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Purpose: To determine the geometric and dose attenuation characteristics of a new commercially
available CT-compatible LDR tandem and ovoid (T&O) applicator using Monte Carlo calculation
and 3D dosimetry.
Methods: For geometric characterization, we quantified physical dimensions and investigated a sys-
tematic difference found to exist between nominal ovoid angle and the angle at which the afterload-
ing buckets fall within the ovoid. For dosimetric characterization, we determined source attenuation
through asymmetric gold shielding in the buckets using Monte Carlo simulations and 3D dosimetry.
Monte Carlo code MCNP5 was used to simulate 1.5 × 109 photon histories from a 137Cs source
placed in the bucket to achieve statistical uncertainty of 1% at a 6 cm distance. For 3D dosimetry,
the distribution about an unshielded source was first measured to evaluate the system for 137Cs, after
which the distribution was measured about sources placed in each bucket. Cylindrical PRESAGE R©

dosimeters (9.5 cm diameter, 9.2 cm height) with a central channel bored for source placement were
supplied by Heuris Inc. The dosimeters were scanned with the Duke Large field of view Optical
CT-Scanner before and after delivering a nominal dose at 1 cm of 5–8 Gy. During irradiation the
dosimeter was placed in a water phantom to provide backscatter. Optical CT scan time lasted
15 min during which 720 projections were acquired at 0.5◦ increments, and a 3D distribution was
reconstructed with a (0.05 cm)3 isotropic voxel size. The distributions about the buckets were used
to calculate a 3D distribution of transmission rate through the bucket, which was applied to a clinical
CT-based T&O implant plan.
Results: The systematic difference in bucket angle relative to the nominal ovoid angle (105◦) was
3.1◦–4.7◦. A systematic difference in bucket angle of 1◦, 5◦, and 10◦ caused a 1% ± 0.1%, 1.7%
± 0.4%, and 2.6% ± 0.7% increase in rectal dose, respectively, with smaller effect to dose to Point
A, bladder, sigmoid, and bowel. For 3D dosimetry, 90.6% of voxels had a 3D γ -index (criteria
= 0.1 cm, 3% local signal) below 1.0 when comparing measured and expected dose about the un-
shielded source. Dose transmission through the gold shielding at a radial distance of 1 cm was 85.9%
± 0.2%, 83.4% ± 0.7%, and 82.5% ± 2.2% for Monte Carlo, and measurement for left and right
buckets, respectively. Dose transmission was lowest at oblique angles from the bucket with a mini-
mum of 56.7% ± 0.8%, 65.6% ± 1.7%, and 57.5% ± 1.6%, respectively. For a clinical T&O plan,
attenuation from the buckets leads to a decrease in average Point A dose of ∼3.2% and decrease in
D2cc to bladder, rectum, bowel, and sigmoid of 5%, 18%, 6%, and 12%, respectively.
Conclusions: Differences between dummy and afterloading bucket position in the ovoids is minor
compared to effects from asymmetric ovoid shielding, for which rectal dose is most affected. 3D
dosimetry can fulfill a novel role in verifying Monte Carlo calculations of complex dose distribu-
tions as are common about brachytherapy sources and applicators. © 2012 American Association of
Physicists in Medicine. [http://dx.doi.org/10.1118/1.4730501]
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I. INTRODUCTION

We describe the commissioning of a brachytherapy applica-
tor for which we have incorporated 3D dosimetry measure-
ments into the commissioning process. Traditionally, Monte
Carlo simulations are used to calculate dose about brachyther-
apy sources and attenuation through applicators, with the cal-

culation being verified by point dose measurements. Alter-
natively, 3D dosimetry has the ability to provide 3D spatial
dose information at high resolution which could be espe-
cially useful to verify Monte Carlo calculations in instances
of dose distributions that are complex or have high gradi-
ents as is often the case about brachytherapy sources and
applicators. A number of methods have been developed to
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measure 3D dosimetric distributions, including radiochromic,
polymer, and Fricke gel dosimeters.1–4 In these systems, the
dose distribution is recorded by a large volume dosimeter, af-
ter which it can be analyzed with one of a number of imag-
ing systems.5–7 A novel optical tomography system at our in-
stitution can be used to analyze PRESAGE R© (Heuris Inc.,
NJ) dose distributions with submillimeter voxel size using
the Duke Large field of view Optical CT-Scanner (DLOS).8, 9

