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ABSTRACT PURPOSE: Nasopharyngeal brachytherapy is limited in part by the radiotolerance of nearby
organs like the soft palate. This study explores several novel shielding designs for an intracavitary
applicator to significantly reduce soft palate dose while adhering to the constraints of standard
treatment procedure.

METHODS: The Monte Carlo code TOPAS is used to characterize each prototype under typical
high-dose-rate treatment conditions. Mucosal surface dose maps are collected to evaluate the
shields on their dose reduction to the central and soft palate planning points and uniformity in
their shielding profile. Practicality with respect to patient comfort and pretreatment imaging is
discussed. History-by-history standard deviations are calculated for each simulation.

RESULTS: A design with elliptical tubing containing bundles of tantalum wires provides the
most significant attenuation with 39% and 27% dose reduction to the center and soft palate
locations, respectively. Another design utilizing miniature lead spheres loaded into a constructed
cavity shows 27% and 24% dose reduction to the same locations while providing more uniform
shielding and several practical benefits. Both shields are designed to be completely removable for
applicator insertion and pretreatment imaging. The mean and maximum standard error of relative
dose measurements was 0.36 and 1.14 percentage points, respectively.

CONCLUSION: Each shielding design presented in this study provides a novel approach to
safely and effectively shield healthy tissue during intracavitary nasopharyngeal brachytherapy.
Analysis performed using Monte Carlo suggests that the design using metal spheres most prac-
tically shields the soft palate and should be advanced to the next stages of clinical optimization.
© 2021 American Brachytherapy Society. Published by Elsevier Inc. All rights reserved.
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for recurrent disease. Brachytherapy can also be used as
monotherapy to treat localized recurrent disease but is of-
ten used as part of a definitive course of treatment fol-
lowing EBRT. The typical brachytherapy boost involves
5—7 Gy high-dose-rate (HDR) or 10—54 Gy low-dose-rate
(LDR) [1]. The nasal canal provides a natural pathway for
intracavitary brachytherapy. However, the close proximity
of the soft palate to the source dwell locations makes it
difficult to minimize the mucosal surface dose. Brachyther-
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apy can be a very conformal treatment modality due to
its high dose gradient, but current nasopharynx applicators
(specifically the Rotterdam model [2,3]) fail to protect the
soft palate during irradiation [4]. Few attempts have been
made at altering the applicator design [4,5], and a current
literature search reveals that no attempts have been made
at introducing shielding.

In this study, we sought a shielded applicator that could
significantly reduce the soft palate dose without signifi-
cantly changing the overall dimensions and shape of the
applicator, and the geometry of the source positions. The
Monte Carlo radiation transport code Geant4 is particularly
popular for its compatibility with CAD files for complex
geometries and previous success in validation experiments
[8—10], including validation for brachytherapy applications
[11,12]. The user-friendly wrapper, TOPAS [6,7], stream-
lines the application of Geant4 to clinically relevant simu-
lations. For this paper, TOPAS was used to simulate HDR
brachytherapy of several different shielding designs within
a Rotterdam-style nasopharynx applicator.

Methods and materials
Shielding designs

This section will begin with a discussion of the three
shielding designs considered: (/) solid tungsten, (2) tanta-
lum wires, and (3) small lead spheres. The body of each
applicator prototype resembles the Rotterdam Nasophar-
ynx Applicator (RNA) in shape and material. The curved,
silicone rubber design allows for maneuvering around the
patient’s anatomy and artifact-free CT imaging once the
applicator is in place. Just like the RNA, two source tubes
run along the superior and posterior surface of the appli-
cator. When inserted in the patient, these source tubes exit
via the patient’s nostrils. Unlike the RNA, each design we
present here will have a novel shield inferior anterior to
the source tubes blocking radiation towards the soft palate.

