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MONTE CARLO-BASED DOSE-RATE TABLES FOR THE AMERSHAM
CDCS.J AND 3M MODEL 6500 '*’CS TUBES

JEFFREY F. WiLLIAMSON, PH.D.*

*Radiation Oncology Center, Mallinckrodt Institute of Radiology, Washington University School of Medicine, St. Louis, MO 63110

Purpose: (1) To present reference-quality dose-rate distributions for the Amersham CDCS.J-type '*Cs intra-
cavitary source (hitherto unavailable in the literature) and updated tables for the 3M model 6500/6D6C source.
(2) To assess the accuracy of the widely used 1D pathlength (Sievert integral) algorithm for lightly filtered '>'Cs
tube sources.

Methods and Materials: A Monte Carlo photon-transport code is used to calculate the dose-rate distributions
about the 3M source and the CDCS.J source based on radiographic examination of the sources and the vendors’
specifications. Dose-rate distributions are provided in the form of Cartesian ‘‘away-and-along’’ lookup tables.
Using a general form of the Sievert integral, calculated dose-rate distributions were compared to the Monte Carlo
benchmark calculations treating the filtration coefficients as best-fit parameters as well as approximating them
by linear energy absorption coefficients. In addition, the errors introduced by approximating the active source
core by uniform cylinders or line sources was evaluated.

Results: The Model CDCS.J dose distribution differs from that of the 3M model 6500 source by —5.9% to
+14.4% (root-mean-square [RMS] average: 2.6%). The RMS accuracy of the Sievert algorithm is 2.4% to 2.8%
(error range of ~1.4% to 7.6%) when filtration coefficients for steel and ceramic media are approximated by
linear energy absorption coefficients. If the filtration coefficients are treated as parameters of best fit, selected to
minimize the discrepancies between 1D pathlength and Monte Carlo calculations, the RMS error is reduced to
0.8% (error range of ~1.8% to 4.1%). The optimal values of stainless steel and low-density ceramic or glass
filtration coefficients are approximately independent of the source geometry.

Conclusions: The widely used Sievert integral algorithm accurately characterizes the dose distribution around
stainless-steel clad low-density matrix '*’Cs sources, particularly if design-independent best-fit values of the
filtration coefficients are used. Although both families of source designs studied produce similar dose distribu-
tions, source-design specific dose distributions should be used for clinical treatment planning and dose-algorithm
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INTRODUCTION

'¥'Cs, encapsulated in stainless steel tubes, is widely used
for manual afterloading intracavitary brachytherapy. Accu-
rate dose-rate tables, based on the geometric and mechanical
specifications of each source type, are essential quality
assurance tools. Such tables are needed to verify (I, 2)
Sievert integral (1D pathlength) calculations (3, 4) used by
most treatment planning systems for generating dose distri-
butions. These tables are needed for those treatment plan-
ning systems which calculate dose by table lookup based
upon user-supplied dose-rate distributions. Finally, such
tabulated dose-rate distributions are useful for performing
manual treatment-time calculations and for verifying graph-
ical treatment plans.

The main purpose of this communication is to present

detailed 2D dose-rate distributions for two widely used
Amersham model CDCS.J and 3M model 6500 '*’Cs int-
racavitary sources, derived from an experimentally bench-
marked Monte Cario photon-transport (MCPT) code. Most
manual-afterloading intracavitary treatmeants in the U.S. are
carried out using one of these two source types. The 3M
model 6500 source was introduced in 1967 (5) and was
widely distributed until 1992, when its manufacture was
discontinued. The most widely cited dose-rate tables for this
source (6, 7) are over 20 years old. Although more recent
3M source tables, e.g. (8), are available, all are based upon
the Sievert integral model. As of this writing, the Amersham
CDCS.J source is the only commercially available intracav-
itary tube. Compared to the 3M source, the CDCS.J tube has
a smaller external diameter, is encapsulated in 0.5 mm-
rather than I-mm-thick stainless steel, and has a slightly
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Fig. 1. (a) The CDCS.J source 1982 design geometry, consisting of a uniform glass cylinder placed symmetrically the
between source tips, as described in the vendor’s literature. (b) Geometry of the CDCS.J 1992 design cesium-137 ass
intracavitary tube, consisting of an array of nine ceramic beads placed symmetrically in the source capsule as described . o
by the vendor's mechanical drawings. (c) The CDCS.J 1992 design intracavitary tube geometry based on average Fig
dimensions derived from transmission radiographs of 25 different sources. Compared to the vendor’s specifications, the trac
ceramic bead array is slightly shorter and is placed asymmetrically in the source capsule. illu:
for
con
shorter active length. No complete dose-rate tables are METHODS AND MATERIALS L
available for the CDCS.J design, although Metcalfe (9) has .. sign
published a partial table Source characteristics mai
The second goal of this communication is to assess the The CDCs'.J slo ur(;e c}e&i‘; has evolved slxgtn:]ﬁ_c:r(l),tlsy_;::f . reflc
1D pathlength model accuracy relative to thé Monte th‘? ycars..Imtlal'){. t © J-tube was enca;;;; 2a ed1 l-’ teel cha
Carlo—based away-and-along dose-rate tables. Previous thick platu‘mm—mdfum alloy (12). I;,h o,ds;ialg gs:so ac- the .
studies comparing the Sievert integral algorithm against e‘ncapsula.tlon was introduced (13)'_ ¢ m l;e rz;ﬂl d earl
dose measurements (9, 10) around *'Cs sources suggest ¢ matrix (Fig. la, Table 1) consisted of * tf:s « °r:u°l » sour
that 1D pathlength dose calculations are accurate within mixed with zirconium phosphate powder which is slgte o our |
10%, with discrepancies exceeding 5% occurring only at high temperature. The resultant insoluble pow 'erd:l-i are |
near the long axis of the source. The one available Monte loaded ‘f“° a 13.5-mm-long by 1.6.5-mm-fllamet.er cylindri- T
Carlo-Sievert integral comparison (4) is limited to a cal cavity enc‘apsulated §ymmemcally in stainless sti:l
single polar profile at a fixed distance of 2 cm from the (AISI 316L) with a wall thlcknes:c) of 0.5 mm a'fd a physi )
source center. In contrast, the current study employs a length °.f 20 mm. I“~1992’. amodlﬁeq design (Fig. 1b, Tableg -
fine 2D calculation grid ranging from 0.25 cm to 7 cm 1) was introduced, in which the cylindrical glass core was;
from the source center. MCPT calculations can easily replaced by a linear array of 1.5-mm-d13ametcr tf°r°S‘l'°m
achieve statistical precisions of less than 1%, which is far glass beads with a density of 2.6 g-cm™ " ina stamless-stet: ‘
superior than the *=5% uncertainty achievable by exper- capsule of identical dimensions. B Sourc
imental dose-rate measurements (11). MCPT benchmark- Transmission radiographs of 25 different 1992 CDCSZ
ing can detect even small systematic errors in 1D path- sources received in three shipments were obtained to vah CDCs
:ngth model calculations, especially if they both use the date vendor’s design specifications. The total length, act;. b 19%
same cross-section data and geometric models. Finally, length, bead diameter, and thicknesses of inactive materl’g CDCx
A e e e e hToh————on=theeyelerand-noncyelerendsofthesource=warc-Iliiy
reduce the mean error of the pathlength model below the sured and averaged. Several measured dimensions (Tablq-