PRESAGE is a polyurethane based dosimeter that is solid and
transparent. Some of its advantages include being machin-
able, moldable, and insensitive to oxygen exposure, which are
especially important for brachytherapy measurements requir-
ing a channel in the dosimeter for source placement. These,
along with the minimal optical scatter afforded by DLOS and
the high spatial resolution achievable with PRESAGE, make
this system well suited for brachytherapy measurements.8

This system has been used extensively for external beam
radiotherapy1, 2 and in a few cases, to measure the dose distri-
bution about a brachytherapy source.10, 11 Verification of the
attenuation characteristics of brachytherapy applicators is a
natural extension of previously reported applications of the
PRESAGE/DLOS 3D dosimetry system.

The applicator for which we describe the commissioning is
a CT-compatible LDR tandem and ovoid applicator that has
recently become commercially available (Weeks CT Mini-
Ovoid Applicator Set, Radiation Products Design Inc, Al-
bertville, MN). CT-compatibility has been shown to be war-
ranted for LDR intracavitary brachytherapy applicators by
retrospective studies showing a lack of correlation between
3D dose-volume analysis with dose to Point A as defined by
International Commission on Radiation Units (ICRU) Report
No. 38.12–14 A prototype of the applicator was originally de-
signed by Weeks et al.,15–17 and incorporated aluminum and
high temperature plastic components to minimize imaging ar-
tifacts. However, differences exist between it and the new
commercial applicator which have not yet been characterized.

The main difference between the new (commercially avail-
able) applicator and its original prototype is a change in the
shielding material in the afterloading buckets from tungsten
to gold. The ovoids of the CT-compatible applicator provide
an asymmetric dose distribution to shield organs at risk. To
avoid imaging artifacts, this shielding material is found within
the afterloading buckets rather than the caps or ovoids. Since
these afterloading buckets are small (0.55 cm outer diameter),
and have a complex shape with highly varied shielding, the
high spatial resolution achievable with 3D dosimetry makes
it an ideal dose measurement system to verify the attenuative
properties calculated using Monte Carlo simulations.

II. MATERIALS AND METHODS

II.A. Geometrical characterization

The external shape of the CT-compatible applicator is in-
tentionally designed to be the same as the Fletcher–Suit–
Delclos (FSD) applicator18 so as to not appreciably change
the insertion procedures or treatment dosimetry. The device
consists of four curved tandems (15◦, 30◦, 45◦, and 60◦) and

FIG. 1. Afterloading buckets with asymmetric gold shielding. Shown is the
unshielded side with brass covering (a), gold shielded side (b), CT-compatible
dummy bucket (c), 3D illustration (not to scale) of afterloading bucket (d),
and geometry of bucket and source used for Monte Carlo simulations (e).

minicolpostats with optional caps with outer diameters 2.0,
2.5, and 3.0 cm. The ovoid heads and caps are made of high
temperature plastic while the colpostat handle and separation
mechanism are made of stainless steel. Because of the high
density shielding in the afterloading buckets, dummy buck-
ets are used during imaging that do not include high density
metal. The buckets used for afterloading of the sources in the
ovoids are shown in Fig. 1; they are asymmetrically gold-
shielded with a 0.036 cm brass covering on the unshielded
side. In the radial direction, the gold shielding attenuates the
dose over a span of 180◦ (see Fig. 1), the center of which is
offset 45◦ relative to the ovoid handle so as to preferentially
lower the dose to bladder and rectum. The CT-compatible
dummy buckets are made of plastic and have three stainless
steel BBs (0.016 cm diameter) embedded into the bucket for
seed localization [Fig. 1(c)]. The steel BB positions corre-
spond to the center and either end of the active volume of
137Cs sources with an active length of 1.35 cm.

