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In this study an improved functional form for fitting the radial dose functions, g�r�, of 125I and 103Pd
brachytherapy seeds is presented. The new function is capable of accurately fitting radial dose
functions over ranges as large as 0.05 cm�r�10 cm for 125I seeds and 0.10 cm�r�10 cm for
103Pd seeds. The average discrepancies between fit and calculated data are less than 0.5% over the
full range of fit and maximum discrepancies are 2% or less. The fitting function is also capable of
accounting for the sharp increase in g�r� �upturn� seen for some sources for r�0.1 cm. This upturn
has previously been attributed to the breakdown of the approximation of the sources as a line,
however, in this study we demonstrate that another contributing factor is the 4.5 keV characteristic
x-rays emitted from the Ti seed casing. Radial dose functions are calculated for 18 125I seeds and 9
103Pd seeds using the EGSnrc Monte Carlo user-code BrachyDose. Fitting coefficients of the new
function are tabulated for all 27 seeds. Extrapolation characteristics of the function are also inves-
tigated. The new functional form is an improvement over currently used fitting functions with its
main strength being the ability to accurately fit the rapidly varying radial dose function at small
distances. The new function is an excellent candidate for fitting the radial dose function of all 103Pd
and 125I brachytherapy seeds and will increase the accuracy of dose distributions calculated around
brachytherapy seeds using the TG-43 protocol over a wider range of data. More accurate values of
g�r� for r�0.5 cm may be particularly important in the treatment of ocular melanoma. © 2008
American Association of Physicists in Medicine. �DOI: 10.1118/1.2964097�
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I. INTRODUCTION

Many brachytherapy treatment planning systems rely on
functional fits of radial dose function data when calculating
the dose distribution around a brachytherapy seed. The
TG-43 brachytherapy dosimetry protocol recommends using
a fifth order polynomial of the form,

g�r� = a0 + a1r + a2r2 + a3r3 + a4r4 + a5r5 �1�

to fit radial dose functions.1,2 Coefficients for the polynomial
fit are available for many of the sources in use today. While
fifth order polynomials are generally sufficient for fitting and
interpolating radial dose functions over a limited range
�roughly, 0.5 cm�r�10 cm�, the quality of fit is often de-
graded when the range is extended. When the range of data is
extended to include g�r� values for distances less than
0.5 cm from the source, fits may suffer from a number of
undesirable characteristics including nonphysical fluctua-
tions and poor quality of fit at small radii �r�0.25 cm�. Fifth
order polynomials also lack the ability to accurately repre-
sent the upturn �the change from decreasing to increasing
values� in g�r� seen for some seeds at distances of less than
0.1 cm.3 Another disadvantage of using a purely polynomial
function is that they generally exhibit nonphysical behavior
outside of the region of fit.

A number of alternatives to fifth order polynomials are
proposed by other authors including, Furhang and Ander-

4,5
son’s double exponential,
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g�r� = a0e−a1r + a2e−a3r, �2�

Moss’s modified sigmoidal,6

g�r� = a0� a1 + ea2�r−a4�

a1 + ea2�r−a4� + ea3�r−a4�� , �3�

and the modified fifth order polynomial from Meigooni
et al.,7

g�r� = �a0 + a1r + a2r2 + a3r3 + a4r4 + a5r5�e−a6r. �4�

While fits using these functions are often an improvement
over fifth order polynomials, based on calculations made
in this study, they are not always able to accurately fit
radial dose functions over a large range of radii �e.g.,
0.05 cm�r�10 cm�. The value of the radial dose function
at small r may be especially important when calculating the
dose from eye-plaques used in the treatment of ocular
melanoma.8

By modifying the functional form proposed by Meigooni
et al.7 �Eq. �4��, an improved fitting function for radial dose
functions can be constructed. The new function is quite simi-
lar to the one proposed by Meigooni et al., but replaces the
fourth and fifth order polynomial terms with ones that vary
inversely with first and second powers of r:

g�r� = �a0r−2 + a1r−1 + a2 + a3r + a4r2 + a5r3�e−a6r. �5�

The addition of these inverse terms allows for a more rapid

variation of the fitting function at small r and, hence, a much
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better fit to radial dose function data can be achieved very
close to the seed �where g�r� gradients are steepest�.

In this study, the EGSnrc9,10 user-code BrachyDose11–13 is
used to calculate radial dose functions for 27 brachytherapy
sources �18 125I and nine 103Pd�. A fit is performed on the
radial dose function data using Eq. �5� as a target function
and coefficients of the fits are tabulated. A related paper de-
scribes our EGSnrc calculated TG-43 dosimetry parameter
database,14 which provides the tabulated radial dose func-
tions from this study as well as tables of anisotropy functions
and dose-rate constants for the same sources.

