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plete response to rectal tumors, which may enable
the omission of surgery. Dose escalation using 50 kVp contact x-ray brachytherapy (CXB) allow the
treatment of a selective volume, resulting in low toxicity and organs-at-risk preservation. However,
the use of CXB devices is limited because of its high cost and lack of treatment planning tools.
Hence, the MAASTRO applicator (for HDR 192Ir sources) was developed and characterized by
measurements and Monte Carlo simulations to be a cost-effective alternative to CXB devices.
METHODS AND MATERIALS: A cylindrical applicator with lateral shielding was designed to
be used with a rectoscope using its tip as treatment surface. Both the applicator and the rectoscope
have a slanted edge to potentially allow easier placement against tumors. The applicator design was
achieved by Monte Carlo modeling and validated experimentally with film dosimetry, using the
Papillon 50 (P50) device as reference.
RESULTS: The applicator delivers CXB doses in less than 9 min using a 20375 U source for a
treatment area of approximately 20 � 20 mm2 at 2 mm depth. Normalized at 2 mm, the dose falloff
for depths of 0 mm, 5 mm, and 10 mm are 130%, 70%, and 43% for the P50 and 140%, 67%, and
38% for the MAASTRO applicator, respectively.
CONCLUSIONS: The MAASTRO applicator was designed to use HDR 192Ir sources to deliver a
dose distribution similar to those of CXB devices. The applicator may provide a cost-effective so-
lution for endoluminal boosting with clinical treatment planning system integration. � 2020 Pub-
lished by Elsevier Inc. on behalf of American Brachytherapy Society.
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Introduction

Colorectal cancer is the third most commonly diag-
nosed type of cancer in the United States for both men
and women, with approximately one hundred fifty thou-
sand new cases estimated for the year of 2019, with nearly
one-third of these cases located in the rectum (1). The
main curative treatment for rectal cancer is surgical resec-
tion of the tumor along with part of the rectum and sur-
rounding fat, which may result in long-term morbidity
(2). Depending on the anticipated risk of a recurrence, pa-
tients may receive neoadjuvant (chemo) radiotherapy. Be-
tween 15% and 20% of these patients show a complete
response after chemoradiotherapy. In these patients,
American Brachytherapy Society.
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surgery can be omitted. Radiation dose escalation to the
tumor appears to increase the chance of a complete
response and thereby the chance of organ preservation
(3). Advantages of endoluminal boosting techniques, such
as contact x-ray brachytherapy (CXB) using 50 kVp X-
rays, include the possibility of better targeting small vol-
umes than external beam radiotherapy, providing preser-
vation of organs at risk (OAR) and better toxicity
profiles (4). However, the widespread use of CXB devices
is restricted because of its high cost and lack of treatment
planning tools. A previous study (5) showed that it is
possible to develop a brachytherapy (BT) applicator (pat-
ent pending) that uses high-dose-rate (HDR) 192Ir sources
to generate a dose distribution similar to those generated
by CXB devices. This offers a cost-effective solution for
endoluminal boosting with the possibility of integration
with currently available treatment planning systems
(TPSs). The applicator had a cylindrical design with
lateral shielding, positioning the source at multiple points
perpendicular to the contact surface, and a steep dose
falloff could be achieved by placing the sources close to
the tumor due to the inverse square law. Nonetheless,
the uncertainty on source positioning for current available
afterloaders (�1.0 mm (6,7)) would directly affect the dis-
tance between the sources and the tumor, changing the
dose distribution and dose falloff shapes. Moreover, hav-
ing the source perpendicular to the tumor results in a
lower dose rate than when the source is parallel and close
to the tumor, requiring more lateral shielding to protect
OAR. Furthermore, several discussions among experts in
the field revealed that a straight edge on the applicator
head would be less practical than a slanted-edge design.
A slanted-edge design would simplify positioning the
applicator on a tumor originating on the side wall. To
solve all these problems, the original design was revised.