We started with a simple design that is easy to model,
easy to manufacture, and provides dense shielding. Two
cavities, separated by about 9 mm, have been hollowed
out beneath the source tubes in the center of the appli-
cator to make way for large metal blocks that stretch the
length of the bridge (Fig. 1a). Space is left in between the
shields to allow for existing holes that prevent suction be-
tween the applicator and the mucosa. Two versions of this
design were tested: solid tungsten blocks (nickel-iron alloy,
density 18.0 g/cc) and 3D-printed tungsten blocks (density
3.64 g/cc). Tungsten was chosen for the first version be-
cause of its significant photon attenuation characteristics
and high density [13]. 3D-printed tungsten was evaluated
for this shielding design to investigate the possibility of
3D-printing more complex shields.

This first design is most likely not clinically acceptable
for two main reasons. First, the large solid blocks decrease
the overall flexibility of the applicator. Second, the high

electron density of the tungsten will lead to unacceptable
CT imaging artifacts. However, solid block shielding pro-
vides a commonsense comparator to judge our more inno-
vative shielding designs. The following shielding designs
can be measured against the performance of this simple
but impractical design.

To address the two main issues of the block design,
we created two types of shielding that could be removed
when necessary, for example, for applicator insertion and
pretreatment imaging. The first implements removable bun-
dles of tantalum wires (Fig. 1c). Instead of block cavities,
silicone tubes are embedded within the applicator bridge
and run parallel to the source tubes. These embedded tubes
guide bundles of tantalum wires parallel to the paths of the
sources to provide comprehensive shielding. The bridge of
the applicator was rounded slightly to allow for the wire
tubes to get closer to the source tracks for better cover-
age and to prevent the wires from getting stuck on sharp
turns. In this design, four tubes will need to fit through the
patient’s nostrils.

Despite the shielding benefits of tungsten for the block
design, tungsten is a very brittle metal, only becoming duc-
tile at very high temperatures. Tantalum was selected to re-
place tungsten for this design due to its superior ductility at
room temperature [14], similar atomic structure [15], and
similar mass attenuation coefficient (only a 2% difference
between tungsten and tantalum for the mean Iridium-192
photon energy of 380keV according to NIST) [16].

Three versions of this wire design were modeled for
analysis. The first two models fit wires in the same size
tubes as the source tubes, using either 0.5mm diameter
wires or 1.0mm diameter wires. The third version used
larger, elliptical-shaped tubes with 0.5 mm wires to try and
cover a larger portion of the radiation field. The differences
between these three wire designs are shown in Fig. Ic.

The final design (Fig. 1d) we explored sought to spread
out the shielding more homogeneously while also mak-
ing the shielding structure more flexible. In a way, the
block designs and wire designs were combined to provide
dense shielding while also allowing a path for removing
the shields as needed. A single large cavity was hollowed
out in the base of the silicone bridge and two silicone tubes
were implanted in the bottom of the bridge to allow access
to the cavity. Just as in the wire design, these tubes would
fit inside the nostrils along with the source tubes. How-
ever, for this design, miniature (0.5mm diameter) metal
spheres would be fed to the cavity through each tube and
held in place using air pressure. Removing the shields is
accomplished by reversing the air pressure. Furthermore,
the primary advantage of this design is that this sea of
small spheres provides shielding along most of the surface
of the applicator and, depending on how tightly one packs
the spheres, can better conform to the constricted geometry
of the throat. Two versions of this design were analyzed:
lead spheres and tungsten carbide (50% tungsten by mass)
spheres.
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Fig. 1. (a) Block design schematic. A silicone rubber bridge encases two tungsten shields in the shape of trapezoidal prisms. Silicone tubes (outer
diameter 5.0mm and inner diameter 3.0mm) run along the top of the applicator and guide the brachytherapy sources during treatment. When placed
against the nasopharynx in the nasal canal, the shields face the soft palate while the sources run against the cancerous tissue. Refer to image b for scale.
(b) Block Shield Dimensions. Both the solid tungsten shields and the 3D-printed tungsten/ABS plastic shields shared these dimensions. (c) Wire Design
Schematic. The exterior geometry of the silicone bridge matches the block design in la except for the two extra silicone tubes added to house the wire
shielding. The leftmost image shows how the wire tubes are embedded within the bridge beneath the source tracks. The three different versions of this
design are shown in the middle with the 1.0mm diameter wires on top, 0.5 mm diameter wires in the middle, and the wide 0.5 mm wires on the bottom.
Each version’s wire tubes follow the same trajectory, staying approximately 2mm beneath the source tracks. The 0.5mm and 1.0mm wire tubes have the
same inner and outer radius as the source tubes (3.0 and 5.0mm, respectively). The elliptical-shaped tubes of the wide design have an inner minor axis
of 3.75Smm and inner major axis of 6.0mm. The distance between the two shielding tubes was shortened from 5mm in the first two versions to 2mm in
the wide design. (d) Sphere Design Schematic. The exterior geometry again matches that of the block design in la except the block cavities have been
extended to cover the bottom of the applicator. The leftmost image shows how the inner tubes feed into the embedded cavity. The green shielding block
appears as a single volume, but is in fact composed of hundreds of 0.5mm diameter spheres stacked within the bridge. The inner cavity is 2.8 mm tall
and 19.0mm wide. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

