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The purpose of this study was to evaluate the radiation attenuation properties of
PC-ISO, acommercially available, biocompatible, sterilizable 3D printing material,
and its suitability for customized, single-use gynecologic (GYN) brachytherapy
applicators that have the potential for accurate guiding of seeds through linear
and curved internal channels. A custom radiochromic film dosimetry apparatus
was 3D-printed in PC-ISO with a single catheter channel and a slit to hold a film
segment. The apparatus was designed specifically to test geometry pertinent for
use of this material in a clinical setting. A brachytherapy dose plan was computed
to deliver a cylindrical dose distribution to the film. The dose plan used an '*?Ir
source and was normalized to 1500 cGy at 1 cm from the channel. The material
was evaluated by comparing the film exposure to an identical test done in water.
The Hounsfield unit (HU) distributions were computed from a CT scan of the
apparatus and compared to the HU distribution of water and the HU distribution
of a commercial GYN cylinder applicator. The dose depth curve of PC-ISO as
measured by the radiochromic film was within 1% of water between 1 cm and
6 cm from the channel. The mean HU was -10 for PC-ISO and -1 for water. As
expected, the honeycombed structure of the PC-ISO 3D printing process created a
moderate spread of HU values, but the mean was comparable to water. PC-ISO is
sufficiently water-equivalent to be compatible with our HDR brachytherapy plan-
ning system and clinical workflow and, therefore, it is suitable for creating custom
GYN brachytherapy applicators. Our current clinical practice includes the use of
custom GYN applicators made of commercially available PC-ISO when doing so
can improve the patient’s treatment.
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. INTRODUCTION

Gynecologic (GYN) brachytherapy applicators come in a variety of shapes and sizes to accom-
modate different patient scenarios. However, there is little opportunity to customize the shape
of these applicators and their internal structure to the needs of each patient. As a consequence, a
fixed applicator might fit too loosely, which allows movement between scanning and treatment,
and therefore increases dose uncertainty; it might fit too tightly, which can cause patient dis-
comfort; or it might require extra interstitial catheters to ensure that dose objectives can be met.
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Rapid prototyping, or 3D printing, can address the customization limitation of current GYN
brachytherapy applicators. With 3D printing, it is possible to construct conformal applicators
with customized channels.()) There is currently a wide range of printing materials available for
this purpose. However, to be suitable for clinical use, the material must be compatible with the
brachytherapy workflow. Specifically, it must be biocompatible, sterilizable, free of CT scan-
ning artifacts, and have similar dose attenuation properties as water (the medium assumed by
brachytherapy planning systems using the AAPM Task Group 43 formalism).

The purpose of this study is to evaluate PC-ISO (Stratasys, Eden Prairie, MN), a commercially
available, biocompatible, thermoplastic, 3D printing material, for use in printing custom, single-
use GYN brachytherapy applicators. PC-ISO is a polycarbonate (i.e., its molecular composition
consists of polymers containing carbonate groups). Specifications of the material ( e.g., tensile
strength, flexural modulus) can be found in the specifications sheet on the StrataSys webpage:
www.stratasys.com/materials/fdm/pc-iso. Previous studies have shown that PC-ISO can be
sterilized in multiple ways,® including STERRAD (Advanced Sterilization Products, Irvine,
CA), which is the preferred sterilization method at our institution.

This study evaluates the radiation properties of PC-ISO as a material for customized, single-
use, GYN brachytherapy applicators. The evaluation is made using comparisons of CT scans,
dose depth curves for PC-ISO and water, and using geometry that is within the scope of a typical
clinical procedure. Although this study focuses on evaluating PC-ISO, the same tests can be
used to evaluate other materials for brachytherapy. Figure 1 shows an example of a customized
GYN cylinder applicator printed in PC-ISO next to a commercial applicator of the same type
from Alpha Omega Services, Inc (Bellflower, CA) that is routinely used in our clinic.

3D Printed PC-ISO

A

FiG. 1. 3D printing allows physicians and physicists to customize the external size and shape and the internal geometry
(linear and curved catheter paths) of the brachytherapy applicator to improve treatment. Shown is a 3D printed applicator
made of PC-ISO (white, top). This applicator was designed to fit a patient with a very wide vaginal canal that was too
large for the largest commercial (Alpha-Omega Services, Inc.) applicator of the same type at our clinic (yellow, bottom).
A cross section of the printed applicator is shown in the inset in the upper left.