Hence, the present study presents the modeling and
experimental validation of a new applicator prototype
(MAASTRO applicator) that has been designed to position
the source parallel to the tumor, providing a higher dose
rate with lower dose leakage, and a dose distribution less
susceptible to nonuniformity because of source position
uncertainties.
Methods and materials

The MAASTRO applicator (patent pending) is under
development in a partnership between MAASTRO (Maas-
tricht, NL) and Varian Medical Systems (CA), who codevel-
oped the prototype of the applicator and proctoscope for
experimental validation. The experimental validation, how-
ever, was performedwith a simplifiedmodel of a proctoscope
to reduce experimental uncertainties (see Experimental
Validation section). Finally, the dose distribution based on
the CAD model of the applicator (with a complete procto-
scope and small dimension changes due to manufacturing
restrictionsdsee Simulation of the Virtual Model of the
Applicator section) was simulated with Monte Carlo (MC).
Design of the MAASTRO applicator

The MAASTRO applicator was designed to have a dose
falloff similar to the one generated by the CXB Papillon 50
(P50) device (Ariane Medical Systems, Derbyshire, UK)
(8,9), delivering at least 30 Gy for a region not smaller than
20 � 20 mm2 at the applicator contact surface (contact sur-
face shown in Fig. 1a). This is a typical CXB treatment dose
(10,11), which can be delivered under 9min with theMAAS-
TRO applicator when using a source with air kerma strength
of 20375 U (representing the lowest dose rate, when the
source is expected to be replaced), and a field size (90%
isodose) of approximately 20 � 20 mm2 at 2 mm depth.

The applicator was designedwith a cylindrical shape to be
usedwith a proctoscope that has twomain functions: to allow
visually guided positioning against rectal wall tumors using
its tip as contact surface, and to provide lateral shielding to
preserve OAR. The design of the MAASTRO applicator is
presented in Fig. 1. Figure 1a shows the channel arrangement
inside the applicator with the contact surface highlighted,
whereas Fig. 1b shows a top view of the applicator.
Figure 1c shows a cross-section (along the dashed line of
Fig. 1b) of the applicator inserted into the proctoscope, and
an inset with a perpendicular view of the contact surface.

Both the applicator and the proctoscope have a slanted
edge of 50� (Fig. 1c) to allow the channels to bend with
a minimum radius of 13 mm, placing them parallel to most
of the contact surface. The slanted edge also increases the
contact surface without increasing the applicator diameter
and, it is believed that it may provide a better placement
of the applicator against tumors.

Several designswere studied to find a channel arrangement
that would result in a homogeneous dose distribution between
1 mm and 2 mm depth from the applicator surface. Setups
withmultiple straight channels following the elliptical surface
(similar design as (5)) would have the same problems pointed
out in the introduction, and channels emerging from the center
and curved toward the applicator edges would create a small
treatment region. Hence, the best channel arrangement found
to cover the contact surface has two elliptical arcs adjoining
the edges of the contact surface (outermost channels of
Fig. 1b) and three central channels, as presented in Figs. 1a
and 1b. Such an arrangement places most part of the channels
parallel to the contact surface, resulting in a distance of
2.50 � 0.15 mm between the center of the channel and the
contact surface (as shown in Fig. 1c). This is an advantage
when compared with the previous applicator model (5), in
which the sources were positioned perpendicular to the con-
tact surface, resulting in a distance uncertainty of �1.0 mm
due to the afterloader precision.

Such an arrangement of the channels, however, does not
uniformly cover the contact surface because the most distal
source dwell position for each channel does not reach the
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Fig. 1. Model of theMAASTROapplicator prototype used for experimental validation. (a) Isometric view of the applicator with the contact surface highlighted.

The contact surface geometric center (Gc) is represented by the intersection between lines L1 and L2. However, because the most distal dwell positions of each

channel do not reach the edge of the applicator, a shift is anticipated between Gc and the center of the dose distribution (Dc), represented by the intersection

between lines L2 and L3; (b) Top view of the applicator, showing that there is a minimum distance (d) of approximately 0.5 mm between the catheter and

the lateral wall of the applicator because the channel (not shown) to guide the catheter is slightly thicker than the catheter and there is also a minimum wall

thickness that can be 3D printed, resulting in an applicator with 20.8 mm diameter core with a maximum distance of 18 mm between the side catheters along

the smaller diameter of the contact surface and; (c) Cross-section along dashed line on b of the applicator inserted into the proctoscope, with a inset showing a

