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Abstract

Purpose: This study was designed to assess dosimetric characteristics of 3D-printed personalized multi-channel
cylinder applicator (MCCA).

Material and methods: UnionTech RS Pro 600 (UnionTech, Inc., Shanghai, China) 3D printer was used for man-
ufacturing MCCA. The geometry of MCCA was designed with Fusion 360 v.2.0.5827 (Autodesk, Inc.) software. The
designed file was exported to Meshmixer v.3.5 (Autodesk, Inc.) to create three-dimensional model in stereolithogra-
phy (STL) file format, which is the common file format for inputting data to 3D printers. We used high-temp resin,
FLHTAMO02 model (Formlabs Inc., MA, USA), as material in 3D printing process. This resin model has good resistance
to high temperature and compatibility with various solvents. We created a simple cubic shape phantom for dosimetric
evaluation of the applicator with Gafchromic EBT3 films. Also, Monte Carlo method was applied to simulate MCCA
in the same configuration as in experimental test.

Results: The mean * standard deviation (SD) difference between measured and calculated doses in treatment plan-
ning system (TPS) for all control points was 0.0860 £0.0393 Gy, corresponding to 4.01 £1.21%. The mean +SD difference
between doses calculated by Monte Carlo simulation and TPS for all control points was 0.0996 +0.0471 Gy, correspond-
ing to 4.58 £1.05%. The mean +SD of dose difference between film measurement and Monte Carlo simulation for all
control points was 0.0136 +0.0200 Gy, corresponding to 0.60 +0.69%. P-value for dose difference between film measure-
ment and TPS, Monte Carlo and TPS, and film measurement and Monte Carlo were 0.7, 0.66, and 0.95, respectively.

Conclusions: Dosimetric results and mechanical accuracy of MCCA show that high-temp resin with SLA 3D print-
ing technique can be used for producing patient-specific MCCA in brachytherapy.
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Purpose

According to PORTEC-2 trial, including patients with
endometrial cancer, women with pathological risk fea-
tures, such as high-risk of relapse (> 50 myometrial in-
vasion), higher grade, lymphovascular space invasion,
and old age, present intermediate-risk based on post-op-
erative radiation therapy [1,2]. Pelvic external beam ra-
diotherapy (EBRT) with vaginal cuff brachytherapy and
vaginal cuff brachytherapy alone are common treatments
[3]. Vaginal cuff brachytherapy alone has lower gastroin-
testinal and genitourinary toxicities and better quality of
life compared to EBRT based on patients who were ran-
domized to pelvic EBRT or vaginal cuff brachytherapy in

PORTEC-2 trial [4,5,6]. Vaginal cuff brachytherapy alone
is a good choice of treatment for patients who present the
above-mentioned risk features [7].

Currently, there are several commercial vaginal
brachytherapy applicators, which have cylindrical
shape with different length, diameters, and curvature
of the intrauterine probe. The diameter of applicator is
limited. For instance, vaginal/rectal cylinder applicator
set from Eckert & Ziegler (BEBIG GmbH, Berlin, Ger-
many) contains cylinders with diameter of 20, 25, and
30 mm, and 12.5, 15, 35, and 40 mm as optional items.
In addition, variable lengths can be obtained by using
cylinder segments with different lengths, but combina-
tion of different segments requires variables of lengths
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due to specified length of each segment (e.g., 5, 10, 20,
and 40 mm).

The selection of brachytherapy technique, such as
intracavitary and interstitial, is based on depth of vagi-
nal wall invasion and distribution of the disease [8]. Sin-
gle-channel cylinder applicator for lesions with depth of
5 mm or less is commonly used. It is difficult to deliv-
er the dose to lesions with depth more than 5 mm to at
least one side of vagina’s wall with single-channel cylin-
der applicator due to symmetrical dose distribution [9].
Multi-channel cylinder applicator (MCCA), with a chan-
nel at the center with 6-7 additional channels located con-
centrically around the center channel, are commercially
available for different loading pattern for shaping the
dose distribution that may diminish bladder and rectal
dose without losing the target coverage. The diameter
and length of MCCA are limited, same as the single-chan-
nel cylinder applicator.