1% level. deviated significantly from the vendor’s speciﬁcatiov
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Table 1. Measured and specified intracavitary tube dimensions

Aggrcsgzm Amersham CDCS.J 1992 model
1982 model 3M 6500
vendor's Measured . Vendor's vendor's
Parameter specification range Measured mean’ specification specification
Physical length 20.0 mm 20.3-20.9 mm 20.6 * 0.6 mm 20.0 mm 20.0 mm
Physical diameter 2.65 - —_ 2.65 mm 3.05 mm
Active length 13.5 11.8-13.5 mm 13.0 = 0.5 mm 13.5 mm 13.8 mm
Active diameter 1.65 1.4-1.5 mm 1.45 mm 1.50 mm 1.19 mm
Wall thickness 0.5 R ’ — 0.5 mm 0.93 mm
Eyelet end: physical to
active tip 3.25 2.8-5.0 mm 3.3+ 04mm 325 mm 3.9 mm
Noneyelet end:
physical to active tip 3.25 3.3-5.2mm 43 * 0.8 mm 3.35 mm 2.3 mm
No. of ceramic spheres
in active core — 9 9+0 7 —_

¥ Excluding three outlying sources (see text).

Three of the sources had significantly shorter (11.8-12.2
mm) active lengths compared to the vendor's specifications,
with the remaining sources having active lengths varying
from 12.5 to 13.5 mm. In addition, all 25 sources were
found to contain 9 rather than 7 glass spheres as specified by
the vendor’s product literature. All sources exhibited some
asymmetric positioning of the active source in the capsule.
Figure lc summarizes the average geometric model ex-
tracted from our radiographic measurements. Figure 1b
illustrates the vendor-specified dimensions, corrected only
for the number of glass spheres. Table 2 summarizes the
composition and physical properties of the source materials,

Despite significant differences between the vendor’s de-
sign specifications and our measurements, the vendor re-
mains committed to manufacturing sources that accurately
reflect their specifications (personal communication: Mi-
chael A. Langton, Amersham-Mediphysics, Dec. 1997). On
the other hand, it is likely that sources manufactured in the
early 1990s are more accurately described by our measured
source dimensions. Thus, dose-rate tables based upon both
our measurements and the vendor’s geometric specifications
are presented.

The active core of the 3M model 6500 source (Fig. 2) is

a cavity packed with 50-100 im diameter zirconium phos-
phate glass microspheres (14) within which 'radioactive ce-
sium chloride is distributed. This glass (Table 2) has a
density of 3.00 g - cm ™3 (15) yielding an effective cylin-
drical core density of 2.22 g - cm ™~ based upon a tetrahedral
packing arrangement. Radiographic examination of three
3M 6500 tubes revealed no detectable deviation from the
vendor's specifications. '

Monte Carlo calculations

An MCPT code was used to calculate the dose-rate dis-
tribution in water about the brachytherapy sources illus-
trated by Figs. 1 and 2. Our Monte Carlo code (11, 16, 17)
simulates photoelectric absorption (followed by character-
istic X-ray emission) and pair production as well as coher-
ent and incoherent scattering. The photon cross-section li-
brary, DLC-99, distributed by the Radiation Shielding
Information Center (18) was used along with the mass
energy absorption coefficients tabulated by Hubbell (19).
The '3’Cs primary photon spectra from NCRP Report 58
(20) was used. Unlike the semiempirical Sievert model,
MCPT models all photon collision dynamics giving rise to
the scattering and diffusion of ionizing radiation, taking into

Table 2. Source encapsulation and core media

Component Material

% Atomic composition

Packed density:
cylindrical core

Bulk density approximation

Source capsule AISI 316L stainless steel

3M 6500 source core

CDCS.J source core

1982 model powder
CDCS.J source core 1.45-mm-diameter borosilicate
1992 model glass beads

50-100 wm diameter

Packed zirconium phosphate

Si (2%), Cr (20%), Mn (2%), 8.02g-cm™? —

Fe (67%), Ni (9%)
0 (70%), P (20%), Zr (10%) - 1.62g-cm™?
B (7%), O (64%), Na (1%), 2.60 1.73

Al (1%), Si (26%)

0 (70%), P (20%). Zr (10%)

3.00

2.22 o

microspheres

,thml;ulll»p;luwhﬁlc grags-
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Fig. 2. (a) Geometry of the 3M Modet 6500/6D6C cesium-137
. intracavitary tube. The radioactive core consists of small ceramic
microspheres which were simulated by a uniform ceramic cylinder
with a packing density of 0.74. The wall thickness is 0.93 mm of
stainless steel. (b) Illustration of the coordinate system used for
Monte Carlo and Sievert calculations which is centered in the
active core cavity rather than within the boundaries of the source
capsule.

count the internal structure of the sources. This MCPT

ude has been extensively tested against careful experimen-
tal measurements using thermoluminescent and diode de-
tectors across the brachytherapy photon spectra ranging
from '2°I to !¥’Cs: agreement between MCPT simulation
and the benchmark measurements ranges from 1-5% (21—
24) in both homogeneous and heterogeneous measurement
geometries.