See Supplementary Material Table I for a summary of 3.4, wrapped on Geant4 version 10.05.p02) as .stl files.
the characteristics of the various materials used in each The 3D image rendering software MeshLab was used to
prototype. remove overlapping vectors. High resolution geometry can

cause particle trajectory errors in Monte Carlo simulations,
but with MeshLab we were able to maintain errors to less

Simulation procedure than 0.00025% of primary histories.

The aim of simulation was to understand the dose re- The simulation geometry is shown in Fig. 2. An
duction to normal tissue for each shielding prototype com- Iridium-192 source was modeled after the Elekta micro Se-
pared to treatment with no shielding. Each design was lectron HDR v2 specifications [17]. One source was placed

modeled in AutoCAD and imported into TOPAS (version in the top center of each of the two source tubes. A 3cm
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Fig. 2. Simulation geometry. An example of the experimental setup in TOPAS for the 0.5mm wire design. The large blue slab on the bottom of the
applicator represents the placement of the scoring volume (though its size is reduced for visualization). The Iridium-192 sources are placed in the top
center of the outer tubes (marked source tubes). In this particular design, the tubes on the right side (the side of the tube labels) would exit out of the
nose. The surrounding volume is composed of water. (For interpretation of the references to colour in this figure legend, the reader is referred to the

web version of this article.)

X 6¢cm scoring plane was placed flush to the bottom of the
applicator where the soft palate would be in a typical treat-
ment [1]. The thickness of the plane was set to 0.278 mm
to match the thickness of a slice of Gafchromic EBT3 film
[18], which is a typical dosimetry tool used for brachyther-
apy applicator experiments. In addition, this thickness pro-
vided high enough signal for adequately-low variance.
Each experiment was set in a 40 x40 x40 cm® cubical
volume of water. A total of one billion (10°) histories (500
million from each source) were simulated for each applica-
tor design. Mean dose per particle was scored in 1.0 x 1.0
mm? voxels using a track length estimator [12] while
standard deviations of each voxel were calculated using
history-by-history uncertainty analysis. The default physics
settings in TOPAS were used, including the Geant4 electro-
magnetic physics module, G4EMStandardPhysics_option4
[6,7]. With such large voxels compared to the max elec-
tron range for an Iridium-192 source, electron tracking was
deprecated and their energy deposited locally.

Evaluation metrics

Each shield design required slight variations in appli-
cator geometry which introduced uncertainties when com-
bining the CAD applicator/shield volumes with the scoring
plane/source TOPAS volumes. Though the placement er-
rors were kept to within 3 mm both translationally and lon-
gitudinally, we corrected for these misalignments by run-
ning individual control simulations for every design that
required different applicator geometries. The control sim-
ulations were created simply by switching the shield ma-
terial to silicone while keeping all other parameters the
same. With these control simulations, we present all of
our metrics normalized by the respective control results.

In this way we can more accurately compare shield effi-
cacies without introducing significant inverse square law
effects.

