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The increase in the number of manufacturers of '*I sources used in prostate brachytherapy has
generated many questions in the radiation oncology community. In this investigation, the physical
and dosimetric characteristics were evaluated for the following sources listed by marketing com-
pany and source model: Nycomed-Amersham 6711 (OncoSeed), Nycomed-Amersham 6702, Men-
tor IoGold, UroMed Symmetra, Imagyn IsoSTAR, UroCor, (PSA, Mallincrkrodt) ProstaSeed, Syn-
cor PharmaSced, SourceTech Medical, (BARD) 125Implant (BrachySource), Med-Tec I-Plant, Best
Medical Model 2301, Draxlmage BrachySeed, and International Brachytherapy, Inc. (IBT)
InterSource'?. The investigation examined the differences in design, construction, and the dosim-
etric characteristics created from each source. The dosimetric characteristics of the new sources
were compared to that of the Amersham 6711 source. Parameter studies have led to the develop-
ment of a simple equation that can be used to clinically convert the standard 6711 source strength
to an equivalent strength of a new source. © 200] American Association of Physicists in Medi-

cine. [DOI: 10.1118/1.1359246]
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I. INTRODUCTION

This article investigates the physical and dosimetric proper-
ties of eleven commercially available 2% sources intended
for use in prostate brachytherapy. With the increasing num-
ber of manufacturers and sources clinically available, many
questions have surfaced. The most commonly asked ques-
tions are:

(1) What source do I use or would want to use?

(2) What are the physical and dosimetric characteristics of a
particular source?

(3) Are the sources different? If so, how do they differ?

(4) Do the physical characteristics affect the source
strength?

(5) How do I compare existing source dosimetric data with
new source dosimetric data?

(6) What activity (source strength) do I use when planning
with a particular source?

(7) How do I evaluate the new sources being introduced?

These are important questions. Some of the questions will
not be addressed in this article. It is the intention of the
authors that the data presented here will help in the evalua-
tion of the referenced sources and present an approach that
the reader can use to evaluate new sources when they are
introduced in the future. The study was not designed to de-
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termine which source is the best, but rather to inform the
radiation oncology and urology communities of the physical
and dosimetric characteristics for the many sources available.

Il. BACKGROUND

The external designs of the 1251 sources appear to be simi-
lar. However, in investigating the characteristics of the
source differences become quite apparent.

A. Dosimetric characteristics

The AAPM Radiation Therapy committee recommends
that each new brachytherapy source have a thorough and
redundant dosimetric characterization before it is clinically
used. The committee rccommends that each manufacturer
have at least one (preferably two) independent series of do-
simetric measurements and one Monte Carlo dosimetric
study performed to confirm the dosimetric characteristics.'
All of the sources’ dosimetric characteristics are reported
according to the Task Group-43 (TG-43) recommendations.?
Yet there is no protocol or standard on how to make mea-
surements that characterizes a source. Even with the TG-43
report, there are no universal standards specifying the dis-
tances or angles where measurements should be taken. This
makes source data comparison difficult as different research-
ers have used different methods.

© 2001 Am. Assoc. Phys. Med. 671





672 Heintz, Wallace, and Hevezi: Comparison of I-125 sources

The data presented in this article will be the dose rate
constant, A, anisotropy factor, ¢,,, anisotropy function,
F(r,0), radial dose function, g(r), and the fifth-order poly-
nomial for g(r).

The PharmaSeed, 125Implam, and InterSource'?® source
data presented in this investigation are Monte Carlo simula-
tion results. The IoGold, ProstaSeed, Model 2301, and
[-Plant source data are measured (TLD and ion chamber)
data. The 6711, 6702, IsoSTAR, Symmetra, and BrachySeed
source data are a combination of measured and Monte Carlo
data.

New source data published by the manufacturers often
reference and compare their sources to the Nycomed-
Amersham 6711 and 6702 sources that have the longest his-
tory of clinical use and therefore are considered the bench-
marks for the industry. Since the 6711 and 6702 sources
have very different internal physical characteristics, manu-
facturers of new sources are able to select which source de-
sign best resembles their source for comparison.

Manufacturers often reference their source being dosi-
metrically similar to that of the Nycomed-Amersham 6702
source, yet the minimum available source strength is 5 mCi
and is not used with the current permanent transperineal
technique. The source will be used in the article as a refer-
ence for physical and dosimetric characteristics.

B. Physical characteristics

The physical characteristics of the sources can be divided
into (a) the actual physical construction of the source; (b) the
source imaging visualization properties; and (c) the distribu-
tion of the radioactivity within the internal core of the
source. Figure 1 illustrates the cross sectional view of each
source. Tables I and II describe the elements in each design.

There are two distinctly different source design types. Re-
garding the physical design of the internal core of the source,
two types of designs have been used: (a) Rod/Wire/Cylinder
and (b) Sphere. The internal physical design characteristics
are used to aid in the visualization of the sources on a fluo-
roscopic, radiographic or CT image.

