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ABSTRACT

For a photon energy of 150 keV, the Monte Carlo technique of photon
history simulation was used to obtain estimates of the dose distribution in
a human phantom for three activity distributions relevant to diagnostic
nuclear medicine. In this preliminary work, the number of photon histories
considered was insufficient to produce complete dose contours and the dose
distributions are presented in the form of colour-coded diagrams.

The distributions obtained illustrate an important deficiency in the
MIRD Schema for dose estimation. Although the Schema uses the same mathema-
tical technique for calculating photon doses, the results are obtained as
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average values for the whole body and for complete organs. It is shown that
the actual dose distributions, particularly those for the whole body, may
differ significantly from the average value calculated using the MIRD Schema

and published absorbed fractions.
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1. INTRODUCTION

The historical development of methods for the dosimetry of radicnuclides
distributed in the body has been outlined by several authors [Loevinger 1969,
Quimby 1970]. The most recent development has been a generalised procedure
applicable to all radiations from all radionuclides [Loevinger & Berman 1968,
Brownell, Ellet & Reddy 1968]. This procedure, known as the Medical Internal
Radiation Dose (MIRD) Committee Schema, provides a single equation for all

organ dose calculations. This equation may be written:

A
r
D —_— . .
{v<r) Mv EAl ¢1(v+r) rad
where D(v+r) = average absorbed dose to a volume v from a source r;

Ar = cumulated activity in a region, r, in microcurie-hours;
Mv = mass of target volume, v, in grams;
Ai = absorbed dose constant for the i-th emission from the

source ¥ in g-rad/uCi-h;

¢

i(v<r)= absorbed fraction for the i-th emission with the source
in region r and v the target volume.

Since it is difficult to obtain specific information on organ shape and
size for individual patients, dose calculations are usually made for approp-
riate mathematical models, although patient studies are used to determine the
fate of radionuclides in the body and hence values of cumulated activities.

Where the source organ is also the target organ, the absorbed fractions
for non-penetrating emissions (beta particles, conversion electrons, ete.},
are usually taken as unity since most organs are large compared with the
range of these emissions. It is assumed that these emissions do not centri-
bute to the dose to regions outside the source organ, and that the dose
distribution in the organ corresponds to the source distribution. The most
widely used model for photon-absorbed fraction data is the adult human
phantom (Figure 1) described by Fisher & Snyder [1967].

The MIRD approach to dose estimation has been used with appropriate
biological data for several AAEC-produced radiopharmaceuticals [Boyd,
Hetherington & Wood 1971, Boyd et al. 1973, Hetherington 1973]. The
experience gained from these studies has indicated a need for further develop-

ments in internal dosimetry.



2. LIMITATIONS OF ABSORBED FRACTION CONCEPT

The use of absorbed fractions calculated for a given model assumes that

(a) there is no variétion with tiﬁe in the size of any organ containing
radiocactivity; and _

(b) a uniform distribution of a photon source in an organ produces a
meaningful average dose in the organ itself and a different, but
still only average, dose to each of several target organs.

For assumption (a) it has beén shown that, because of large changes in
organ size, the simple absorbed fraction concept cannot be used to estimate
the bladder dose ([Snyder, Ford & Warner 1970, Unnikrishnan 1973]. These
authors have developed an alternative concept of volume-dependent dose rate
constants.,

For assumption (b} it will be shown that, with available mathematical
and computing techniques, it is possible to ignore the average dose concept
and substitute a complete dose distribution for any cumulated activity
distribution of a photon emitter in'an appropriate human phantom. To illus-
trate this approach,only one photon energy (150 keV) is considered. This is
regarded as the optimum photon energy for organ imaging using a gamma camera
and is close to the principal photon emissions of the nuclides 9ngc, 1231,
139005 and %7Ga used in nuclear medicine.

3. MATHEMATICAL MODELS FOR PHOTON ABSORPTION IN THE BODY

3.1 The Adult Human Phantom

The general form of the adult human phantom (Figure 1) described by
Fisher & Snyder [1967] was chosen as an appropriate mathematical model of
the human body for the calculation of absorbed dose distribution. The phantom

comprises three sections:

. an elliptical cylinder representing the arms and torso;
. a truncated elliptical cone representing the legs and feet; and
. an elliptical cylinder representing the head and neck.

Individual organs have not been included, and all parts of the phantom
have the same density and composition. The tissue composition used is given
in Table 1 [Brownell, Ellet & Reddy 19268]. The calculations were made for
a phantom density of unity.