Suitable diameter for both single-channel and MCCA
should be selected to improve the fitting of applicator
and to achieve a gentler dose gradient. If the diameter of
selected applicator does not fit the vagina wall, it might
move between acquiring the planning images and treat-
ment, which increase uncertainty of delivering the dose to
patient. Also, if the diameter of selected applicator fit the
vagina wall too tightly, it may cause a discomfort for pa-
tients [10,11,12]. The diameter of cylinder is important to
correspond to the applicator inside the vagina wall. Two
studies have assessed the presence of air between cylinder
and vagina wall. The presence rate of air reported was in
60% and 43% of patients, leading to 27% and 16.1% of un-
derdose of vaginal mucosa, respectively [13,14].

Personalized vaginal applicators are one of the choic-
es to overcome these limitations of commercially used
vaginal applicators [15,16,17,18,19,20,21,22]. Traditional
technique, such as mold technique, is costly and time-con-
suming to create personalized vaginal applicator for each
patient [23]. Recently, 3D printing technology has been
used in radiotherapy and brachytherapy to manufac-
ture anthropomorphic phantoms, boluses, templates for
needle guidance, mould applicators, and multi-catheter
templates for interstitial brachytherapy in breast can-
cer patients [24,25,26,27,28,29,30]. The advantages of 3D
printing technology compared to mold technique are its
versatility, accessibility cost-effectiveness, and accuracy.

The aim of this study was to assess the dosimetric
characteristics of 3D-printed personalized MCCA.

Material and methods
3D printer

In this study, we used UnionTech RS Pro 600 (Union-
Tech, Inc., Shanghai, China) 3D printer. The volume that
can be printed with this model can reach up to 600 x 600
x 500 mm3. The laser model is a solid-state frequency tri-
pled Nd:YVO4, with a wavelength of 354.7 nm. The nom-
inal beam size, maximum scanning speed, and minimum
layer thickness are 0.12-0.2 mm, 12 m/s, and 0.05 mm,
respectively. This printer operates based on stereolithog-
raphy (SLA) technique.

SLA was the first rapid prototyping system. “In
SLA process, a photopolymer is cured by a low-pow-
der ultraviolet laser that solidifies specific areas on the
surface of the liquid through a chain reaction initiated
by reactive species generated by ultraviolet exposure.
After the first layer of the liquid resin is cured, the plat-
form stage is lowered slightly, allowing a new layer of
liquid to cover the now-solid planar sections. Once the
planar sections are completed, the prototype is then
post-cured in a controlled furnace, or an ultraviolet cur-
ing apparatus, for a designated period of time, to allow
final polymerization” [31,32]. The process is described
in Figure 1 [33].

The resolution can be obtained by controlling the
thickness of cured layer. Energy of light, which exposes
the resin, specifies the thickness of cured layer. This en-
ergy can be determined by adjusting the power of light,
scanning speed, and time of exposure. The resolution of
traditional SLA technique has been shown to be limited by
a diameter of laser beam [34]. Recently, SLA process was
developed to achieve a layer thickness less than 10 um,
called “micro-stereolithography” [35]. Although SLA is
the oldest 3D printing technique, it is the gold standard
for rapid prototyping in medical application, including
tissue engineering and medical devices [31].

The geometry of MCCA was designed with Fusion
360 v.2.0.5827 (Autodesk, Inc., California, USA) software
as shown in Figure 2. The dimension of each designed
part is summarized in Table 1. In addition, eight chan-
nels were considered for needles. The designed file was
exported to Meshmixer v.3.5 (Autodesk, Inc., California,
USA) to create three-dimensional model in stereolithog-
raphy (STL) file format, which is the common file format
for inputting data to 3D printers.

We used high-temp resin, FLHTAMO02 model (Form-
labs Inc., MA, USA), as a material for 3D printing process.
This resin model has good resistance to high temperature
(238°C) and compatibility with various solvents, such as
isopropyl alcohol, which can be used in cleaning and dis-
infection processes.