Four different types of materials have been used for the
construction of the internal core of the sources: (a) Resin, (b)
Ceramic, (c) Glass, (d) High-Z materials. The distribution of
the I-125 within the internal core of the source is either: (a)
Absorbed throughout the internal core (i.e., volume distrib-
uted), (b) Adsorbed across the surface of the internal core of
the source (i.e., surface distributed).

Ill. COMPARISONS

Dosimetric characteristics of each source type were esti-
mated through measurements and calculations. Measure-
ments were made using TLDs, film, ion chambers, and di-
odes. Calculations were performed with various Monte Carlo
software programs and using various and differing photon
interaction coefficient data. Monte Carlo results are intended
to provide the manufacturer with a set of reference dosimetry
parameters for which the experimental measurements can be
confirmed.’
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The values of the measured data for the 6711, 6702, and
Symmetra sources are systematically higher than the Monte
Carlo calculations. The percent differences ranged from
1.2% to 2.9% for the dose rate constant. The Symmetra
source data showed that the Monte Carlo calculations under-
estimate the dose rate constant by 2.9% and under estimates
the anisotropy and radial dose function as well.

The Monte Carlo calculations for the IsoSTAR and Phar-
maSeed sources were higher than the measured data. The
percent differences ranged from 3.2% to 4.3% for the dose
rate constant.”> When measurements were performed in a
phantom, a correction factor was applied to correct for dif-
ferences between the phantom and liquid water. These cor-
rection factors were consistent with those published by
Luxton® and Williamson’ using Monte Carlo calculations to
predict corrections between Solid Water™ and liquid water.

Tables III and IV show the dosimetric characteristics for
each of the sources and the method in which the values were
determined. The table includes the updated dose rate con-
stants for the sources that have been updated.

A. Radial dose function, g(r)

The radial dose functions, g(r) were evaluated for radii
ranging from 0.1 to 14.0 cm. Typically, the mcasured data
was taken at 0.5 cm intervals beyond 1 cm, whereas the
calculated data was computed at 0.1 cm intervals to 1 cm and
at 0.5 cm intervals from 1 cm out to 14 ¢cm.?~>8-17

The Symmetra, I-Plaut, mImpl'dm, and BrachySeed
sources have radial dose functions that average 1.5% higher
at 1.5 cm and 22% higher at 6 cm than the 6711 source. The
commonality between these sources is the ceramic material
used for the construction of the internat core of the source.
Sources of this construction demonstrate a photon spectrum
essentially that of the 1-125 decay scheme. The contribution
of characteristic x rays from internal components is minimal.
The characteristic x rays generated from the gold visualiza-
tion marker inside the Symmetra source are Lj,,
=14.35keV, Lj,,=13.73keV, Ly=119 keV, L.,
=13.3keV, L =11.58keV.'*'*!® The characteristic x rays
generated from the silver visualization marker of the [-Plant
and the silver doped inside the glass of the BrachySeed are
K.p=25.517keV, Kg,=25.45keV, Kp =24.942keV, K,
=22.16keV, K,,=21.98keV.'"® With the silver inside the
source and the I-125 absorbed throughout the ceramic sub-
strate of the source the attenuation from the silver on the
photon spectrum is minimal and the characteristic x ray con-
tribution is minimal. With the exception of the lzslmplant
having the I-125 adsorbed onto the copper skin covering the
ceramic internal core, the I-125 is absorbed throughout the
internal core of the sources.'*

The 6702 and IoGold sources also have radial dosc func-
tions that average 1.2% higher at 1.5 cm and 10% higher at
4 cm than the 6711 source. The sources with a resin substrate
have a photon spectrum from the I-125 decay scheme. The
IoGold source has 2 Gold—Copper markers in the center of
the sources for visualization.”!%!® The characteristics x rays
generated from the gold (80%)/copper (20%) markers inside
the ToGold source are L;,,=14.35keV, L;;,,=13.73keV,
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the gold

and K,,=898keV,

K32=897 keV, Kﬂ]
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copper. Detectable characteristic x

rays generated due to the
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gold and copper have energics generally less than 12 keV. In
phantom, these spectral components have no clinical signifi-
cance and in air kerma determinations may be removed by
judicious filtration.!” The Monte Carlo programs used for
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TABLE I1. Physical characteristics of sources with an internal design of spheres.

UroCor
Mallinckrodt
Source Marketing PSA (Prostate Services Imagyn Medical
Company Nycomed—Amersham of America) Technologies Incorporated Mentor Corporation DraxImage Inc.
Source Manufacturing Nycomed~Amersham Mills International Isotope Inc. North American DraxImage Inc.