The effect on dose distributions from different organ densities is
generally small compared with the large effect of the abrupt change from an

absorbing to a non-absorbing medium at the boundary of the phantom.



TABLE 1
COMPOSITION OF HUMAN PHANTOM TISSUE

Element Mass
per cent

Hydrogen 10.00
Oxygen 71.39
Carbon 14.89
Nitrogen 3.47
Chlorine 0.10
Sodium 0.15

3.2 Monte Carlo Simulation of Photon Interaction

Since 1964, the Monte Carlo technique has been used to estimate radiatiocn
doses from internally deposited photon emitters [Ellet, Callahan & Brownell
1964]. This method estimates the radiation dose by tracing mathematically the
history of the photons from their emission within the phantom until they are
absorbed or escape after several energy depositing collisions.

For the most part, the technique has been used to calculate absorbed
fractions for organs in the human phantom. As mentioned previocusly, the use
of these absorbed fractions leads to average organ dose estimates which may
not be meaningful. The Monte Carlo technique may also be used to determine
actual dose distributions in any region of interest of the phantom for a
given activity distribution.

Figure 2 outlines the mathematical process reguired to produce a simple
photon history by the Monte Carlo method. The history is generated by a
sequence of random events. In a mathematical simulation; the event that
occurs at any stage must be determined using probability distributions
followed by the real behaviour.

4. PROGRAM STRUCTURE FOR DETERMINATION OF DOSE DISTRIBUTION

The Monte Carlo simulation of photon transport (in situations of
practical interest) is so large a problem that a realistic model can only be
implemented by using a fast digital computer. Programs for this simulation
comprise three distinct parts; these are the source routine, collision routine
and evaluation routine(s). A detailed example of a photon transport simula-
tion for radiation dose estimates has been given by Wood [1975].

4.1 Source Routine

The source routine produces the original random locations of photon



source points within the phantom, together with an original random direction.
To approximate a given spatial distribution of a mono-energetic photon
emitter, two procedures are possible.

(i} A point can be chosen at random in the phantom and a source weight
assigned on the basis of source peoint location, i.e. high weights
are assigned in regions of high photon source density.

{ii) The routine generating the source point location can be biased to
generate more source points in regions of high photon source den-
sity. In this case the photons are all source-weighted egually.

The routine used to determine the dose distribution for a radiopharma-

ceutical is of the first type since activity is usually present, to some
degree, in all parts of the body. The latter form would be used if all the
activity had a definite location, as would be the case for a nuclear cardiac
pacemaker implant.

4.2 Collision Routine

For photons supplied by the source routine, the collision routine
generates random photon paths through the phantem. The péth ig influenced
in a statistical fashion by the medium properties and its geometry. For -
photon energies less than 1.0 MeV, the only important interactions are the
photoelectric effect and Compton scattering. The mathematical routine uses
collision weights to account for the variance reducing technique of only
allowing the photon to undergo Compton scattering. There is no absorption,
and the photon history terminates only when the photon escapes the phantom,
or its collision weight becomes negligible.

Each photon interaction which deposits energy is examined to see whether
the interaction occurred in a predetermined region of interest in the phantom.
If the interaction is so located, it is termed an interesting event. If such
an event occurs, the routine stores its location and the amount of energy
deposited. The routine continues to generate photon histories until approxi-
mately 1,000 interesting events have occurred. It then stops temporarily and
an evaluation routine sorts these interesting events into suitably small
spatial subdivisions, giving an indication of the absorbed energy distribution
in the region of interest. The procedure is repeated until a sufficient'
number of interesting ewvents have occurred to give a meaningful absorbed
energy {i.e. dose) distribution. The batch nature of the routine minimises
computer storage requirements.

4.3 Evaluation Routines

There are three simple routines which sort the interesting events and



produce a raw absorbed energy distribution, correct the result for energy
deposited in incomplete subdivisions of the region of interest at the edge
of the phantom, and normalise the energy distribution for display.

5. DOSE DISTRIBUTION IN THE HUMAN PHANTOM

The mathematical procedure outlined above can be used to obtain the dose
distribution in selected 'regions of interest' of the human phantom for any
arbitrary photon source distribution in the phantom. Three photon source
distributions relevant to nuclear medicine are considered.