II. RADIAL DOSE FUNCTION CHARACTERISTICS

Figure 1 shows scale drawings of four of the brachy-
therapy sources modeled in this study. For the purposes of
this study, these seeds, along with other 125I and 103Pd
sources, can be split into two different classes of seeds. The
first class has two or more sources of radiation separated by
a radio-opaque marker �Class A� and the second class has
radioactive material distributed along the length of the seed
including at the center �Class B�. While the radial dose func-
tions of these two classes of seeds behave roughly the same
for r�1 cm �decreasing monotonically�, at smaller distances
they behave quite differently.

Figure 2 shows radial dose functions, transverse axis dose
profiles, and dose profiles parallel to, and 0.05 cm away
from, the seed axis calculated in this study for two 125I seeds,
representative of each class of seed. The radial dose func-
tions of the typical Class A seed �BrachySeed LS-115–19�
shows a trend towards zero for r�0.25 cm while the typical
Class B seed �OncoSeed 671120,21� shows a sharp upturn in
g�r� for distances less than 0.1 cm from the source. Figures
2�b� and 2�c� show that the trend in g�r� toward zero for
Class A seeds is a result of the lack of dose along the trans-
verse axis at small r due to the internal structure of the seed.
For Class A seeds, there is a “build-up” of dose along the
transverse axis as the distance from the seed increases and
the two source elements emerge from the shadow of the
marker. The upturn seen for Class B seeds is a result of the
breakdown of the approximation of the sources as lines as
well as the contribution to dose from the 4.5 keV x-rays
emitted from the Ti casing as explained below.

In Rivard’s study3 of the Class B 125I IPlant 3500,3,22–24

FIG. 1. Scale drawings of a few of the brachytherapy sources modeled in
this study. Clockwise from the top left the sources are the 103Pd IBt Opti-
Seed 1032P, 103Pd IBt InterSource 1031L, 125I Amersham OncoSeed 6711,
and 125I BrachySeed LS-1. Active regions are shown in black for each
source and the thickness of the active regions for the Intersource 1031L and
OncoSeed 6711 are enhanced for this picture to make it visible. All four of
the sources are drawn to the same scale.
the upturn in g�r� is attributed to the breakdown of the
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TG-43 line source geometry function1,2 near the seed where
the distribution of radioactivity within the seed may deviate
from the approximation of an ideal line source. Rivard’s
study demonstrates that using a more realistic Monte Carlo
calculated geometry function can eliminate the upturn en-
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FIG. 2. Panel �a� shows typical radial dose functions, g�r�, for Classes A and
B seeds calculated in this study. The typical Class A curves are for the 125I
BrachySeed LS-1 and the typical Class B curves are for the 125I OncoSeed
6711. Panel �b� shows transverse axis dose profiles, without consideration of
the geometry factor, for the same two seeds, and panel �c� shows dose
profiles 0.05 cm away from and parallel to the seed axis. Curves in panels
�b� and �c� are independently normalized to Dmax �the maximum dose along
the shown curves�, so that their respective maxima are 100. The curves in
panels �b� and �c� are meant to show the relative shape of the dose profiles
only and not the absolute magnitude of dose.
tirely. To illustrate this further, consider the one dimensional
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analog of two ideal point sources located at r= �d, which
both have 1 /r2 dose distributions in the absence of attenua-
tion and scatter. In this case, the one dimensional equivalent
to the TG-43 line source geometry function approximation
would be

GPo
�r� =

1

r2 , �6�

while the actual geometry function for two point sources is
−d� .
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GP+,−
�r� =

1

�r + d�2 +
1

�r − d�2 . �7�

If we ignore any attenuation or scatter in the dose distribu-
tion, then when using Eq. �7� to calculate the radial dose
function, one obtains gP+,−

�r�=1 for all r as the dose distri-
bution is equivalent to the geometry function. However,
when using Eq. �6� for the geometry function in this case,
one gets:
gPo
�r� =

D�r�
G�r�

G�ro�
D�ro�

= �� 1

�r + d�2 +
1

�r − d�2�� 1

r2	�� 1

�1 + d�2 +
1

�1 − d�2	 , �8�
which exceeds unity for r�1 cm and blows up as r→d as
illustrated in Fig. 3. This type of analogy can be extended to
more dimensions and the same effect is seen when approxi-
mating the cylindrical sources found in many brachytherapy
sources as ideal line sources.

In this paper, we show below that another factor in the
upturn of g�r� is the contribution to dose made by the

4.5 keV x-rays emitted by the Ti encapsulation used for
most 125I and 103Pd seeds. These low energy photons have a
very short range in water ��0.1 cm� and deposit all of their
energy very close to the seed.