The physical dimensions of the CT-compatible applica-
tor were quantified. The physical dimensions of the tandems,
ovoids, and afterloading buckets were verified via digital
caliper measurements and radiography, and were compared
to the vendor’s specifications and to the published specifica-
tions for the Weeks prototype device.16, 17 The gold-shielded
and dummy (CT-compatible) buckets were also inserted into
the ovoid and radiographed to verify positioning. Differences
between the commercial and prototype Weeks device in-
clude: (1) change of shielding material from tungsten (density
= 17 g/cm3) to 24 K gold (density = 19.3 g/cm3) for increased
shielding and fixation of the brass layer; (2) change of alu-
minum tandem inner and outer diameters from 0.45 cm and
0.65 cm to 0.50 cm and 0.80 cm, respectively. In addition,
the surface of the original tandems was anodized aluminum,
while the new commercial tandems have a teflon coating to
avoid flaking of the surface material. For the commercial ap-
plicator, gold was chosen as the shielding material over tung-
sten because it has a higher density and hence can provide
increased shielding of organs at risk, and the brass layer can
be brazed directly to the gold which eliminated attachments
fastened by glue in the original prototype.
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After a preliminary investigation, a systematic difference
between the expected and actual angle at which the after-
loading buckets hang within the ovoids (nominally 105◦) was
found. Thus, a more thorough evaluation was performed us-
ing radiography to measure the bucket angle for a number
of ovoid orientations chosen to represent clinically expected
extremes: (1) with the ovoid pointing down and the ovoid
handle level at 0◦, (2) with the ovoid pointing down and the
ovoid handle inclined at ±14◦, and (3) with the ovoid lay-
ing sideways and the ovoid handle level at 0◦. The measure-
ments were made six times for each orientation with a dummy
source placed in the bucket. The dummy buckets were re-
moved and replaced in the ovoid after each measurement. For
comparison, the measurements were repeated using the CT-
compatible dummy buckets. The clinical dosimetric effect of
a systematic difference in bucket angle within the ovoids was
quantified for two patient geometries, which utilized a 45◦

tandem and 2.0 cm ovoid caps. The patients were prescribed
doses of 35 and 40 Gy to Point A delivered in 58 h and 50 h,
respectively. Dosimetric indices chosen for comparison were
the dose to Point A as defined by ICRU 38 (Ref. 19) as well
as the minimum dose to the hottest 2 cc (D2cc) of the bladder,
rectum, bowel, and sigmoid. The treatment planning software
(TPS) used for this evaluation was Brachyvision version 10.0
(Varian Medical Systems, Inc., Palo Alto, CA) which did not
account for tissue heterogeneities or attenuation of the ovoid
source by the gold buckets.

II.B. Dosimetric characterization

As part of the commissioning process, we used Monte
Carlo simulations to quantify the attenuation of the dose by
the applicator tandems and afterloading buckets for a stan-
dard LDR 137Cs source (model 67-6520 by Isotope Product
Laboratories).20 For the afterloading buckets, we also mea-
sured the attenuation through the buckets with the 3D dosime-
try system.1, 2, 21

II.B.1. Monte Carlo calculation

The Monte Carlo radiation transport code MCNP5 was
used for all the simulations.22 The photoatomic cross sec-
tions were based on EPDL97 (Refs. 23 and 24) and the
photon spectra were from the National Nuclear Data Cen-
ter (NNDC) (Ref. 25) with 137Cs photon emission probabil-
ity. The 137Cs source was simulated with radiation emissions
originating from a solid 0.152 cm diameter and 1.48 cm long
right cylinder of Cs2O surrounded by stainless steel walls with
a combined thickness of 0.0584 cm to approximate the model
67-6520 137Cs source by the Isotope Product Laboratories.
Dose distributions were simulated in 30 × 30 × 30 cm3 liq-
uid water using the *F4 FMESH tally card in both transverse
(X-Y plane mesh = 600 × 600) and longitudinal (X-Z plane
mesh = 600 × 600) plane with tally grid of (0.05 cm)3. The
cutoff photon energy was set to 0.01 MeV and electron scor-
ing was not performed in the simulations since its contribution
was negligible. For each Monte Carlo run, 1.5 × 109 pho-

ton histories were simulated. These calculations took about
15 h on a 2.3 GHz laptop with the Windows XP operating
system. Typical statistical uncertainties (k = 1) in the longi-
tudinal plane were 1% at a distance of 6 cm and 5% for a
distance of 15 cm from the central axis. Figure 1(e) shows
the geometry of the bucket and source used for Monte Carlo
simulations.

