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ABSTRACT PURPOSE: The aim of this study was to analyze the dosimetric influence of conventional spacers
and a cobalt chloride complex contrast (C4) agent, a novel marker for MRI that can also serve as
a seed spacer, adjacent to '“*Pd, '*I, and '*'Cs sources for permanent prostate brachytherapy.
METHODS AND MATERIALS: Monte Carlo methods for radiation transport were used to esti-
mate the dosimetric influence of brachytherapy end-weld thicknesses and spacers near the three
sources. Single-source assessments and volumetric conditions simulating prior patient treatments
were computed. Volume—dose distributions were imported to a treatment planning system for
dose—volume histogram analyses.

RESULTS: Single-source assessment revealed that brachytherapy spacers primarily attenuated the
dose distribution along the source long axis. The magnitude of the attenuation at 1 cm on the long
axis ranged from —10% to —5% for conventional spacers and approximately —2% for C4 spacers,
with the largest attenuation for '“*Pd. Spacer perturbation of dose distributions was less than
manufacturing tolerances for brachytherapy sources as gleaned by an analysis of end-weld thick-
nesses. Volumetric Monte Carlo assessment demonstrated that TG-43 techniques overestimated
calculated doses by approximately 2%. Specific dose—volume histogram metrics for prostate
implants were not perturbed by inclusion of conventional or C4 spacers in clinical models.
CONCLUSIONS: Dosimetric perturbations of single-seed dose distributions by brachytherapy
spacers exceeded 10% along the source long axes adjacent to the spacers. However, no dosimetric
impact on volumetric parameters was noted for brachytherapy spacers adjacent to '*Pd, '*I, or
131Cs sources in the context of permanent prostate brachytherapy implants. © 2013 American Bra-
chytherapy Society. Published by Elsevier Inc. All rights reserved.
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Introduction involve insertion of up to 120 radioactive seeds into the
prostate; dosimetric analysis after the implant is critical
for evaluating the quality of treatment delivery and is
predictive of biochemical disease outcomes after prostate
brachytherapy (1). CT is superior to MRI for seed localiza-
tion, whereas MRI is superior to CT for the anatomic delin-
eation of the prostate and the surrounding soft tissues

(2—5). During MRI of the prostate after the implantation,

Low-dose-rate permanent implant brachytherapy is
a standard of care approach for the treatment of localized
prostate cancer and is delivered to an estimated 40,000
men in the United States each year. Implants typically
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the titanium seeds appear as negative contrast signal voids
with susceptibility artifacts. Current MRI sequence proto-
cols make it difficult to localize each seed implanted into
the prostate and periprostatic tissues and perform postim-
plant dosimetric analysis.

Precise dosimetric evaluation of prostate implants is
crucial for assessing the adequacy of the treatment
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delivered and thus for ensuring the highest probability of
cure. Therefore, current brachytherapy guidelines recently
published by the American College of Radiology and the
American Brachytherapy Society recommend the fusion
of MRI with CT for postimplant dosimetry (6, 7). However,
the inadequacies of MRI—CT fusion registration have led
to active investigations of seed localization using MRI only
(8—12).

To facilitate seed localization by MRI, a cobalt chloride
complex contrast (C4) agent was developed that generates
a positive signal under MRI (13). The C4 solution is
embedded within a polymer capsule of dimensions iden-
tical to those of standard seed spacers and placed adjacently
to a seed within a strand to enable seed localization under
MRI (13). A previous study showed that the dose anisot-
ropy of a single '*°I seed was unaffected by the C4 MRI
marker and that subsequent imaging of the C4 MRI marker
was unaffected by high-dose radiation exposure (14).
However, the volumetric dosimetric effects of C4 MRI
markers in a standard brachytherapy implant are unknown.
Hence, the purpose of this study was to analyze the volu-
metric dosimetric impact of C4 MRI markers/spacers and
conventional markers adjacent to 103 Pd, 1251, and "'Cs
sources in the context of permanent prostate brachytherapy.
Dose perturbations by spacers surrounding a single seed are
also presented and compared with dose perturbations based
on variations in seed design end-weld thicknesses.