perpendicular view of the contact surface, highlighting its high-dose region. The proctoscope has a 1.5 mm-thick tungsten alloy (Inermet IT180, r5 18.0 g/cm3)

shielding encapsulated by 0.5 mm-thick plastic caps. This is carried out to avoid corrosion of the shielding and stop secondary electrons.
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sharp edge of the applicator, as shown in Fig. 1c, resulting in
a low-dose region close to the edge far of the applicator. The
high-dose region of the contact surface is highlighted in the
inset of Fig. 1c (note that its exact dimensions and shape will
change according to the designed treatment plan). Hence,
there is an anticipated shift between the geometric center
of the contact surface (Gc of Fig. 1a) and the center of the
dose distribution (Dc of Fig. 1a).

Despite the fact that part of the contact surface delivers a
lower dose, the high-dose region has approximately the
same size as an applicator with a straight edge and sources
perpendicular to the contact surface. However, placing the
channels parallel to the contact surface provides a greater
dose rate, lower dose leakage, and lower uncertainty on
the distance between the source and the contact surface.
A disadvantage could be that the low-dose region on the
contact surface holds a risk of undertreating the target vol-
ume. To solve this problem and guide the positioning of the
applicator against the tumor considering the high- and low-
dose regions, clearly visible markings will be engraved at
the interior of the proctoscope.
Treatment planning and Monte Carlo simulations

Treatment planning
Two treatment planswere created for experimental valida-

tion of the applicator prototype. Plans were created using the
TPS BrachyVision v15 (Varian Medical Systems) based on
CT images of the applicator with 0.1 mm resolution acquired
with an X-RAD 225Cx system (Precision X-Ray Inc., CT).
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Both plans had interdwell distances of 2 mm for all the chan-
nels; however, one plan had fixed dwell times of 1 s for all
dwell positions (created to verify dwell positions), whereas
a second plan was optimized to have a dose flatness of
�2% at 2 mm depth, resulting in a treatment region (90%
isodose) of an approximately square 20 � 20 mm2 in water
(it is not possible to have a uniform dose distribution at the
contact surface because of the proximity to the channels).

All experiments (and CT images acquisition) were per-
formed using the 3D-printed applicator core (which was
printed in a single piece). However, the proctoscope was
printed in multiple parts to encapsulate the shielding. This
led to an increase in the geometric uncertainty and did not
allow the applicator contact surface to be flush with the
irradiated surface. Therefore, a simplified version of the
proctoscope (containing only the shielding piece) was used
for experimental validation of the MC simulations. Once
the MC simulations were validated, a third treatment plan
was created based on the CAD model of the applicator
and proctoscope to simulate the expected dose distribution
for the applicator with the complete proctoscope. The final
model of the applicator is expected to be very similar to the
simulated CAD model, nonetheless, the applicator will be
commissioned before clinical trials.

Monte Carlo simulations
MC is currently the gold standard for particle transport

simulations. Hence, MC simulations were used as reference
for the experimental validation. The MC code MCNP6.1
(12) was used for all simulations in this study, using a
model for the GammaMed Plus HDR 192Ir source that
was previously validated (5) against TG-43 (13) dose data
available in the literature (14).

Dose distributions were scored in virtual grids as dose-
to-water-in-medium (Dw,m) (15) using track length scoring
(16) without electron transport. Electron transport was
simulated only to evaluate the dose leakage of the virtual
model of the applicator. The MC parameters used for the
first set of simulations (experimental validation of the
applicator prototype) are summarized in Table 1 and the
MC parameters for the second set of simulations (based
on the CAD model of the applicator) are summarized in
Table 2. Both tables are in the Appendix.

Experimental validation

The applicator and plastic parts of the proctoscope pro-
duced for experimental validation were both 3D printed by
VarianMedical Systems using stereolithography technology.
However, small geometric variations (0.1e0.2 mm) are
inherent of 3D-printed models, especially in the case of the
proctoscope, that was printed in multiple pieces to encapsu-
late the tungsten alloy shielding (which was not 3D printed).
Hence, the experimental validation of the prototype was per-
formed without the proctoscope to mitigate experimental un-
certainties. Only the applicator with a diameter of 20.8 mm
and a 1.5 mm-thick shielding made of tungsten alloy (Iner-
met IT180 (17), r 5 18.0 g/cm3e95.0% W, 2.5% Ni and
2.5% Cu) with internal diameter of 21 mm was used.