For the CDCS.J 1992 measured and vendor-specified
geometries, Monte Carlo simulationts modeled their cores as
13.0- and 13.5-mm-long linear array of ceramic spheres (p
= 2.60 g - cm™>) placed end-to-end. The vendor-geometry
simulation assumed symmetric positioning of the active
length in the source capsule (3.25 mm from physical to
active tip on each end) while the measured-geometry sim-
ulation assumed the asymmetric positioning illustrated in
Fig. lc. For the 1982 CDCS.J design, a symmetrically
positioned, homogeneous cylindrical core with a density of
1.62 g - cm™? and the dimensions shown in Fig. la were
assumed. For the 3M 6500 source, a homogeneous cylin-
drical glass core with asymmetric positioning as illustrated
by Fig. 2a was assumed. In all cases, the eyelet cavity was
ignored.

For each source type, MCPT dose rates were obtained at
approximately 317 points with the source positioned in the
~anter of a 30-cm-diameter liquid-water sphere. Calculation

Jints were arranged in a half plane, allowing for asymmet-
_ ric_positioni f active core b he physical tips of
""the capsule. The calculation plane extended 7 o
active core center in both the longitudinal (along) and
transverse (away) directions with a 0.25-cm grid spacing
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near the source and 0.5 cm to 1 cm spacing further away.
Simulation of 4,000,000 photon histories yielded total dose
standard errors of the mean (68% confidence intervals) of
less than 0.5%. The primary dose contribution (approximat-
ed by water kerma) was calculated by numerical integration
of the isotropic point-source kefnal (including inverse-
square law, primary photon attenuation, and energy-fluence
to kerma conversion summed over the photon spectrum)
over the source volume, while the scattered-photon dose
contribution was evaluated stochastically. The exponential
track-length estimator (17) was used to score photon histo-
ries. The MCPT code neglected transport of secondary
electrons, effectively approximating absorbed dose by col-
lision kerma. Both analytical calculations (23) and coupled
photon-electron Monte Carlo calculations (25) demonstrate
that the errors introduced by this approximation are less
than 1%. at distances of 1 mm or more from the source
capsule. As described elsewhere (11), the output of the
code was normalized to unit air-kerma strength and repre-
sented by. [Dye(t.Y)/Sklmcer With units of ¢Gy - h™' per
pGy -m? - b7

1-D pathlength model (Sievert integral) calculations
Doses predicted by a Sievert integral model (generalized

to accomodate 3D radioactivity distributions) were com-

pared, point-by-point, to the MCPT-generated 2D dose-rate
distribution. Because the Sievert algorithm and MCPT cal-
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Table 3. Sievent integral filtration coefficients:'*’Cs tubes

963

Source material

Linear energy absorption

coefficient Best fit filtration coefficient

Stainless steel

3M6500 o '0.0226 mm™! 0.036 mm™"

CDCS.J 1 0.0226 mm™" 0.037 mm ™!
Source Core )

3M6500 (cylinder: 2.22 g/cc) 0.0065 mm ™" 0.0070 mm™"' (0.032 cm?>g™})

CDCS.J (spherical: 2.60 g/cc) 0.0076 mm ™" -

CDCS.J (cylindrical: 1.73 g/cc) 0.0051 mm™! 0.0046 mm~' (0.027 cm®>-g™")

culations are based on the same 3D geometric model, all
discrepancies can be unambiguously attributed to failure of
the approximations underlying the ID pathlength model.
The 3D Sievert model, described in more detail elsewhere
(4, 26), is only briefly described here. To illustrate the basic
features of the model, assume that the radionuclide is uni-
formly distributed within an inner cylinder (active source)
of active length, L, and radius, s, as shown in Fig. 3. The
dose rate, D(7), in'cGy/h at location T near the filtered source
is given by:

. SK * ("l‘en/p):lvi':l l - -2
DA ==y —y | F-71
v

3
X exp[— X p-A']-[1 + SPR()]-dV' (1)

i=1

where V denotes space enclosed by the active source core.
The indices j = 1,...,3 denote the media composing the
active source core, the source encapsulation, and surround-
ing medium while A"}, A’,, and A’; denote the correspond-
ing distances traversed by primary photons passing from
dV’ to . The other symbols are defined as follows:

Table 4. Amersham J-type intracavitary tube: dose rate per unit air-kerma strength [cGy * h™'/(uGy - m? -

Sk =the air-kerma strength of the source in units of
*uGy + m* - h™' It is the product of the
air-kerma rate in free space, K, (7.), at the
reference point 7. in Fig. 3 and the square of

the distance: S, = K,;, (7.) * 7% .
F(7,) =172~ IV [ 1F. — F172 exp (—p, * A} = p,
- A3) » dV’ corrects for self-absorption and
filtration at the point assuming that the source
is immersed in vacuum. '

(Heeal PYair

air

SPR(d). = Scatter dose in water
primary dose in water

=the ratio of mass—energy absorption coeffi-

cients, averaged over the photon spectrum in
free space for water to that of air.

at distance d from an

isotropic point source having the same free-
space spectrum as the actual encapsulated
source.
w; = filtration coefficients of the active source and
filter media for j = 1 and 2. In all of the
calculations described in this report, w; is
treated as a thickness-independent parameter.
For the case of the surrounding liquid—water
medium, j = 3, u, is the linear attenuation
coefficient of water, averaged over the pri-
mary photon spectrum.