Calculations were performed with and without simulating
the presence of the aluminum tandem and attenuating bucket
surrounding the source. The radial thickness of the gold
shielding is specified by the manufacturer as 0.13 ± 0.01 cm.
However, for our applicator [marked in red in Fig. 1(d)], we
measured a thickness of 0.10 ± 0.01 cm. Due to the discrep-
ancy, calculations were performed with both thicknesses. Per
discussion with the vendor (Radiation Products Design Inc.,
Albertville, MN), the gold buckets shrink after casting, which
leads to variation in bucket size with most casts falling within
a range of 0.117 cm–0.122 cm. The thin brass covering on the
unshielded side of the bucket was accounted for in the calcu-
lations, while the notch in the gold shielding was not.

II.B.2. 3D dosimetry

Current PRESAGE dosimeters are tissue equivalent (effec-
tive Z = 7.4) and have been used for photon energies as low as
225 kV; Monte Carlo based simulations have also shown it to
be suitable for dose measurements for 137Cs.10, 26 In addition
to this, we evaluated the PRESAGE/DLOS system for mea-
surements of 137Cs by first measuring the 3D dose distribution
about an unshielded source, after which the distribution was
measured about sources placed within the attenuating buck-
ets. Cylindrical polymer based PRESAGE dosimeters1, 2, 21

(9.5 cm diameter, 9.2 cm height) were manufactured. The
cylindrical dosimeters were designed to measure dose out to a
radial distance of 4 cm, and had a channel (0.35 cm diameter
for unshielded source, 0.58 cm diameter for buckets) drilled in
the center to nearly midway through the dosimeter. An optical
CT pre-irradiation scan of the dosimeter was acquired using
the DLOS scanning system8 with the channel being filled with
and the entire dosimeter being immersed in a refractive fluid
consisting of a combination of octyl salicylate and mineral oil
for the scan. The fluid was then removed and a 137Cs source
(model 67-6520 by Isotope Product Laboratories) (Ref. 20)
or a 137Cs sourced within an afterloading bucket was inserted
into the dosimeter channel. During irradiation the dosimeter
was placed within a water phantom large enough to provide
sufficient backscatter (40 × 40 × 40 cm3) and an unattenuated
dose of 5.3 Gy at 1 cm was delivered for the unshielded source
and 7.8 Gy at 1 cm when the source was placed in the ovoid
buckets. A postirradiation optical CT scan was immediately
acquired with the same refractive fluid inserted in the channel
again and the dosimeter immersed. The 3D dose distribution
was reconstructed with a (0.05 cm)3 isotropic voxel size with
no median filtering. All optical CT scans were acquired with
720 projections at 0.5◦ increments, and were flood and dark
field corrected with an acquisition time of ∼15 min.

The purpose of measuring the 3D dose distribution
about the unshielded source was to evaluate the 3D dose
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measurement system for 137Cs prior to using the system to
evaluate the buckets. The distribution was registered manu-
ally with the calculation using published American Associa-
tion of Physicist in Medicine (AAPM) Task Group 43 (TG-
43) parameters for the source.20 A region of interest (ROI)
was defined using morphological operators to exclude pixels
near and outside the dosimeter surface as well as any points
within the dosimeter having a zero dose reading due to imper-
fections. A 3D γ -index analysis27 was used to compare the
measurement and calculation including all voxels within the
ROI.

The distributions about the source within the buckets were
registered manually with the source distribution calculated us-
ing TG-43 parameters20 and the ratio of the dose about the
bucket to the dose expected for an unshielded source was cal-
culated using

Dbucket(r, θ, φ)

Dunshielded(r, θ, φ)
= I(r,θ,φ)

I (1 cm, 90◦, φref )
· GL(r0, θ0)

GL(r, θ )

· p(1 cm, 90◦, φref )

gL(r) · F (r, θ )
, (1)

where r, θ , and φ are cylindrical coordinates, I(r, θ , φ) is the
pixel intensity value from the PRESAGE measurement at the
given coordinates, φref is the angle passing through the refer-
ence point at which the distribution is normalized and is di-
rected through the brass directly opposite the gold shielding,
and p(1 cm, 90◦, φref) is the calculated transmission through
the brass from the Monte Carlo calculation and is equal to
0.9930 ± 0.0003. GL(r, θ ), gL(r), and F(r, θ ) are the ge-
ometry, radial dose, and anisotropy functions from TG-43.28

The ratio in Eq. (1) was calculated for both the left and right
buckets.