The experimental validation consisted of two main
stages: source position verification and film dosimetry.

Source position verification
Source position verification was performed using the

Iridium Imaging System (IrISdpatent pending). The work-
ing principle for applicator commissioning using the IrIS
system was thoroughly described by Fonseca et al. (18).
It uses the radiation emitted by the BT source to acquire
a projection of the applicator into an IP and later it sends
the source inside the applicator and registers the dwell po-
sitions by applying a 2D Gaussian fit to the IP response and
compare them with the treatment plan. The IP used by Fon-
seca et al. had a pixel size of 0.4 mm and the uncertainty to
define the dwell positions was estimated in 0.2 mm. The IP
used in the present study was the PaxScan 2530 HE (Varex,
Salt lake City, UT), which has a pixel size of 0.14 mm and
time resolution of up to 0.03 s; therefore, the uncertainty to
determine the dwell positions is most likely lower than pre-
viously reported.

The adopted plan had dwell times of 1 s and interdwell
distances of 2 mm, with the source trajectory initially
defined following the center of each channel. As the results
are shown in real time, it is possible to adjust the treatment
plan on the TPS to follow the source trajectory measured
experimentally because the source does not follow the cen-
ter of a curved channel, especially for channels with a small
curvature radius as those in the MAASTRO applicator.
Once the measured source trajectory matches the trajectory
on the TPS, the applicator model on the TPS is properly
adjusted and other treatment plans can be adopted. The
number of dwell positions per channel ranged from 11 to
14 and the mean deviation from the planned dwell position
was averaged over five measurements per channel (per-
formed after source path optimization).

Film dosimetry
There were two experimental setups adopted to validate

the MC simulations using film dosimetry, one to evaluate
the dose distribution at different depths in solid water and
a second one to evaluate dose leakage around the shielding.
Both setups are shown in Fig. 2.

Gafchromic EBT-XD films (IPS Technologies, NJ), lot
05081804 were used for both experiments because of theirs
extended dose range (0.1e60 Gy (19)), making it suitable
to measure depth doses distributions (~15e30 Gy) and also
regions with low dose leakage (less than 2 Gy). Films were
calibrated between 0.25 and 50 Gy using the triple channel
method (20) with a 6 MV photon beam (EBT-XD films have
a low energy dependence (19,21)) from a Varian TrueBeam
accelerator (Varian Medical Systems). Films were placed
at the linear accelerator isocenter, between 5 cm of solid wa-
ter (on top of the films to avoid the buildup region) and 20 cm



Fig. 2. (a) Experimental setup for dose measurement at different depths in solid water. The applicator was held in position by a 3D-printed holder with

several degrees of freedom to ensure that the contact surface of the applicator was in contact with the solid water surface. Films were placed flat between

25 cm of solid water and a top solid water slab to define scoring depth. The shielding (inset) was purposely not fixed to the applicator, so it would be possible

to shift it along the applicator to verify if the contact surface was flush with the solid water before putting the shielding back in position for irradiation. (b)

Experiments for dose leakage measurements around the shielding were performed with the applicator axis slightly inclined from the vertical axis (~20�) to
reduce transfer guide tubes curvature. The shielding was fixed around the applicator and the film was held between two concentric 3D-printed cylinders

(inset) made of PLA (polylactic acid, r 5 1.2 g/cm3 � (C3H4O2)n), cylinder 1 would snugly fit around the shielding, defining the scoring distance, whereas

the second cylinder would keep the film in place during irradiation.
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of solid water under the films for backscattering using the
PTW RW3 solid water phantom (PTW Freiburg GmbH,
Breisgau, DE). Three films were irradiated separately for
each dose of the calibration curve and scanned 24 h after irra-
diation in portrait mode using an EPSON (Nagano, JP)
perfection V750 PRO scanner with 96 dpi resolution.

