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Abstract

Purpose—To investigate the dosimetric impact of the heterogeneity dose calculation Acuros, a
grid-based Boltzmann equation solver (GBBS), for brachytherapy in a cohort of cervical cancer
patients.

Methods and Materials—The impact of heterogeneities was retrospectively assessed in
treatment plans for 26 patients who had previously received 192Ir intracavitary brachytherapy for
cervical cancer with computed tomography (CT)/magnetic resonance (MR)-compatible tandems
and unshielded colpostats. The GBBS models sources, patient boundaries, applicators, and tissue
heterogeneities. Multiple GBBS calculations were performed: with and without solid model
applicator, with and without overriding the patient contour to 1g/cc muscle, and with and without
overriding contrast materials to muscle or 2.25 g/cc bone. Impact of source and boundary
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modeling, applicator, tissue heterogeneities, and sensitivity of CT-to-material mapping of contrast
were derived from the multiple calculations. TG-43 and the GBBS were compared for the
following clinical dosimetric parameters: Manchester points A and B, ICRU report #38 rectal and
bladder points, three and nine o'clock, and D¢ to the bladder, rectum, and sigmoid.

Results—Points A, B, Dy bladder, ICRU bladder, and three and nine o'clock were within 5% of
TG-43 for all GBBS calculations. The source and boundary and applicator account for most of the
differences between the GBBS and TG-43. The D¢ rectum (n=3), Dy sigmoid (n=1), and ICRU
rectum (n=6) had differences > 5% from TG-43 for the worst case incorrect mapping of contrast to
bone. Clinical dosimetric parameters were within 5% of TG-43 when rectal and balloon contrast
mapped to bone and radiopaque packing was not overridden.

Conclusions—The GBBS has minimal impact on clinical parameters for this cohort of GYN
patients with unshielded applicators. The incorrect mapping of rectal and balloon contrast does not
have a significant impact on clinical parameters. Rectal parameters may be sensitive to the
mapping of radiopaque packing.

Keywords
brachytherapy:; intracavitary; 192Ir; grid-based Boltzmann solver; TG-43

INTRODUCTION

Intracavitary brachytherapy (ICBT) combined with external-beam radiotherapy is effective
against cervical cancer. Much of the success with ICBT to date has been with two-
dimensional (2D) treatment planning, but over the last decade, there has been a shift toward
three-dimensional (3D) treatment planning (1). An advantage of 3D treatment planning for
ICBT is the use of dose-volume histogram (DVH) parameters in dose-response modeling, as
has been done in external beam radiotherapy.

Heterogeneity corrections are now the standard approach for external beam treatment
planning, but there is currently no accepted treatment planning system (TPS) for
brachytherapy that incorporates tissue heterogeneities. Heterogeneity calculations may
significantly improve the accuracy of TPSs because they can compensate for air in the
bowel, applicator materials, and patient boundaries. Current brachytherapy dose calculations
are based on a single source dose distribution in water that is represented in the TPS by
specific parameters (defined in the American Association of Physicists in Medicine Task
Group 43 (TG-43) guidelines (2)).

Heterogeneities in brachytherapy have been studied by several groups. Poon et al. (3) used
Monte Carlo (MC) simulations for high-dose-rate (HDR) endorectal brachytherapy to
account for shielding, heterogeneities, and patient boundaries. Richardson et al. (4) studied
the impact of air gaps around vaginal cylinders in patients. A recent phantom study reported
by Kwan et al. indicated that the dose to the anterior wall of an empty (air-filled) rectum
was 13% lower than dose to the same site in a material-filled one (5). More basic studies
have evaluated the effects of applicator materials (6), tissue heterogeneities (5, 7, 8), and
boundary conditions (9). To optimize cervical cancer brachytherapy, there is a need for 3D
image-based treatment planning that accounts for the effects of applicators and tissue
heterogeneities on dose distributions (10).

Recently, a grid-based Boltzmann equation solver (GBBS), Acuros, was developed
specifically to perform accurate and rapid dose calculations for radiation therapy. For
brachytherapy, Acuros solves the Boltzmann radiation transport equation for photons on a
locally adaptive Cartesian grid. A commercial TPS with a GBBS is now available for use
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with a number of 192|r sources. There have been studies on the details of this commercial
GBBS (11-13) and its parent code applied to brachytherapy (14, 15). The purpose of this
work was to retrospectively apply the commercial GBBS, which models sources, patient
boundaries, applicator materials, and tissue heterogeneities to estimate doses for cervical
cancer patients and compare these doses to standard TG-43 estimates.