h™h]

(1982 design: vendor-supplied specifications)
Distance Distance away (cm)

along

(cm) 0.00 0.25 0.50 0.75 1.00 1.5 2.00 2.5 3.00 350 4.00 500 6.00 7.00
7.00 00187 00185 00182 00181 00182 0.0182 0.0179 0.0174 00167 0.0158 0.0149 0.0130 0.0112 0.00950
6.00 00260 0.0256 0.0252 0.0252 0.0254 0.0253 0.0246 0.0235 0.0221 0.0206 0.0191 0.0162 0.0135 0.0112
500 00383 0.0376 0.0369 0.0372 0.0374 0.0368 0.0351 0.0327 0.0301 0.0274 0.0248 0.0201 0.0162 0.0131
400 00614 0.0599 0.0591 0.0598 0.0597 0.0570 0.0525 0.0472 0.0419 0.0369 0.0324 0.0249 0.0193 00151
350 0.0814 0.0790 0.0786 0.0793 0.0785 0.0732 0.0656 0.0575 0.0498 0.0429 0.0369 0.0276 0.0209 0.0162
300 0113 0109 0110 0.110 0.107 00962 00831 0.0705 0.0593 0.0498 0.0420 0.0304 0.0226 0.0172
250 0167 0.160 0.162 0.160 0.152 0.130 0.107 0.0866 0.0704 0.0575 0.0474 0.0332 0.0241 0.018!
200 0275 0262 0265 0251 0228 0179 0138 0.106 0.0828 0.0657 0.0529 0.0359 00256 0.0189
1.50 0546 0520 0497 0431 0361 0250 0.176 0.128 0.0957 0.0737 0.058] 0.0383 0.0268 0.0196
1.00 — 1.587 1133 0.801 0584 0340 0217 0.149 0.107 0.0806 0.0624 0.0402 0.0278 0.0201
0.50 — 6690 2484 1351 0854 0426 0252 0.165 0.116 0.0854 0.0653 00415 0.0284 0.0205
0.00 — 8025 3087 1.609 0978 0462 0265 0.171 0.119 00870 0.0663 00419 0.0286 0.0206

To obtain ¢Gy/mgRaEq-h. multiply table entries by 7.227.
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Table 5. Amersham J-type intracavitary tube: dose rate per unit air-kerma strength [cGy ~h™Y(uGy - m? - h™")]
(1992 design: symmetrically positioned active core approximation; vendor-supplied specifications)