Methods and materials

Monte Carlo (MC) simulations were performed using
v1.40 of the MCNPS5 radiation transport code. Three
different low-energy photon-emitting radionuclide sources
were examined: '®>Pd model 200 (Theragenics Corpora-
tion, Buford, GA), '*’I model 6711 (GE Healthcare, Chal-
font St. Giles, UK [a unit of General Electric Company]),

PGA poly(glycolic acid)

and "*'Cs model CS-1 Rev2 (IsoRay Medical, Inc., Rich-
land, WA). Standard source component configurations and
material compositions have been described and bench-
marked elsewhere (15).

Three different brachytherapy source spacers were eval-
uated: “conventional,” C4, and C40 spacers. Conventional
spacers were simulated using a 90%/10% molar concentra-
tions of polyglycolic acid/poly L-lactic acid (C,H,O,/
CH;0,) having a mass density of 1.5 g/cm®. To our knowl-
edge, there are no other spacer types available. C4 spacers
consisted of a polyether ether ketone shell (C;9H;,05;
1.32 g/cm3) surrounding a C4 (CoCl,)gg(CoHsNO,)2
(1.01 g/lem®; Fig. 1) (13, 16). As patients have not yet been
implanted with the C4 spacers, consideration for the influ-
ence on a higher contrast loading was examined. Specifi-
cally, spacers having a C4 agent loading 10 times higher
were labeled as C40. These hypothetical C40 spacers were
identical to the C4 spacers except that the cobalt chloride
complex density was increased to 1.10 g/cm®. The spacer
lengths and diameters were modeled as 0.55 cm and
0.08 cm, respectively.

Photon energies and intensities for each radionuclide
source were simulated using data from the U.S. National
Nuclear Data Center (17). The MCPLIB04 photon cross-
section library DLC-220 was applied for photon-only radi-
ation transport calculations. Owing to the short range of
secondary charged particles, energy fluence kerma tallies
were used to estimate absorbed dose (*F4). The *F4 tally
estimator output (mega electron volts per square centi-
meter) was converted to absorbed dose (mega electron volts
per grams) using mass energy absorption coefficients p.,/p
(square centimeters per gram) (18). Two simulation geom-
etries were designed to examine volumetric dose distribu-
tions: (/) single-source simulations showing the influence
of adjacent spacers and manufacturing variations and (2)
multiple source implants simulating clinical cases as
described in the following sections.
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Fig. 1. Schematic representation of a seed with adjacent C4 spacers (MRI markers) as simulated using MC methods for radiation transport simulations. C4
detail illustrates the spacer composition and dimensions. C4 = cobalt chloride complex contrast; MC = Monte Carlo; PEEK = polyether ether ketone.
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Single-source simulations

Single-source dose distributions were modeled with
a brachytherapy source and spacers aligned along the
source long axis in a 15-cm radius homogeneous liquid
water phantom. The four simulation geometries included
a lone source, a source with conventional spacers, a source
with C4 spacers, and a source with C40 spacers. All the
three source types were examined. An MC tally was de-
signed to obtain dose distributions in a cylindrical geometry
(with the FMESH card), symmetric about the Z-axis (on the
X—Y plane) using (0.01 mm)® cross-sectional tori for
0 = X, Z = 2 cm, where X represents the radial distance
from the long axis and Z indicates the distance away from
the source center along the source long axis. A separate
tally used tori of (0.05 mm)? in cross-section for 0 =< X,
Z = 10 cm. A total of 10° photon histories were simulated
to achieve statistical uncertainties (k = 1) less than 0.1% at
the reference point (1 cm distance on the source transverse
plane) and 3.5% at 2 cm distance on the long axis for the
(0.01 mm)? toroidal voxels.

To further examine the dosimetric influence of spacers,
the source models were varied to increase the thickness
of the end welds. Standard source end-weld thicknesses
were doubled for each of the three source models in the
four spacer-simulation geometries (lone source, source with
conventional spacers, source with C4 spacers, and source
with C40 spacers). Specifically, dose distributions were
calculated to obtain data at 0.1-mm resolution in along
and away format for both the nominal end-weld thicknesses
of 40, 370, and 76 pum for 103pq 1251 and 3'Cs, respec-
tively, and for increasing these thicknesses to 80, 560,
and 152 pm, respectively. These variations were chosen
to approximate those occurring within manufacturer toler-
ances. Dose distributions in the vicinity of these single
seeds also included spacers (conventional, C4, and C40)
placed adjacent to the seeds on the long axis.