Depth dose distributions. The dose distribution was
measured at 1 mm, 2 mm, and 5 mm depth in a PTW RW3
solid water phantom (PTW Freiburg GmbH, Breisgau,
DE). Figure 2a shows the experimental setup to measure
the dose distribution at different depths.Most dwell positions
are 2.5 mm away from the contact surface (Fig. 1a, consid-
ering the source following the center of the channels), result-
ing in an intense dose gradient close to the applicator. To
reduce experimental uncertainties, three separate films irra-
diationswere performed at each scoring depth, placed flat be-
tween 25 cm of solid water and a top solid water slab of
thickness of 1 mm, 2 mm, or 5 mm to define the scoring
depth. Films were registered to each other using MATLAB
(the MathWorks, Inc., MA), and the average dose distribu-
tion of the three films at the same depth was compared with
the MC simulations that adopted a rectangular virtual grid
with 0.2 � 0.2 � 0.025 (film active layer thickness (19))
mm3 voxel size for each scoring depth.

Experimental results were compared with MC simula-
tions using isodoses, global dose ratios [(measured � simu-
lated dose)/Ref. dose] and gamma analysis (22,23) with
acceptance criteria of DD/DTA (3%/1 mm). The reference
doses for the isodoses and global dose ratios were obtained
from the MC simulations considering the center of the dose
distribution at each depth.
Dose leakage. Dose leakage was measured with the tip of
the applicator centralized inside a 36 � 30 � 34 cm3 water
phantom model REF 91800 (Standard Imaging, WI) while
EBT-XD films were wrapped around the shielding at radial
distances of 1.0 mm and 2.0 mm (Fig. 2b). Films were held
between two concentric 3D-printed cylinders made of pol-
ylactic acid (r 5 1.2 g/cm3 � (C3H4O2)n) as illustrated in
the inset of Fig. 2b, the interior cylinder defined the dis-
tance between the films and the shielding (1.0 mm or
2.0 mm) while the exterior cylinder (1 mm thick) held
the film in position. Experimental results were compared
with MC simulations that adopted a cylindrical virtual
scoring grid with radial resolution of 0.025 mm, axial res-
olution of 0.5 mm, and angular resolution of 2�.

Experimental results were compared with MC simula-
tions using global dose ratios considering the planned dose
at 2 mm depth as the reference dose, and gamma analysis
with acceptance criteria of DD/DTA (3%/1 mm).
Simulation of the virtual model of the applicator

The current model of the MAASTRO applicator (and
especially the proctoscope), which we experimentally tested
in this work, is still undergoing final adjustments considering
different materials that would be better for sterilization, more
robust andmore stable tomanufacture. The necessary adjust-
ments in the final design stage aim to minimally compromise
the dose distribution of the validated model.

In the final design beyond Fig. 1, instead of plastic, the
shielding is encapsulated by a 0.5 mm layer of stainless steel
(ANSI 304), which is the only proctoscope material (apart
from the shielding). It was observed experimentally that an
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applicator with a 20.8 mm diameter (shown in Fig. 1) would
fit too snugly into a proctoscope with an internal diameter of
21.0 mm. Hence, the diameter of the applicator was reduced
to 20.4 mm to facilitate its insertion into the proctoscope. The
applicator is made of PEEK (polyether ether ketone), which
requires a thickerwall (d on Fig. 1b) for stablemanufacturing,
bringing the maximum distance between lateral channels
(Fig. 1b) from 18 mm to 17 mm.

The updated MC model of the applicator was simulated
and the dose distribution scored in a rectangular virtual
grid with 0.2 � 0.2 � 0.1 mm3 voxel size for a region
of 60 � 60 � 5 mm3 to better evaluate dose fluctuations
close to the contact surface of the applicator, and in a sec-
ond grid with 0.5 mm3 voxel size for a region of
60 � 60 � 40 mm3 to evaluate depth isodoses and dose
falloff. Dose leakage was scored in a cylindrical grid
around the proctoscope with radial resolution of 0.2 mm,
axial resolution of 0.5 mm, and angular resolution of 2�.
The extra dose leakage due to electrons generated at the
metallic proctoscope was scored over cylindrical sections
positioned in the region with the greatest dose leakage
around the proctoscope for a radial distance ranging from
0 mm to 10 mm from the proctoscope with radial resolu-
tion of 0.2 mm.
Results