{ Di-
. | i
Distance Distance away (cm) j : 4
along : i _
(cm) 000 025 0.50 0.75 1.00 1.5 2.00 25 3.00 3.50 4.00 5.00 6.00 7.00 '
700 00186 00186 0.0183 00182 0.0i83 0.0183 0.0180 0.0175 0.0167 0.0159 0.0149 00130 00111 0.00945 i
6.00 0.0259 0.0258 0.0254 00254 0.0255 0.0254 0.0247 0.0236 0.0222 0.0207 0.0192 0.0161 0.0134 0.0111
5.00 0.0380 0.0379 0.0372 0.0374 0.0376 0.0370 0.0352 0.0329 0.0302 0.0275 0.0249 0.0201 0.0162 0.0130
4.00 0.0608 0.0604 0.0595  0.0602 0.0600 0.0573 0.0527 0.0474 0.0420 0.0370 0.0325 0.0249 0.0193 0.0151
3.50 0.0806 0.0798 0.0791 0.0798 0.0789 0.0735 0.0658 0.0577 0.0499 0.0430 0.0370 0.0276 0.0209 0.016]
3.00 0112 0110 0.110 0110 0.107 0.0966 0.0834 00707 0.0594 0.0499 0.0421 00304 0.0225 0.017
2.50 0165 0.162 0.163 0.161 0.153 0.130 0.107 0.0868 0.0705 0.0576 0.0475 0.0332 0.0241 0.0181]
200 0271 0264 0266 0252 0229 0.180 0.138 0.106 0.0829 0.0657 0.0530 0.0359 0.0256 0.0189 :
150 0539 0522 0500 0434 0363 0250 0.176 0.128 0.0958 0.0737 0.0581 00383 0.0268 0.0196 i
1.00 — 1589 1141 0805 0.585 0341 0.218 0.149 0.108 0.0807 0.0625 0.0403 0.0278 0.020i {
0.50 — 6577 2484 1350 0854 0426 0252 0.165 0.116 0.0854 0.0654 00415 0.0284 0.0205 !
0.00 — 8084 3087 1612 0979 0463 0266 0.171 0.119 - 0.0872 0.0664 0.0419 0.0286 0.0206 _‘I'
To obtain cGy/mgRaEq-h, multiply table entries by 7.227. ‘l
As explained in more detail elsewhere (26), eq. 1 was rameters of best fit, and varied so as to find the pair of *’
implemented by 3D numerical integration over the nine values ({1, {&,) that maximized the agreement between the :.1
discrete glass spheres of Amersham source (1992 model), 1D pathlength model and Monte Carlo calculations at the -5
and, for the other sources, over the right cylindrical volume 317 simulated point- detectors. To this end, a fine 2D -6
describing the ceramic or glass core. filtration coefficient grid, (u,,u,), was defined (0.00 to -7
Two methods of evaluating the filtration coefficients 0.02 mm™' for glass and 0.000 to 0.050 mm™' for T
were considered. First, filtration coefficient were approx- stainless steel) and the discrepancy between the Monte Y
‘~ated (6, 10, 27) by the corresponding linear energy Carlo and 1D pathlength calculations at each pair of
-orption coefficients: u; = p., ;. Their values (19) are values quantified in terms of the relative root-mean
listed in Table 3. Secondly, the p; were treated as pa- square (RMS) standard deviation, %0ogpms(iL).14,): %0y
Table 6. Amersham J-type intracavitary tube: dose rate per unit air-kerma strength [cGy - h™'/(uGy - m® - h™ 1))
(1992 design: radiographically méasured source geometry; asymmetrically placed active core)
Distance Distance away (cm)
along
(cm) 0.00 - 025 0.50 0.75 1.00 1.5 2.00 25 3.00 3.50 4.00 5.00 6.00 ~ 7.00
7.00 0.0180 0.0181 0.0179 0.0179 0.0181: 0.0182 0.0180 0.0175 0.0167 0.0159 0.0149 0.0130 0.0111. 0.00942 wherc
6.00 0.0250 0.0250 0.0247 0.0249 0.0252 0.0253 0.0247 0.0236 0.0222 0.0207 0.0191 0.0161 0.0134 0.0111 Monte
5.00 0.0367 0.0367 0.0363 0.0369 0.0373 0.0368 0.0351 0.0328 0.0302 0.0275 0.0248 0.0201 0.0161 0.0130 i
400 00585 00584 0.0582 0.0595 0.0597 0.0571 0.0526 0.0473 0.0420 0.0370 0.0324 0.0249 0.0193 0.0151 proced
350 00769 00767 0.0776 0.0791 0.0785 0.0733 0.0657 0.0576 0.0499 0.0430 0.0370 0.0276 0.0209 0.0161 - (1982
3.00 0107 0.106 0.108 0.110 0.107 0.0963 0.0832 0.0705 0.0593 0.0499 0.0420 0.0304 0.0225 0.0171 The
250 0157 0.154 0.161 0.160 0.152 0.130 0.107 0.0866 0.0704 0.0575 0.0474 0.0332 0.0241 0.0180 proxin
200 0258 0255 0.264 0251 0228 0179 0.138 0.106 00828 0.0657 0.0529 0.0359 0.0255 0.0189 ing the
1.50 0507 0509 0494 0429 0360 0250 0.176 0.128 0.0957 0.0737 0.0581 0.0383 0.0268 0.0196 includ
1.00 — 1525  1.118 0796 0584 0340 0218 0.149 0.107 0.0806 00624 0.0402 0.0278 0.0201 Includv
0.50 — 6555 2483 1353 0856 0427 0252 0.165 0.116 00854 0.0653 0.0415 00284 0.0205 (a) Sin
0.00 — 8290 3.138 1.629 0985 0464 0266 0.171 0.119 0.0871 0.0663 0.0419 0.0286 0.0206 X
-0.50 — 6547 2481 1353 0.856 0427 0252 0.165 0.116 0.0855 0.0654 0.0415 0.0284 0.0205 F'AE'
—100  — 1524 1117 0797 0584 0341 0218 0.149 0.108 00807 0.0625 0.0402 0.0278 0.0201 (b) Rig
—1.50 0528 0513 0493 0428 0361 0250 0.176 0.128 0.0958 0.0738 0.0582 0.0384 0.0268 0.0196 sph
-200 0268 0262 0264 0250 0228 0.179 0.138 0.106 0.0829 0.0658 0.0530 0.0359 0.0256 0.0189 by
-250 0.163 0161 0.162 0.160 0.152 0.130 0.107 0.0867 0.0705 0.0576 0.0475 0.0333 0.0241 0.0180 aci
—3.00 011 0110 0.110 0.110 - 0.107 0.0963 0.0833 0.0705 0.0594 0.0499 0.0421 00305 0.0226 0.0171 ‘
-3.50 00800 00797 0.0790 00796 0.0787 0.0733 0.0657 0.0576 0.499 00430 00371 00277 00209 0.016] ) Cer.
00 0.0607 0.0605 0.0595 0.0601 0.0599 0.0572 0.0526 0.0473 0.0420 0.0370 0.0324 0.0250 0.0193 0.0151 radi
—5.00 0.0380 0.0380 0.0373 00374 0.0376 0.0369 0.0351 0.0328 0.0302 0.0275 0.0249 0.0201 0.0162 0.0131 1c-1i
—=6.00.—.0.0258-.-0.0258._0.0254_0.0254 . 0.0255.-.0.0254.-0.0247 Q0236 00222 00267 0-6494— O y.$ TS
—-7.00 0.0i85 00186 0.0184 0.0182 0.0182 0.0183 0.0180 0.0175 0.0167 0.0159 0.0149 0.0130 0.0i11 0.00947 ing‘
To obtain cGy/mgRaEq-h, multiply table entries by 7.227. the 4
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Table 7. 3M Model 6500 intracavitary tube: dose rate per unit air-kerma strength [cGy * h™ '(uGy - m?-h™h]