Clinical implant simulations

To assess the potential influence of the three types of
spacers in a simulation of a clinical prostate implant setting,
treatment plans from four patients who had received perma-
nent prostate brachytherapy at The University of Texas MD

Table 1
Characteristics of the four clinical cases analyzed

Anderson Cancer Center were selected. These four cases
represent typical clinical loading patterns for '*Pd-, '*I-,
and '*'Cs-bearing implants in large or small prostate
volumes (Table 1). In each case, a Day 0 CT scan was ob-
tained immediately after source implantation, and the
contours of the prostate, bladder, rectum, and urethra were
delineated on the scans. Contrast was not used for the
small-prostate 103pgq case, so the urethra was not contoured
in that case. For the purposes of this study, the source:spacer
modified peripheral loading patterns for '*°I and '*'Cs were
taken to be identical, but the '°*Pd loading patterns incorpo-
rated a modified uniform loading technique.

Dosimetric information from the Day 0 CT scans was
exported from v8.0 of the VariSeed (Varian Medical
Systems, Inc., Palo Alto, CA) treatment planning system
and imported into v8.8 of the BrachyVision (Varian
Medical Systems, Inc.) treatment delivery system. The clin-
ical pretreatment plan was used to group the sources iden-
tified on the posttreatment plan according to needle, which
provided the relative coordinates of sources and spacers in
the implant. To simplify the MC input geometry, the clin-
ical source distribution was modified such that the X
(left—right) and Y (anterior—posterior) coordinates of sour-
ces in a common needle were set to the average X and Y
position of all sources in that needle. For needles with
consecutive spacers, the Z (superior—inferior) positions
were changed to linearly accommodate the source:spacer
sequence as needed, with a maximum source position shift
of 0.4 cm (typically <0.1 cm).

Linear source:spacer distributions were constructed by
explicitly modeling each source and spacer and then
copying and translating them (with TRCL cards)
throughout a uniform homogeneous water phantom. A
15-cm radius phantom was used to simulate the scatter
conditions for a clinical implant. Three spacer-simulation
geometries were created for each case using the data from
Table 1: brachytherapy sources with no spacers, brachy-
therapy sources with conventional spacers, and brachyther-
apy sources with C4 and conventional spacers, as would be
used clinically. For implants using C4 spacers, only spacers
adjacent to brachytherapy sources need be C4 spacers. For
example, a source—spacer—spacer—spacer—source—source
sequence would consist of source—C4 spacer—conventional
spacer—C4 spacer—source—source.

Prostate size and implant type

Large prostate, 1257 or B1Cs

Large prostate, '*Pd

Small prostate, '*I or '*'Cs Small prostate, '*Pd

Characteristics implant implant implant implant
Prostate volume (cm?®) 63.75 45.34 9.98 14.89
Number of sources 126 128 38 50
Number of spacers 118 126 34 34
Number of C4 spacers 96 102 28 32
Number of needles 30 30 14 16

C4 = cobalt chloride complex contrast.
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The geometry of rectilinear output tally volumes was de-
signed (with the FMESH card) to match the brachytherapy
dosimetry grids, which used (0.5 mm)® cubic voxels. A
conversion factor was generated for the tally results to
convert *F4 output (square centimeters per gram) to gray
for a permanent implant as described by Melhus and Ri-
vard (15). The converted volumetric tally output was
subsequently converted to DICOM RTDOSE files using
the v8.1 IDL 1 (ITT Exelis, Inc., McLean, VA) software.
The RTDOSE files were imported into BrachyVision
(Varian Medical Systems, Inc.) to calculate the clinical
dosimetric parameters recommended by the American
Brachytherapy Society and the American Association of
Physicists in Medicine (AAPM) TG-137 report (7, 19),
namely Dg(), D]()(), V90, V] 00> V|50, and V200 for the prostate;
Dy 1 em3s Diems, and D, 3 for the bladder and rectum;
and Dg | ¢m3, Ds, Do, and Dsq for the urethra.

In addition to MC calculations, conventional brachyther-
apy dosimetry calculations based on the AAPM TG-43U1
report (20) were performed using the linear source approx-
imation for 103Pd, 125I, and "*'Cs sources based on the pub-
lished dosimetry parameters. The source data used for
models 200 '“Pd and 6711 '*I were obtained from the
AAPM TG-43U1 report consensus data (20), and the model
CS-1 Rev2 !Cs source dosimetry parameters were ob-
tained from the study by Rivard (21, 22).