Experimental validation

Source position verification
A total of 250 dwell positions were measured during the

experiment after the source path was optimized, for which
Fig. 3. Deviation between measured (IrIS) and planned dwell positions after sour

the TPS after each measurement until the average deviation between measured a

projection of the treatment region of the applicator with dummy sources inserted

were not clearly visible), as well as the optimized channel path, planned and ave

dard deviations). The plots on the right show the deviation for channels 3 and 5

Iridium Imaging System;TPS 5 treatment planning system.
22 (8.8%) presented an absolute deviation from planned
dwell position greater than 1.0 mm, with a maximum devi-
ation of 1.2 mm for a single dwell position. Of these 22 de-
viations greater than 1.0 mm, 19 were from measurements
from channels one and five from Fig. 3, which have the
largest curvature among the channels evaluated.

Figure 3 shows the overlap of the applicator, optimized
source path, planned, and measured dwell positions. The
deviations between planned and measured dwell positions
for the channels with lowest and greatest deviations are
plotted separately.

Film dosimetry
Figure 4 shows the isodoses and global dose ratios for

dose distributions measured at 1 mm, 2 mm, and 5 mm depth
in solid water, for which the reference dose was 28.9, 24.8,
and 16.9 Gy, respectively. The maximum distance between
measured and simulated isodoses for depths of 1 mm,
2 mm, and 5 mm had local variations of up to (0.8 � 0.2)
mm, (0.9 � 0.2) mm, and (0.7 � 0.2) mm, respectively, for
the 90% isodoses. Such deviations were more likely to
appear along the y direction of Fig. 4 because this is the di-
rection most affected by the uncertainty on the source dwell
position of �1 mm. Moreover, the slanted edge of the appli-
cator and shielding creates a bigger space between the shield-
ing and the applicator core along the y direction, resulting in
an uncertainty position of the shielding of�0.10 mm in the x
direction and �0.15 mm in the y direction.

The maximum deviation between measured and simu-
lated dose distributions occurs for measurements at 1 mm
depth, with global dose differences reaching 6% of the
reference dose of 28.9 Gy. Nonetheless, 98.6, 99.5, and
ce path optimization, which was performed by changing the source path on

nd planned dwell positions was minimized. The image on the left shows a

into the channels (with the only purpose of highlighting the channels that

rage measured dwell position over five measurements (error bars of 2 stan-

, which presented the lowest and greatest deviations, respectively. IrIS 5



Fig. 4. Isodoses and global deviation (i.e., 100)(Exp-Sim)/Ref. Dose) between measured and simulated dose distribution at depths of 1 mm, 2 mm, and

5 mm, adopting reference doses of 28.9, 24.8, and 16.9 Gy, respectively. Each plot has the geometric center of the contact surface adopted as reference axis

(represented by vertical and horizontal dashed lines) with the same applicator orientation shown in Fig. 3.
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100% of the voxels passed in a gamma analysis with accep-
tance criteria of DD/DTA (3%/1 mm) at depths of 1 mm,
2 mm, and 5 mm, respectively. Combined estimated uncer-
tainties for the film measurements range from 2.2% to 7.3%
(see Table 3 from Appendix), for which uncertainties type
A were lower than 2%. Moreover, the uncertainty on the
source position according to the afterloader manufacturer
is �1 mm (24). Hence, the acceptance criteria of DD/
DTA (3%/1 mm) were chosen to be conservative.

The gamma analysis for the dose leakage experiment
measured at radial distance of 1 mm and 2 mm from the
shielding resulted in 96.8% and 94.7% of the voxels passing
acceptance criteria of DD/DTA (3%/1 mm), and maximum
global dose ratios of 5.4% and 4.2%, respectively, for a refer-
ence dose of 24.8 Gy (planned dose at 2 mm depth).
Simulation of the virtual model of the applicator

Figure 5a shows that the center of the simulated dose dis-
tribution at 2 mm depth (intersection between lines L2 and
L3) is at a distance of 5.2� 0.2 mm from the geometric cen-
ter of the contact surface (intersection between lines L1 and
L2). This follows from the design of the applicator (as shown
in Design of the MAASTRO applicator Section) where the
slanted edge does not allow dwell positions close to the edge
of the contact surface at the most distal end of the applicator,
as shown in Fig. 1c. Nevertheless, such a shift is constant for
all depths evaluated, as shown by the dose profiles and iso-
doses along line L2 (Figs. 5c and 5d). The 90% isodose at
2 mm depth covers a region of (21.6 � 0.2) mm along line
L2 and 18.2 � 0.2 mm along line L3.