- Dﬁ(‘)zngc c Distance away (cm)
(cm) 000 025 050 075 100 15 200 25 300 350 400 500 6.00 7.0
ﬂ_ 7.00 0.0193 0.0189 00184 0.0180 00179 0.0178 00176 0.0170 00164 00156 0.0147 0.0129 0.0111 0.0094
945 6.00 0.0269 00263 00254 00249 0.0248 00247 0.0241 0.0231 00218 0.0204 0.0189 00160 . 0.0134 00112
"l 5.00 0.0397 0.0386 00370 0.0365 0.0365 00359 0.0344 0.0322 0.0297 0.0272 0.0247 0.0201 0.0162 0.0131
1130 400 0.0638 0.0614 0.0586 0.0584 0.0582 0.0559 0.0517 0.0468 0.0416 0.0367 0.0323 0.0249 0.0193 0.0151
15\ 350 0.0848 0.0811 0.0774 0.0773 0.0766 0.0719 0.0648 0.0570 0.0495 0.0428 0.0369 0.0276 0.0209 0.0162
161 4 300 0.118 012 0107 0.107 0.105 0.0949 0.0824 0.0700 0.0591 0.0497 0.0420 0.0304 0.0226 0.0172
M7 : 250 0176 0164 0.159 0.156 0.149 0.128 0.106 0.0863 0.0702 0.0575 0.0475 0.0332 0.0241 0.0181
18l : 200 0290 0265 0257 0246 0225 0178 0.137 0.106 0.0827 0.0657 0.0530 0.0359 0.0257 0.0189
1189 1.50 0.580 - 0.516 0.489 0427 0360 0249 0.176 0.128 0.0957 0.0737 0.0581 0.0383 0.0268 0.0196
1196 1.00 — 1.580 1135 0799 0582 0340 0217 0.149 0.107 0.0807 0.0625 0.0403 0.0278 0.0202
1201 0.50 — 6569 2468 1345 0852 0426 0252 0.165 0.116 0.0855 0.0654 0.0415 0.0284 0.0205
1205 0.00 — 7806 3039 1594 0973 0462 0266 0.171 0.119 00872 0.0664 0.0420 0.0286 0.0206
1206 —0.50 — 6566 2466 1343 " 0.851 0425 0252 0.165 0.116 0.0855 00654 0.0416 = 0.0285 0.0205
-1.00 — 1590 1.136 0.803 0.584 0340 0.2i7 0.149 0.108 0.0807 0.0625 0.0403 0.0278 0.0202
~150 0547 0498 0489 0428 0360 0249 0.176 0.128 0.0958 0.0738 0.0582 0.0384 0.0269 0.0196
-200 0273 0251 0256 0247 0226 0.178 0.137 0.106 0.0828 0.0657 00530 0.0360  0.0256 0.0189
-250 0.166 0.154 0.155 0.156 0.149 0.129 0.106 0.0863 00702 0.0575 0.0475 0.0333 0.0241 0.0181
aic of -3.00 0.112 0.106 0.104 0.106 0.104 0.0949 00824 0.0701 0.0591 0.0497 0.0420 0.030393 0.0226 0.0172
.1 the —3.50 0.0802 0.0767 0.0745 0.0759 00760 0.0719 0.0648 00571 0.0495 0.0428 0.0369 0.027559 0.0209 0.0162
- —4.00 0.0604 00582 0.0561 0.0570 0.0575 0.0557 0.0517 0.0468 00416 0.0367 0.0322 0.024838 0.0193 0.0i51
at the =500 0.0376 0.0366 0.0352 0.0353 0.0358 0.0357 0.0344 0.0323 0.0298 0.0271 0.0246 0.019982 0.0161 0.0131
e 2D —-6.00 0.0255 0.025Q 0.0242 0.0239 00242 00244 0.0240_0.0231 0.0218 0.0204 0.0189 0.016003 0.0134 0.01ll
.00 to -7.00 00183 00180 00175 00172 00173 00175 00174 00170 0.0164 0.0156 0.0147 0.012847 0.0111 0.0094
t
Mof::; To obtain cGy/mgRaEq-h, multiply table entries by 7.227.
wair of
‘ %o T rms( 1 142) (d) Steel line-source approximation: option (c) except that
the needle-shaped active core cavity is assumed to
g: <[Dwm_;(r.9; TRV AR 2 consist of steel rather than ceramic.
i\ [Daadr,8)S ucer l) / N Models (c) and (d) differ only along the longitudinal axis.
Assuming that p, > w,, model (c) predicts D, y) = O? -
(Anfy) = arg min{%orus(p, 12} 5 L2/4)~1 . g7 B P=LV2 yhere P is the physical capsule length
7.00 KB &) and L is the active length. In model (d) photons are atten-
—_— uated along both the active length and capsule ends, result-
1.00942 where N (= 317) denotes the number of data points in the ing in a much larger filtration correction: D@, y) = [“%,
0.0111 Monte Carlo dose-rate distribution grid. This optimization (y = 72 g #0L=D . g,
(())(())}g(l) procedure was performed with the 3M 6500 and CDCS.J Models (c) and (d) describe commercial implementations
0.0161 (1982 design) sources. of the 1D pathlength algorithm that ignore the lower-density
0.0171 The accuracy of several commonly used geometric ap- core, approximate the radioactivity distribution by a line
0.0180 proximations to the full 3D source structure for implement- source, and model only the cylindrical capsule. Each of the
0.0189 ing the Sievert integral model was evaluated. These models models (a)-(d) was evaluated against MCPT calculations
83;%61 included: (based on full 3D geometry) for the 3M source, the 1982
0.0205 (a) Simulation of the 3D source geometry illustrated in C.DCS'! source:, an.d the 1992 CDCS"'. source (r.neasured
0.0206 Figs. 1 and 2 dimensions) using linear energy absorption coefficients and
0.0205 £s- . N . best-fit values to evaluate the (u,,1,).
0.0201 (b) Right cylindrical core approximation: replacing the
0.0196 spherical glass bead array of the 1992 CDCS.J source RESULTS
0.0189 by a right circular cylinder of ceramic preserving the
Og‘lg? active length, radius, and total mass of core material. Dose rate per unit air kerma strength, as calculated by
(())..0161 (c) Ceramic line-source approximation: replacing the finite Monte Carlo simulation, is presented as a function of dis-
sl radius core with a 0.02-mm-diameter cylindrical ceram- tances away (perpendicular distance from symmetry axis)
{ 1 ic-filled cavity, reducing the stainless steel capsule ra- and along (distance from source core center parallel to

0.0112

dius to its radial thlckness plus 0.01 mm and maintain-
"Ing 1ts Symiet i

symmetry axns) in Tables 4-7 for the 1982 type Amersham

the mechanical tip and end of the source.