III. METHODS

III.A. Monte Carlo calculations

The EGSnrc9,10 user-code BrachyDose11–13 is used for all
of the Monte Carlo calculations in this study. BrachyDose
scores the collision kerma per history �which due to the low
energies involved, can be considered equal to dose per his-
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FIG. 3. Radial dose functions for two ideal point sources, with 1 /r2 dose
distributions �i.e., with no scatter or attenuation�, located at r= �d. The
radial dose functions are calculated using a geometry function of G�r�
=1 /r2 rather than the true geometry function of G�r�=1 / �r+d�2+1 / �r

2

tory� in a geometric region �voxel� using a track length esti-
mator. All calculations use photon cross sections from the
XCOM25 database and mass energy absorption coefficients
are calculated using the EGSnrc user-code “g.” Photon spec-
tra recommended in TG-43U12 are used to sample incident
photon energies and probabilities for both the 125I and 103Pd
isotopes. Electrons are not transported and photons are trans-
ported until their energy falls below 1 keV. Up to 4�1010

histories are simulated in order to reduce the standard devia-
tion �1�� on the calculated radial dose function to 2% or less
for all seeds at a distance of 10 cm from the source. A phan-
tom size of 30�30�30 cm3 is used for all dose calcula-
tions. The voxel sizes used for scoring dose increase as the
distance from the seed increase, with voxels as small as
�0.01 cm�3 being used for distances less than 1 cm from the
center of the source. Exact details about the voxel sizes and
methods used for calculating radial dose function data are
identical to those found in our earlier study13 and are not
repeated here. The radial dose function, g�r�, is tabulated at
intervals of 0.01 cm for 0.05�r�0.1 cm, 0.1 cm for
0.1�r�1.0 cm, and 0.5 cm for 5�r�10 cm. Due to the
large amount of data, the radial dose functions calculated
in this study are not presented here but are available online
at http://www.physics.carleton.ca/clrp/seed�database/ where
they are compared to previous calculations.

Monte Carlo models of the 27 brachytherapy seeds are
created using Yegin’s multigeometry package,26 which al-
lows detailed source geometries composed of cylindrical,
spherical, conical, and rectilinear objects to be modeled. All
source dimensions and geometries are taken from papers by
other authors and details of the source models along with
references to relevant papers are included in our related
TG-43 parameter database paper.14

To investigate the effects of x-rays emitted by the Ti en-
capsulation of the sources, a set of calculations is done for a
few seeds in which fluorescent emissions below 5 keV are

discarded immediately after they are created. The radial dose
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function is recalculated using these dose distributions and
compared to the standard calculation with 5 keV x-rays in-
cluded.

III.B. Radial dose function fits

Radial dose functions for all of the sources are fit using
Eq. �5� as the target function. Fits for fifth order polynomials
�Eq. �1�� and the modified polynomial of Meigooni et al.7

�Eq. �4�� are also calculated for comparison purposes. All fits
are performed using a nonlinear least-squares fit �Levenberg-
Marquardt� as implemented by the Python Scientific package
�available at http://dirac.cnrs-orleans.fr/plone/software/
scientificpython/�. Unless otherwise indicated, all fits are per-
formed using radial dose function data calculated in this
study. An arbitrary weighting scheme is used in all fits to
achieve the highest quality fit possible. In this study, the
quality of a fit is characterized by its average and maximum
residuals where the residuals for individual data points are
defined as,

Ri =
gfit�ri� − gdata�ri�

gfit�ri�
. �9�

TABLE I. Summary, for 125I, of the residuals Ravg and Rmax �as defined in the t
et al., and fifth order polynomials. Fits are performed over the range of 0.0
for fits performed over the range of 0.50 cm�r�10 cm to emphasize tha
improvement over the fifth order polynomial recommended by TG-43. All s

Seed name—model

Our modified polynomial Mo

rmin=0.05 cm rmin=0.5 cm rmi

Ravg

%
Rmax

%
Ravg

%
Rmax

%
Ravg

%

Advantage—IA1-125A 0.35 2.2 0.29 0.97 3.0
Best I-125 -2301 0.18 1.3 0.18 1.3 0.23
BrachySeed—LS-1a 0.29 1.3 0.22 1.3 1.2
Braquibac—Braquibac 0.29 1.6 0.31 1.6 0.51
EchoSeed—6733 0.29 1.4 0.21 1.5 0.40
Implant—STM1251 0.19 1.3 0.21 1.3 0.48
InterSource—1251La 0.23 1.2 0.19 1.2 1.0
IPlant—3500 0.22 1.3 0.21 1.1 0.33
IsoSeed—I25.S06 0.21 1.0 0.20 1.0 0.25
IsoSeed—I25.S17 0.25 1.4 0.21 1.3 0.30
IsoStar—IS-12501 0.30 1.3 0.30 1.4 0.66
OncoSeed—6702 0.32 1.6 0.20 1.1 0.75
OncoSeed—6711 0.22 1.7 0.22 1.7 0.30
PharmaSeed—BT-125-1 0.32 1.4 0.24 1.4 0.43
PharmaSeed—BT-125-2 0.28 1.8 0.25 1.7 0.38
Prospera—Med3631 0.24 1.2 0.18 1.2 0.48
ProstaSeed—125SL 0.32 1.9 0.22 1.6 0.38
SelectSeed—130.002 0.33 1.6 0.24 1.6 0.47
Average 0.27 1.5 0.22 1.3 0.64

aBrachySeed—LS-1 fit over the range of 0.2 cm�r�10 cm and InterSourc
The average residual is calculated as,
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Ravg =
1