A total of 10° starting particles were simulated for '**Pd
source and 5 x 10® particles for '*°I and '*'Cs sources to
achieve statistical uncertainties (k = 1) <3% throughout
the simulation volume. For example, the bladder dose in
the large prostate cases had mean statistical uncertainties
of 2.8% (maximum, 6.5%), 2.3% (maximum, 8.3%), and
1.6% (maximum, 3.4%) for 103Pd, 125I, and 131Cs, respec-
tively. The mean statistical uncertainties in the prostate
volume were lower because of the smaller distance between
the sources and the organ and were 0.9% (maximum,
1.2%), 1.1% (maximum, 1.5%), and 0.8% (maximum,
1.2%) for 103Pd, 1251, and '3 le, respectively.

Results
Dosimetric influence of source spacers

MC simulations of individual model 200 '**Pd, model
6711 '*°I, and model CS-1 Rev2 '*'Cs sources with adja-
cent brachytherapy spacers revealed photon attenuation in
the spacers; however, most of the volume surrounding the
source was not perturbed. As expected, most of the attenu-
ation was along the source long axis, where the path length
through the spacer was the longest. Figure 2 illustrates the
relative dose between source in homogeneous water and
source with adjacent spacer in homogeneous water within
a Cartesian plane with (X = 0 cm and Y = 0 cm), represent-
ing the center of the source for '°*Pd (top panels) and '*I
(bottom panels). Results for the 1251 sources were similar to
131Cs (data not shown).

As expected, the dose distribution was perturbed less
with the higher energy '*°I and '*'Cs sources because of
less absorption by the spacers. The relative dose decrease
on the long axis at (X = 0 cm and Z = 1 cm) for each
source and all three spacer materials is shown in Table 2.
The hypothetical C40 spacer (with a 10 times higher agent
concentration) demonstrated the largest attenuation along
the source long axis; photon attenuation in the C4 spacer
was less than that of the conventional seed spacers.
Although it had a higher mean photon energy, dosimetric
influence of source spacers was higher for the '*'Cs seed
than that for the '*°I seed. This is thought to be because
of the larger solid angle subtended by the spacer for the
131Cs seed and subsequently smaller proportion of primary
dose in comparison with the 1251 seed, which has radioac-
tivity distributed on the surfaces of a radiopaque marker.

Dosimetric influence of end-weld thickness

The model 200 '*Pd source showed the most variation
in dose distribution as a function of end-weld thickness.
This is because photons emitted from active components
may attenuate through two thickened source capsule
components because of the concave end-weld geometry.
Furthermore, the average photon energy emitted by '“Pd
is 21 keV compared with an average of approximately
30 keV for "I and *'Cs sources.

Comparing dose distributions for the model 200 '**Pd
with adjacent C4 spacer (Fig. 3, left), the ratio is within
+1% of unity within £35° of the transverse plane, up
to +5% of unity within £58° of the transverse plane, up
to +10% of unity within £67° of the transverse plane,
and up to +20% of unity within +78° of the transverse
plane. The ratio deviated from unity by up to 30% on the
source long axis. Similar results were obtained for the
conventional spacer and the C40 spacer, demonstrating that
end-weld perturbations of dose distributions were indepen-
dent of spacer design.

For the model CS-1 Rev2 '*'Cs brachytherapy source and
C4 spacer, end-weld thickness variations resulted in dose
distribution variations approaching 20% at close distances
on the source long axis (Fig. 3, right). The ratio was within
+1% of unity within £52° of the transverse plane,
within +1%—+3% of unity within +73° of the transverse
plane, and within +3%—+5% of unity within £81° of the
seed transverse plane. Thus, dose differences exceeding
5% occurred only at relatively small solid angles along the
source long axis. As was true for 103Pd, the dose distributions
for '*'Cs were similarly perturbed for the conventional and
C40 spacers. The model 6711 '*I source provided results
similar to those for the model CS-1 Rev2 '*'Cs.

Clinical implant simulations

MC simulations comparing the dosimetric influence
on dose—volume histogram (DVH) parameters for all
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Fig. 2. The relative dose distributions for '°*Pd (upper panels, with 3% bin width) and '*I (lower panels, with 2% bin width) for a source in homogeneous
water and a source with adjacent spacer for the model 6711 '*I source and three different spacers. In the lower left corner of each panel, the bold horizontal
striped object represents the upper half of the source, and the vertically striped object represents the spacer.

the three radionuclides using either conventional or C4
spacers relative to using no spacers, that is, water is the
medium between the seeds, indicated perturbation of
DVH parameters by <0.3% for the large prostates and
0.6% for the small prostates. All these prostate DVH
perturbations were less than the mean statistical uncer-
tainties. Thus, the examined volumetric dose perturba-
tions by the seeds were not statistically significant
within 1%.