The resulting dose falloff scored at the center of the dose
distribution (Fig. 5b) is slightly steeper than the one pro-
duced by the P50 device with a 22 mm applicator (8).
Normalized at 2 mm, the dose falloff for depths of 0, 5,
and 10 mm are 130%, 70%, and 43% for the P50 with a
22 mm applicator and 140%, 67%, and 38% for the MAAS-
TRO applicator, respectively. CXB treatments usually pre-
scribe a surface dose of 30 Gy (10,11), meaning that
23.1 Gy would be delivered at 2 mm depth according to



a b

c d

Fig. 5. Simulated dose distribution for the MAASTRO applicator with the geometric center of the contact surface adopted as reference axis. (a) Dose dis-

tribution at 2 mm depth showing the geometric center of the contact surface (intersection between lines L1 and L2), the center of the dose distribution (inter-

section between lines L2 and L3) and the 90% isodose; (b) Dose falloff along the center of the dose distribution compared to the dose falloff of the Papillon

50 device with a 22 mm applicator; (c) Dose profiles at 0 mm, 1 mm, 2 mm, and 5 mm depths along lines L2 and L3 and, (d) Depth isodoses along lines L2

and L3.
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the P50 dose falloff used as reference. TheMAASTROappli-
cator can deliver 23.1 Gy at 2 mm depth in approximately
3 min of irradiation time using a 40700 U (10 Ci) source or
6 min with a 20350 U (5 Ci) source. Nevertheless, the time
required to perform obstruction verifications (dummy
checks) with the GammaMedplus iX afterloader is approxi-
mately 30 s per channel, which increases the treatment time
(irradiationþ dummy check) by 2.5 min for the MAASTRO
applicator. The P50 surface dose rate ranges from 20 to
35Gy/min depending on the applicator adopted (9), resulting
in a irradiation time of less than 1 min and 30 s for the appli-
cator with lowest dose rate (30 mm applicator).

Simulated dose profiles at 0 mm, 1 mm, 2 mm, and 5 mm
depths along lines L2 and L3 (Fig. 5c), show that the surface
dose is not uniform (oscillating along line L3 between 136%
and 160%of the reference dose at 2mmdepth); however, such
fluctuation is reducedbetween123%and117%at 1mmdepth.
The dose leakage for a 0.2mm-thick layer around the proc-
toscope (Fig. 6) is greater close to the two channels adjoining
the edges of the treatment surface with maximum leakage
hotspots reaching 49% of the planned dose at 2 mm (hotspots
are indicated by arrows in Fig. 6). Nevertheless, the dose
leakage quickly drops to less than 30% (less than 7 Gy for a
typical CXB treatment) for regions that are 5 mm or further
from the contact surface (distance pointed by the dashed ar-
row in Fig. 6). These dose values, however, do not include
the extra dose from secondary electrons generated in the proc-
toscope. The leakage dose for regions with 30% leakage or
more are, on average, increased by 9% (i.e., 30% leakagewill
become 32.7%) because of secondary electrons for the first
0.2 mm layer around the proctoscope. The electron contribu-
tion to the leakage dose drops, however, from 9% to less than
1% (becoming negligible) when dose is scored between
0.6 mm and 0.8 mm from the proctoscope.



