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Abstract

An analysis is presented of the attenuation-scatter functions radial dose functions) employed in brachytherapy
dosimetry which accounts for the interplay between attenuation and scattering along the radial distance from the
source. Some of the characteristics of these functions are still not established with certainty and are subject of
misinterpretation. Such issues like whether they should be normalized or not, particularly in relation to the
currently employed source strength specification in terms of air kerma, are not as yetagreed. In the literature, the
functions are presented either as normalized or non-normalized but the differences between them are wrongly
interpreted as being due to either computational or experimental uncertainties. Furthermore, there is uncertainty
about the attenuation-scatter ratio very close to the brachytherapy sources and , in the case of some functions, at
larger radial distances. Although the function's value at close distance may seem of lesser dosimetric relevance,
it is important if one wants the underlying physics to be correct. These problems were studied in this analysis on
the basis of the available data. An experiment was also carried out in order to determine the scatter component
in the close vicinity to the source. The study is based on the data for Iridium-192 but the discussion and
conclusions are relevant to all types of brachytherapy sources. It is concluded in this analysis that; i) it is
incorrect to be comparing the normalised with non-normalised functions, ii) only non-normalised (the natural)
functions such as that derived by Meisberger et al (1968) or Sakelliou et at (1992) are correct for dose
calculation systems based on the recommended air kerma source specification iii) the function should not have a
value of unity at r = 0 because of the scatter domination over attenuation in the space around the source and iv)
the Van Kleffens-Star function is in error at larger radial distances.

1. INTRODUCTION

A number of workers have investigated the behaviour of radiation in water in the vicinity of
brachytherapy point sources, applying the results to the dosimetry of nuclides. In particular,
large interest has been shown in the relationship between attenuation and scatter along the radial
distance from the source because of its significance in the dose calculation algorithm. In general,
scattering compensates partially for attenuation, the combined factor, A-S, attenuation-scatter
function varying in magnitude slowly with distance and energy. This function is also known as
radial dose function.

In the days of radium therapy and until the early 1960s the attenuation-scatter
contribution to dose was mostly ignored, only inverse square law was considered relevant. With
the development of interest in the radium substitutes for brachytherapy this situation has
changed. This analysis involves work done from this period onwards.

The published functions up to now have been derived either experimentally or
theoretically. Although they all show similarity in overall pattern of behaviour, they differ in
details. Several papers written on the subject deal with the comparison of the functions obtained
by the various workers with the conclusion that the differences between them, particularly
evident close to the source, are due to the experimental or computational uncertainties.
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One striking feature to note is that the A-S functions published so far are presented
either as normalised to unity, usually at 1 cm from the source, or non-normalised. Thus there
are normalized and non-normalized A-S functions. This is an important characteristic and is a
contributor to the differences in functions in the vicinity to a source both in values and shape of
the curves (see fig. 1). Because the numerical differences are not large, not exceeding 5%, they
are misinterpreted (Glasgow 1981 Thomason and Higgins 1989, Thomason et al 1991) as being
due to data uncertainties. This view is questioned in this analysis.
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Fig. 1. Attenuation/scatter functions by various authors shown close to the brachytherapy

source

The tendency to normalize arises from the "hang-ups" in the approach to dosimetry in
the past when the radiation output constants (K-factor, specific gamma ray constant etc.) used
to be referred to a distance of 1 cm. Dale (1983), in his Monte Carlo work, introduced the
source dose constant concept (SDC for source strength specification which includes scatter
component. This indeed involved radial function normalisation but this method of source
specification found no use in dosimetry.

This subject has been discussed in several papers in which a comparison of the various
available data have been analyzed (Glasgow 1981, Thomason and Higgins 1989, Thomason et
al 1991, Sakelliou et al 1992, Parker and Almond 1992). However, the normalized and
non-normalized functions were treated as if they belonged to the same set of data.
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The purpose of this analysis is to consider the following aspects i) is normalisation,
either at 1 cm or at zero distance, of the A-S function correct and consistent with the
interpretation of physical phenomena involved, ii) is it correct to used any of the functions
normalized at I cm in dosimetry based on the currently recommended air kerma calibration, and
iii) is the Van Kleffens-Star function (1979), which differs in pattern from other functions,
correct at larger distances.