After printing the MCCA, some assessments were
performed. First, we evaluated the geometric accuracy

P2 Reversed (inverted) SLA
(4] 2 ) A O Pprinted part

(2] Supports
® Resin
& - O Build platform
7 5 © Laser
; 0 Galvanometers
@ X-Y scanning mirror
© Laser beam
© Resin tank

Fig. 1. Diagram of stereolithography (SLA) technique pro-
cess [33]

Journal of Contemporary Brachytherapy (2021/volume 13/number 1)


https://pubmed.ncbi.nlm.nih.gov/26412618/
https://pubmed.ncbi.nlm.nih.gov/24080298/
https://pubmed.ncbi.nlm.nih.gov/22265439/
https://pubmed.ncbi.nlm.nih.gov/29027402/
https://pubmed.ncbi.nlm.nih.gov/27685113/
https://pubmed.ncbi.nlm.nih.gov/25562767/
https://pubmed.ncbi.nlm.nih.gov/20395068/
https://pubmed.ncbi.nlm.nih.gov/27504130/
https://pubmed.ncbi.nlm.nih.gov/26743833/
https://pubmed.ncbi.nlm.nih.gov/31749858/
https://pubmed.ncbi.nlm.nih.gov/30548607/
https://pubmed.ncbi.nlm.nih.gov/25679174/
https://pubmed.ncbi.nlm.nih.gov/30479625/
https://pubmed.ncbi.nlm.nih.gov/27504130/
https://pubmed.ncbi.nlm.nih.gov/25630618/
https://pubmed.ncbi.nlm.nih.gov/25466360/
https://pubmed.ncbi.nlm.nih.gov/30528742/
https://pubmed.ncbi.nlm.nih.gov/30503148/
https://pubmed.ncbi.nlm.nih.gov/31364005/
https://pubmed.ncbi.nlm.nih.gov/30581276/
https://pubmed.ncbi.nlm.nih.gov/27422928/
https://pubmed.ncbi.nlm.nih.gov/26108891/
https://pubmed.ncbi.nlm.nih.gov/30414715/
https://www.elsevier.com/books/3d-printing-in-medicine/kalaskar/978-0-08-100717-4
https://link.springer.com/book/10.1007%2F978-3-319-61924-8
https://formlabs.com/blog/ultimate-guide-to-stereolithography-sla-3d-printing/
https://pubmed.ncbi.nlm.nih.gov/26857350/
https://pubmed.ncbi.nlm.nih.gov/22692621/
https://www.elsevier.com/books/3d-printing-in-medicine/kalaskar/978-0-08-100717-4
https://formlabs.com/blog/ultimate-guide-to-stereolithography-sla-3d-printing/

82 Reza Mohammadi, Zahra Siavashpour, Seyed Rashid Hosseini Aghdom, et al.

Fig. 2. The designed geometry in 4 different view. A) From bottom, B) from up, C) from lateral, D) transparent from perspective

of applicator based on physical measurement. We used
absolute digital caliper model 500-150-20 (Mitutoyo Ltd.,
Japan), with a resolution of 0.02 mm to measure the di-
mension of applicator and compare to designed dimen-
sion. Secondly, we evaluated radiological properties of
the MCCA. Computed tomography (CT) images of the
3D-printed MCCA were acquired and commercially used
cylinder applicator with Somatom Spirit (Siemens Inc.,
Erlangen, Germany) was applied. The resolution was 0.85
x 0.85 x 1 mm?®to precisely calculate Hounsfield unit (HU)
and density of the applicator. The voltage and current
were selected as 130 kV and 85 mA, respectively. Using
CT images of applicator and a calibration curve in CT,
the HU of each pixel was converted to physical density.

Then, the HU and density of MCCA were compared with
a commercial cylinder.

Dosimetric evaluation

We created a simple phantom for dosimetric eval-
uation of the applicator with Gafchromic EBT3 films. In
order to create a cubic shape phantom, we placed togeth-
er 26 slabs of plexiglass with dimensions of 100 x 100 x
6 mm? (Figure 3). Then, we used two plexiglass rods in
diagonal corners of the phantom to install all of the slabs.
A circular area with 25.5 mm as a diameter was cut by a la-
ser in the middle of the phantom to introduce the MCCA.