Company Biopharmaceuticals
(A UroCor Company)
Source Trade Name 6702 ProstaSeed
Source Model Name 6702 I125-SL
Manufacturing Location United States Unites States
External Length (mm) 4.5 mm 4.5 mm
External Diameter {mm) 0.8 mm 0.8 mm
Wall Thickness (mm) 0.06 mm 0.05 mm

End Design Laser Welded End Cap Laser Welded End Cap
(Semi-circle) (Semi-circle)

End Thickness (mm) average 0.5 mm 0.36-0.43 mm

Internal Design Type Spheres Spheres

Spheres Diameter 0.6 mm 0.5 mm

1251 absorbed by ion 1251 absorbed by jon
exchange into 3—5 resin exchange onto 5 silver

Internal Design
Construction

spheres microspheres
Radiographic Marker none 5 silver microspheres
Minimum source strength 5.0 mCi 0.28 mCi
Maximum source strength 40 mCi 0.97 mCi
Figure lh 11

Scientific Inc. Cytogen (USA)

IsoSTAR IoGold BrachySeed
12501 MED3631-A/M LS-1

United States United States Canada
4.5 mm 4.5 mm 4.4 mm
0.8 mm 0.8 mm 0.8 mm
0.05 mm 0.05 mm 0.05 mm

Laser Welded End Cap Laser Crimp Weld End Hemisphere

(Semi-circle) Cap
(Semi-circle)

average 0.5 mm average 0.15 mm 0.065 mm
Spheres Spheres Spheres
0.64 mm 0.5 mm 0.5 mm

151 is absorbed onto 5 silver '25I absorbed into 4 resin 1251 absorbed into 2

microspheres with a silver
iodide diffusion barrier.

spheres. Two gold-
copper spheres are in the
middle of resin spheres.
2 gold-copper spheres

glass spears doped
with silver

5 silver microspheres Pt/10% Ir Marker

0.1 mCi 0.213 mCi 0.08 mCi
1.0 mCi 0.483 mCi 40 mCi
1j 1k 11

calculations ignore less than about 10 keV photons.”® The
6702 source has no high Z material in the source to attenuate
the photon fluence or significantly alter the photon spectrum.

InterSource!? source has a radial dose function that is
2.9% higher at 1.5 cm and 37% higher at 6 cm than the 6711
source. The source is hollow in the middle making the or-
ganic matrix which the I-125 is coated onto wrap around the
inside tube of the hollow source at each end of the source
and around a Platinum—Iridium marker located in the middle
of the source. The source has a photon spectrum from the
I-125 decay scheme. The inside tube, I-125 bands, and
Platinum—Iridium marker is encapsulated by an outside tubc
welded at each end. The Platinum-Iridium marker is used
for source visualization.!” The characteristic x rays generated
from the Platinum-Iridium marker inside the source are
Lyap=13.87keV, Lyjq,=13.27keV, Ly, =11.56keV, L,
=112.94keV, and Lg,=11.58keV from the Platinum and
Lisp=13.41keV, Ly, =12.82KkeV, Ly, =11.21keV, L,
=12.51keV, and L,=10.92keV from the Iridium. Detect-
able characteristic x rays generated due to the platinum and
iridium have energies generally less than 12 keV. In phan-
tom, these spectral components have no clinical significance
and in air kerma determinations may be removed by judi-
cious filtration.'® The Monte Carlo program used for the cal-
culations of the InterSourcel25 source ignored energies less
than about 4.5 keV photons.'”

IsoSTAR, Model 2301, PharmaSeed, have radial dose
functions that substantially match the 6711 source. Radial
dose functions of these sources average 2.5% lower at 1.5 cm
and 2.5% lower at 5 cm. The ProstaSeed source is 5.7%
lower at 1.5 cm and 10% lower at 5 cm. The commonality

Medical Physics, Vol. 28, No. 4, April 2001

between these sources is the material used for the construc-
tion of the internal core of the source is of a high atomic
number and that all of the I-125 is adsorbed onto the surface
of the core. The 6711, IsoSTAR, ProstaSeed have a silver
internal core, PharmaSeed has a palladium internal core and
Model 2301 has a tungsten internal core.>*>®° The charac-
teristic x rays generated from the silver of the 6711, IsoS-
TAR, and the ProstaSeed sources is K,,=25.517keV, Kg
=25.45keV, Kz =24942keV, K, =22.16keV, K,
=21.98keV. The characteristic x rays generated from the
palladium of the PharmaSeed source is K,,=24.35keV,
Kﬂ2=24.3kCV, KB1=2382k€V, Ka1=21.17ch, KQ,Q
=21.02keV. The characteristic x-ray spectral components
can be considered identical among sources having silver
(6711, IsoSTAR, ProstaSeed) or palladium (PharmaSeed)
cores. For these sources, the net spectrum contains the char-
acteristic x rays and those of the 1-125 decay scheme. The
Model 2301 has a tungsten characteristic x-ray spectrum of
L1p=12.09keV, Ly, =11.53keV, Lyjp,,=10.19keV, L.,
=11.28keV, and Lg,=9.59keV. The Model 2301 charac-
teristic x rays have no significant effect on the photon spec-
trum and the source emits an essentially pure I-125 decay
scheme spectrum. Thus, in sources having high-Z internal
components, the photon spectrum may be significantly soft-
ened thereby reducing both the photon fluence and the pen-
etration. For a unit contained activity, this affects the values
of the air kerma strength (and therefore) the dose-rate con-
stant, and radial dose function.