N
�

i

N

�Ri� , �10�

and the maximum residual, Rmax is the maximum absolute
value of Ri from Eq. �9�. Fits for each function are performed
over the range of rmin�r�rmax. The value of rmax is set to
10 cm for all seeds while the value of rmin is chosen to be the
smallest value possible while still maintaining average re-
siduals of 0.5% or less and maximum residual of 2% or less.
The minimum rmin value used in this study is 0.05 cm, as the
radius of most seeds is approximately 0.04 cm. The range
0.05�r�10 cm covers the clinically relevant range for 125I
and 103Pd brachytherapy sources.

IV. RESULTS

IV.A. Radial dose function fits

For most 125I seeds, an excellent fit �Ravg�0.4% and
Rmax�2%� to the radial dose function is achievable over the
entire range of data calculated in this study �0.05 cm�r
�10 cm�. For most 103Pd seeds, the range of r is restricted to
0.10�r�10 cm in order to achieve the same quality of fit as
seen for the 125I seeds. The slightly restricted range for the
103Pd seeds is due to the difficulty in fitting g�r� for
r�0.10 cm for seeds whose radial dose function tend to-

or fits using our modified polynomial, the modified polynomial of Meigooni
�r�10 cm except for the two noted exceptions. Residuals are also shown
n for this restricted range, our modified polynomial function provides an
are Class B except for the BrachySeed LS-1.

polynomial of Meigooni et al. Fifth order polynomial

5 cm rmin=0.5 cm rmin=0.05 cm rmin=0.5 cm

Rmax

%
Ravg

%
Rmax

%
Ravg

%
Rmax

%
Ravg

%
Rmax

%

4.0 0.27 2.6 0.70 3.1 0.40 1.3
5.0 0.19 1.4 0.85 3.0 0.32 1.3
9.4 0.34 1.3 4.5 31 1.0 4.5
2.6 0.27 1.7 1.3 5.6 0.41 1.5
2.1 0.20 1.7 1.1 4.4 0.31 1.9
1.8 0.24 1.2 1.5 5.1 0.37 1.4
8.0 0.20 1.2 2.3 19 0.43 1.9

13 0.19 1.1 1.0 7.2 0.41 1.8
6.6 0.19 1.1 0.77 3.9 0.36 1.4
5.0 0.20 1.1 0.89 3.6 0.32 1.4
2.2 0.29 1.4 1.7 6.7 0.45 2.1

29 0.20 1.1 0.82 29 0.38 1.2
4.2 0.22 1.7 0.79 3.1 0.36 1.8
3.1 0.24 1.4 0.93 4.1 0.37 1.6
3.2 0.24 1.8 0.89 3.8 0.36 2.0
3.8 0.17 1.1 1.6 6.6 0.36 1.4
3.5 0.22 1.6 1.1 5.6 0.53 1.9
3.2 0.26 1.6 1.1 4.2 0.50 1.9
6.1 0.23 1.5 1.3 8.3 0.42 1.8

251L fit over the range of 0.1 cm�r�10 cm.
ext� f
5 cm
t eve
eeds

dified

n=0.0

e—1
wards zero at small r �Class A seeds described above�. For
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the 125I BrachySeed LS-1 and 103Pd BrachySeed Pd-1, the
range of fit is reduced to 0.20 cm�r�10 cm. Due to the
geometry of these seeds, they both have nontypical behavior
in their radial dose function curves for 0.05 cm�r
�0.25 cm and including this range leads to large residuals
and nonphysical behavior of the fitting function. Using the
normalization of the g�r� data as described in the companion
paper,14 the modified polynomial fit resulted in a function
which is unity at r=1 cm and the raw data for g�r� at 1 cm is
within 0.4% of unity.

Tables I and II summarize the quality of fit achievable
using our new function, the modified polynomial of

