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Beta-particle sources can be used in radiotherapy to treat several diseases. In particular cylindrical (seed)
beta-minus sources have been used in cardiology for the prevention of restenosis of coronary artery. Two
radioisotopes suitable to be used in intravascular brachytherapy treatment of arteries are the pure beta-
emitters 3P and Y. In this work a routine calculation to estimate absorbed dose rate distributions around
cylindrical sources containing the beta emitters *P and *°Y has been developed in order to handle with
various configurations of radii, lengths and distances in a faster and simple way. The results of relative
dose rates are compared with published dose distributions for 3P and “Sr/*®Y sources using the Monte
Carlo method and a good agreement (differences < 6 %) has been found in the region of clinical interest
measured from the cylindrical source center.
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Calculo das taxas de dose relativas de fontes cilindricas de P e Y usadas em braquiterapia
intravascular.

Fontes de particulas beta podem ser usadas em radioterapia para o tratamento de varias doencas. Em
particular fontes beta-menos cilindricas (sementes) tém sido usadas em cardiologia para a prevencdo da
restenose das artérias corondrias. Dois radioisétopos adequados para serem utilizados em braquiterapia
intravascular no tratamento de artérias sdo os emissores beta puros *P e Y. Neste trabalho foi
desenvolvido uma rotina de célculo para estimar as distribuicdes de taxas de dose absorvida em torno de
fontes cilindricas contendo os emissores beta *2P e *®Y de modo a lidar com varias configuracdes de raios,
comprimentos e distancias de forma répida e simples. Os resultados de taxas de dose relativas séo
comparados com as distribuicdes de dose publicadas para as fontes ¥P e *Sr/*yY obtidas usando o
método Monte Carlo e um bom acordo (diferencas < 6%) foi encontrado na regido de interesse clinico
medido a partir do centro da fonte.
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1. INTRODUCTION

Low energy photon sources, due to the low penetration photons, and beta particle emitting
sources, due to the short range of electrons in tissue, and consequent rapid decrease of dose with
distance, are widely used in brachytherapy for the treatment of several diseases. Several
radionuclides can be used or have the potential to be used in brachytherapy, such as *®Au,
188\\//'8Re, 188Re, 1Re, 1B\, 19%vh, 15gm, M4Ce/MPr, 13Xe, 1°Cd, ®2Cu and “®V, but the most
commonly used radionuclides in brachytherapy treatments are **°I and ***Pd (low-energy photon
sources), and *®Ru/**°Rh, “Sr/*®Y, ®Y and *P (beta-particle sources) [1].

Clinically, low-energy photon and beta-particle sealed sources have been used for the treatment
of several diseases. For example, in ophthalmology applicators containing *®Ru/**Rh, plaques
of ®°Co and seeds of I have been used for decades for the treatment of malignant melanoma of
the choroid [2-9], and plaques of *°Sr/*°Y have been used for post-operative treatment of
pterygia [10] and have also been used for the treatment of retinoblastoma [11].

Others clinical applications include the use of seeds of *°I and ®Pd for permanent implants in
the therapy of tumors of the prostate and central nervous system [12-14] and the use of sources
containing the beta emitters *°Sr/*®Y and *P for the treatment of coronary artery diseases [15].
This intravascular brachytherapy assumes a special importance if we take in account the
increasing rates of mortality and morbidity due to cardiovascular diseases all over the world
[16].
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In the particular case of beta-ray sealed sources used in the radiation therapy of coronary artery
diseases an accurate dosimetry is needed so as to irradiate the region of interest and the normal
tissue be compromised as less as possible [17-20]. Therefore, the success of treatment depends
strongly on accurate measurements of the dose distributions. An accurate determination of
absorbed dose distributions around the beta source is not an easy task, mainly due to the high-
dose gradient and the short range of beta-particles as compared with the size of detectors and, in
some cases, the non-uniform distribution of radioactive material over the source surface can
bring additional problems to the measurements. All difficulties encountered in measurements of
beta-ray dose distributions do calculation methods increase in importance.