2. PUBLISHED ATTENUATION - SCATTER FUNCTIONS

The division of the A-S functions into two groups: non-normalized and normalized will be used
as a criterion in the review of the published work.

2.1 Non-Normalized Functions

One of the first investigation concerning radium substitutes was performed by Meredith
et al (1966) who studied the attenuationscatter relationship for six brachytherapy isotopes for
distances between 2 and 10 cm. The results were presented in numerical form and not
normalized.

Meisberger at al (1968) used diffusion theory to calculate the ratio of exposure in water
to exposure in air as a function of distance (1 to 10 cm) from isotropic point sources of several
radionuclides. They then determined the mean values of the ratio from experiments by several
authors and took the average of the theoretical and mean experimental values to derive curves
which could be described by an empirical formula. This was the first mathematical function of
this kind defined and found useful for computational purposes.

Thomason and Higgins (1989) derived a radial dose function defined as the ratio of the
measured dose in water TLD technique) to the calculated dose in air (source activity, exposure
constant, f-factor). A fit to a third order polynomial yielded a formula similar to the
Melsberger"s. For Iridium the function is unity at 5 cm having a value of 0.968 or 0.984 in
platinum and steel encapsulation respectively at 1 cm distance. In making a comparison with
Meisberger and Dale work the authors concluded that the differences are indistinguishable when
considering uncertainties involved.

In 1992, Sakelliou et al carried out comprehensive Monte Carlo calculations of dose
distribution around seven most popular brachytherapy sources for spherical phantoms of 15 and
20 cm radii. A polynomial expression has been derived for the A-S functions which show a very
close agreement with the Meisberger polynomial. The important feature of their results is that
the functions have not been normalised. That means that the function for a given isotope is unity
at a distance at which the attenuation is compensated by scattering. That depth is a
characteristic feature of a given isotope.

It is unfortunate, however, that in deriving the polynomial expression Sakelliou and
colleagues set the first coefficient of the polynomial to unity without paying attention to the
physical phenomena occurring in the close vicinity to source. This forces the polynomial to have
a value of 1 at r = 0 for all nuclides considered. The Van Kleffens and Star function is discussed
in detail in section 5.
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2.2 Normalized Functions

One of the first Monte Carlo calculations of radial dose distribution was performed by
Webb and Fox (1979) for several gamma-emitters. The data were normalized to unity at 1 cm
Subsequently, they were used by Kornelson and Young (1981) as a basis for formulating an
analytical attenuation-scatter function of a type suggested by Evans (1955) for an absorbed dose
build-up. Thomason et al (1991) calculated radial dose factors (A-S functions) by Monte -
Carlo for Ir-192 and Cs-137 normalizing at 1 cm and described them as undistinguishable from
the Dale (normalized) and Meisberger (non-normalized) curves within the precision of the data.

Melgooni and Ravinder Nath 1992 produced radial dose functions for several isotopes
by Monte Carlo code CYLTRAN. The functions were tabulated having been normalized at 1
cm. Thus for Ir 192 the function in solid water has the value of 1.00 at 1 cm rising to 1.15 at 2
cm.

3. WHICH APPROACH IS CORRECT, NORMALIZED OR NON-NORMALIZED?

One has to accept that the sensible way of describing the strength of a brachytherapy
source is by the determination of its radiation output, an approach long established in external
beam therapy. The practice of specifying a source by a quantity defining its radioactive content
(i.e. activity or the milligramme radium equivalent etc) is being phased out from use.

The quantity recommended currently for the specification of the source is the air kerma
rate at reference distance but its exact definition differs slightly by involving the square of the
reference distance (CFMRI 1983 ; AAPM 1987) or not involving distance (BCRU 1984; ICRU
1985; NCORD 1991; BIR/IPSM 1993 This particular aspect of the definition is, however,
irrelevant to this discussion. What is relevant is that this type of source specification does not
incorporate the scatter radiation.

Helpful in this discussion is to consider the dosimetric situation shown in fig 2. This
model is designed to focus attention on the issue of attenuation/scatter and disregarding other
factors such as source anisotropy, effect of encapsulation, oblique filtration, inverse square law
etc. Let's consider a calculation point close to the source the strength of which is expressed in
terms of air kerma rate in air (or in vacuo as in BIR/IPSM 1993).