TABLE II. Same as Table I except for 103Pd seeds. All seeds are Class A exc

Seed name—model

Our modified polynomial Mo

rmin=0.05 cm rmin=0.5 cm rmi

Ravg

%
Rmax

%
Ravg

%
Rmax

%
Ravg

%

Advantage—IAPd-103A 0.27 1.6 0.27 1.6 1.9
BestPd-103—2335 0.34 3.0 0.32 2.8 2.1
BrachySeed—Pd-1a 0.31 1.7 0.28 1.7 1.7
InterSource—1031L 0.35 1.9 0.40 1.7 1.7
IsoSeed—Pd-103 0.30 2.4 0.24 2.0 0.55
OptiSeed—1032P 0.25 1.7 0.21 1.8 2.3
PharmaSeed—BT-103-3 0.24 1.6 0.23 1.9 2.0
Prospera—Med3633 0.37 2.1 0.35 1.8 0.85
TheraSeed—200 0.39 2.4 0.34 2.1 2.1
Average 0.31 2.0 0.29 1.9 1.7

aBrachySeed—Pd-1 fit over the range of 0.2 cm�r�10 cm due to the diffi

TABLE III. Radial dose function fitting parameters for 125I seeds. All fits are p
and InterSource 1251L. All radial dose functions are calculated using the lin
Class B except for the BrachySeed LS-1. Raw g�r� data have been normali

Seed name—model L/cm a0 /cm2 a1 /cm

Advantage—IA1-125A 0.300 6.7921�10−4 −1.5741�10−2 1.1
Best I-125—2301 0.395 6.4235�10−4 −1.4342�10−2 1.0
BrachySeed—LS-1a 0.410 −8.2908�10−4 −1.5007�10−1 1.3
Braquibac—Braquibac 0.307 7.0485�10−4 −2.1444�10−2 1.1
EchoSeed—6733 0.300 5.9901�10−4 −1.6969�10−2 1.1
Implant—STM1251 0.380 9.0798�10−4 −2.4072�10−2 1.0
InterSource—1251La 0.435 9.0016�10−5 −3.8520�10−2 1.1
IPlant—3500 0.376 1.1109�10−3 −2.0318�10−2 1.1
IsoSeed—I25.S06 0.350 6.8609�10−4 −1.3642�10−2 1.0
IsoSeed—I25.S17 0.346 7.5528�10−4 −1.7660�10−2 1.1
IsoStar—IS-12501 0.340 1.0827�10−3 −3.0314�10−2 1.2
OncoSeed—6702 0.330 1.9154�10−3 −2.6413�10−2 1.1
OncoSeed—6711 0.280 5.9638�10−4 −1.3360�10−2 1.1
PharmaSeed—BT-125-1 0.325 6.8761�10−4 −1.6662�10−2 1.1
PharmaSeed—BT-125-2 0.325 4.8089�10−4 −1.1519�10−2 1.1
Prospera—Med3631 0.420 8.8512�10−4 −6.3400�10−2 1.1
ProstaSeed—125SL 0.300 6.1867�10−4 −1.5851�10−2 1.1
SelectSeed—130.002 0.340 5.9991�10−4 −1.4694�10−2 1.1

a
BrachySeed—LS-1 fit over the range of 0.2 cm�r�10 cm and InterSource—1
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Meigooni et al. and fifth order polynomials for 125I and 103Pd
seeds, respectively. The tables show the average and
maximum absolute residuals for all three functions over
two ranges. The first range is a larger range
�0.05 cm�r�10 cm and 0.10 cm�r�10 cm for 125I and
103Pd seeds, respectively� while the second range is limited
to 0.50 cm�r�10 cm. Fits for the latter range are included
to emphasize that even for the reduced range �which encom-
passes the region that is probably most clinically relevant�,
our new functional form still offers a marked improvement
over the fifth order polynomial. Average residuals of fits us-
ing the modified polynomial of Meigooni et al. are similar to

or the InterSource 1031L and IsoSeed Pd-103.

polynomial of Meigooni et al. Fifth order polynomial

5 cm rmin=0.5 cm rmin=0.05 cm rmin=0.5 cm

Rmax

%
Ravg

%
Rmax

%
Ravg

%
Rmax

%
Ravg

%
Rmax

%

21 0.33 1.7 4.3 45 0.75 4.3
25 0.33 2.3 5.4 53 0.96 3.9
14 0.48 2.0 4.5 31 1.9 13

9.3 0.35 2.2 3.5 31 0.73 2.5
2.7 0.24 2.0 1.3 10 0.50 1.6

26 0.26 2.2 5.7 55 0.86 5.7
23 0.26 1.7 4.2 46 0.59 3.4
3.2 0.38 1.8 2.0 16 0.77 2.8

15 0.36 1.8 2.7 35 0.93 5.0
16 0.33 2.0 3.7 36 0.89 4.7

of fitting data very close to that seed.

med over the range of 0.05 cm�r�10 cm except for the BrachySeed LS-1
rce approximation with line source length given in the table. All seeds are
give gfit�1�=1.000.