METHODS AND MATERIALS

Patients

Contouring

Twenty-six patients, who received 192Ir HDR ICBT with CT/MR tandem and colpostat
applicators in addition to external-beam radiotherapy for cervical cancer, were selected from
a database at X X X Cancer Center. This retrospective dosimetric analysis was conducted
under The X X X X X Cancer Center Institutional Review Board-approved chart review
protocol.

All patients had a Foley balloon inserted into the bladder that was inflated with a 7:93 (vol/
vol) mixture of iodinated contrast:water. Seventeen patients had contrast deposited using a
rectal tube. Radiopaque gauze was wetted and packed inferiorly and superiorly to the
colpostats to displace the anterior wall of the rectum and posterior wall of the bladder away
from the high-dose region during treatment. Specifications of the rectal and packing contrast
were unavailable.

Contours were delineated by a physician (X) at X X for the retrospective analysis. The
rectum (n = 26), bladder (n = 26), and sigmoid (n = 23) were contoured to include the full
thickness of the wall of each organ. The rectum was contoured from 1 cm above the anus to
the sigmoid flexure. The sigmoid was contoured from the rectosigmoid flexure to the point
at which the sigmoid extended into the anterior pelvis at the level of the pubic symphysis.
The bladder was contoured superiorly from the urethra. Rectal contrast, foley balloon, and
radiopaque packing were contoured by a physicist (X).

Treatment planning

The TPS used in the retrospective analysis was BrachyVision v8.8 (Varian Medical
Systems, Palo Alto, CA). It includes both TG-43 and the GBBS Acuros v1.3.1 (Transpire
Inc., Gig Harbor, WA). The GBBS source model was the HDR 192|r \VS2000 (12, 16) with a
1-mm cable. The TPS includes a library of applicators represented as solid models. The
computed tomography (CT)/magnetic resonance (MR) compatible applicators
(#AL13030000, Varian Medical Systems, Palo Alto, CA) were selected from the library;
these are unshielded applicators composed of Titanium with acetal caps.

The solid model applicators were manually registered to the planning CT. During transport
the GBBS substitutes the applicator model and materials in place of the corresponding CT

voxels. GBBS uses CT data outside of the applicators to account for tissue heterogeneities

and patient boundaries.

The materials available for CT-to-material mapping and the densities that map to them
include air (0.001 g/cc, 0.131 g/cc), lung (0.131 g/cc, 0.605 g/cc), adipose (0.605 g/cc, 0.985
g/cc), muscle (0.985 g/cc, 1.075 g/cc), cartilage (1.075 g/cc, 1.475 glcc), bone (1.475 glcc,
2.275 g/cc), Aluminum (2.275 g/cc, 3.560 g/cc) , Titanium (3.560 g/cc, 6.210 g/cc), and
stainless steel (6.210 g/cc, 8.000 g/cc); attenuating contrast materials (iodine, barium sulfate)
are not available in the current version of the TPS. For safety purposes, the TPS places a
default ceiling density of 2.25 g/cc when performing CT-to-material mapping. The GBBS

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2014 March 15.
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reports dose-to-water by multiplying the GBBS calculated total scalar photon fluence with
the mass-energy transfer coefficient for water and summing the results for all energy groups.

Dwell positions and weights were set to mimic 15-10-10 and 15-15 mgRaEq loading for
plans with medium and large colpostat models. The cases with small colpostat models
mimicked 10-10 mgRaEq loading. Dwell times were determined by calculating a mean dose
of 6 Gy to point A using vendor supplied TG-43 parameters (12, 16).

Doses were reported for the following clinical parameters: Manchester A and B, ICRU
bladder and rectum, three and nine o'clock, Do rectum, Do bladder, and Dy¢ sigmoid.
Three and nine o'clock are located on the lateral colpostat surface and represent the patient's
left and right vaginal mucosa, respectively. Dose was also reported for the balloon center,
but this is not a clinical parameter. DVHs were calculated over the entire contoured
volumes.