As the next step in the dosimetric procedure, the air kerma may be converted to
absorbed dose to water assuming that the point of calculation is surrounded by a small water
phantom of minimal mass of air. Theoretically, this does not involve scatter production or
attenuation between the source and the point of calculation since the situation is considered
"free in air".

Let's imagine now that the source is immersed in water or is placed in tissue. The dose
at a point of interest will now be altered being affected by attenuation over the distance
concerned. At the same time the scatter radiation will appears throughout the irradiated medium
having a compensating effect on attenuation at short distances. Over larger distances,
attenuation will become the dominant effect suppressing the compensating effect of scatter.
Where they are in balance, the function will have a value of unity. At any other distance the
attenuation/scatter function which is used as a multiplying factor in the dose calculation will
have a value different from unity.
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The conclusion from this discussion is that the attenuationscatter function whether it has
been derived by theory or measurement must not be normalised to unity on purpose at one
arbitrarily chosen distance, particularly not close to the source where absorption and scatter are
not in balance.

4. THE FUNCTION VALUE AT ZERO DISTANCE

An interesting issue is also the value of the function at zero radial distance. Although
this information has more theoretical than practical value it is important to consider for the
physical correctness of the attenuation-scatter function.

Unfortunately, there is no reliable information published on the A-S function value at a
distance r = 0. This is understandable considering the experimental difficulties at distances close
to the source. The closest measurements reported so far were made at 1 cm from the source. It
is surprising, however, that the Monte Carlo calculations published up to now do not cover this
region and do not provide solution to this problem. In the theoretical work by Sakelliou et al
(1992) the polynomial A-S functions have a value of unity at r = 0 by the virtue of setting the
first component of the polynomial to 1. The question is whether this is correct. No direct
answer can be found to this among the published data either calculated or measured.

Some deductions can be, however, made considering a hypothetical dosimetric situation
shown in fig 3. This assumes a minute point like source and a point of absorbed dose
determination positioned at a vey close vicinity. Under such circumstances, attenuation between
the source and the calculation point is negligible. The scatter component, however does exist
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ATTENUATION
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Fig. 3. Factors affecting the dose in the imediate vicinity of a brachytherapy source include
forward scatter (large arrows) and backscatter (small arrows), the attenuation being
negligible.
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since the source is surrounded by a medium. There would be some backscattered radiation
reaching this area. Thus at a point very close to the source, and indeed at r = 0, there would the
unattenuated direct radiation plus the backscattered radiation arriving from -r direction. Thus on
physics grounds, the attenuation-scatter function can be expected to have a value larger than
unity. One can of course consider this issue also in terms of monte Carlo technique where the
calculation model involves volume cylinders around the source.

4.1 Theoretical and Experimental Evidence.

An attempt was made to find support in published data for the above discussion and an
experiment was designed to measure the scatter radiation in the immediate vicinity of
brachytherapy sources.

4.1.1 Monte Carlo.

The computation by Thomason et al 1991) provided data on the scatter component
calculated as the fractional scatter along the radial distance from the source starting from 1 cm
onwards. By fitting a polynomial expressions to the Thomason's Iridium and caesium curves (fig
4) the data for closer distances can be derived. The fractional scatter (FS) variation with
distance from source for Iridium was found to fit the following expression

=0.0289 + 0.1034 r - 4.732 1 0 - 3 ^

and for caesium

FSCS = 0.0411+0.0596 r-1.875 10-3r2
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Fig. 4. Fractional scatter contribution to dose as a function of distance for Iridium and caesium
sources (Thomason et al 1991 extrapolated by this author to r = 0 cm)

191



The first coefficients in these equations yield the fractional scatter value at r = 0 which, as it is
seen, amounts to 2.9 and 4.1 percent for an Indium and caesium sources respectively. This
clearly indicates that the A-S function should have, at this point in phantom, a value larger than
1.0. This scatter component can be thought of as representing the build-up of scatter in forward
direction (+r) due to the backscatter arriving from -r direction (fig 3 towards the origin of the
calculation grid which coincides with the source geometric centre.