Fit parameters

a3 /cm−1 a4 /cm−2 a5 /cm−3 a6 /cm−1

10+0 2.5623�10−1 −2.5011�10−2 1.0344�10−3 3.3650�10−1

10+0 4.8553�10−1 −1.0204�10−2 1.6721�10−3 4.2050�10−1

10+0 3.7178�10−1 9.0981�10−3 7.9701�10−4 4.3220�10−1

10+0 2.5892�10−1 −1.9130�10−2 7.4604�10−4 3.4830�10−1

10+0 4.2922�10−1 3.0489�10−3 2.5813�10−3 4.6810�10−1

10+0 5.1514�10−1 1.1439�10−2 3.4677�10−3 4.7100�10−1

10+0 3.7691�10−1 −2.1028�10−2 9.4002�10−4 3.6410�10−1

10+0 4.5785�10−1 −7.7001�10−3 1.7638�10−3 4.2760�10−1

10+0 4.3239�10−1 −1.7137�10−2 1.2310�10−3 3.9220�10−1

10+0 2.7369�10−1 −2.3379�10−2 1.0980�10−3 3.5310�10−1

10+0 1.7819�10−1 −2.2716�10−2 1.0380�10−3 3.1760�10−1

10+0 2.9603�10−1 −3.4599�10−2 1.3919�10−3 3.0090�10−1

10+0 4.0710�10−1 −5.5487�10−3 1.7421�10−3 4.4080�10−1

10+0 4.6299�10−1 1.3971�10−2 4.6737�10−3 5.0110�10−1

10+0 5.0233�10−1 2.7405�10−3 4.4628�10−3 4.9310�10−1

10+0 2.9318�10−1 −3.4692�10−2 1.3775�10−3 3.0090�10−1

10+0 4.6505�10−1 −4.1911�10−3 3.6906�10−3 4.7930�10−1

10+0 4.5675�10−1 −3.8617�10−3 3.2066�10−3 4.7050�10−1
ept f

dified

n=0.0

culty
erfor
e sou

zed to

a2
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251L fit over the range of 0.1 cm�r�10 cm.
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fits using our new modified polynomial over the restricted
range. However, when the fits are performed over the larger
range, our new function represents a large improvement over
both of the other function types. It should also be noted that
most of the Rmax values from fits using our modified polyno-
mial occur either at large r, where they are dominated by
statistical uncertainties or at very small r where it is most
difficult to achieve a high conformity of fit to the data. Tables
III and IV give the fit parameters for our modified polyno-
mial expression for 125I and 103Pd seeds, respectively.

The radial dose functions along with fits using our new
function, fifth order polynomials and the modified polyno-
mial of Meigooni et al. are shown for the OncoSeed 6711 in
Fig. 4 and the IBt OptiSeed in Fig. 5. The inset in each figure
shows the radial dose function for r�1.0 cm. The OncoSeed
6711 data are fit over the range of 0.05 cm�r�10 cm and
the OptiSeed data are fit over 0.10 cm�r�10 cm. Figure 6
shows the fit residuals for both seeds as defined in Eq. �9�.
From these figures, it is evident that the main strength of our

TABLE IV. Same as Table III except for 103Pd seeds fit over the range of 0.1 c
IsoSeed Pd-103 seeds. Raw g�r� data have been normalized to give gfit�1�=

Seed name—model L/cm a0 /cm2 a1 /cm

Advantage—IAPd-103A 0.362 −2.196�10−4 −9.8072�10−2 1.83
BestPd-103—2335 0.476 1.5101�10−3 −1.3800�10−1 1.90
BrachySeed—Pd-1a 0.420 1.1862�10−2 −3.5324�10−1 2.21
InterSource—1031L 0.435 2.2647�10−3 −1.0300�10−1 1.86
IsoSeed—Pd-103 0.350 1.9287�10−3 −4.7847�10−2 1.75
OptiSeed—1032P 0.380 7.2368�10−4 −1.2942�10−1 1.86
PharmaSeed—BT-103-3 0.375 −2.0294�10−3 −7.9854�10−2 1.81
Prospera—Med3633 0.420 1.7602�10−3 −1.1992�10−1 1.81
TheraSeed—200 0.423 −3.6394�10−3 −5.8095�10−2 1.90

aBrachySeed—Pd-1 fit over the range of 0.2 cm�r�10 cm.
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FIG. 4. Radial dose functions for the Class B 125I OncoSeed 6711. The
symbols represent the Monte Carlo calculated value of the radial dose func-
tion while the lines represent functional fits to the Monte Carlo values. The
fit is done over the range of 0.05 cm to 10 cm. The inset figure is the same

data plotted over the range of 0.05 cm to 1.0 cm.
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new function is its ability to fit the rapidly varying radial
dose function at small distances, including the upturn in g�r�
seen for the Class B seeds.

IV.B. Behavior of fits for r>rmax

Since the radial dose functions are fit to very small dis-
tances from the seed using g�r� from Eq. �5�, there is no need
to extrapolate g�r� for r�rmin. However, extrapolation of the
fits for r�rmax is of some interest.27 When estimating the
radial dose function outside the range of tabulated data, the
TG-43 protocol recommends using a log-linear extrapolation
using data from the two largest tabulated r values.27,28 This
extrapolation technique is recommended because, for large r,
g�r� behaves similarly to a pure exponential curve and hence,
a log-linear extrapolation can produce relatively accurate
values of g�r� beyond the range of tabulated data. The struc-
ture of our new function is also a good candidate for use as
an extrapolation function, because the exponential part of the
function dominates the polynomial factors as r increases and
the behavior of the fit becomes exponential-like.

r�10 cm. All seeds are Class A seeds except for the InterSource 1031L and
.