For each design, we first give two-dimensional maps of
the dose and dose transmission. The dose maps are nor-
malized by the maximum dose to 1 x 1 mm? in the corre-
sponding control map. These maps help visualize the spa-
tial distribution of the dose due to distance and shielding.
Higher percentages indicate higher dose and vice versa.
The dose transmission maps are the shielded map divided
elementwise by the control map, thus giving one-to-one
voxel normalization. This normalization isolates the effect
of the shield presence for direct shield comparisons. Higher
percentages indicate less shielding and vice versa.

To summarize the performance of each shield we pro-
vide three metrics. The first is the dose to the center
of the dose map normalized by the corresponding voxel
in the respective control dose map. The second is the
dose to the soft palate planning point defined in Levendag
et al. [2] where the Rotterdam Nasopharynx Applica-
tor was introduced. This point is bilateral on the cen-
tral horizontal axis of the scoring plane 1cm from the
central vertical axis. The soft palate dose will be pre-
sented as the average of these doses normalized by the
control map points. The final metric is the field flatness
given by 100 x % where Dyaomin are the maxi-
mum and minimum doses within the central 2cm of the
dose map normalized by the control map. This gives a
measure of how uniform the dose transmission is within
the soft palate planning points, where lower percentages
indicate more uniform dose reduction. Though dose re-
duction is the highest-priority metric for this study, flat-
ness gives an indication of how sensitive the design is
to shielding misalignment. Greater heterogeneity, that is,
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Table 1

Shield performance under planning metrics

Central dose (%)

Soft palate dose (%) Flatness (%)

3D-printed tungsten blocks  100.78 94.62 4.32
Solid tungsten blocks 94.56 54.25 43.83
0.5-mm wires 98.95 99.03 13.87
1.0-mm wires 97.61 99.42 14.23
Wide wires 60.64 73.11 9.35
Lead spheres 73.49 75.99 2.30
TC sphere 80.90 81.68 2.31
TC =tungsten carbide.
higher values of flatness, will be more sensitive to inaccu- Discussion

rate placement of the shields with respect to the sources
and relevant anatomy.

Finally, to visualize how each design compares to one
another, we provide dose volume histograms and central
axis line profiles of the dose transmission maps. Because
these plots are calculated from the dose transmission maps,
the performance of each shield is normalized to the respec-
tive control allowing accurate comparison of the shielding
performance.

Results

Figure 3 presents the dose maps and dose transmis-
sion maps of the lead sphere design (3b) and the simpler
tungsten block design for comparison (3a). All dose maps
and dose transmission maps are recorded in Supplemen-
tal Material Fig. 1. The color range for each map is kept
constant at [0,100] percent for every plot for easy visual
comparisons. The color bar in each figure therefore does
not represent the range of the map.

With 10° primary histories, uncertainty in the dose maps
was kept to a mean of 0.12 percentage points and a max-
imum of 0.40 percentage points. Uncertainty in the dose
transmission maps was 0.36 percentage points on average
and 1.14 percentage points at maximum. These uncertain-
ties are presented in units of ‘percentage points’ to indicate
that they are absolute uncertainties, that is, if a voxel re-
ceived a relative dose of 70%, the margin of error around
this dose is presented as 70 £ 0.12.

Figure 4 contains the dose transmission DVHs and dose
transmission line profiles of all the prototypes. Line color
and style are kept consistent between the two graphs. In
each graph, when the dose is given as “Percent of Control
Dose (1 to 1)”, this indicates that the dose was normalized
by the corresponding control voxel.

Finally, Table 1 summarizes the planning metrics
recorded from the dose transmission maps. Each percent-
age, except for the flatness score, represents the dose in
the shielded trial normalized by the dose in the respective
control. Thus, lower percentages indicate better shielding.
Flatness is given in the last column, and it represents the
deviation from homogeneous shielding. Lower percentages
here indicate a more homogeneous dose reduction.

When comparing these shields, the main questions we
ask of each design are:

. How well does it shield the soft palate from radiation?

. How uniform is the shielding?

3. Can this design reasonably meet the standards of patient
comfort that the Rotterdam Nasopharynx Applicator ad-
heres to?

4. Can we perform all the necessary pretreatment imag-

ing/quality assurance with this shielding design?

