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ABSTRACT

-NOTICE-
This report was prepared as an account of work
sponsored by fie United States Government. Neither
the United States nor the United States Atomic Enerey
Commission, nor any of their employees, nor any of
their contractors, subcontractors, or their employees,
makes any warranty, express or implied, or assumes any
legal liability or responsibility for the cccuracy, com-
pleteness or usefulness of any information, apparatus,
proauct or process disclosed, or represents that its use
would not infringe privately owned rights.

This paper describes an approach to the calculation of average absorbed dose j

In several internal organs per unit of incident radiation exposure for external x-ray ]
j

beams in the medical diagnostic photon energy range. The purpose of ihe calculations i

is to obtain a complete set of basic dosimetry data for selected photon energies on a ;j

spatial grid from which one can construct certain organ doses from typical diagnostic

x-ray exposures of specified average energy or energy spectrum and varying f ield I

size and location. The calculations make use of Monte Carlo computer techniques I

which simulate photon transport through material by generating photon trajectories

and energy loss histories from random samples of the known probability distributions

of the possible interactions. The energy deposition is recorded in a mathematical

representation of an anthropomorphic and heterogeneous phantom previously developed

by Snyder and co-workers at the Oak Ridge National Laboratory and modified for

the present work to include lenses of the eye, a diagnostic x-ray table, and the

presence of iodine in the thyroid. The computer code includes regions of tissue,

skeletal and lung density, and mathematically defined internal organs. The primary

organs of interest in the study were the gonads, red bone marrow, thyroid, and lens

of the eye. Preliminary data for 4 cm x 4 cm beams impinging on the trunk of the

phantom for photon energies of 30 and 55 keV are presented for the ovaries.

* Research conducted under an interagency agreement between the Food and Drug
Administration and the Atomic Energy Commission under contract with the Union
Carbide Corporation.
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Int reduction

The problems posed when one attempts to estimate the doses received by various

organs of the body from a medical x-ray exposure are among the more difficult problems

the radiological physicist must face. The geometrical complexities and inhomogeneities

of the body and the various organs make precise experimental simulation of the human

body extremely difficult and often unsatisfactory. Monte Carlo techniques currently

in use on high-speed digital computers have greatly facilitated the solution of very

complex problems. These techniques have gained wide use in the field of radiation

protection because the method allows one to vary physical arrangements and parameters

with relative ease.

A Monte-Carlo-type computer program has been developed at the Oak Ridge

National Laboratory, which is capable of estimating the dose to 22 organs and 100

subregions of an adult human phantom for external photon beams. The code, developed
12 3initially for internal radiation sources, ' ' has been modified for external radiation

4 5sources. ' The phantom contains all the major organs of interest as well as a skeletal

approximation containing both yellow and red bone marrow.

Description of Phantom

The total body phantom (see Figure 1) consists of three principal sections: (1) an

elliptical cylinder, representing the arms, torso, and hips; (2) a truncated elliptical

cone, representing both the legs and the feet; and (3) an elliptical cylinder, representing

the head and neck. The arms are not separated from the torso, no separation of the legs

is provided, and minor appendages, such as fingers, feet, ears, chin, and nose, are

omitted. The dimensions of the phantom were chosen after consideration of the

distribution of dimensions and weights of certain Western populations, ' of the
8 9

phantoms designed by Hayes and Brucer, and of the standard man. The center of

a coordinate system is located at the center of the base of the trunk. The positive

Z-axis extends vertically through the head, while the positive Y-and X-axes extend

through the back and left side of the phantom, respectively. All dimensions are in

centimeters.
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Mathematical descriptions of the organs were formulated after consideration of

the descriptive material from several general anatomy references. ' The scaled
12

cross sections of the human internality by Eycleshymer and Shoemaker were also used

in constructing and positioning the organs. Representations of the organs by the

mathematical equations are only approximate; the goal was to obtain the approximate

size and shape of an average organ with a mass equivalent to that for the organ in

standard man. Since the mathematical organ approximates the major features of size,

shape, mass, and location of the real oigan, estimates of absorbed dose in the two cases

would not be expected to differ substantially. The formulas were kept as simple as

possible, consistent with the general shape of the organ to minimize computer time.