Fit parameters

a3 /cm−1 a4 /cm−2 a5 /cm−3 a6 /cm−1

10+0 1.2624�10−1 −3.6875�10−2 2.6999�10−3 6.0320�10−1

10+0 6.1474�10−2 −2.7870�10−2 2.1866�10−3 5.8760�10−1

10+0 −3.2497�10−1 1.5973�10−2 9.2637�10−10 4.4630�10−1

10+0 −2.9487�10−2 −2.5580�10−2 2.1394�10−3 5.3440�10−1

10+0 1.3311�10−1 −4.0432�10−2 2.9659�10−3 5.9250�10−1

10+0 1.3182�10−1 −3.7938�10−2 2.6165�10−3 6.0580�10−1

10+0 1.3112�10−1 −3.6732�10−2 2.6985�10−3 6.0500�10−1

10+0 2.4745�10−1 −4.9084�10−2 3.5708�10−3 6.3890�10−1

10+0 −2.6445�10−1 1.2862�10−2 7.0066�10−11 4.6780�10−1
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FIG. 5. Same as Fig. 4 except for the Class A 103Pd OptiSeed 1032P fit over
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To investigate the ability of our function to extrapolate
values of g�r� beyond the range of fit, radial dose functions
for three 125I and two 103Pd seeds are fit over the range of
0.1 cm�r�10 cm and the resulting fits are used to calculate
g�r� in the range of 10 cm�r�14 cm. Extrapolated values
are compared to Monte Carlo calculated values and values
calculated using the log-linear extrapolation recommended
by TG-43. The present study does not calculate dose data
past r=10 cm, so g�r� values from two other studies are used
for this comparison. Data for three 125I sources �Implant
1251, OncoSeed 6711, and OncoSeed 6702�, are taken from
a study by Kirov and Williamson29 while data for two 103Pd
seeds are taken from studies by Monroe and Williamson30

�TheraSeed 200� and Daskalov and Williamson31 �IsoSeed
Pd-103�. Radial dose functions are available out to
r=14 cm for these 125I seeds and out to r=14 cm and
r=12.5 cm for the IsoSeed Pd-103 and TheraSeed 200, re-
spectively. For the three 125I seeds and the IsoSeed Pd-103
log-linear, extrapolations are based on g�r� at r=9 and 10 cm
while values at r=7.5 and 10 cm are used for the 103Pd
TheraSeed 200.

Figures 7 and 8 compare g�r� values calculated using
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FIG. 6. Fit residuals �as defined in the text� for the three functional fits
performed in this study, for �a� the 125I OncoSeed 6711 �Class B� and �b� the
103Pd OptiSeed 1032P seed �Class A�. Residuals are calculated from the fits
shown in Figs. 4 and 5. Residuals off the graph are denoted by their values
and arrows.
Monte Carlo, our new fit function and the TG-43 log-linear

Medical Physics, Vol. 35, No. 9, September 2008
extrapolation for the three 125I and two 103Pd seeds men-
tioned above. In four cases, using our fitting function from
Eq. �5� for extrapolating g�r� results in agreement with the
Monte Carlo calculated values, which is better than or com-
parable to the log-linear extrapolation. For three of the seeds
�Implant 1251, OncoSeed 6711, and IsoSeed Pd-103�, both
extrapolation methods generally result in g�r� values that
agree with Monte Carlo calculated values within 10% �often
within 5%� for r=11, 12, 13, and 14 cm. For the TheraSeed,
g�r� at r=12.5 cm is underestimated by 17% and 69% by our
fit function and a log-linear extrapolation, respectively. The
large discrepancies for this seed may be a result of the lack
of data available in Monroe and Williamson30 for r�5 cm.
For the OncoSeed 6702, our function underestimates g�r� by
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FIG. 7. A comparison of extrapolated g�r� values for three 125I seeds. The
symbols are Monte Carlo data from Kirov and Williamson’s �Ref. 29�
study, while the solid lines are our fits to the same data over the range of
0.1 cm�r�10 cm. The dash-dot lines are log-linear extrapolations based
on the values of g�r� at r=9 and 10 cm. All g�r� values for the Implant 1251
seed are multiplied by 1.4 for clarity.
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FIG. 8. Same as Fig. 7 except for 103Pd sources. Monte Carlo data for the
TheraSeed are from the study by Monroe and Williamson �Ref. 30�, while
Monte Carlo data for the IsoSeed Pd-103 are from Daskalov and Williamson
�Ref. 31�. Log-linear extrapolations are based on points at r=9, 10 cm for
the IsoSeed Pd-103 and r=7.5, 10 cm for the TheraSeed. All g�r� values for

the IsoSeed Pd-103 are multiplied by 1.5 for clarity.
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16% at r=14 and 15 cm while the TG-43 type log-linear
extrapolation underestimates g�r� by only 10% and 6% at the
same two distances.