GBBS Calculations

GBBS calculations are listed in Table 1. Four variables were used in the calculations: solid
model applicator, body or patient contour override, rectal and balloon contrast override, and
packing contrast override. The calculations have been ordered from ‘least similar to TG-43
phantom’ at the top to ‘most similar to TG-43 phantom’ at the bottom. This ordering is
based on material found in the phantom. D(N,M,X,X) is closest to TG-43 since it does not
have a solid model applicator and the patient contour from CT is overridden to 1g/cc
muscle. D(Y,N,B,B) is furthest from TG-43 because it includes a solid model applicator,
uses CT values, and overrides the rectal, balloon, and packing contrast to the densest bone
available; this represents a worst case incorrectmapping of contrast material in the TPS. The
worst case mapping provides a bound on dosimetric effects that may be caused by variations
in the CT numbers of contrast material.

These calculations were performed to 1) isolate factors to clarify differences from TG-43
and 2) determine the sensitivity of mapping contrast materials. For patients not having rectal
and sigmoid contrast (patients 4, 5, 12, 14-16, 19, 21, 25) the entire rectum and sigmoid
were overridden for D(Y,N,M,M), D(Y,N,B,N), and D(Y,N,B,B). Differences between the
GBBS and TG-43 are represented by three factors shown in Table 2: source and boundary,
applicator, and tissue heterogeneity. The spatial distribution of each factor is displayed
through the patient volume on planes intersecting the applicators.

RESULTS

Figure 1 shows the separation of the three factors spatially for patient two (all patients
available in supplement). The source and boundary factor exceeds 10% near the anterior
side of the colpostat and is —4% on the posterior surface of the cap. The applicator factor is
-3 to —4% on the lateral cap surfaces and a —2% region extends 4 cm laterally. 2-4%
increases can be seen along the source tubing in the applicator factor. The source and
boundary and applicator factors are generally consistent for all patients. Differences of —4 to
-10% can be seen superiorly when the tandem is close to the superior CT edge (patients 2,
17, 18, 23, 26). It can be seen that contrast in the balloon or rectum does not affect the
D(Y,N,M,M) calculation. Heterogeneity effects can be seen through air in the rectum with
—2% at the anterior rectal wall and over 10% at the posterior wall. For D(Y,N,N,N), the
heterogeneity factor is affected by the balloon contrast causing differences over -10%
beyond the balloon; this was the case for all patients. The rectal contrast does not
significantly change the distribution compared to D(Y,N,M,M). The only difference
between D(Y,N,B,B) and D(Y,N,N,N) is that rectal contrast, now being overridden to bone
as a worst-case mapping, affects the distribution by about —7%.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2014 March 15.
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Figure 2a shows the three factors contributing to D(Y,N,N,N) at the ICRU rectal point. The
source and boundary contribution varies from —0.5% to +2.5%. The applicator contribution
varies from about —1% to —2% and the heterogeneity factor varies from — 3.5% to +1.5%.
Figure 2b shows the three factors at the balloon center, which is not a clinical parameter (all
points are available in the supplement). The contribution of the heterogeneity factor at the
balloon center, as expected for D(Y,N,N,N), is dominant due to the incorrect mapping of
contrast to bone.

Although differences from TG-43 throughout the patient volume range from —10% to +10%,
differences in clinical dosimetric parameters between the GBBS with a solid model
applicator and TG-43 are within 3% ( A left, A right, B left, B right, Do bladder) or 5% (3
o'clock, 9 o'clock, ICRU bladder, ICRU rectum, D2cc rectum, D2cc sigmoid) for all but one
calculation. This calculation was the worst case incorrect mapping of contrast to bone
D(Y,N,B,B). Differences for this worst case exceeded 5% at ICRU rectum (patients 1
(-6.3%), 4 (—8.5%), 6 (-7.1%),14 (-6.0%), 19 (-6.5%), 21 (=7.5%)), Dy rectum (patient 4
(-8.1%), 6 (-7.6%), 19 (-5.7%) ), and D, sigmoid (patient 4 (—5.5%) ). Figure 3a shows
different heterogeneity factors for different contrast-to-material mappings for the ICRU
rectum. When moving from D(Y,N,B,B) to D(Y,N,B,M) the heterogeneity factor changes
substantially for the affected patients. This indicates that the incorrect mapping of the
packing is responsible for changes in rectal parameters.