The basic phantom consists of essentially three regions: (1) a skeletal region,

including bone, bone marrow, and other organic constituents of the skeletal system;

(2) a lung region; and (3) the remainder of the phantom. The region outside the phantom

is a void. These regions are composed primarily of hydrogen, carbon, nitrogen, and

oxygen. In the skeleton, additional elements amount to about 18% of the total mass,

with calcium and phosphorous accounting for most of this amount. Figure 2, showing

the idealized and anatomical models of the skeleton, includes the distribution of the
13 14

red bone marrow for a normal adult. ' In the computer model, the bone and the

marrow are mixed homogeneously in the skeleton of the phantom. In the lungs, the

composition is somewhat different from that of other soft tissues in the remainder of the

phantom; there is almost no fat and a larger fraction of blood than in most organs. The

densities of the skeletal region (bone plus marrow), lungs, and the remainder of the

phantom are approximately 1.5, 0.3, and 1 gm/crn3, respectively. The values for the

various compositions were obtained from Tipton et al .

The Monte Carlo Technique

The Monte Carlo technique generated histories for a large number of photons.

Each photon begins with a statistical weight on 1.0. This weight is reduced following

each interaction by multiplying it by the ratio of the cross-section for Compton

scattering to the total cross-section. In this manner, photons are never absorbed, thus

improving the statistics of the dose estimate. However, there is a test weight below
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which the photon is lost. By following a sufficiently large number of photons through

the absorbing medium configuration of interest and recording the energy deposition at

each interaction site for each event, the dose per photon is calculated.

This technique is most successful for moderate thicknesses of absorber. A great

asset of the Monte Carlo technique lies in the fact that the technique is not restricted

to particular source geometries. Monte Carlo techniques are usually the general

method of choice in problems possessing complicated source and medium geometries

when deep penetrations are not of primary interest. In fact, this technique constitutes

one of the few practical methods now known for solving problems involving multiple

absorbing layers.

The code, as described above, is extremely versatile with many possible variations

in phantom geometry, source energy, etc., which may be of interest in a parametric

study. The code allows for wide variations in the source input. The energy of the

photons can be chosen to be monoenergetic or a photon spectrum can be input to

represent the source term. The code allows the specification of beam size (bread beam,

rectangular- or circular-collimated beam of essentially arbitrary dimensions). The

radiation is allowed to impinge on any part of the body at any angle of interest; normal

incidence of the photons is not a requirement. In addition to calculating absorbed dose

per photon in 22 specific organs in the body, the code can provide an additional output

which represents geometrica! dose distributions in the body.

Descriptions of the Study

The purpose of the present study is to obtain a complete set of basic dosimetry

data for selected monoenergetic photon beams incident on a spatial grid from which

one could construct certain organ doses from typical diagnostic x-ray exposures of

specified average energy or energy spectrum and varying field size and location. Only

the output for absorbed dose to the organs was obtained, and the organs of primary

interest were the testes, ovaries, thyroid, red bone marrow, and the lens of the eye.

Three modifications were made in the existing phantom code to adapt it to the

present study. First, the geometrical description of the phantom includes a simulation

of the tenses of the eye. The normal lens is about 0.7 cm in diameter, 0.3 cm thick,
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and is located about 0.2 cm behind the cornea. Two distinct regions were added and

subdivided into several smaller regions. One major region is located in the skin layer

on the front surface of the head of the phantom and has the same thickness as the skin,

0.2 cm. This region is the projection of a 12-cmwide x 4-cm high rectangular area

located on the X-Z plane. It is subdivided into projections of two 4 cm x 6 cm areas

and further into projections of two 2 cm x 2 cm areas centered inside the 4 cm x 6 cm

areas. The second major region is also 0.2 cm thick and located just inside the skull,

which is 0.8 cm thick. It also contains the projection of the same large 4 cm x 12 cm

area similarly subdivided into two 4 cm x 6 cm areas. Therefore, various estimates of

the average absorbed dose to the lenses of the eye can be obtained. The actual

location of the bns of the eye is in an anatomically complex position that would fall

between the two regions. These regions were selected to simulate energy deposition in

the lens with respect to depth in the head, thickness of the lens, and the scattering and

shielding effect of the skull. Figure 3 gives a top view of these regions while Figure 4

shows a schematic drawing of these regions on the head of the phantom.