The MCCA, with titanium intrauterine probe and
eight steel needles, was introduced in the cubic shape

Table 1. Dimension of designed multi-channel cylinder applicator

Part name Designed dimension 3D-printed dimension Differences
(mm) (mm) (mm %)
Outer cylinder diameter 25.00 24.90 0.10-0.40
Intrauterine probe hole diameter 5.80 5.90 —-0.10-1.70
Needles hole diameter 1.75 1.80 —0.05-2.80
Height of cylinder 120.00 120.90 —-0.90-0.75
Height of needles hole 114.00 114.40 —0.40-0.35
Center of needles hole to the edge of cylinder 3.50 3.55 -0.05-1.40

Journal of Contemporary Brachytherapy (2021/volume 13/number 1)
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Fig. 3. Cubic shape phantom. A) Phantom from lateral
view, B) phantom with MCCA (central intrauterine probe
and peripheral needles)

phantom and scanned with CT scanner. The CT res-
olution was chosen the same as in the previous step.
Then, the CT images were imported to SagiPlan v.2.0.2
brachytherapy treatment planning system (TPS, Eckert &
Ziegler BEBIG, Berlin, Germany), which uses the TG-43
dose calculation formalism with a ®*Co source. Four Gaf-
chromic films in different locations between plexiglasses
were placed. Planning was done based on prescription
dose of 7 Gy at depth of 5 mm from the MCCA surface.
60 mm of both intrauterine and needles, with 16.4 mm
and 16.8 mm offset from tip, respectively, were consid-
ered as activation length by dwell position separation of
1 mm. Inverse planning was performed as a dose optimi-
zation method. Automatic control point placement option
in the SagiPlan was chosen to generate points for inverse
planning. This option created points at a given distance
(for the cylinder radius plus 5 mm) in a perpendicular to
the applicator direction from selected applicator based
on activated dwell positions. Then, the variance with
5 iterations was used as inverse planning algorithm. A to-
tal of 192 control points in the 4 different planes were
established as shown in Figure 4. Each plane was divided
by eight angles (45° as step), and control points were set
with the interval of 5 mm at each angle from the MCCA
surface. The resolution of dose matrix was set as 1 mm in
each direction in the TPS.

To obtain the dose-response calibration curve, we used
eight samples of Gafchromic EBT3 film. They were irradi-
ated between 100 and 900 cGy. Afterwards, a PTW Farm-
er-type ionization chamber model 31010 (PTW, Co., Ger-
many) was placed in 5 cm depth between plexiglass layers
to measure the absolute dose-rate, and 5 cm was chosen
to establish electronic equilibrium. The source to surface
distance of plexiglasses was 100 cm and the field size was
10 x 10 cm? Then, the samples were placed at the same
depth (5 cm) and the irradiation was performed. All sam-

( i
e N

Plexiglass

rod

ples were handled with latex gloves and placed in dark-
ened envelope to avoid stains and effect of ambient light.

Scanning of both measurements and calibration films
were performed 48 hours after irradiation with ScanMak-
er 9800XL Plus (Microtek, Inc., San Diego, CA, USA). All
films were scanned at the same orientation with 150 dpi
as a resolution, and saved in tagged image file format
[36]. The scanned images were imported to Image] soft-
ware v.1.52n [37]. The RGB image was split and red chan-
nel was chosen (due to maximize readout sensitivity) to
calculate pixel values. The procedure of fitting curve was
performed using Devic et al. [38] proposed formula. The
dose of each control point from TPS was compared to
measured dose from EBT3 films.

We also used a method suggested and used by Cunha
et al. [19] to evaluate the resin material. We have designed
a couple L-shaped to hold Gafchromic film, as shown in
Figure 5A, B. The L-shaped dimension was 6 x 3 cm? and
the distance between center of needle and Gafchromic film
was 2.5 mm. Printing was done with the same resin, which
was used for the MCCA. Also, a holder designed to hold
Gafchromic film for measuring in the water (Figure 5C, D)
was used as validation. Printing was performed using poly-
amide (PA-12) material with density = 1.01 g/cm? which is
water equivalent, and also placed in a water tank to provide
scatter condition. Then, a 1 cm prescription point from the
center of needle and the middle of L-shaped was applied to
deliver 15 Gy. Next, Gafchromic films were scanned, and
a percent reading depth between 5 mm and 41 mm from
the needle were considered to compare the results.

Monte Carlo simulation

MCNP is a powerful Monte Carlo code to simulate
and transport different particles and radiation in various
geometries. In this study, a MCNP code was employed

Journal of Contemporary Brachytherapy (2021/volume 13/number 1)
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Fig. 4. Three different views of dose distribution in the phantom with control points. 192 control points set in 4 different planes.
Each plane was divided by eight angles (45° as step), and control points were set with an interval of 5 mm at each angle from

the MCCA surface

to simulate the ®°Co y emitter source of high-dose-rate
(HDR) brachytherapy, steel needles, constructed cylin-
der, and the PMMA phantom in the same configuration
as in the experimental test. Source activity of 65.98 GBq
(20.19 mGy/h as air-kerma rate) at the planning time was
applied. It should be mentioned that all of the required
data for simulation were taken from Eckert & Ziegler
BEBIG company.