In accord with the practice in the TG-43 report, the radial
dose functions for each source design have been fit to a fifth
order polynomial either by the manufacturer or one of sev-





676 Heintz, Wallace, and Hevezi: Comparison of i-125 sources

TaeLe 1. Rod, wire, or cylinder source design dosimetric characteristics.

676

Marketing Nycomed— Source Tech International
Company Amersham UroMed Syncor BARD Med-Tech Brachytherapy Best Medical
Source Name 6711 125.506 BT-125-1 STM 1250 Moadei 3500 12511. Model 2301
Model Name OncoSeed Symmetra PharmaSeed 125Implant I-Plant Intersource!?’ Model 2301
1999 Dose Rate 0.98 1.04 0.95 0.980 1.01 1.01
Constant A jgg0 (MC)? (TLD)® (MC) (MC) (TLD) (TLD)
(cGy/hr/U)
2000 Dose Rate 1.02 1.05
Constant A 0 (MC) (TLD)
(cGy/hr/U)
Anisotropy 0.93 0.939 0.975 0.942 0.95 0.95 0.982
Gun(1) (TLD) MC) MC) (MC) (TLD) (MC) (TLD)
Conversion 1.27 1.27 1.27 1.27 1.27 1.27 1.27
U/mCi
Distance Radial Dose Radial Dose Radial Dose Radial Dose Radial Dose Radial Dose Radial Dose
(cm) Function g(r) Function g(r) Function g(r) Function g(r) Function g(r) Function g(r) Function g(r)
(TLD) (MC) (MC) MQ) (TLD) (MC) (TLD)
0.1 1.001 1.061
0.2 1.0194 1.08 1.003
0.3 1.0263 1.095 1.024 0.938
04 1.084 0.980
0.5 1.040 1.0289 1.073 1.033 1.029 1.000 1.048
0.6 1.058
0.7 1.055
0.75 1.0203 1.022
0.8 1.035
09 1.018
1.0 1.000 1.000 1.000 1.000 1.000 1.000 1.000
1.5 0.926 0.9397 0.921 0.937 0.936 0.953 0.899
2.0 0.832 0.8593 0.814 0.856 0.856 0.891 0.824
2.5 0.731 0.7796 0.772 0.771 0.813
3.0 0.632 0.6988 0.639 0.691 0.687 0.738 0.683
35 0.541 0.6218 0.612 0.608 0.662
4.0 0.463 0.5481 0.483 0.54 0.535 0.591 0.522
45 0.397 0.4819 0.475 0.525
5.0 0.344 0.4203 0.374 0.415 0.410 0.469 0.358
5.5 0.300 0.415
6.0 0.264 0.3228 0.285 0.314 0.312 0.362 0.287
6.5 0.233 0.315
7.0 0.204 0.2394 0.207 0.236 0.236 0.273 0.208
8.0 0.1816 0.152 0.176 0.159
9.0 0.1330 0.115 0.131 0.115
10.0 0.0995 0.09 0.097 0.083
1.0 0.0723 0.07
12.0 0.051
13.0 0.038
14.0 0.026
Fifth Order Polynomial
Ag 1.0137 1.0152 1.0876 0.98279 1.00869 0.87843 1.1037
A, 0.12274 0.076721 0.0026197 0.11792 0.109038 0.331992 —0.090085
A, —0.17302 —0.11646 —0.11222 —0.20996 —0.15269 —0.271909 —0.03332
As 0.040237 0.023837 0.027744 0.05749 0.037667 0.069762 0.0057713
Ay —0.0038522 —0.00201 -0.0027189 —0.00713 —0.00413 —0.00825 ~0.00025599
As 0.00013428 0.0000621 0.0000965 0.000338 0.000175 0.000373
Range (cm) 7 11 10 7 7 7 10

“MC=Monte Carlo Simulations.
STLD=Thermo Luminescent Dosimetry.

eral treatment planning system vendors. Tables III and IV
show the radial dose function values and the fifth order poly-
nomial for each source design. Figures 2 and 3 show a
graphical comparison of the radial dose functions.

B. Anisotropy function, (F(r,0))

The anisotropy function, F(r,8), for each source was cal-
culated according to the recommendations of the TG-43 re-
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port. Each manufacturer reported their two-dimensional an-
isotropy functions, F(r,6), at various radial distances
ranging from 0.25 to 7 cm.

The Symmetra, mlmplant, I-Plant, and BrachySeed have
anisotropy values within =10% of the 6711 source between
30 and 90 of the transverse axis.'?>"'® The range of anisotropy
values is between 0.414 and 0.734 at the longitudinal end of
the source for the sources with a ceramic internal core. The
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TaBLE IV. Sphere source design dosimetric characteristics.