The dosimetric effect of the bucket attenuation on the pre-
scription point (Point A) and clinical organs at risk was evalu-
ated for a single tandem and ovoid implant. The clinical plan
consisted of a 35 Gy implant with three sources in the tan-
dem (air kerma strength = 108.6, 80.6, and 80.6 cGy cm2/h)
and one source per ovoid (air kerma strength = 107.8 and
108.3 cGy cm2/h). It is our departmental practice that when
MR images are not available, the dose is prescribed to Point
A, rather than the HRCTV as recommended by the Groupe
Européen de Curiethérapie (GEC) and the European Soci-
ety for Therapeutic Radiology and Oncology (ESTRO).14, 29

The ratio calculated in Eq. (1) from the PRESAGE measure-
ment was used to account for attenuation through the after-
loading buckets. Since the 3D distribution of the transmission
rate through the bucket varies much less than the raw mea-
sured dose, it is better suited to identify voxels with invalid
signal caused by the presence of the central channel, noise,
or physical imperfections in the dosimeter. Therefore, voxels
with transmission rates in the 3D distribution that were out-
side of the expected range (<40%, >200%), as well as voxels
at a large radius (>3 cm) or outside the dosimeter were esti-
mated as being the nearest valid measured transmission val-
ues along the line intersecting the center of the source and the
point of interest. Attenuation of the tandem, and high density
plastic ovoids and caps were not accounted for.

FIG. 2. Change in dose to Point A, and to the D2cc for bladder, rectum,
bowel, and sigmoid calculated using the TPS as a function of systematic dif-
ference in planned and actual angle of buckets within the ovoids.

III. RESULTS

III.A. Geometric characterization

For the evaluation of bucket geometric uncertainty, the
mean difference ± standard deviation between the angle of
the dummy bucket and the nominal ovoid angle (105◦) over
all four orientations was −0.4◦ ± 0.4◦ for the right ovoid and
0.1◦ ± 0.5◦ for the left ovoid. In contrast, the difference be-
tween the gold bucket and the ovoid angle was 3.1◦ ± 0.7◦ for
the right ovoid and 4.7◦ ± 0.7◦ for the left ovoid, with little
difference between orientations. Here, a negative angle indi-
cates extension away from the ovoid handle. The maximum
difference for the right and left gold buckets were 4.7◦ and
6.1◦, respectively.

Figure 2 shows the percent change in various dose indices
as a function of the difference in angle between dummy and
afterloading buckets for the two patient geometries evaluated.
Figure 2 shows that D2cc of the rectum increases with angle
while nearly all other indices decrease. Also, D2cc for rectum
changed by the largest magnitude with a 1% increase occur-
ring for 1◦ and a 2% increase occurring for ≥5◦. For all other
indices, a 1% change occurred only at angles ≥5◦. Hence,
even the maximum observed angle discrepancies have only a
modest dosimetric effect, with the change in dose to Point A
being −0.8 ± 0.2% and a maximum change in bladder and
rectum D2cc of −1.0% and +2.3%, respectively.

III.B. Dosimetric characterization

Figure 3(a) shows a number of transparent 3D isodose
clouds surrounding the model of the unshielded 137Cs source
using PRESAGE. Figure 3 also shows 2D isodose distribu-
tions in the axial (b), coronal (c), and sagittal (d) planes for
the PRESAGE measurement (blue/uneven), overlaid with
the TG-43-based dose calculation20 (red/smooth). For the
3D γ -index analysis,27 90.6% of voxels had a γ -index <1.0
when using criteria of 0.1 cm and 3% of the local signal.
Figure 4 illustrates the coronal (a) and sagittal (b) planes of
the the γ -index. In calculating the γ -index, 3% of the local
signal (rather than 3% of the global maximum) was used as
the dose agreement criteria because of the large variation in
dose with distance from the source. The standard deviation of
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FIG. 3. (a) PRESAGE measured 3D dose [(0.05 cm)3 resolution] around an unshielded 137Cs source–isodose surfaces [24, 34, 58, and 103 cGy/h for an air
kerma strength (AKS) of 72 cGy · cm2/h]. Axial (b), coronal (c), and sagittal (d) planes are shown which include comparison of measured data (blue/uneven)
with TG-43 calculations (Ref. 20) (red/smooth).

the dose measurement at 1 cm and 3 cm was 3.1% and 8.0%
of the local signal, respectively.