TATMIELIC positioning between

vendor’s specxﬁcatlons the 1992 CDCS J source assuming
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the 1992 desizn CDOS T somiee assanmy meisured geometrical
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active source center Both dose deanbanons were calculated by
NMonte Cinlo sinaiation

te snverage ncasuted goomietr s and ihie 3N modeld 6300
cotree. The KNS devition of tbe 19X CHOSL dose dis-

mbation trom that of the T997 e caared ceometry b design

TR AR THITINC O P TR U

1

Chnrs i eweess ol s 3

Nodme A Namiber 30 oo

aveur on or vers near the fongitudinal anis, Transyerse-axis
crrors are linuted to 1 atdistances beyond Fem. The RMS
deviation of the 1992 CDCS.) distibution tmeasured ge-
ometry) from that derived from the vendor’s specitications
is 1.2% (range: 2.3% o 4 6.200) The 3IM dose distribu-
tion differs from that of the CDCSJ tube (1992 design.
measured geometry) by - 39% w0 = 144% (RMS mean:
2.6%) with the Largest errors appearing near its longitudinal
axis at the end opposite the evelet (Fig. 4b). Figure 4a
confirms that the three CDCS.) source types give rise 1o
ncarly identical dose-rate distributions at | em distance. bwt
differ significanty Trom that of the 3M 6500 source.

The origin of Tables 4-7 (away = 0 and along = 0) is
located at the active sousce center. ot at the center of the
steel capsule. The negative “distance wlong™™ axis always
points toward the evelet end of the source. The table entries
have units of ¢Gy/h per unit wGy - m? - h™ ' ol air-kerma
strength. To obtain dose rate per equivalent mass of radium
(0.5 mm PO, in units of ¢Gy/mgRaEg-h. the table entries
should be multiplied by the following factor:

[Sy/mgRuEy)

i

(1°8),, (0.5 mm PO - (Wle) ()

R-cm’

(%)

= 8.25 - 0.876 <Gy/R

m g. —h

sl ]

AL
mgRaEq

m
i

Had the origin been placed at the physical source center, the
dosimetric differences between sources with symmetrical
and asymmetrically distributed radionuclides would have
heen substantially increased. For the 3M source. dose rates
at polar angles of 07 and 1807 would have differed by 23%
had the origin been centered in the physical source (8).

Evaluation of the function % gy s(i. t2) shows that it is
minimized at approximately the same location, (f. ft.) in the
2D filtration coellicient parameter space for both the 1982
CDCS.J and 3M 6300 source designs. The optimal choice of
steel filtration coettivient. {1, = 0.0363 mm' ', is significantly
larger than the linear energy absorption coetlicient for 662 keV
photons (0.0226 mm 1. Use of the “hest-fit™” filtration coel-
licients averaged over the two souree designs reduces the RMS
mean errors 10 0.7 and .87 for the 3M and 1982 Amershain
source designs. respectively, with maximum errors ranging
from - I[.8% w0 ~d.1.

Filration coctticients for implementing the 1D path-
length model are tisted i Table 3 The maximum and RMS
average discrepancies between various iiplementations of
this model and the more exact Monte Carlo caleulations are
fisted in Table 8. For the 3\ source and the 1982 eSS
source designs. approvimating the filtration coeflicients by
linear encrgy absorption cocttivients rosults in RS average
errors off 28% and 249 pespectively, with a jaxinum
error of 765 11 the best g Hilaton coefticients derived
from fiting the 1D pathdenyth mode! o Monte Canlo sim-



Table 8. Accuracy of 1D pathlength model relative to Monte Carlo simulation

Monte Carlo dose-rate distribution

4

U

CDCS.J 1992 source (Fig. 1c) 3M 6500 source (Fig. 2)

CDCS.J 1982 source (Fig. 1a)

% RMS

% RMS

% RMS

% Error Range Error % Error Range Error % Error Range

Error

ID pathlength model type

—095% to + 4.1% 0.7% =1.7% to 4.2% 0.7% —1.8% to +3.6%

0.8%

Average best fit (¢t,.ut5) 3D geometry

Average best fit (i,,1,) bead array approximated

—1.4% to 4.0%

0.9%

by cylindrical core
Average best fit (u,,u,) Ceramic line-source

—14.4% 10 3.7%
—16.4% 10 +3.7%

-1.2% to 7.6%

32%
4.9%
2.8%

—-16.0% to +5.2%
—16.7% to +5.0%

2.7%
~0.3% to +8.1%

—15.9% to 4.7%
—17.6% to +4.6%
—1.4% to +6.0%

2.6%
4.7%
2.5%

approximation
Average best fit (p,.u,) Steel line-source
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4.4% -

2.8%

(Ben1+ Men) 3D geometry

(Hy.p2)
((TONTRY

,) Ceramic line-source

(“-:n. 1o Hen

3.0% -5.4% 10 10.1% 2.7% -52% 10 9.2%

—5.5% to +8.1%

2.8%

approximation

~59% to +9.9% 3.0% -7.2% to +9.2%

2.8%

—6.9% to 8.0%

3.0%

(Men. 1+ Meny) Steel line-source

approximation

(hey.pta)

ulations for cylindrical core sources are applied to the
measured CDCS.J 1992 geometry (including explicit mod-
eling of the discrete glass spheres). a high level of accuracy
(0.7% RMS error) is maintained.

Figure 5 illustrates the accuracy achieved by several ID
pathlength algorithth implementations, relative to MCPT
simulation, as a function of position relative to the glass
bead array center of .the CDCS.J source. Assuming full 3D
geometry, dose overestimates of 4-8% occur within a 30°
cone centered about the longitudinal source axis when linear
energy absorption coefficients are used to model filtration
effects (Fig. 5a) whereas virtually no errors beyond *3%
occur when the best-fit filtration coefficients are used (Fig.
5b). When linear energy absorption coefficients are used in
conjunction with the ceramic line-source model, the 4-8%
overestimate cone widens to 40° and-contains focal regions
of —5% dose underestimate (Fig. 5c). Applying the best-fit
filtration coefficients to the line-source model (Fig. 5d)
results in a narrow 5-10% dose-underestimation cone. Even
though the ‘‘best-fit line-source’’ model produces equiva-
lent RMS deviations and larger maximum errors (Table 8)
compared to the linear energy absorption coefficient ap-
proximation, the underdose cone is limited to about 12°
Figure 6 compares dose rates calculated by Monte Cario
simulation ‘and several pathlength model implementations
for the 3M model 6500 source. In the case of the ceramic
line-source approximation, the best-fit filtration coefficients
result in excellent agreement with Monte Carlo simulation
in the 10°~170° polar angle range although errors close to
the longitudinal axis are larger than when linear energy
absorption coefficients are used.