Imagyn UroCor
Marketing Nycomed- Medical Mallinckrodt Draxis (canada)
Company Amersham Mentor Technologies PSA Cytogen (USA)
Source Name 6702 MED3631-A/M 12501 1125-SL LS-1
Source Model 6702 IoGold IsoSTAR ProstaSeed BrachySeed
1999 Dose Rate 1.04 1.06 0.94 0.95
Constant A jgg9 (MC)? (TLD)® (TLD/MC) (TLD)
(cGy/hr/U)
2000 Dose Rate 1.01
Constant A 500 (MC)
(cGy/hr/U)
Anisotropy 0.95 0.95 0.889 0.94 0.975
banlr) (TLD) (TLD) (MC) (TLD) (Film/MC)
Conversion 1.27 1.27 1.27 1.27 1.27
U/mCi
Distance Radial Dose Radial Dose Radial Dose Radial Dose Radial Dose
(cm) Function g(r) Function g(r) Function g(r) Function g(r) Function g(r)
(TLD) (TLD) (MC) (TLD) (Film/MC)
0.1 1.022
0.15 1.058
0.2 1.084
0.25 1.093
0.3 1.093 1.180
04 1.088
0.5 1.04 1.069 1.08 1.129 0.990
0.75 1.037 1.065
0.8 1.04
1.0 1.000 1.000 1.000 1.000 1.000
1.5 0.934 0.915 0.907 0.873 0.935
2.0 0.851 0.825 0.808 0.754 0.867
25 0.76 0.735 0.715 0.647 0.782
3.0 0.67 0.651 0.618 0.552 0.700
35 0.587 0.575 0.533 0471 0.623
4.0 0.511 0.509 0.463 0.405 0.553
45 0.445 0.453 0.404 0.351 0.490
50 0.389 0.406 0.348 0.308 0.432
5.5 0.431 0.296 0.274 0.379
6.0 0.301 0.331 0.253 0.247 0.330
6.5 0.266 0.226 0.225 0.286
7.0 0.235 0.265 0.193 0.205 0.247
7.5 0.172 0.186 0.214
8.0 0.149 0.168 0.185
8.5 0.122 0.150 0.161
9.0 0.099 0.133 0.139
9.5 0.088 0.119
10.0 : 0.0746 0.095
Fifth Order Polynomial
Ag 1.0231 1.1096 1.0672 1.2537 0.9698912
Ay 0.086375 —0.043833 0.0600571 —0.23884 0.117581
A, —0.13715 —0.086391 —0.15308 —0.02701 —0.1281618
A 0.0307795 0.022749 0.037692 0.013639 0.0260055
Ay —0.0028694 —0.0022649 —-0.003725 —0.001531 —0.0022491
As 0.000098755 0.000079185 0.0001328 0.0000562 0.0000726
Range (cm) 7 7 7 9 7

*MC=Monte Carlo Simulations.
PTLD=Thermo Luminescent Dosimetry.

BrachySeed has the most isotropic of the ceramic internal
core sources.'® The source’s only weld is in the middle of the
source eliminating the photon fluence attenuation problem
inherent in end weld sources. The '**Implant source has the
most pronounced anisotropy characteristics of all the I-125
sources.'* The anisotropy value at the longitudinal axis is
0.414, increases to 0.64 at 2 degrees then decreases to 0.551
at 7 degrees and then increases uniformly to 90 degrees. The
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source is within =10% of the 6711 source between 10 and
90 degrees.

The 6702, loGold, and InterSource'? sources have an an-
isotropy value within *10% of the 6711 source from 30 to
90 degrees.>'®!” The significant variation between the two
resin sources occurs at the longitudinal end of the source.
The 6702 source has an anisotropy value of 0.528 where the
IoGold source has a value of 0.722. The InterSourcel25
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source has an anisotropy value between that of thc IoGold
and 6702 source with a value of 0.656. This is a result of the
InterSource125 source having a hollow core thus reducing
the end thickness difference resulting in attenuation of the
photon fluence through the end cap out to about 30 degrees.
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cm.

The 6702 source has an end thickness of 0.5 mm and the
IoGold source has an end thickness of 0.15 mm. There exists
a similarity between the IoGold and the 6702 sources anisot-
ropy values at 50 and 60 degrees, where for both sources, the
values of F(r,8). Both values decrease and then increase.

The PharmaSeed source mimics the 6711 source from 10
to 90 degrees.* The ProstaSeed source parallels the 6711
source within *15% from the longitudinal axis to 90
degrees.8 With an end thickness of 0.5 mm and silver sphere
diameters of 0.64 mm the IsoSTAR is the most anisotropic
source.” This is a result of oblique filtration from the large
surface area of the spheres and through the end welds. Model
2301 is the most isotropic of all the I-125 sources currently
available.® The source is a double encapsulated source with a
total wall thickness of 0.14 mm. The anisotropy is assumed
to be symmetrical about both ends of the source even with
two different end designs. It has an anisotropy value of 0.85
along the longitudinal axis and increases to 1 at 90 degrees.