The difference in heterogeneity factors between D(Y,N,N,N) and D(Y,N,M,M) is less than
2% for all patients for all clinical parameters. If one is only interested in current clinical
parameters and not the entire dose volume, this suggests that overriding contrast to muscle is
not necessary.

DISCUSSION

Differences in clinical dosimetric parameters between the GBBS and TG-43 were less than
5% for D(Y,N,N,N) indicating the GBBS has minimal impact on clinical parameters.
Incorrect CT-to-material mapping of radiopaque packing to bone has the potential to
introduce differences > 5% from TG-43. This was seen when overriding the radiopaque
packing to the densest bone possible. Incorrect mapping of rectal and balloon contrast did
not impact clinical parameters. However, if one is interested in a more accurate calculation
throughout the volume then it is clear from Fig. 1 and Fig. 3b that contrast should be
overridden to muscle given that the attenuation of iodine and barium sulfate contrast is
closer to muscle than bone (Fig e3a).

Previous work (12) comparing TG-43 with both MC and GBBS for a single source in water
showed that both MC and GBBS calculated doses were less (-3 to -5%) than TPS-
calculated TG-43 doses within 1 cm of the source just off the longitudinal axis distal to the
cable. Our source and boundary factor (Fig 1a) results are in agreement with the previous
finding. Furthermore, all the source model differences from TG-43 can be explained by the
previous work.

Differences of —7% were seen near the superior edge due to loss of backscatter. Since 3D
heterogeneity based calculations are new to brachytherapy, some of the tools available in
external beam such as extending the patient boundary past the end of the CT to ensure
sufficient backscatter are not yet available. Further investigation on the impact of the
superior boundary for a single patient found that it impacted all points by less than 1%
except for the B points which were affected by 4% (Fig. f1). Differences in backscatter
superior to the tandem were similar to published data (9).

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2014 March 15.
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The GBBS returns dose as kerma-to-water in medium (Kyy ), but kerma-to-medium in
medium (K, m) may be the preferred method in the future(17). Calculating dose to a single
material, such as water, provides the benefit of smoothing the dose distribution. As can be
seen in the supplement, the reporting of dose-to-water is much less sensitive than dose-to-
medium. In the cases studied here the difference in K, iy and Ky, iy is approximately as
follows: iodinated contrast 35%, barium sulfate 12%, bone 6%, air —10% (Fig e2 and e3).
The nonuniformity of dose-to-medium distribution may make recorded point doses more
sensitive to placement, (e.g. accidentally placing a point in contrast would introduce +12%
error assuming barium sulfate, +6% for bone, or —10% assuming air). If there is contrast
within the rectum or bladder, then recording Dy to the entire organ instead of the wall
could introduce unacceptable errors of over 10% (Fig e4).

With the introduction of 3D heterogeneity-based dose calculations, clinical users should
evaluate imaging procedures to determine the accuracy of CT-to-material segmentation.
Issues arising from mapping are identical to those seen with MC-based calculations for
external photon and electron beam TPSs (18). Incorrect CT-to-material conversion may
produce errors in the resulting dose distributions. Such mapping errors occurred in this study
when contrast was incorrectly mapped to bone or cartilage for D(Y,N,N,N), but the mapping
errors did not impact clinical parameters.

Although the clinical parameters were found to be unaffected by the contrast mapping for
D(Y,N,N,N), doses beyond the contrast materials were affected (Fig 1b). The TPS does not
include contrast materials, so Monte Carlo simulations were compared to the GBBS to
estimate errors. Estimated errors to doses beyond barium sulfate and iodinated contrast
mapped to 2.25 g/cc bone are —12% and —9% respectively (Fig e3a). Mapping barium
sulfate and iodinated contrast to 1g/cc muscle introduces errors of +1% and +4%
respectively. Mapping the iodinated contrast to 1.475 g/cc bone would decrease errors to
—-2%.

Kwan et al. reported anterior wall measurement differences of —13% and posterior wall
differences of +22% when comparing values from an empty and a full rectum for a single
source (5). The measured dose differences encountered in our investigation due to
heterogeneities were at most —3% to the anterior wall and greater than +10% to the posterior
wall. The use of multiple sources and differences in geometry are likely responsible for the
difference in magnitude of results.