DVH parameters calculated using MC simulations with
conventional and C4 spacers vs. the conventional TG-43
dose formalism (intrinsically without accounting for inter-
seed attenuation or spacers) revealed perturbations within
5% except for the large prostate loaded with '*'Cs seeds.
For the conventional and C4 spacers, the MC-calculated
Viso was —10% and the V599 was —6% compared with
what was found using the TG-43 approach. The maximum
statistical (k = 1) uncertainties within the prostate volumes
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Table 2

Relative dose decreases in water at a distance of 1 cm along the long axis,
that is, Z = 1 cm, integrated over 0 = X = 0.075 cm for the three sources
and three spacer materials

Source model and radionuclide ~ Conventional ~ Spacers C4  C40

200 '9pg 0.925 0.989 0.822
6711 &1 0.979 0.996 0.977
CS-1 Rev2 s 0.962 0.993 0.936

C4 = cobalt chloride complex contrast.

The values provided did not change by more than 1% for Z = 2 cm.
The k = 1 statistical uncertainties for the dose ratios of spacer to no spacer
were uniformly 0.3%.

were 1.5% for all three source models—smaller than the
observed differences in the DVH parameters. Collectively,
these results indicate no meaningful differences in terms
of dosimetric impact on organs at risk and target coverage
for the conventional spacer, C4 spacer, or for no spacer
altogether.

Discussion

To our knowledge, this is the first analysis of the influ-
ence of spacers adjacent to radioactive seeds on volumetric
dosimetry in prostate brachytherapy. Evaluation of the
influence of source spacers demonstrated that photon atten-
uation in the C4 spacer was less than that caused by
conventional brachytherapy spacers, and the attenuation
was highest for the hypothetical C40 spacer. The relative
differences in dose distributions of the seeds with adjacent
C4 spacers were not perturbed by variations in end-weld
thickness of the 103Pd, 1251, and "®'Cs seeds. However,
the magnitude of the relative differences illustrated that
manufacturing tolerances could generate source-specific
dose perturbations that exceed those introduced by the pres-
ence of source spacers.

Spacers are commonly used in prostate brachytherapy
and are typically placed adjacent to the radioactive sources

within strands. The C4 spacer was developed to enable
localization of the implanted seeds under MRI alone to
allow a more accurate assessment of postimplant dosimetry
than that provided by CT (14). The C4 spacer can be visu-
alized using T1- and T2-weighted MRI protocol sequences,
which can improve the ability to identify soft tissues in the
postimplant setting over CT. A recent study demonstrated
both the safety of the C4 solution and the in vivo visualiza-
tion of the C4 spacers within a strand in a canine prostate
(16). As noted previously, accurate assessment of postim-
plant dosimetry is critical for quality assurance. If an
implant is determined to be dosimetrically inadequate,
additional seeds can be placed to improve it. Conversely,
if postimplant dosimetry identifies excessive doses to
adjacent critical structures, potential toxicities can be antic-
ipated and prophylactic conservative management dis-
cussed with the patient and initiated. Optimal assessment
of postimplant dosimetry can also help the brachytherapy
team to improve their techniques to facilitate consistency
within the program.

Conclusions

Assessment of single-seed dose distributions revealed
that the dosimetric perturbations of the brachytherapy
spacers exceeded 10% at positions located along the source
long axes immediately adjacent to the spacers. However, no
observable dosimetric impact on volumetric parameters
was noted for brachytherapy spacers adjacent to '°’Pd,
1251, or '*'Cs sources in the context of permanent prostate
brachytherapy implants. Indeed, the dosimetric impact of
the spacers was shown to be smaller than variations in
source end-weld thickness intrinsic to the manufacturing
process. We conclude that the practice of excluding the
dosimetric influence of brachytherapy spacers from radia-
tion therapy calculations in permanent volumetric implants
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Fig. 3. Ratio of relative dose distributions for the model 200 193pg source (left) and CS-1 Rev2 3!Cs source (right) with two different end-weld thicknesses

and adjacent C4 spacers. C4 = cobalt chloride complex contrast.
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does not change the examined volumetric parameters
within 1%.
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