The significant differences found in the anisotropy func-
tions among the sources may be the result of the differences
in the internal core substrate material, end cap thickness’,
source geometry, and the internal distribution of the activity.
Figure 4 shows the anisotropy functions plotted for a radius
of 2 cm.

C. Average anisotropy factor, (¢,,(r)) and anisotropy
constant (¢,,)

For each source design, the average anisotropy factor,
¢an(r) has been calculated from the anisotropy functions,
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TABLE V. Rod-wire source design dose rate values for an S,=1.0 U.

679

Source
Name 6711 Symmetra  PharmaSeed '*Implant  I-Plant  InterSource'” Model 2301
Distance Dose Rate Dose Rate  Dose Rate  Dose Rate  Dose Rate Dose Rate Dose Rate
(cm) (cGy/hr) (cGy/hr) {cGy/hr) (cGy/hr) (cGy/hr) {cGy/hr) (cGy/hr)
0.5 0.948 1.005 0.994 0.951 0.980 0.969 1.081
I 0911 0.977 0.926 0.923 0.960 0.969 1.031
1.5 0.844 0918 0.843 0.865 0.902 0.923 0927
2 0.758 0.839 0.754 0.790 0.828 0.863 0.850
2.5 0.666 0.761 0.668 0.713 0.747 0.788
3 0.576 0.682 0.592 0.638 0.667 0.715 0.704
3.5 0.493 0.607 0.513 0.565 0.591 0.641
4 0.422 0.535 0.447 0.499 0.520 0.573 0.538
4.5 0.362 0.471 0.394 0.439 0.509
5 0.314 0.410 0.346 0.383 0.400 0.459 0.369
55 0.273 0.299 0.402
6 0.241 0.315 0.264 0.290 0.304 0.351 0.296
6.5 0.212 0.231 0.305
7 0.186 0.234 0.192 0.218 0.231 0.265 0.214
125

F(r,8). The values recommended by the manufacturers for
the anisotropy constant was determined from TLD measure-
ments, GAFchromic™ film measurements and Monte Carlo
calculations. Anisotropy values ranged from 0.889 to 0.982.
Tables III and IV summarize the anisotropy factors for each

source.2>8-17

D. Dose rate constant, A

The dose rate constant, A, was measured in solid phan-
toms with factors to convert the data to liquid water and or
was calculated in liquid water using Monte Carlo simulation
methods. The dose rate constants presented here are in terms
of the 1999 and 2000 NIST calibration standards.?"*

The reported values for the dose rate constants ranged
from 0.94 to 1.06 cGy/hi/U. Tables III and IV show the dose
rate constants for each source design and as provided by each
manufacturer.

E. Dose rate comparison

To illustrate the difference in the sources, a point dose
calculation was been performed with source strength of 1 U
along the transverse axis of the source to determine the ap-
propriate source strength for each source. At 1 cm the
sources dose rates ranged from 0.836 to 1.031 cGy/ht/U
(8.31% lower than the 6711 source and 13.1% higher than
the 6711 source).

The Symmetra, '>’Implant, and BrachySeed sources have
dose rates that are between 5%—8% higher than the 6711
source at 1 cm and 27%-36% higher at 5 cm. The I-Plant
sources which has the same internal core substrate as the
Symmetra, '*Implant, and BrachySeed has a dose rate 1.3%
higher at 1 cm, 22% at 5 cm and 17% at 7 cm.

ToGold and 6702 have dose rates that are within 2% of
each other between 1 and 4 cm while being about 9% higher
than the 6711 source at 1 cm. The IoGold increases 20%
over the 6702 and 40% over the 6711 source at 7 cm.
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The InterSource “ source has a dose rate that is 6.3%
higher than the 6711 source at 1 cm. The InterSource'® in-
creases to 15% over the IoGold source and both sources
increase to 40% over the 6711 source at 7 cm.

IsoSTAR, PharmaSeed, and Model 230! sources have
dose rates that parallel the 6711 source. The IsoSTAR source
has an average dose rate of 9.5% lower, Model 2301 source
17.21% higher, and PharmaSeed source 4.23% higher than
the 6711 source. The ProstaSeed source has a dose rate that
decreases more quickly than the 6711 out to 4 cm and then
equals the 6711 source at 7 cm. Tables V and VI show dose
rate values between 0.5 and 7 cm. Figure 5 shows the graphi-
cal representation of the dose rate along the transverse axis.

F. Adsorbed vs absorbed radioactivity distribution
within source

The manner in which the radioactivity is distributed inside
the internal core of the source has a significant effect on the

TABLE VI. Sphere source design dose rate values for an S;=1.0U.