4.1.2 Experimental Evidence

Measurements in the immediate vicinity of the source are very difficult to perform and there is
no method of sufficient resolution and accuracy. Nevertheless, an attempt in this work was
made to measure the scatter-attenuation function very close to the source. For this purpose, a
miniature ionisation "well" shape chamber was designed (fig 5). The chamber is a cylinder 7 mm
in diameter and 15 mm in height with a sensitive volume formed by two concentric graphite
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Fig. 5. Schematics of a miniature well ionisation chamber designed to measure the A/S function
at close distance
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cylinders (polarising and colecting electrodes) separated by l.S mm air space creating the
sensitive volume. The brachytherapy source was dropped, during the measurements, into the
chamber central channel. The geometric source centre was about 2.75 mm from the center of
the chamber sensitive volume enveloping the source. This design facilitated close distance
measurements of the attenuation/scatter function.

A number of conflicting experimental parameters had to be reconciled in such a difficult
design. Because of its small dimensions, the brachytherapy sources of conventional (low)
activity could not be measured with sufficient resolution i.e. high enough signal-to-noise ratio.
The chamber could not be moved with distance, thus only one measurement point was possible
obtain. The construction of the chamber, because of its miniature size is very difficult and is
expensive.

Using this chamber, the measurements of the attenuation-scatter function for an - HDR
Iridium-192 source were carried out by determination of the ratio of air kerma in water to air
kerma in air using a 40 x 40 cm water phantom. The mean value of the A-S function obtained in
24 determinations was found to be 1.012 with a percentage standard deviation of the mean of
0.3% .

Thus, there is about 1.2 % scatter at the distance of 2.75 mm from the source centre. That is a
low value compared to the expected 2.9 % on the basis of the lfhomason curve. The difference
can be explained by the imperfect "in air" measuring conditions. The chamber body itself
produces scatter as well as the environment in which the measurement were performed.
Therefore the in air kerma value is not the perfect free-in-air value resulting in an
underestimation of the measured A-S factor. Nevertheless, the measured value is a conclusive
evidence of the scatter dominance over attenuation at this distance.

5. THE ATTENUATION-SCATTER FUNCTION AT DEPTH

A function of interest is the Van Kleffens and Star (1979 function used in the Selectron
HDR treatment planning software Nucletron, Netherlands). The function was published without
giving details about the method of its derivation.

Initially the function was presented without the parameter, 8, and it produced a curve
not exceeding unity at distances- close to the source. Since this was subsequently found to be in
variance with the Meissberger polynomial, the 8 was added lifting the initial part of the curve to
t-he value of 1.018.

The Van Kleffens - Star function used for Iridium has the following form;

(A-S)r = 8 ( l + a r 2 ) / ( l + p r 2 ) (3)

where for Iridium a = 0.0, P = 0.0006 cm"2 and 8 = 1.018. The parameters for the original
equation were limited to Cs, Co and Ra, for Iridium they were added at a later stage.

At depth, the slope of the Van Kleffens function differs significantly from all other
functions. This is seen in fig 6 for Iridium in comparison with Meisberger and Sakelliou. The
shape of the function is sensitive to the value of the arbitrary parameter P which is seen in fig 7.
This suggests that this particular function may be an inappropriate algorithm to describe the
attenuation/scatter relationship as required in a high doserate Iridium treatment planning system.
This was also noted by Park and Almond (1992).
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6. CONCLUSIONS

It is concluded in this analysis that;

i) It is incorrect to be comparing the normalised with non-normalised functions asigning
the difference to computational or experimental uncertainties

ii) Only non-normalised functions such as that derived by Meisberger et al (1968) or
Sakelliou et at (1992) should be used in dosimetry systems based on air kerma source
specification. However, functions from both studies are uncertain at zero distance,

iii) The A-S function, for isotopes such as Indium and caesium, should not have a value of
unity at r = 0 because of the dominance of scatter over attei-iuation close to the source

iv) The Van Kleffens-Star function is in error at larger radial distances,
v) The study is based on the data for Indium-192 but the discussion and conclusions are

relevant to all types of sources.
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