A. Background

There are currently many medical applications of 3D printing in development.*~!? This surge
of interest includes medical modeling for maxillofacial surgical management, '3 bone recon-
structions,®!4 and oral surgeries.(!>) The precision of 3D printers has been closely evaluated for
medical applications with several studies confirming high levels of precision.(!¢~!®) The Fortus
400mc (Stratasys) used in this study has a resolution for PC-ISO of 0.178 mm.

There is evidence of interest in 3D printing for radiotherapy applications®-%-10-16:19:20) and
specifically in brachytherapy.(*?1-2» There is even interest in using 3D printing to construct
custom GYN applicators.®2% However, to our knowledge, a 3D printed, GYN applicator has not
been used as yet to treat a patient. Brachytherapy practitioners do have a long history of creating
custom applicators uniquely fabricated to treat individual patients using common materials.
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This innovation continues today, especially in the application of head and neck brachytherapy
where intrapatient anatomy varies considerably.(®!0)

Manufacturers have supported medical interests in 3D printing by introducing printing materi-
als that pass the International Standard ISO-10993, as well as the United States Pharmacopeia
(USP) standards for biocompatibility.?®) PC-ISO is both USP Class VI approved and ISO-
10993-1 rated. This FDA-approved material is commercially available, sterilizable, approved
for temporary implants, and has high flexural and tensile strength properties that have made
it a common choice for many medical applications.?’-2%14) For example, PC-ISO has been
explored for use in ankle-foot orthoses,!) lumbar cages,*” and bone screw linking devices.%

Il. MATERIALS AND METHODS

To evaluate PC-ISO, a custom testing apparatus was designed in CAD. This apparatus is shown
in Fig. 2 (left). The apparatus consisted of a pair of identical L-shaped apparati designed to snap
together. Each half contained a single, straight channel 2 mm in diameter, which snugly held a
6F endobronchial brachytherapy catheter (Nucletron, Sunnyvale, CA). When snapped together
(Fig. 3), the halves held a 3 cm by 6 cm radiochromic film segment in a 6 cm long shallow gap
between the assembled apparatus. The assembled apparatus was 1 cm thick on each side of the
film which, when the apparatus is submerged in a water bath, provided scatter conditions on the
scale of a typical vaginal brachytherapy applicator radius. The 6 cm side of the film was radial
to the channel, and the 3 cm side of the film was 0.25 cm from the central axis of the channel.

FiG. 2. A set of testing apparati were designed and 3D printed for this study to measure the depth dose curve for Ir. The
apparati held a piece of radiochromic film and an endobronchial brachytherapy catheter. The left picture shows the testing
apparatus printed in PC-ISO, and the picture on the right shows control apparatus used to suspend a piece of radiochromic
film in water. The apparati were scanned in a helical CT to compute the Hounsfield unit distribution.

paSan

FiG. 3. The test apparatus with a size 6-French endobronchial brachytherapy catheter was inserted into one of the end
channels. The PC-ISO and control apparati were suspended in water before the dose was delivered.
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A 2 cm X 3 cm geometry was used because it represents a characteristic dimension of the
typical cylinder applicator used in the clinic. The apparatus was designed to be relevant to
the geometry of applicators used in a clinical setting since the focus of this study was on the
validation of PC-ISO for use in a brachytherapy clinical setting.

A nearly identical control apparatus was designed to leave most of the surface area of the
film exposed. This apparatus was used to perform a control experiment in water. This apparatus
is also shown in Fig. 2 (right). The testing apparatus was printed in PC-ISO using a Fortus
400mc, and the control apparatus was printed in ABS plastic using a uPrint Plus (3D Systems,
San Francisco, CA). ABS (acrylonitrile butadiene styrene) plastic is a part of the terpolymers
family of thermoplastics that are made of three different monomers, acrylonitrile, butadiene, and
styrene, and was first developed in the early 1950s; it has been one of the first material substrates
for 3D printers. It is not approved per [ISO-10993-1 as a biocompatible material, but recently
has been used to make tissue-equivalent phantoms for IMRT QA.D The stereolithography
(STL) files for the testing and control apparati are available from the authors upon request.

A size 6-French endobronchial brachytherapy catheter was placed in the testing apparatus. The
opposite channel was left empty. There was 3 cm of channel length inside the apparatus, which
allowed for 13 dwell positions spaced 0.25 cm apart. Figure 3 shows the experimental setup.
A dose plan with a cylindrical dose distribution was designed with equal dwell time at each of
the 13 positions. The time was normalized to deliver 1500 cGy at 1 cm radially from the center
dwell position in water. Figure 4 shows the isodose lines within the apparatus as would result
from the designed dose plan with an '°?Ir source and using the TG-43 dose calculation formalism,
as calculated in the Nucletron Oncentra TPS®? (Nucletron BV, Veenendaal, The Netherlands).

