from the work

of Dr. E. M. Smith as used in werk with the children phantoms. 18
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APPENDIX C
DERIVATION OF A;
The cumulative activity, K'(qu-h), is the time integral of the
total activity A(t). There are processeé determining the activity. in
the body at any time; the physical decay of the radionuclide, the

biological elimination of the radionuclide. Therefore,

A(t) = A(0) et q(t) wCi (1)
where
A(0) = the initial activity of the radionuclide (uCi).
X = the physical decay constant.
q(t) = the fractional amount of the administered radionuclide

in a region at any time t.
The assumption was made that for absorbed dose calculations, q(t)
can be expressed as the sum of a number of exponential components,37

éuch that,
q(t) = ) 9 e Mt (2)
J

where the_xj's are the biological decay constants. This yields

A(t) = A(0) et ) q. e'kit

j J
and
A(t) = A(0) § q, e [t * 23]t (3)
J
If
A= fTA()dt (4)
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then

KzA(O)Z)\iA [l-e'[x+>‘j3t]‘ )
J

Taking the limit of equation (5) as t approaches » gives
T _ o Qj . . .
(=) = A(0) Z TEOS (uCi-h) (6)
. J J - -

The assumption was made in fermulating the biological model, that
the ‘time for biological clearance of the radionuclide is much larger
than the physical half-1ife. This means that

A As.
, >> J .

The summation of qj over all j's is equal to the total fraction of
the administered radionuclide in that region. Let this fraction for
any region r be a,. and the cumulated activity, assumed to be uniformly
distributed in any regjon‘r, is then

b

7\} = A(0) = uCi-h. (7)

It 1s convenient to cast the cumulated activity in units of uCi-h
per uCi of administered activity. This is obtained by assuming that
| A(0) has a value of 1 uCi of administered activity and dividing both

sides of equation (7) by A(0) to obtain the final equation for the

cumulated activity

0O

Z\"| - r

r = uCi-h/uCi administered.



APPENDIX D
THE MONTE CARLO TECHNIQUE

The computer code GAM-15 inccrporates the goemetry of the -fifteen
year-old in a Monte Carlo gamma-ray transport code. The original code,
OGRE3*, has been used with the geometry of the adult phantom to form a
new code, ALGAM35, which is used to estimate absorbed doses. GAM-15
was developed in this same manner. Therefore, the Monte Carlo
technique employed remains unchanged. The description below can be
found in Snyder et al.l® and a similar description is in MIRD Pamphlet
Number 5.30

‘"Photon hisotories are determined using the mass-attenuation
coefficients upe(E), ”c(E) and “pp(E) for the photoelectric, Compton
and pair production interactions, respectively. Because these were
calculated from atomic attenuation coefficients tabulted 1in NBS
Circular 583 (Grddstein, 1957; McGinnis, 1959)* and compositions listed
in Table A-1,** they have different values for regions .with differing
‘compositions. The procedure for using these coefficients was not the
straightforward one of obtaining an interaction site and then tracing
back ~along the path to find the first surface where the phofon entered
a medium whose attenuation coefficient differed from that of the region
where it began the flight. This method would have entailed a

considerable increase in computer time. Instead, for the first step of

*See references 38 and 39.

- kK

The elemental composition of the fifteen year-old was assumed the
same- as that of the adult. For this table, see reference 16, page
26.
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the procedure, an attenuation coefficient u, was used that was qreater

than or ‘equal to that of any of the regions, i.e., skeletal, Tung and
the remainder of the phantom. The potential site of an interaction was
chosen by the usual procedure of taking the distance traverse& as
distance = (-1n r)/u0

in which r is a number distributed random1y between 0 and 1. The point
on the line at this distance from the starting'point {n the direction
of the photon's path was then tested to determine the region of the
bhantom containing it. Denoting this region by i, one then plays a
game of chance with probability “1/”0 of acceptance wehre My is the
total mass-attenuation coefficient for the region. If the outcome of
the game is favorable, the interaction site is accepted; if it is
unfavorable, the photon is allowed another flight beginning at fhe
point reached and continuing with the same direction and energy. ft is
not difficult to prove that this procedure gives”a photon the correct
expectation of reaching any point on the line regardless of how many
boundaries it c¢rosses.