The absorbed dose distributions around beta ray sources used in brachytherapy are basically
calculated by two general methods. i) Monte Carlo methods for electron transport [21], and ii)
analytical and numerical methods [22-25]. Using Monte Carlo methods, it is possible to deal
with more complex and realistic geometries and different media and obtain results with
accuracy that can be comparable with measurements, but may be very time-consuming and may
not be available for daily use in the medical facility. The analytical and numerical methods are
based on the knowledge of beta point-source dose functions and may give results of absorbed
dose distributions more rapidly, but may present a little accuracy and apply only for
homogeneous medium with uniform density. Following the second approach and using the
FORTRAN programming language, which some versions of compiler can be freely downloaded
from the web, in this work a routine calculation was developed for numerical integration of a
beta point-source dose function around cylindrical sources of *P and *°Y used in intravascular
brachytherapy treatment. The estimates of absorbed dose distributions in water around line
sources of *P and Y obtained in this work have been compared with results obtained by
Monte Carlo simulations [26-28].

2. MATERIALS AND METHODS

In the fifties Loevinger proposed a simple analytical function describing the dose distribution
in tissue around a point source (or point kernel) of a beta-particle emitter [22]. Almost 30 years
later Vynckier and Wambersie proposed a slight modification on the Loevinger formula in order
to obtain a better fit of function to experimental data [23,24]. The modified function that
describes the absorbed dose rate J(&) around a beta point source of brachytherapy as a function
of the distance & from the source can be expressed by

169 = s 1~ 22 (1~ 229) |+ et - o) (1 -2 1)

(pvé)? c
)
where p is the density of the medium and v is the absorption coefficient, with
[1 —gexp (1 —pva)] =0, (2)
for pu& >c, and
JE) =0, ©)

for pu& >f.
The parameter B is a normalization constant given by
B = 0.046 p*v°Ega (4)

where % is the mean kinetic energy of the beta particle, and the constant a depends on the
dimensionless parameters c and f (introduced in references [22-24] to improve the fit of function
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J(&) to available experimental and theoretical data. In this work updated values obtained by
Monte Carlo method is used, as described in reference [1]) as

é =3c?2—(c?—Dexp(1)+ B+ fexp(l—f)—4exp (1 _§> (5)

In the case of extended beta rays sources Equation (1) must be integrated over the surface or the
volume of the source so as to obtain the dose rates at a given point. In the use of Equation (1)
the following assumptions are adopted. The medium is homogeneous with density p; the
radioactive material is uniformly distributed on the surface or over the volume of the source; the
source and absorber medium have the same composition and density, and the encapsulation of
radioactive material is not considered.

The sources analysed in this work were single line (seed) sources containing the pure beta-
minus emitters *P and Y, chosen because of its importance in intravascular brachytherapy
[16]. The *P (produced by irradiation of **S with moderately fast neutrons) and *°Y (produced
by neutron activation of ®*Y) sources have half-lives respectively equal to 14.26 and 2.67 days
and maximum beta energy respectively equal to 1.71 and 2.28 MeV. Both sources are cylinders
of radius a and height L, and because of symmetry a cylindrical system of coordinates was
chosen with its origin located at the center of the cylinder, as shown in Figure 1. For line
sources with radius < 0.05 cm is recommended that the position (y, z) = (Yo, Zo) = (0.20 cm, 0
cm) be taken as the reference point [1].

25

- L/2

Figure 1. The geometry of a cylindrical beta-ray source of radius a and length L used for integration of
the beta point dose function.
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The absorbed dose rates D at the point P in Figure 1 are obtained by integration of Equation (1)
carried out over the surface of each cylindrical source of radius a and length L and can be
written as

D = ag f J(§).ds, ®)
S

where ag is the surface activity and dS is the area element, or

D =as HS J(§).adbdz. @)

Here the radial coordinate is the constant radius a, 0 is the azimuthal angle in the xy-plane from
the x-axis with 0 <0 < 2=, and z is the axial coordinate with —L/2 < z < L/2. For the geometry
depicted in Figure 1, variables &, 8 and z are related by expression

§2=y%2+a? —2aysinf + z°. (8)

A simple calculation code written in FORTRAN has been developed for the numerical
integration of Equation (7) to evaluate the absorbed dose rates in water from cylindrical *P and
%Y beta sources used in intravascular brachytherapy for various configurations of radii, lengths
and distances. The method of integration was based on trapezoidal rule and the obtained results
were validated by making a comparison with the other available different simulations data.

3. RESULTS AND DISCUSSION

In the above equations the medium is considered equivalent to water with a density p = 1
glcm?®; the absorption coefficient v is equal to 8.24 cm?/g for *P source and 5.05 cm?/g for *Y
source; the mean beta energy per disintegration Eg is 0.695 MeV for *P source and 0.933 MeV
for Y source; the dimensionless parameters ¢ and f are respectively 0.92 and 5.28 for **P and
0.95 and 4.48 for *°Y. The surface activity as is 1 MBg/cm?® for both sources. The sources
considered in this study have radii a ranging from 0.01 to 0.045 cm and lengths L ranging from
0.25 to 3 cm; the estimates were carried out to radial distances in the interval 0.02 cm <y <0.9
cm and axial distances in the interval 0 cm <z < 1.6 cm.