Additionally, ®Co source characteristics, including
the energy intensity at two nominal energies at the surface
of source housing, were considered in the simulations.
The energy cut-off for electron and photon radiation was
deemed to be 0.5 MeV and 0.01 MeV, respectively. Size
of scoring cells for dose calculation was set at 0.3 x 0.25 x
0.25 cm® within the PMMA to calculate dose distribution
around the applicator. In addition, the statistical uncer-
tainty in each of the MC simulations was less than 3%.

To calculate dose value from every source dwell po-
sition, nearly 500 separate MC codes were generated. *F8
tally was used to obtain energy deposition in each tally
cell. The number of followed records in each MC simula-
tion was equal to 10°. The doses equivalent distribution
was shown in terms of Gy. Finally, dose distribution was
summed and superimposed to achieve the total dose to
each of the considered control points, and compared with
TPS results.

Case report

We also designed opened tips for both intrauterine
probe and needles, and compared to commercial Miami

applicator set from Eckert & Ziegler BEBIG. This helped
cervix cancers patients with parametria involvement and
vagina one side involvement, or great tumor width. In-
trauterine probe, cylinder (printed in 30 mm diameter),
and needles (TCN) were used simultaneously to obtain
better coverage, as presented in Figure 6. The MCCA
was sterilized with autoclave in 134°C temperature,
103 kPa pressure, and in 35 minutes. After the insertion,
two plans were generated based on 7 Gy prescription
dose to high-risk clinical target volume (HR-CTV). One
of them was based on using just tandem, and the other
was based on using tandem plus needles.

Statistical analysis

Measured and MC calculated doses in control points
were compared with independent two samples t-test
with equal variance. Mean * standard deviation (SD) was
applied for summarizing the data. IBM SPSS v.23 (SPSS,
Inc.) was used for all statistical analyses. P-value less than
0.05 was considered statistically significant.

Results

The differences of geometry between the designed
and 3D-printed MCCA are shown in Table 1. The mean
HU and density of MCCA and commercial cylinder
(polyether ether ketone, medical grade) were 252 and
1.18 g/cm? and 178 and 1.12 g/ cm?, respectively. The im-
ages of MCCA on CT scans were uniform, without any
artifact. The percent reading depth is shown in Figure 5E,

Journal of Contemporary Brachytherapy (2021/volume 13/number 1)
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which normalized to 5 mm from the center of needle and
the differences between two curves were within 1%. In
addition, the mean time of 3D printing was 4 to 5 hours,
and designing by an expert was 30 min.

The mean +SD difference between three methods are
demonstrated in Table 2. The minimum and maximum dif-
ference between the measured and calculated doses in the
TPS for all control points were 0.04 Gy and 0.22 Gy, corre-
sponding to 2.06% and 6.87%, respectively. The minimum

and maximum difference between the doses calculated by
Monte Carlo simulation and TPS for all control points were
0.05 Gy and 0.30 Gy, corresponding to 2.38% and 7.72%,
respectively. Also, the minimum and maximum difference
between film measurements and Monte Carlo simulations
for all control points were -0.04 Gy and 0.10 Gy, corre-
sponding to -1.27% and 2.47%, respectively. The measured
and Monte Carlo calculated doses were less than those cal-
culated by the planning system for all control points. Dos-

Journal of Contemporary Brachytherapy (2021/volume 13/number 1)
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Fig. 6. A patient who treated with intrauterine, cylinder, and needles (TCN). A) Planning based on just activating intrauterine.

B) Planning based on activating intrauterine and peripheral needles. Bladder - light red, rectum - brown, sigmoid - pink, and

high-risk CTV (HR-CTV) - green

es of film measurements for 24 out of 192 (12.5%) control
points were greater than those of Monte Carlo calculations.

Measurement dose, Monte Carlo results, and calcu-
lated dose from TPS for various control points are sum-
marized in Table 3. P-value for dose difference between
film measurement and TPS, Monte Carlo and TPS, and

film measurement and Monte Carlo were 0.7, 0.66, 0.95,
respectively. Therefore, no statistical difference between
each group was observed.