[N

The last two questions are only speculative at this point
given the theoretical nature of these simulations and will
be important considerations in the next phase of research.

We begin with the block implants described first in the
methods section. The 3D-printed tungsten blocks perform
the worst in terms of shielding, providing just a 5% re-
duction in dose to the soft palate. This can be visual-
ized in the corresponding transmission dose map (Sup-
plementary Material Fig. lc) where the primary shield-
ing region is hardly visible. The only metric where this
shielding performs well is field flatness, but this is sim-
ply due to lack of significant photon attenuation in the
shields.

The central dose seen for the 3D-printed tungsten blocks
demonstrates an interesting phenomenon. The dose mea-
sured when using the 3D-printed shields was greater by
0.8 percentage points (2.5 standard deviations) than that
measured without any shielding. To investigate this fur-
ther, we reran simulations of this design and the control
without scoring scattered photons (Supplemental Material
Fig. 2). The scoring plane only counted dose depositions
from primary photon events. This resulted in a full standard
deviation decrease (0.3 percentage points) in the difference
between the center voxels of the shielded and unshielded
dose maps.

We can consider these results from the perspective of
the dominant photon interaction at the average Iridium-192
gamma energy (380keV) for low Z materials like plastic:
Compton scattering. The amount of Compton scattering
should be increased in the 3D-printed shields compared
to the control due to the higher electron density. How-
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Fig. 3. Dose maps and transmission dose maps for select designs. The dose maps are created by normalizing the measured dose by the maximum dose

of the corresponding control dose map, that is, Dose(x, y) = %‘% The transmission dose maps are normalized voxel by voxel with the
control

respective control, that is, Dose Transmission(x,y) = W Red indicates higher dose and blue indicates lower dose in the dose maps while red
indicates less shielding and blue indicates higher shielding in the transmission dose maps. Dose maps and transmission dose maps for all other designs
are included in Supplementary Figure 1.

(a) Solid Tungsten Block Shields.

(b) Lead Spheres. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 4. (a) Dose volume histogram of transmission dose maps. (b) Central axis line profiles of transmission dose maps.

ever, the mass density of the 3D-printed shields is greatly
reduced from that of the solid tungsten blocks (3.64 g/cc
compared to 18.0g/cc) due to the presence of ABS plastic
in the shield composition. It appears that the photons are
not being absorbed like they are in all the other shields, but
rather being preferentially scattered. The increased dose is
then due to the accumulation of scatter from the bilateral
source positions in the gap between the shields. This high-
lights the danger of a shield geometry that incorporates a
central gap. If 3D-printing is to be used for shield designs,
the geometry has to carefully consider scattering due to its
low density.

It must be noted that, even when accounting for scat-
tering, the 3D-printed tungsten blocks still see a slightly
greater dose in the center of the scoring plane compared to
the control. Taking this into consideration, we will quote
the uncertainty as 2 standard deviations (i.e., a 95% con-
fidence interval), or 2.28 percentage points for the dose
transmission maps. Shielding differences below this thresh-
old will not be considered significant.

The solid tungsten blocks, on the other hand, outper-
form all other designs in lowering the soft palate dose.
Table 1 reports that the solid tungsten blocks reduce soft
palate dose by 46% compared to the control. However,
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this shielding is highly heterogeneous given the distance
of the shields from the sources and the gap between the
blocks. The central dose is 95% of the control’s center - a
much smaller reduction compared to that directly beneath
the shields. This heterogeneous performance is summa-
rized in the flatness calculation where this design provides
the worst performance at 43.83%. Though solid tungsten
blocks provide great attenuation, this design shows us that
the shielding must cover more of the radiation field in or-
der to be useful.

The 0.5mm and 1.0 mm wire designs attempt to address
this without adding much more material. Because the tan-
talum wires add flexibility to this design, we were able to
move the shielding much closer to the source tracks. This
allows less shielding to cover more of the radiation field
due to the increased solid angle. However, the dose maps
of Supplementary Material Fig. 1d and le show that the
lateral shielding is still as weak as the tungsten bocks. In
addition, 0.5mm and 1.0mm wires clearly do not cover
enough area when fit inside tubes the same size as the
sources. Their thinner profiles give dose transmissions over
95% in both the soft palate and central dose points. Di-
rectly beneath the shields, however, the line profile shows
dose reductions near 25%. There is no significant differ-
ence between the 0.5mm and 1.0mm wires.