Considering the dimensions of the sources described in Figures 2, 3 and 4, they were chosen in
order to match the commercially available intravascular brachytherapy sources **P (Guidant
Corporation, Houston, TX) and *°Sr/*®Y (Novoste Corporation, Norcross, GA) [16].

In part a) of Figure 2, relative absorbed dose rates in water are shown due to *P line source.
They are plotted against the radial distance measured from the z-axis of a 2.0 cm long cylinder
with radius of 0.012 cm. The results of this work (solid lines) are relative to the reference point
and calculated for z = 0 (upper curve) up to z = 1.6 cm (lower curve). Results have indicated that
up to z < 0.6 cm the dose rates are equal and they are negligible for the region z > 1.6 cm. For
comparison, published relative dose rates obtained by Monte Carlo simulations (squares and
triangles) for z = 0 cm [26,27] and z = 1.0 cm [27] are also shown. A good agreement
(differences < 6 %) was found in the region of clinical interest (y < 0.5 cm). In part b) of Figure
2, relative absorbed dose rates in water due to *Y line source are shown. They are plotted
against the radial distance measured from the z-axis of a 0.25 cm long cylinder with radius of
0.028 cm. The calculated values of this work (solid lines) are relative to the reference point and
calculated for z = 0 (upper curve) up to z = 0.5 cm (lower curve), with the omission of labels z =
0.2 and z = 0.4 cm. For comparison, published relative dose rates obtained by Monte Carlo
simulations (circles) for *Sr/*°Y beta source for z =0 cm, z = 0.3 cm and z = 0.5 cm [28] are
also shown and a fairly agreement (differences < 5 %) was found in the region of y < 0.7 cm
and z = 0 cm. It should be pointed out that such a comparison is only possible because the dose
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due to the *Sr/*°Y beta source are originated mainly due to the daughter isotope Y due to its
higher energy beta particles emitted. As can be seen from Figure 2 both sources exhibit a
general trend of decreasing doses with the increase of z and doses decrease steeply at region
beyond of £ = f/pv.
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Figure 2. Relative dose rates as a function of the radial distance for a fixed radius a = 0.012 cm and
length L = 2.0 cm (*?P source, part a)) and a = 0.028 cm and length L = 0.25 cm (*°Y source, part b)).
Dose rates are calculated for various axial positions and are relative to the dose rate at the reference
point. Monte Carlo studies for the *P (squares [26], triangles [27]) and Y (circles [28]) sources are
presented as well.
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Figure 3. Relative dose rates as a function of the axial distance for a *P beta source with radius
a = 0.012 cm and length L = 2.0 cm. Dose rates are calculated for various radial positions and are
relative to the dose rate at the reference point. The triangles are published results obtained by Monte
Carlo simulation [27].
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Figure 4. Relative dose rates as a function of the axial distance for a Y beta source with radius
a = 0.028 cm and length L = 0.25 cm. Dose rates are calculated for various radial positions and are
relative to the dose rate at the reference point. The circles are published results obtained by Monte Carlo
simulation [28].

It can also be seen that the relative dose rates start with an exponential decrease near the surface
of both sources up to z < L/2 cm. In general a good agreement was found in the entire region,
however a disagreement is observed at large radial distances. This discrepancy may be ascribed
to the simplified assumptions adopted in the use of the beta-ray point kernel dose function.