Table I shows the measured and calculated transmissions
through the tandem and afterloading buckets. Figure 5 shows
a number of transparent 3D isodose clouds surrounding the
model of the afterloading bucket measured using PRESAGE
(a), along with the sagittal (b) and axial (c) 2D isodose dis-
tributions for the PRESAGE measurement (blue/uneven) and
Monte Carlo calculation (red/smooth). As expected, the iso-
dose lines are influenced by shielded areas and the largest

effect occurs at above and below the bucket where the path
length of the source through the gold is longest. Figure 6
shows the transmission rate calculated using Monte Carlo
(a) and using the PRESAGE measurements for the left (b)
and right (c) buckets. The minimum calculated transmission
through the bucket was 56.7% ± 0.8%, while the minimum
measured transmission was 65.6% ± 1.7% for the left bucket
and 57.5% ± 1.6% for the right bucket. The minimum mea-
sured transmission occurred at an oblique angle below the
bucket.

FIG. 4. Coronal (a) and sagittal (b) planes of γ -index comparing PRESAGE measured 3D dose [(0.05 cm)3 resolution] about an unshielded 137Cs source to
TG-43 calculation (Ref. 20). Criteria used for γ -index was 0.1 cm and 3% of local signal, for which 90.4% of voxels were <1.0.
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TABLE I. Mean (±standard deviation) of calculated and measured dose transmission at a radial distance of 1 cm
through tandem and afterloading buckets.

Transmission (mean ± standard deviation)

Monte Carlo PRESAGE

Tandem 99.6% ± 0.2% . . .
Bucket (0.10 cm gold shielding) 85.9% ± 0.2% Left: 83.4% ± 0.7%

Right: 82.5% ± 2.2%
Bucket (0.13 cm gold shielding) 82.3% ± 0.3% . . .
Bucket (brass) 99.3% ± 0.1% . . .

The change in D2cc and median dose to the bladder, rectum,
bowel, and sigmoid is shown in Table II when accounting for
attenuation due to shielding in the afterloading bucket. For
this particular patient the dose metrics decreased most for rec-
tum and sigmoid. The dose to left and right Point A decreased
3.4% and 3.0% due to the bucket attenuation, as the tandem
and ovoid source strength was not adjusted to account for their
inherent attenuation. The dose volume histogram (DVH) for
the organs at risk is shown in Fig. 7.

IV. DISCUSSION

While LDR brachytherapy is not currently as prevalent
in the United States as it has been historically, it is still

widely used. LDR has the unique advantage of a consoli-
dated treatment schedule which is, at times, preferable over
HDR for physicians at our clinic, especially if patients have
a long commute to the clinic, or would otherwise not com-
ply with several HDR treatments. This evaluation is applica-
ble for clinical implementation of the CT-compatible appli-
cator at the many institutions still using LDR. Furthermore,
the use of 3D dosimetry in commissioning of brachytherapy
applicators is a technique that may be applied to HDR as
well.

There have been a few reported cases in which 3D dosime-
try has been used to verify the attenuation characteristics of
brachytherapy applicators.30, 31 3D dosimetry for these cases
was performed using polymer gels, the oxygen sensitivity of

FIG. 5. (a) PRESAGE measured 3D dose [(0.05 cm)3 resolution] around afterloading bucket–isodose surfaces (3.4, 6, 13, 26, and 45 cGy/h for AKS
= 72 cGy · cm2/h). Axial (b) and sagittal (c) planes are shown which include comparison of measured data (blue/uneven) with Monte Carlo calculation
(red/smooth).

Medical Physics, Vol. 39, No. 7, July 2012
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FIG. 6. Transmission rate calculated by Monte Carlo (a), and measured us-
ing 3D dosimetry for the left bucket (b) and right bucket (c), with overlay of
source/bucket geometry. Scale bar applies to Figs. 5(a)–5(c).

which can limit sensitivity at low doses31 and necessitates use
of an airtight container. The airtight container may also limit
ability to measure dose near the applicator surface, depending
on applicator geometry and container construction. Also MR
based dose reconstruction requires a tradeoff between acquisi-
tion time, spatial resolution, and reconstruction volume. The
advantages offered by PRESAGE/DLOS such as irradiation

TABLE II. Change in D2cc and median dose for clinical T&O when account-
ing for attenuation from the buckets.