Source
Name IoGold 1soSTAR ProstaSeed BrachySeed
Distance Dose Rate Dose Rate Dose Rate Dose Rate

(cm) (cGy/hr) (cGy/hr) (cGy/hr) (cGy/hr)
0.5 1.076 0.903 1.008 0.975
1 1.007 0.836 0.893 0.985
1.5 0.921 0.758 0.780 0.921
2 0.831 0.675 0.674 0.854
2.5 0.740 0.597 0.577 0.770
3 0.656 0.516 0.493 0.689
3.5 0.579 0.445 0.421 0.613
4 0.513 0.387 0.361 0.545
4.5 0.456 0.338 0.313 0.483
5 0.409 0.291 0.275 0.425
5.5 0.247 0.245 0.373
6 0.333 0.211 0.221 0.325
6.5 0.189 0.201 0.282
7 0.267 0.161 0.183 0.243
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dose distribution around the source as well as the maximum
source strength achievable by a source design. The 6711,
PharmaSeed, ProstaSeed, IsoSTAR, 'ZImplant, Model 2301,
and InterSource'? sources each are designed with the radio-
activity adsorbed onto the surface of an internal element or
elements of the source.>*>3%14!15 The 6702, Symmetra,
IoGold, I-Plant, and BrachySeed sources each are designed
with the radioactivity absorbed throughout the internal ele-
ment or elements of the source.>*10-13:15.16

There are significant spectral differences between the two
types of radioactivity distributions. The energies of primary
photons from %I sources are 27.4, 31.0 and 35.5 keV 271923
With the radioactivity adsorbed onto the internal core of the
source, the average energy of the energy of the x-ray spec-
trum is decreased as a result of characteristic x rays gener-
ated from interactions as well as the attenuation of the pho-
ton fluence from and through the internal core of the source.
The 6711, ProstaSeed, and IsoSTAR sources, each having
silver in the internal core of the source, have fluorescent x
rays resulting from the interaction of 'I x rays with the
silver that reduce the average energy of the unit source from
284 to 27.4 keV.** With the characteristics of palladium
being very similar to silver, the average energy of the Phar-
maSeed source is also reduced from 28.4 to 27.4 keV. The
Model 2301 source is different than the other adsorbed
sources in that there are no characteristic x-rays produced in
the 1-125 range that significantly contribute to the energy
spectrum. The characteristic x rays that are generated are in
the L-series and are absorbed by the titanium capsule making
the average energy of the source 28.4 keV and dosimetrically
more like source designs having I-125 absorbed in low Z and
low-density internal elements.

The 6702, and IoGold, Symmetra, I-Plant, and Brachy-
Seed sources have the radioactivity absorbed throughout a
low-density and low Z composite material (resin, ceramic,
glass). The resulting energy spectrum is essentially due to
the I-125 decay scheme, with an average energy of 28.4 keV.
These sources are thus more penetrating than the adsorbed
types above. The I-Plant radioactivity arises from neutron
activation of xenon implanted into the glass surface using a
dry process. The remaining sources are manufactured using
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radioactive matcrials directly, in a ““wet’” chemical process
involving solutions of 125-1. The sources with low density,
low Z materials emit photons with an average energy of
about 28.4 keV, making them more penetrating than sources
of the adsorbed type designs.

The significance in the differences between the adsorbed
and absorbed sources is apparent on inspection of the dose
rate constants and the anisotropy values. The average dose
rate for the adsorbed source designs is 0.927 ¢Gy/hr at 1 cm,
about 6% lower than the value, 0.983 c¢Gy/hr, for the ab-
sorbed source designs. The differences in dose and in the
anisotropy values at the end of the source may be a result of
the radioactivity distribution within the source, end thick-
ness’, as well as the internal design source material. These
same factors affect the geometry function specific to each
source design.?’

G. How to determine the appropriate source strength
for a source

The source strength required to deliver a prescribed dose
to a point or volume is dependent on the physical and dosi-
metric characteristics of the source. Numerous authors have
described how to usc the dose from a single source and from
multiple sources have been used to compare implants.2%?’
The difference in the doses for the single and multiple source
calculations was used to determine the source strengths
needed to deliver the prescribed dose. The distance from the
source(s) is a very important factor when comparing sources
with different radial dose functions as shown in Fig. 5.

In this investigation the one-dimensional TG-43 equation
[Eq. (1)] was used to compare the dose rates for each source.
Tables V and VI show the results of the dose rate for each
source, using the 6711 model as the reference source. In
evaluating the means to determine an appropriate source
strength for a given source design, the dose rate was calcu-
lated for several radial distances ranging from 0.3 and 1.5
cm.

It was found that calculating the dose rate at 1 c¢cm pro-
vided the best approximation to determine the source
strength for each source design. Equation (2) was derived
from Equation (1) with the respect to the dose rate at 1 cm of
the Nycomed-Amersham 6711 source.