In Figure 3 the absorbed dose rates from the *P source are plotted against the axial distance
measured from the centre of a 2.0 cm long cylinder with radius of 0.012 cm. The results (solid
lines) are relative to the reference point and calculated for y = 0.05 cm (upper curve) upto y =
0.5 cm (lower curve), with the omission of labels y = 0.2 and y = 0.4 cm. As can be seen the
source exhibits a general trend of decreasing relative doses with the increase of y. The relative
dose rates from the 3P source are constant for z-values up to ~ L/2 and near the surface. For
comparison, reported results of Monte Carlo simulations of relative dose rates (triangles) for the
%2p beta source fory = 0.1 cm,y = 0.2 cm,y = 0.3 cm, y = 0.4 cm and y = 0.5 cm [27] are also
shown. A good agreement (differences < 6 %) was found for axial distances up to ~ 1.0 cm.
Figure 4 presents the absorbed dose rates from the Y source plotted against the axial distance
measured from the centre of a 0.25 cm long cylinder with radius of 0.028 cm. Results (solid
lines) are relative to the reference point and calculated for y = 0.05 cm (upper curve) upto y =
0.5 cm (lower curve), with the omission of labels y = 0.2 and y = 0.4 cm. As can be seen the
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source exhibits a general trend of decreasing relative doses with the increase of y. The relative
dose rates from the Y source are almost constant for the region near the surface and with
z < L /2. For comparison, results of Monte Carlo simulations of relative dose rates (circles) for
the *Sr/*®Y beta source for y = 0.05 cm, y = 0.3 cm and y = 0.5 cm [28] are also shown. A good
agreement (differences < 10 %) was found for axial distances up to ~ 0.7 cm then a poorer
agreement is observed.

Figure 5 shows the absorbed dose rates from cylindrical sources of **P (part a) and *Y (part b)
plotted against the length of the cylinder for radii ranging from a = 0.015 cm to a = 0.045 cm.
Results are normalised to the source with L = 2.0 cm and a = 0.015 cm at the reference point in
part a), and L = 0.25 cm and a = 0.015 cm at the reference point in part b). It can be noted that
in all cases the dose rates increase quickly at low lengths up to a maximum, determined by the
range of beta particles, and then remain constant as length increases from ~ 0.8 cm (*?P source)
or ~ 1 cm (*°Y source) on.

Figure 6 depicts the absorbed dose rates from cylindrical sources of **P (part a) and *°Y (part b)
as a function of the radius of the cylinder for various lengths L. Results are normalised to the
source with L = 2.0 cm and a = 0.01 cm at the reference point in part a), and L = 0.25 cm and
a = 0.01 cm at the reference point in part b). It can be seen that relative dose rates have a linear
growth with the radius. From Figure 6 can be clearly seen that the differences between
successive dose rates curves diminish as the length increases and are equal to zero for L > 1 cm
(**P source) and L > 1.5 cm (*°Y source).

Despite the good results observed in Figures 2-4, attention should be paid to the limitations of
the calculation method, i.e. the surrounding medium is formed by water only and is uniform.
This homogeneity is changed by the encapsulation of radioactive material, and scattering of beta
particles in this encapsulation material is not taken into account in the integration of point-
source dose function and may contribute to some discrepancies.
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Figure 5. Dose rates relative to the dose rate of the cylindrical source of L = 2.0 cm and a = 0.015 cm
(**P source, part a)), and L = 0.25 cm and a = 0.015 cm (*°Y source, part b)) at the reference point as a
function of the length of the source for radii ranging from a = 0.015 cm to a = 0.045 cm.
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Figure 6. Dose rates relative to the dose rate of the cylindrical source of L = 2.0 cm and a = 0.01 cm (P
source, part a)), and L = 0.25 cm and a = 0.01 cm (*°Y source, part b)) at the reference point as a
function of the radius of the source for lengths ranging fromL =0.25cmto L = 1.5 cm.

4. CONCLUSION

In this work a simple numerical routine calculation was developed to estimate the absorbed
dose distributions around cylindrical beta sources of *P and *°Y used in intravascular
brachytherapy to prevent the re-closing of arteries. The use of this calculation code to evaluate
the absorbed dose rates in water from the cylindrical **P and *°Y beta sources has allowed to
handle with various configurations of radii, lengths and distances in a simple and faster way.
The results of the relative dose rates of a such calculations for *P and *°Y were compared with
calculations obtained by published Monte Carlo simulations and in general a good agreement
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(differences < 6 %) was found up to radial distances of clinical relevance (~ 0.5 cm) from the
center of the cylindrical sources. In spite of the uncertainties associated with the application of
this numerical calculation method, it was capable to reproduce successfully the main features of
the absorbed dose rates in water around the cylindrical brachytherapy beta sources of *P and
%%y . However, although the results presented in this work indicate a good agreement with results
obtained by Monte Carlo method, a more accurate dose calculation is needed before clinical
implementation of the method. Our calculations do not take in consideration the presence of
inhomogeneities and the discrepancies increase with distance. Therefore, in the future is
proposed to calculate more precisely the absorbed dose distribution for farther distances from
the source axis and an inhomogeneity medium surrounding the source be taking into account.
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