Table 8 summarizes the Sievert integral accuracy results.
Best-fit filtration coefficients in conjunction with an accu-

- rate 3D geometric model yield RMS errors of 0.7-0.8% for

all source types while use of ., to model filtration results
in errors 2.5-2.8%. Approximating the linear bead array of
the 1992 CDCS.J by a uniform cylinder source does not
affect 1D pathlength calculational accuracy. The ceramic
line source models have the similar RMS errors (2.6-3.0%)
for either choice of filtration coefficient, although the more
detailed error maps (Figs. 5 and 6) suggest that best-fit
filtration coefficients produce the best overall result. Re-
placing the ceramic line with a solid ‘‘steel’” line does not
influence model accuracy when ., filtration coefficients
are used, but increases the RMS error to about 5% when
best-fit values are used. The choice of steel or ceramic only
influences doses on the longitudinal axes of the sources.

DISCUSSION

This paper presents the first detailed dose-rate distribution
for the Amersham 1982 and 1992 versions of the CDCS.J
intracavitary '*’Cs source. The latter is currently the only
commercially available source for manually afierloaded intra-
cavitary implants. In addition, updated dose-rate tables for the
3M model 6500/CDCK source have been provided. In contrast
to previously published tubles (6-8) derived from 1D path-
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Model 3M 6500 Source: 2 cm Polar profile
Monte Carlo vs. Sievert Integral
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Fig. 6..Dose-rate as a function of polar angle at a fixed 2-cm
distance from the active core center of a 3M Model 6500 source.
Data derived from MCPT simulation as well as several implemen-
tations of the 1D pathlength model are shown.

length calculations, our tables are derived directly from a more
fundamental experimentally validated Monte Carlo photon-
transport code. The model CDCS.J dose distribution based

upon radiographically measured average geometric dimen-

sions was found to be in close agreement with the dose distri-
bution based upon the vendor’s geometric specifications. How-
ever, our measurements demonstrate that the internal
dimensions of individual sources deviate from vendor specifi-
cations by as much as 1.8 mm. Of most dosimetric concern are
unexpected deviations of the active core from its expected
location in the source capsule. These findings underscore the
importance of subjecting each new batch of intracavitary
sources to rigorous radiographic examination before placing
them in clinical service (2).

Tables 4 and 6 show that the maximum influence asym-
metric positioning of the active source cavity in between the
ends of the source capsule (1.6 mm and 1.0 mm for the 3M
and Amersham sources, respectively) does not exceed 6% in
contrast to Waggener (8) and Sharma (28) who found that
the asymmetric 3M source design gave rise to dosimetric
asymmetries in excess of 20%. These authors used a coor-
dinate system centered on the source capsule (implying that
the active source cavity is not centered on the origin) in
contrast to our tables which assume that *‘distance along”” is
specified relative to the active source center. Readers should
bear this convention in mind when applying our tables to
practical problems.

The accuracy of several implementations of the 1D path-

length model (Sievert integral) has been assessed, assuming
that Monte Carlo simulation accurately represents the true
dose distribution around the source. The average accuracy
of this simple algorithm is better than % if the filtration
coefficients for the ceramic active core and steel encapsu-
lation (u, and p,) are treated as geometry-independent
parameters of best fit. For both the 3M and Amersham
sources, taking p, = 0.036 mm~' (stainless steel) and
(., /p) = 0.0295 cm?/g (ceramic or glass), yields maximum
and RMS average dose calculation errors of 4% and 0.8%
over the 0.25 cm to 7 cm distance range. These findings are
similar to those of Diffey (10) who found that u, = 0.034
mm~' maximized the agreemént between measured and
calculated dose-rates for a CDC K-type source. Williamson .
(4) found that w, = 0.039 mm~™' maximized agreement
between Monte Carlo and 1D pathlength calculations at a
single fixed distance of 2 cm for a steel-clad cesium tube
containing '*’Cs in ceramic pellets. Approximating the fil-
tration coefficients by linear energy absorption coefficients
(Me,) resulted in RMS average errors of about 3% and
maximum errors of 8%. For optimal accuracy near steel-
clad, low-density core '*’Cs sources, the *‘best-fit’’ filtra-
tion coefficients should be used in conjunction with a three-
dimensional geometric model. If the treatment planning
system is limited to representing the source geometry by a
line source embedded in a solid cylinder of steel, then mean
accuracy will be limited to 3% regardless of whether linear
energy absorption or the recommended *‘best-fit’’ filtration
coefficients are used, although best-fit filtration coefficients
accurately reproduce the Monte Carlo results over a larger
range of solid angles. Even though all 1D pathlength algo-
rithm variants perform accurately over the 30°-150° polar
angle range, 8~15% dose calculation errors near the longi-
tudinal source axis could be clinically significant for vaginal
plagues or colpostats which align the source axes perpen-
dicular to the coronal plane of the patient.

CONCLUSION

A Monte Carlo photon transport code has been used to
calculate detailed dose-rate distributions in the form of a
Cartesian lookup table for the two manual afterloading
intracavitary '*’Cs tubes sources most widely used in the
United States: the Amersham CDCS.J and the 3M model
6500/6D6C sources. The accuracy of the widely used 1D
pathlength (Sievert integral) algorithm has been systemati-
cally assessed relative to Monte Carlo benchmark calcula-
tions. Its mean accuracy is better than 1% for a broad range
of encapsulated '*’Cs sources containing low-density ce-
ramic or glass matrix cores when optimal geometry-inde-
pendent values of filtration coefficients for stainless steel
and ceramic media are adopted.
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