"In addition_to scattering, the photons have a finite probability
of absorption which predominates at 1low energies. Thus very few
photons will penetrate to large distances, and there%ore the statistics
of the estimate will be poor. To compensate partially for this, each
photon wés»giVen a welght that 1nitially was sel al unity. With each
interaction, this weight was reduced to allow for the probability of
survival, and the photon was allowed to continue undergoing only
Compton scattering interactions. The reduction of weight is expressed

by
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e u(Epq)

n n-1 ulEn_15
in which wn is the weight carried by the photon after the nth collision
and “(En—I) and u(En_l) 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 flight history of a photon is
terminated (1) if 1t escapes from the phantom, (2) if its energy falls
below 24 keV or (3) if its weight falls below 10'5; in the latter two

cases, the energy was considered as locally absorbed.

"The energy deposition for the nth interaction,EX, is
| w o (E_5) u(Eq) - g (Eq)
* _ e'n-1 c' n-1 _ + PP -1 e om o
Ep = Wny [‘pf W(E, 47 Cn1 T RTE, ) (Epy = Bn) * rE 7 (a2

i hich E , u (E
in whic upe( n—l) uc( -1

coefficients =~ for the photoelectric, Compton and pair-production

bu {E $S- i
) and pp( n_1) are the mass-attenuation

brocesses before the collision at the site considered, respectively,
and moc2 is the rest mass energy of an electron. It will be noted that
“the total energy of the photon is absorbed locally when a phatoelectric
process occurs, and this is also 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 myC 2 (»0.51 MeV) will be
emitted. The computer code 1is designed to take account of these
photons since a new photon energy of 0.51 MeV with weight
20,1 wop (Enog) JulEr ),
and a random orientation is started at the site of the pair production

and followed independently afterward.
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"No procedure has been used to take account of the finite range of
the electrons ancd positrons that are produced. Generally, these ranges
are ‘small compared with the diameters of most organs, and the absorbéd
dose will riot change abruptly with distance except at a boundary Where
composition and density change or at the boundary of the source oréan.
At such a boundary the density of photon interactions may change .
abruptly. The change in absorbed dose would be somewhat less abrupt at
such a boundary due to the finite range of the secondafy particles.
Thus neglect of this further dispersion of the energy distribution in
“this calculation accentuates the change of absorbed dose at such a
boundary. However there 1is no attempt here to estimate tbtoundary
effects. We estimated only an absorbed fraction for each brgan
considered as a whole.

"Finally bremmstrahlung might be considered as a further example
of a secondary form of radiation which.might have a rather extended
range, and so these photons might be followed by the Monte Carlby
method. This has not been done, first, because fhe‘probability of
producing a photon with an energy approaching the kinetic energy of the
electron is rather small--although greater “than iero-;and, second,
because " the total energy accounted for by bremsstrahlung is very small

for the energies and materials considered here (NAS-NRC, 1964).T
Statistics SR

"A standard deviation of each estimate has.been calculated. The
following discussion will describe the procedure used for each region.
Let E:i be the energy deposited in the region under consideration on

the nth interaction of the ith source photon. This energy may be zero,

tSee reference 40.
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th

as it will be in the frequently occurring case when the n interaction

does not occur within-the‘region. The total energy deposited by the

1th photon, or by the ith history, to the fegion will be
My
* *
B = Z B
; n=1

in which m is the number of interactions occurring in-the ith history
before termination. The estimate of the average energy deposited per

photon in the region is the

in which M source photons were followed. -

"For the standard deviation, o, of the estimate E; one ‘has

Since the absorbed fraction and specific absorbed fraciton will differ
from E by constant factors, they will have a coefficient of variation,
CV, which is the same as that for E. Thus CV = 100¢/E in percent, and |
in this formulation it 1is also the coefficient of variation of the
absorbed fraction and the specific absorbed fraction.

"When the.distribution of E is known to be approximately normal,
one can determine a confidence dinterval by using the standard
deviation. However, there are several indications that E dis not
normally distributed in cases where the coefficient of variation is
greater than 50%. This generally occurs when there are fewer than 100
interactions contributing to the estimated absorbed fraction. Under

these circumstances o cannot be used to estimate confidence intervals
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as 1is customary when the sample 1is normally distributed. A small
number of interactions may occur in a region that has a small vclume or
that is many mean-free flight paths from the source. Scmetimes both
conditions may apely. The computer records the number of photons that
have an interaction in each region, and this has been examined also to
estimate subjectively the accuracy of the estimate.

"Examination of results in cases where the coefficient of
variation exceeds 50%, often compared with results of independent
recalculation of such estimates, Teacs us to believe that the estimate
may often be in error by a factor of 2 to 5. . .Values obtained by the
Monte-Carlo-type calculation are estimates based on the sample size of

€0,000 photons."
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