To verify the hypothesis, retrospective patients with '2°I
CT post implant films were used to investigate the calculated
source strengths and the differences with respect to the
Nycomed-Amersham 6711 source. The prostate volumes,
source locations, and calculation matrices were not modified
between plans. Implant descriptors identified by the ABS
(American Brachytherapy Society) were used to compare the
plans.?® The following quantifiers reccommended by the ABS
were used to compare the CT post-plans for each source: (1)
Di0,Dgg,Dg; the dose that covers 100%, 90%, and 80% of
the prostate respectively, (2) Vag0,V150,V00,Vog,Vse; the
fractional volume of the prostate that receives 200%, 150%,
100%, 90%, and 80% of the prescribed dose, respectively.
These Dosimetric and Volumetric quantifiers were deter-
mined from the calculated cumulative dose volume histo-
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TasLe VIL. Recommended source strengths normaliced © the Nycomed—
Amersham 6711 source. Note: Data referenced to 0.32 mCi for Amersham
6711 source.

Calculated Calculated
Source Strength Activity
(U) (mCi)
Rod—Wire Source Design
6711 (OncoSeed) 0.406 0.320
Symmetra 0.377 0.297
PharmaSeed 0.400 0.315
15 mplant 0.401 0.316
I-Plant 0.385 0.303
InterSource'? 0.382 0.301
Model 2301 0.358 0.282
Sphere Source Design
ToGold 0.363 0.286
ProstaSeed 0.415 0.327
IsoSTAR 0.443 0.349
BrachySeed 0.375 0.296

Note: Data referenced to 0.32 mCi for Amersham 6711 source.

gram generated for each plan for each source.

The post implant films showed that the calculated source
strengths from Equation (2) generated a maximum standard
deviation of 2.872 cc for the V5, and a minimum standard
deviation of 0.822 cc for the V5, volumetric quantifiers. A
maximum standard deviation of 519.33 c¢Gy for the Dy, and
a minimum standard deviation of 272.6 cGy for the Dy, do-
simetric quantifier were calculated. The Vysy and Dy, quan-
tifiers were mentioned because they are ones that authors
have recognized to relate to patient outcome. Table VII
shows the appropriate source strength for each source.

IV. CONCLUSION

This report investigates the physical and dosimetric char-
acteristics of several of the '’I sources available for use in
interstitial brachytherapy implants. The investigation showed
that there are physical design and dosimetric differences
among the sources.

The internal core of the sources is based on the physical
design, the internal composition, and the distribution of the
radioactivity with in the internal core of the source. The two
physical design types are of (a) rod—cylinder—wire design,
and (b) sphere design. Depending upon the source model, the
composition of the internal core may consist of (a) Resin, (b)
Ceramic, or High Z materials. The radioactivity is distributed
throughout the internal corc of the source by way of being
either adsorbed or absorbed.

The dosimetric properties are quite different for the dif-
ferent sources. Dose rates ranged from —8.3% to +13.1%
between sources with reference o the 6711 source at 1 cm.
The differences in the dosimetric characteristics between the
sources also a result of the method by which the source char-
acteristics are measured. The Monte Carlo simulation pro-
grams provides more measurement points allowing for a
more detailed representation of the anisotropy factors and
radial dose functions. The accuracy of such results depends
largely on the sophistication of the model used to represent
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the source under simulation. Direct measurement, using film,
TLD, or ionization chambers, is often limited in spatial reso-
lution and by dosimetric correction factors specific to each
type of physical dosimeter. This is one reason that the
AAPM specifies multiple evaluations of new sources’ dosim-
etry in phantom, including Monte Carlo simulation.'

The results of this report indicate that clinically significant
differences can be reduced to the dose rate at a single point
(1 cm from the source). Hence, the effective source strength
of the new sources can be calculated using Eq. (2). The one-
dimensional dose calculation formalism of TG-43 underlies
our results, although we may expect the results to remain
unchanged when employing the TG-43 two-dimensional cal-
culation model.

Finally and not investigated in this report but of clinical
utility are source visibility and signature in radiographs. The
imaging properties of each source should be investigated by
the medical physicist and physician under fluoroscopy, on
planar radiographs, and on CT studies. In this way, local
variations in imaging technique are assessed with respect to
brachytherapy source visibility in radiographic images. The
medical physicist should discuss the differences in the source
characteristics (physical, dosimetric, and radiographic) with
the physician before using the source clinically.

V. DISCLAIMER

At the time of publication some of the sources have not
been clinically tested, and thus the data presented in this
investigative article might change. It is the responsibility of
the medical physicist to contact the source manufacturer for
complete specifications and dosimetric characteristics before
clinically implementing source data into a treatment planning
system.
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APPENDIX

Equation (1): One-dimensional TG-43 Point Dose Calcu-
lation Formalism.

D(I'):SkXA

1 -
72_) Xg(r)x d)an’
S, = Source Strength (U)
A =dose rate Constant(cGy/hrxU),

(?) =Inverse Square Law,

g(r)=Radial Dose Function,

&,,= Anisotropy Factor

Equation (2): Source Strength calculation equation.

Agii X (ba)enn

A unknown x ( (Ean) unknown

(Sk) unknown ™= X{Sp)e1 -
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