Fig. 6. Simulated dose leakage around the proctoscope for a 0.2 mm-thick cylindrical scoring grid. The cylinder with a slanted edge shows how the scoring

grid was wrapped around the proctoscope, having the sharp edge of the proctoscope adopted as reference position (0,0) for the scoring grid. The region above

the proctoscope edge was masked for better evaluation of dose leakage through the proctoscope wall.
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Discussion

The MAASTRO applicator was evaluated with two se-
ries of experimental validations to verify the dwell position
accuracy and dosimetry. This was followed by MC simula-
tions of the virtual (CAD) model of the applicator to char-
acterize the dose distribution expected for the final
manufactured product.
Experimental validation

Source position verification
Local deviations between measured and planned dwell

positions for curved applicators are well known and reported
in the literature (6,25,26). Nevertheless, the average absolute
deviation between measured and planned dwell positions af-
ter source path optimization for the channels with the highest
deviations (one and five from Fig. 3) was (avg. (range)) 0.7
(0.1e1.2) mm and the average absolute deviation for the re-
maining channels was 0.5 (0.0e1.1) mm, showing no rele-
vant statistical difference among channels after the
applicator was properly commissioned (18). Moreover, the
deviations between measured and planned dwell positions
are within the afterloader precision of �1.0 mm (24).
Film dosimetry

Local discrepancies between MC simulations and exper-
iments with film dosimetry reach a maximum of 6% at 1 mm
depth close to the shielding (see Fig. 4). Such local deviation
is believed to be due to a small shift in the shielding position
or inclination that could have a large impact on the local dose
distribution at 1 mm depth because it is a region of steep dose
gradient. Nevertheless, the region affected by the shielding
passes the gamma analysis while the points that fail the
gamma analysis are in the treatment region, indicating that
the uncertainty on the distance between the source and the
scoring plane plays a bigger role on the overall dose distribu-
tion. Nevertheless, such variations are not clinically relevant
because the first few millimeters of the tumor will be
removed after each fraction anyway.

Simulation of the virtual model of the applicator

Simulations show that the MAASTRO applicator can
generate a radiation field suitable for treatment of small
rectal tumors, presenting a steep dose falloff similar to those
of 50 kVp CXB devices. However, the contact surface of the
applicator has a cold region that must be accounted for. For
this reason, the proctoscope will have clearly visible engrav-
ings to guide its placement against the tumor considering the
high- and low-dose regions of the contact surface.

The longer treatment time for the MAASTRO applicator
(8 min and 30 s using a 20350 U source) is acceptable for a
BT treatment; however, it will require extra care to safeguard
that the applicator will not move during the irradiation.

The greater (when compared to P50) and heterogeneous
surface dose distribution is unlikely to jeopardize a treat-
ment outcome because experiences with the P50 device
show that the first few millimeter of the tumor are removed
after each fraction (10), and P50 delivers a surface dose
greater than 30 Gy for tumors that protrude into the appli-
cator (27). Moreover, the relatively wide beam aperture
(Figs. 5c and 5d) may be beneficial to treat microscopic re-
sidual tumors, which extends from the gross tumor by
4.7 mm on average (28). Moreover, a study by Reniers
et al. (29), has reported that 50 kVp x-rays emitted by an
Axxent (Xoft Inc., CA) electronic BT source may have a
biological effect approximately 40% higher than the pho-
tons from an HDR 192Ir source. However, clinical studies
are necessary to evaluate such effects.
Conclusion

The MAASTRO applicator was specifically designed to
deliver a high surface dose (O30 Gy) in less than 10 min
(even with a low air-kerma strengthd20350 U) to a small
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target region of z20 � 20 mm2 while sparing OAR sur-
rounding the applicator. This is an advantage compared
with external beam radiotherapy boosting techniques,
where the high-dose region is less localized, resulting in
greater toxicity (4). Such dose distribution required a com-
plex multichannel arrangement bringing the source close
and parallel to the treatment surface while OAR are pro-
tected by lateral shielding. Unlike most BT applicators,
the MAASTRO applicator uses the inverse square law to
achieve a steep dose falloff by bringing the HDR 192Ir
source in close contact to the tumor in multiple points,
whereas CXB devices, such as the P50 and the Xoft eBT
rectal applicator (30), rely on 50 kVp x-rays to achieve a
similar result. The MAASTRO applicator was developed
to be used with commonly available HDR 192Ir BT sources,
which allows it to be used with regular HDR afterloaders
already available in most oncology centers without the need
for extra equipment, differently from CXB devices that
require a 50 kVp x-rays source. Furthermore, the applicator
is compatible with currently available TPSs allowing
patient-specific dose distributions. For these reasons, the
MAASTRO applicator holds the potential of being a cost-
effective solution for endoluminal boosting in radiotherapy.
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