This leads us to the wide wire design, which seeks to
address the inadequate lateral shielding of the 0.5 mm and
1.0mm wire design. The central dose hotspot present in
all the previous dose maps is eradicated in this design, as
seen in the dose map of Supplementary Material Fig. 1f.
The soft palate dose is higher than with the solid tungsten
blocks at 73%, but the central dose is the lowest of all the
designs at 60%. In addition, the field is much flatter than
the blocks at 9.35%.

The third design incorporates small metallic spheres.
The tungsten carbide (TC) spheres perform slightly worse
than the lead spheres under all metrics, so we address
only the lead spheres here. However, it should be noted
that there has been research into versions of tungsten car-
bide with larger percentages of tungsten by mass than
that modeled here. In particular, AbuAlRoos et al. found
the shielding ability of tungsten carbide (at 98.65% tung-
sten) exceeds that of lead for energies less than 400keV.
The present study’s results should be interpreted as a con-
sideration of the miniature sphere geometry for a high-Z
(lead) shield versus a low-Z shield (low-purity tungsten
carbide). In later stages of development, dosimetric and
non-dosimetric differences, such as environmental toxic-
ity, cost, and machinability, between high-Z shields like
lead and high purity tungsten will be considered [19]. The
current shielding selections reflect a broad search of the
present parameter space.

Looking at the dose and dose transmission maps of
Fig. 3b, it is clear that this design provides the most
homogeneous shielding. This is reflected in its 2.30%
flatness measurement that far surpasses the other designs.

The DVH and line profile shown in Fig. 4 demonstrate
that this implant sits in the middle ground between the
0.5mm/1.0mm wire designs and the wide wire design. Its
dose reduction in both the center and soft palate points
is much better than the 0.5 mm/1.0mm wires, but slightly
worse than the wide wires. Overall, this shielding design
has the best tradeoff between dose uniformity and dose
reduction.

In terms of the last two questions presented at the be-
ginning of this section, the sphere design has some notable
advantages over the rest. Both patient comfort and pretreat-
ment imaging require that the shields be removable. If the
shields are removable, the applicator can be inserted and
images can be taken prior to the introduction of metal.
This requirement rules out the embedded block design, as
previously discussed. The wire designs, however, are still
viable. Though two extra tubes would need to fit inside
the patient’s nostrils, bundles of these tantalum wires can
be inserted and removed as necessary. However, the most
effective design, that is, the wide wires, introduces a lot
more material into the patient’s nasal canal. Though this
prototype has the most impressive shielding performance,
it might push the limits of patient comfort. In addition, we
expect some difficulties fitting wires through silicone tubes
reproducibly. The procedure may become tricky depending
on how much shielding is used and how much friction is
encountered.

The sphere design, however, is not limited by the size
of the entrance tube. Because the spheres are being loaded
into a cavity, they can be fed through the tube in a singu-
lated method if needed. In addition, since the dimensions
of the spheres are so much smaller than the wires, they can
better conform to any necessary shape. Depending on the
amount of shielding loaded into the cavity, we can allow
some flexibility in the applicator, helping it to fit within the
patient cavity. In future implementation of such a design,
special consideration may be required to ensure spheres
are loaded in a consistent, unimposing manner.

Conclusion

After simulation and evaluation of seven shielding pro-
totypes in TOPAS, the prototype using small lead spheres
shows the most promise. This novel applicator design has
the potential to significantly reduce normal tissue dose and
provide uniform shielding over the central portion of the
field. Further work is needed to optimize the applicator
geometry for the clinic, study patient comfort and pre-
treatment imaging, and develop rigorous dosimetry for ac-
curate treatment planning, but this study has revealed that
this novel design has potential for superior organ sparing
and improved treatment outcomes.
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