Library applicators are convenient, but their models in the TPS represent a potential source
of error. For model-based dose calculation algorithms such as the GBBS, the independent
verification of applicator models in TPS libraries has been an area of concern (17, 19). Some
work (20) has been done on validating the TPS's right-sided medium unshielded CT/MR
colpostat and is available in the supplement (Fig g2).

The largest limitation in this study was the lack of a control. Although previous studies
comparing the GBBS with MC (11-15) and supplemental data comparing GBBS and MC for
different materials (Fig e3) provide some level of confidence in our results, a MC simulation
for each patient would be ideal. Patient-specific MC was not performed because of the
length of time that the setup and running of simulations would have required.

To conclude, the GBBS has minimal impact on clinical parameters. The incorrect CT-to-
material mapping of rectal and balloon contrast does not have a significant impact on
clinical parameters. Rectal parameters may be sensitive to the CT-to-material mapping of
radiopaque packing.

Int J Radiat Oncol Biol Phys. Author manuscript; available in PMC 2014 March 15.
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Refer to Web version on PubMed Central for supplementary material.
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This study investigated the use of a grid-based Boltzmann solver (GBBS) for cervical cancer patients treated with
an unshielded CT/MR applicator. The GBBS was found to have minimal impact on clinical dosimetric parameters
for the cohort of GYN patients. GBBS differences from TG-43 for the clinical parameters were mainly due to
source, boundary, and applicator model differences. CT-to-material mapping of rectal and balloon contrast does not
matter for clinical parameters. Rectal parameters may be affected by incorrectly mapping packing material.
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Figure 1.

Spatial distributions of the 3 factors contributing to differences between GBBS and TG-43:
source and boundary, applicator, and heterogeneity. The contrast is overridden to muscle, no
override, or bone. (a) Top: contribution of source and boundary. Bottom: contribution of
applicator. (b) Top row: combination of all three factors. Bottom row: contribution of the
heterogeneity. From left to right, the GBBS with solid applicator with contrast overridden to
muscle D(Y,N,M,M), contrast not overridden D(Y,N,N,N), or contrast overridden to bone
D(Y,N,B,B).
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(b) Contribution of factors to differences between
D(Y,N,N,N) and TG-43: balloon center
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Figure2.

Barplots showing contribution of factors to differences between the GBBS with solid
applicator and no overrides D(Y,N,N,N) and TG-43. Summing source and boundary (red),
applicator (green), and tissue heterogeneities (blue) yields the total percent difference
(orange) from TG-43. (a) ICRU rectum (b) balloon center
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Impact of tissue heterogeneities with different

(a) contrast to material mapping: ICRU rectum
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Impact of tissue heterogeneities with different
contrast to material mapping: balloon center
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Barplots showing different heterogeneity factors for different contrast-to-material mappings
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Summary of different GBBS calculations.

Table 1

GBBScalculation

Applicator

Body override

Rectal and balloon contrast  Packing contrast override

D(Y,N, B, B)
D(Y, N, B, N)
D(Y, N, B, M)
D(N, N, N, N)
D(Y, N, N, N)
D(Y, N, M, M)
D(Y, M, X, X)
D(N, M, X, X)

Y

zZ < < < z < <

N

L =z z z z z

M

B

X 2z Zz2 W @

X

B

X X 2 =z =z Z z

Page 14

Four variables were used in the GBBS calculations. D(solid applicator, body override, rectal and balloon override, packing override). Y = yes solid
applicator was used, N = no solid applicator was used or no override was specified. B denotes that the contour was overridden to 2.25 g/cc bone. M

denotes that the contour was overridden to 1g/cc muscle. X denotes that the value of the contour is not applicable since a larger contour is

overriding its value.
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Table 2
Factor s contributing to differences between the GBBS and TG-43

total difference = source & boundary factor x applicator factor x heterogeneity factor

AN _PIES P x T
bl ) )
Factor TG-43 GBBS Quantity that isolates factor
Source and boundary model 15 cm cable on source and 1 mm cable on source and patient boundaries D(N,M,X,X)/TG-43
30 cm diameter sphere from CT
Applicator model None Solid model applicator from library D(Y,M, X, X)/D(N,M,X,X)
Heterogeneity model None CT-to-material mapping includes air, lung, D(Y,N,N,N)/D(Y,M,X,X)

adipose, muscle, cartilage, and bone.
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