A3 cm by 6 cm radiochromic film (GAFCHROMIC EBT2) (International Specialty Products,
Wayne, NJ) segment was placed between the two apparatus halves and the halves were snapped
together. The entire apparatus was submerged in a water tank, and the dose plan was delivered
to the film using a microSelectron V2 digital afterloader (Nucletron BV). The same test was
repeated on the control apparatus directly afterwards. The films were allowed to self develop for
24 hrs after exposure. Then they were scanned at 300 dpi using an Epson Expression 10000XL
scanner (US Epson, Long Beach, CA) to create a H&D that was used to extract the dose depth
curve (following conversion to dose).

A helical Siemans Sensation Open CT (120 kVp, automatic tube current modulation, 1 mm
slice thickness) (Siemens Medical Solutions, Malvern, PA) was used to scan the PC-ISO test-
ing apparatus, an Alpha Omega cylinder applicator routinely used in the clinic (part number:
AO#7260), and a cup of water. The distribution of Hounsfield units (HU) was extracted for
each from the DICOM RT files.

dwell position

PC-ISO apparatus
Fi1G. 4. A dose plan was designed to deliver 1500 c¢Gy at 1 cm from the center of the catheter channel in water. The dwell
positions and radial dose distribution for the radiochromic film study are represented using the TG-43 dose calculation for-

malism in water. The films were developed for 24 hrs after exposure before they were scanned to find the dose depth curve.
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lll. RESULTS

The 2.0 mm catheter channel diameter in the apparati resulted in a snug fit of the 1.9 mm catheter
(6-French) in the channel. The 0.1 mm tolerance between the catheter and channel results in a
sliding fit with no internal movement. The catheter insertion into the channel required gentle
pressure. Static friction held the catheter in place once inserted. Thus for the printing of these
specific apparati, the + 0.178 mm resolution of the printer resulted in a channel diameter smaller
than the CAD design, but within the 0.1 mm tolerance of the design.

There were no visible CT artifacts inside the testing apparatus. The distribution of the
Hounsfield units (HU) inside the apparatus is shown in Fig. 5. The mean Hounsfield unit
was -1 HU for water and 10 HU for PC-ISO. This mean HU value is closer to water than air
(—1000 HU) or bone (+1000 HU). The mean HU for the testing apparatus was more equivalent
to water than the mean HU for the Alpha Omega cylinder applicator, which had a mean of
+524 HU.

The percent dose depth for the testing apparatus (PC-ISO) and the control apparatus (water)
is shown in Fig. 6. The two curves are within 1% of each other between 1 cm and 6 cm from the
channel. Doses closer than 1 cm were excluded because that region of the film was oversaturated.
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F1G. 5. Shown are the distributions of Hounsfield units (HU) inside the PC-ISO apparatus (red), the Alpha Omega cylinder
applicator (green), and a cup of water (blue). The mean was -1 HU for water, -10 HU for PC-ISO, and +524 for the Alpha
Omega applicator. The mean HU value for the PC-ISO testing apparatus is closer to water than air (-1000 HU) or bone
(+1000 HU) and more water-equivalent than the Alpha Omega cylinder.
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Fi1G. 6. The percent dose depth from the radiochromic film test for the PC-ISO testing apparatus (red) and the control

apparatus (blue). The two curves were within 1% of each other between 1 cm and 6 cm, showing that the TG-43 planning
system, which assumes a water medium, can be used as normal.
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IV. DISCUSSION

To be compatible with current dose planning systems, PC-ISO should be radiologically equiva-
lent to water within the energy range of interest, which for !’Ir is approximately 102 keV, with
an average gamma emission energy of 380 keV. The results showed a 1% difference in dose
attenuation over the range of interest, which for brachytherapy is not a significant source of
error compared to other sources of error such as catheter movement and contouring uncertainty.
The dose attenuation results are corroborated by the HU distribution, which did not show any
regions of very high density in the printed medium that could adversely affect the otherwise
homogeneous dose attenuation in an unexpected way. The spread in HU seen for PC-ISO (Fig. 5)
is likely due to the honeycomb internal structure characteristic of 3D printing, which creates
small regular-patterned regions of higher (material) and lower (air) density. The current evalu-
ation of PC-ISO’s radiation properties, along with previous studies of its mechanical properties
and sterilization,(1426-39 made us confident that it was suitable for clinical use.