In this initial investigation, the region of interest chosen was the
phantom volume between the ¥ = i and ¥ = -1 planes {see Figure 1 for the
coordinate system). This is a 2 cm thick region in the phantom parallel to
the X-Z plane. The X-Z plane was divided into a 2 om X 2 cm mesh containing
approximately 1,200 mesh squares. For each source distribution, an estimate
of the dose was made for each 2 em X 2 cm X 2 cm volume element by running
the collision routine until ~ 100,000 'interesting events' had occurred, and
the overall distribution presented as a colour-coded diagram (Figures 3 to 5).
In each case the relation between the MIRD average whole body dose and the
colour code is given.

5.1 Dose Distribution for a Uniform Photon Source Distribution

An estimate of the whole body dose distribution for a uriformly dis-
tributed photon source was obtained by programming the source routine to
weight equally all the source photons produced. The resultant dose distribu-—
tion and the average dose obtained using the Snyder et al. [1969] absorbed
fraction data are shown in Figure 3. It can be seen that the average dose
does not give a completely adeguate description of the dose to a considerable
portion of the region of interest.

5.2 Dose Distribution for a Photon Source Distributed Approximately

as the Blood

A logical rationalisation of the uniform activity distribution approach
is to assume a photon source in the body having the same distribution as its
means of transport. Thus, it is often assumed that the activity has the same
distribution as the blood. This procedure has been used by Cloutier & Watson
[1270] who made dose estimates for a number of organs based on thé bloocd
volume of those organs. '

A pseudo-blood distribution for the source routine was produced by
weighting photon emission from various parts of the phantom according to the
approximate blood contents of those parts. The blood was assumed to occupy

three main regions with different concentrations. These regions were the



head, the viscera and the extremities. The viscera was assumed to be an
elliptic cylinder resting on the X-Y plane with a height of 90 per cent of
the trunk height. The major and minor axes of the elliptic cross section
were 80 per cent of the respective trunk axes. The weights assumed for
source location in the wviscera, extremities and head were 3.0, 1.0 and 0.2
respectively.

The resultant dose distribution and average dose calculated using the
absorbed fraction concept are shown in Figure 4. The 'absorbed fractions'
for this source target geometry were calculated by Wood [1975]. It is
obvious that the absorbed fraction approach gives a far from satisfactory
indication of the dose distribution in the region of interest.

5.3 Dose Distribution for a Simple Crgan Distribution of Photon

Sources

A third example of the limitation of the absorbed fraction approach and
the resulting average dose estimates can be seen from a simple organ distribu-
tion of activity. It was assumed that activity was concentrated in one lung,
the bladder and, to a lesser extent, the remainder of the body. Source
weights of 15, 5 and 0.1 were assigned arbitrarily to these three regions.
These source weights correspond in MIRD terms to cumulated activities in the
approximate ratio 15 : 2 : 7, (The cumulated activity is proporticnal to the
product of the source weight and the organ volume. In an actual dose deter-
mination, the procedure would first be to determine the organ cumulated
activities by a combination of physical and biological techniques as outlined
by Smith [1970]. The ratio of the source weights for computing purposes
would be cobtained by dividing the cumulated activity by the organ volume.)
The resultant dose distribution is shown in Figure 5. The doses in the lung
and bladder regions are similar to those calculated using absorbed fractions
and the MIRD Schema. The dose to the region immediately surrounding the lung
is marginally underestimated because no allowance was made for the lower den-
sity of the lung relative to the rest of the body. There are significant

variations from the MIRD average in most other parts of the phantom.
6. DISCUSSION

It has been shown that the limitations of the MIRD Schema and its use
of organ-abscrbed fractions to describe deose distributions can be overcome,
The Monte Carlo technique of photon transport simulation remains the basis
of the determination. In this preliminary work, dose distributions are
indicated by colour-coded diagrams. A more complete determination, involving
a considerably greater number of photon histories and an improvement in the

efficiency of the Monte Carlo simulaticn, would provide data of sufficient



quality for true contour plots of the dose distribution. The technique
can be extended to produce full three dimensional dose distributions for a
given photon source distribution.

These distributions are not restricted to those ﬁhich result from
administration of radiopharmaceuticals and would include any in vivo photon
source distribution, e.g. as a result of the implantation of a nuclear
cardiac pacemaker.

It is unlikely that the approach to radiopharmaceutical dosimetry out-
lined in this report would be used for routine patient dose assessments in
a hospital nuclear medicine department. It could be used to advantage by
the developer/manufacturer of radiopharmaceuticals in providing definitive
dosimetry data on a product.
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FIGURE 1. ADULT HUMAN PHANTOM
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