Bladder Rectum Bowel Sigmoid

D2cc (Gy) Unattenuated 24.4 16.6 29.4 20.2
Attenuated 23.3 13.6 27.7 17.9

% difference −5% −18% −6% −12%
Dmedian (Gy) Unattenuated 11.5 8.3 7.9 7.9

Attenuated 10.3 7.0 7.8 7.4
% difference −10% −16% −2% −7%

FIG. 7. Dose volume histogram of organs at risk for a single LDR tandem
and ovoid patient with (dashed lines) and without (solid lines) accounting for
attenuation of the ovoid sources by afterloading buckets.

in a channel open to air and the small voxel size (0.05 cm)3 of
the reconstructed image made it a good fit for 3D dosimetry
measurement about the small afterloading buckets evaluated
in this study.

Our results show that the angle of the bucket within the
source is systematically different by a few degrees from the
ovoid angle or the dummy buckets placed at the time of CT.
This may be accounted for during the planning process by ro-
tating the source relative to the dummy bucket. However, the
overall dosimetric difference to Point A is typically within
1%, which is a smaller effect than that of the gold bucket at-
tenuation. Furthermore, the increase in D2cc to rectum was
between 2% and 3% for angles up to 10◦, which is more than
offset by the decrease in rectal dose due to shielding in the
bucket. Hence, during routine clinical practice this effect may
be ignored with little clinical impact.

Most brachytherapy TPS do not currently account for dose
differences caused by tissue and applicator heterogeneity for
137Cs sources. Instead, as with conventional LDR brachyther-
apy, the attenuation of the dose by the tandem is accounted for
by multiplying the source strength by the transmission factor.
The attenuation of the dose by the ovoid shielding is typi-
cally not accounted for when considering target dose, since
there is little shielding in the direction of the target volume.
Modern dose calculation methods capable of accounting for
tissue and applicator heterogeneities such as Monte Carlo or
using discrete ordinates to directly solve the transport equa-
tion are becoming more available in commercial TPS due to
increased potential computing power.32 In the future, these
methods may also become available for LDR brachytherapy.
The data presented in this study can be used in clinical prac-
tice when accounting for dose attenuation of this specific ap-
plicator.

Two of the main challenges of 3D dosimetry for
brachytherapy are high dose gradients and the large dose
range with increasing measurement volume. For example, our
comparison of the measured and published distribution about
an unshielded source included voxels with distances from the
source center ranging from 0.25 cm to 6.5 cm, leading to
a very large dose range with the maximum expected voxel
dose being over 320 times greater than the minimum expected
voxel dose. Despite such a broad dose range, greater than 90%
of voxels had a passing 3D γ -index. As shown in Fig. 4,
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in general, the area with larger gamma indices is located
far from the source (near the inferior edge of the dosimeter)
which implies noise due to low dose being the limiting factor.
However, this is not the only effect as there are some areas
with moderately high gamma indices near the source as seen
in Fig. 4(b). The γ -index is typically used for external beam
radiotherapy and applications with regions of relatively uni-
form signal. Here, we have applied it to brachytherapy, where
large dose gradients occur. Because of this, we used a strin-
gent distance criterion of 0.1 cm and a dose criterion based
on the local signal rather than a global maximum. As the dose
agreement criteria for this analysis was 3% of the local signal,
it automatically accounts for the large range in dose values.
For the distribution about the buckets, differences from the
unshielded distribution that were predicted by Monte Carlo
were also visualized using 3D dosimetry in Figs. 5 and 6.

We found that a discrepancy existed between the engi-
neering specification and the actual thickness of the gold
shielding. Due to this, we calculated the expected attenuation
through the gold for both the specified and measured thick-
ness, which resulted in a 3.6% difference in attenuation. In-
terestingly, the attenuation of the gold at the central axis of
the source measured using PRESAGE was within the values
calculated for the two thicknesses by Monte Carlo.

V. CONCLUSION

3D dosimetry can serve a novel and valuable role in the
measurement of dose distributions about clinical brachyther-
apy applicators, with the chief advantage being the ability to
verify high-spatial resolution dose distributions calculated us-
ing Monte Carlo simulations.
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