Since the conclusion of these tests, we have created customized PC-ISO applicators for
patients in cases where the physician felt it would improve their treatment. We have printed
a 2.75 cm and a 3.25 cm diameter segmented cylinder — similar to Nucletron’s Vaginal CT/
MR applicator set (part #101.001), but between the standard sizes of 2.0 cm, 2.5 cm, 3.0 cm,
and 3.5 cm. These cylinders used the original vaginal tube (part #101.002) from the Nucletron
Vagnial CT/MR applicator set, but the four cylinder segments (parts #101.007 — #101.010)
were replaced with 3D-printed, PC-ISO components. In addition to the channel for the central
vaginal tube, the cylinder segments had 6 internal channels similar to the Nucletron Miami
applicator set (part #085.210).

We also developed another design, based on the Alpha Omega applicator, AO#7260, (yel-
low cylinder, bottom Fig. 1). The Alpha Omega applicator is a single cylindrical piece with a
central channel for a uterine tandem and 6 surface channels on the circumference. (The surface
channels are grooves along the length of the cylinder to allow for brachytherapy catheters to be
places directly on the surface of the applicator.) A patient presented for whom a larger diameter
would be beneficial. However, because this applicator is available in the 2.5 cm diameter size
only, a custom 3.5 cm diameter cylinder was designed which incorporated 10 circumferential
channels (Fig. 1 top) and 1 central channel (10+1). The circumferential distance between each
surface channel was approximately 1 cm (11 mm), which was desirable to avoid generating
dose hotspots. A similar 10+1 channel applicator was also designed with a 3.0 cm diameter.

Each aforementioned applicator was designed according to measurements taken during
examination. The 2 mm channels in our testing apparatus produced a tight fit for 6F catheters.
Therefore, the custom applicators we used clinically were designed with 2.1 mm diameter chan-
nels. This allowed for easier insertion of the catheters with no resistance. All PC-ISO applicators
were sterilized using the STERRAD procedure before implantation. The sterile cylinders were
brought to the operating room (OR) along with the interstitial needles.

For each case the applicator and catheters were inserted into the patient under local anesthe-
sia. After insertion, our standard HDR brachytherapy planning protocol was followed with no
additional steps due to having a custom applicator: a CT scan was obtained; the images were
imported into the Nucletron Oncentra treatment planning system where a plan was generated
using the IPSA optimization engine; and the plan was delivered. The applicators were removed
without issues after all fractions were delivered.

CT scans of a patient implanted with the 2.75 cm custom-built PC-ISO cylinder applicator
is shown in Fig. 7. Isodose lines are visible (red = 100% Rx, blue = 50% Rx, white = 150%
Rx). The PC-ISO applicator is contoured on the scan, but is difficult to see because of its near
water equivalency. The Nucletron tandem used during the procedure inserted in the center of
the printed cylinder is clearly visible at the center of the applicator.

PC-ISO applicators are mostly tissue-equivalent under CT scan — more tissue-equivalent
than commercial applicators at our clinic. This level of tissue equivalence can make it difficult
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cylinder ! \ cylinder

FiG. 7. After the conclusion of the tests outlined in this study, we printed several GYN applicators in PC-ISO when a
custom built applicator would improve treatment options. The applicators were designed specifically for each patient from
measurements taken during examination and were sterilized using the STERRAD procedure before implantation and
treatment. A segmented PC-ISO cylinder applicator with a custom 2.75 cm diameter is shown implanted and contoured
in the patient during the dose planning process in axial (top left), sagittal (top right), and coronal (bottom left) views. The
Nucletron Vaginal Tube (bright white) is 1.1 cm. Bottom right is a 3D representation of the contoured organs, applicator
(blue), and tandem (purple) with the catheter visible.

to find the boundary of the applicator during contouring, especially at the tip of the applicator
where the surface is curved. To address this issue, it may be possible to cover the applicators
in a radiopaque dye and condom before insertion.

V. CONCLUSIONS

PC-ISO is a readily available material for 3D printing with FDA-approved biocompatibility
for temporary implants in the body. In this study it was evaluated for use in a brachytherapy
environment. It was shown that PC-ISO has sufficiently equivalent dose attenuation properties
to water at 'Ir energies to be compatible with the brachytherapy planning system and work-
flow. It also does not produce CT artifacts. Given these results, we printed several customized
cylinders and used these cylinders on patients when it would improve their treatment. While
3D printers with the capability to print in FDA-approved materials are currently on the order
of $100,000, clinics can design and create custom, PC-ISO applicators without a 3D printer
by outsourcing the printing to vendors.
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