Second, a typical d'ognostic table was simulated in the phantom geometry to

provide a backscattering medium similar to that encountered in actual diagnostic

procedures. The table, which has dimensions of 184 cm x 70 cm x 1 cm, may be

positioned either at the front or the rear of the phantom. To simplify the calculations,

the composition of the table was initially the same as the tissue composition used in the

code. The effect of the table on dose to the organs of the phantom with the table

located at thfc posterior of the phantom was to increase.by several percent the number

of Interactions and the absorbed dose to many organs near the table. For the organs

of interest in this study, such an effect would be observed for the red bone marrow,

testes, and lenses of the eye, depending on the location of the table.

The third modification was made in the existing composition of the thyroid gland

by inclusion of 10 mg of iodine, to more accurately simulate its effective atomic number

and thus account for the increased energy absorption resulting from the high mass energy

absorption coefficient of iodine for the energies under study, particularly at its

k-absorption edge of 33.2 keV. The effect of this modification on the effective

atomic number for the thyroid gland is given in Table 1. The effective atomic number
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of the "iodated" thyroid is about4% higher than the previously used tissue composition

and agrees closely with the effective atomic number calculated from data on elemental

composition of the thyroid from normal adult humans. For example, the effect of

replacing the tissue equivalent thyroid with an "iodated" thyroid is an increase in the

calculated absorbed dose of 12.5% for a 4 cm x 4 cm beam of 55 keV photons centered

on the thyroid gland.

Since the organs of primary interest have symmetry about the vertical centerline

of the phantom ( i . e . , the Z-axis), the calculation schedule made use of left-right

symmetry to reduce the number of computer runs. The radiation was col Unrated in a

4 cm x 4 cm beGm and allowed to impinge at various locations on the right side of the

adult phantom. The centers of the first column of 4 cm x 4 cm locations are on the

vertical centerline of the phantom. The remaining 4 cm x 4 cm beams on the phantom

cover the right side of the phantom with the exception of the lower 40 cm (legs). In

all cases the beam impinged normal to this plane ( i . e . , a parallel beam of photons

traveling in the direction of positive Y).

Two photon energies, 30 and 55 keV, have been investigated to date. Calculations

for other photon energies in the energy range 20-150 keV are planned for the future.

Sample results for absorbed dose per unit surface radiation exposure (rad/R) and their

coefficients of variation for 30 keV photons are shown in Figures 5-6 for both ovaries.

Results for the 55 keV case are given in Figures 7-8. The data in Figures 5-8 have been

rounded off to two significant digits and indicate the regions contributing 10"2 to 10"5

rad/R and their corresponding coefficients of variation. All computer calculations were
a

performed with 30,000 initial photons. Coefficients of variation for the ovaries as well

as the other smaller organs (testes, lens of the eye, and thyroid) rapidly exceed 25%

as the beam is moved only a few beam locations away from the organ site due to the

greatly reduced number of scattered photons interacting in the small volumes of the

organs. Coefficients of variation for the red bone marrow are between 1% to 3% for

all sites because of the greater mass of the organ.

The effect of increasing the incident photon energy is apparent by comparing the

absorbed dose per unit exposure for the 30 keV and 55 keV calculations. For example,

compare Figures 5 and 7. There are only two beam locations where the dose to the
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ovaries is greater than 10"2 rad/R for a photon energy of 30 keV. The right ovary is

located at the intersection of these two 4 cm x 4 cm beams. In the 55 keV calculation

there are 11 grid locations which contribute greater than 10"8 rad/R to the ovaries.

Only two of these iocations can be considered to be irradiating the ovary directly. A

similar comparison can be made for a dose of 10"3 rad/R, that is, nine beam locations

at 30 keV and 25 beam locations at an energy of 55 keV. Therefore, for a photon

energy of 30 keV, there are 11 beam locations where the dose to the ovaries is 10"3

rad/k or greater, while for 55 keV the total number of beam locations which fit this

category is 36.

These initial calculations and additional calculations for several other photon

energies wil l be used to estimate organ doses resulting from typical diagnostic x-ray

procedures. The estimates wil l emphasize such parameters an energy spectrum, field

size, and beam location.
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Table 1. Effective Atomic Number for the Thyroid Gland

Composition Effective Atomic No. c
 R ° H ° 1°
Standard Tissue

1.0

1.055

1.044

standard tissue

adult human thyroid

"iodated" thyroid

7.24

7.64

7.56
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