The increased accuracy of extrapolation for some seeds
using our function may be a result of two factors. First, the
behavior of g�r� is not exactly exponential in the extrapola-
tion region and, hence, the polynomial terms in the fitting
function may result in a more realistic fit function. Second,
the fit function is based on the fit of many data points and is,
therefore, less susceptible to statistical uncertainties than a
log-linear extrapolation based on only two points. We note
that this is a small sampling of radial dose function curves
and more study is required to evaluate how the range of fit,
quality of fit, shape of the radial dose function curve, etc.
impact the accuracy of the new modified polynomial func-
tion when used to extrapolate g�r� beyond the range of fit.

IV.C. Effect of low energy Ti x-rays on g„r…

For some 125I and 103Pd sources, there is an upturn in the
radial dose function at distances less than 0.1 cm from the
source. In his study of the 125I IPlant 3500,3 Rivard suggests
that this upturn is caused by the breakdown of the TG-43 line
source geometry function1 for r�L /2 where L is the length
of the line source. Rivard’s study also shows that using a
Monte Carlo derived geometry function, which represents
the photon fluence more accurately than the line source ge-
ometry, eliminates the upturn in g�r� completely. While the
breakdown in the line source geometry is one factor in the
upturn, the 4.5 keV characteristic x-rays emitted from the Ti
casing of brachytherapy seeds are also a contributing factor.

Figure 9 shows radial dose functions calculated for the
125I OncoSeed 6711 and 103Pd InterSource 1031L at dis-
tances less than 1 cm from the source. Radial dose functions
are shown for dose calculations made both with and without
fluorescent emissions from the Ti encapsulation included.
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FIG. 9. Radial dose functions for the 125I OncoSeed 6711 and 103Pd Inter-
Source 1031L. Radial dose functions are calculated both with and without
the 4.5 keV characteristic x-rays from Ti. Discarding the low-energy x-rays
completely suppresses the upturn in g�r� for the 6711 seed. However, an
upturn is still seen for the InterSource 1031L and is a result of the break-
down in the line source geometry function for small r.
This figure indicates that for the OncoSeed 6711, the low
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energy Ti x-rays, rather than the geometry function, are the
primary cause of the upturn at small distances. For the Inter-
Source 1031L, discarding the Ti x-rays decreases the magni-
tude of the upturn, but it does not change the shape very
much. The upturn in the geometry function is more drastic
for the InterSource 1031L than for the OncoSeed 6711 due to
the different distribution of radioactivity within the seeds.
While the main radiation sources for both of these seeds are
cylindrical in shape, the cylindrical bands of radioactivity in
the InterSource 1031L have a greater radius �r=0.034 cm�
than the OncoSeed 6711 does �r=0.015 cm�. The increased
radius means the InterSource 1031L deviates farther from the
line source approximation than the OncoSeed 6711 and, as a
result of the 1 /r2 effects explained above �also see Fig. 3�,
the upturn is enhanced.

It should be noted that due to the rapid decrease in dose
found along the transverse axis in Class A sources for small
r, there will typically not be an upturn in g�r�. However, the
4.5 keV photons still provide a significant dose enhancement
close to the seed. The same effects are not seen for the 103Pd
OptiSeed, as it is encapsulated in a biocompatible polymer
rather than the more commonly used titanium.

V. CONCLUSIONS

In this study, a new function for fitting radial dose func-
tions is presented and used to fit g�r� for 18 125I and nine
103Pd brachytherapy seeds. The raw g�r� data are available
at http://www.physics.carleton.ca/clrp/seed�database/ along
with an interactive calculator which gives g�r� at any r for
the 27 seeds reported on. Our new function gives a much
higher quality of fit than the fifth order polynomial recom-
mended by TG-43, especially when fitting radial dose func-
tion data very close to the seed. The inverse terms in our
function allow for accurate fitting of radial dose function at
distances of only 0.05 cm from the seed, including the up-
turn in g�r� seen for some seeds. The upturn in the radial
dose function is partially due to the low-energy x-rays emit-
ted from the Ti casing and partly due to the breakdown of the
line-source geometry function for small r. The function may
also be a good candidate for extrapolation of g�r� values for
r�rmax, although more study is required. Overall, excellent
fits to the radial dose functions of 27 different brachytherapy
seeds are achieved with average discrepancies between the
Monte Carlo data and the fitting function of 0.4% or less. We
believe this function will make an excellent fitting function
for all 125I and 103Pd brachytherapy seeds.
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