Target coverage for the case report using just intra-
uterine probe was less than that used in TCN, due to an
increase of sigmoid dose. The largest width of HR-CTV

Journal of Contemporary Brachytherapy (2021/volume 13/number 1)
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Table 2. Comparison results between film measurement, planning, and Monte Carlo

Mean +SD (Gy) Mean +SD (%) P-value
Film measurement vs. calculated doses in the TPS 0.0860 +0.0393 4.01+1.21 0.70
Film measurement vs. Monte Carlo 0.0136 +0.0200 0.60 +0.69 0.95
Calculated doses in TPS vs. Monte Carlo 0.0996 +0.0471 4.58 £1.05 0.66

was 50 mm for this patient, and the insertion of needles
improved tumor coverage. It increased from 80% to 100%
of prescription dose of tumor, while decreased sigmoid
dose to 2 cm®from 71% to 62% of prescription dose. Dose
reduction for bladder and rectum were not significant
(below 1%) compared to sigmoid.

Discussion

In this study, we designed and manufactured
a multi-channel cylinder applicator (MCCA) with 3D
printing technology, and then evaluated its dosimetric
characteristics with film measurement and Monte Carlo
simulation. We determined control points around the
applicator, and the dose in all control points from the
TPS were compared to the results of film measurement
and Monte Carlo simulation by using statistical analysis.
There were no significant differences between the dose
from TPS and film measurement and Monte Carlo algo-
rithm for all control points.

It is possible to improve coverage of tumors located
at one side of vagina by choosing suitable needles in the
MCCA. Kim et al. [9] compared multi-channel and sin-
gle-channel cylinder applicators for vagina cancers. They
found that there were significant differences between
multi-channel and single-channel applicators for the dose
to rectum and tumor coverage. When tumors were locat-
ed in the vagina cuff, dosimetry results were the same
for both applicators. The multi-channel applicator was
superior for the vagina wall tumors with width less than
7 mm. For thicker tumors, the authors recommended in-
terstitial brachytherapy to decrease vagina surface dose.
For such patients, with 3D printing technology, it is possi-
ble to acquire CT scan before implantation (for pre-plan-
ning) and design a patient-specific multi-channel appli-
cator with oblique needles, based on tumor shape and
location or any arbitrary direction for better coverage of
thicker tumors. For cervical cancer patients with parame-
tria involvement, the insertion of needles for better cover-
age is preferable. It is easier to insert needles to the para-
metria region with TCN against to insertion of needles
from perineal region, which needs an expert physician.

Currently, there are different 3D printing technolo-
gies, including fused deposition modeling, selective laser
sintering, stereolithography, binder jetting, multi jet fu-
sion, and microstereolithography, which allow users to
print with different accuracy (up to less than 10 um). At
this time, there are limitations in the choice of material
based on choosing a 3D printing technique. In order to
select a material, biocompatibility, serializable and homo-
genic printing product, and water equivalency (specially
for TPS with TG-43 algorithm) for brachytherapy need to

be considered. Most of the studies used PA, PLA, ABS,
and PC-ISO as a material with fused deposition model-
ing (known as FDM) technique [19,21,29,39,40]. Resin is
yet another material with different sub-types, including
rigid resin, tough resin, elastic resin, flexible resin, and
high-temp resin for different purposes, with almost the
same density. However, till date, no study investigated
brachytherapy application using high-temp resin. High
temperature resin has a heat deflection of 238°C and
0.45 MPa, which is the highest temperature resistance
3D printing material on the market, which can be ster-
ilized with an autoclave [41]. Cunha et al. [19] used PC-
ISO material to create a cylinder, resulting with better
HU close to the water compared to our results (10 against
252), but the mechanical accuracy of our printed appli-
cator was better comparing to their results, which was
due to the differences between 3D printing technique
accuracy. HU and density of printed material with FDM
technique depend on choosing infill percentage. Ricotti
et al. [39] assessed the dosimetric properties at different
infill percentage. They found that y passing rate between
3D-printed and commercial applicator was depending on
infill percentage, and even HU and density might be close
to water by choosing infill percentage. Also, they used
FDM technique to create an applicator, and differences
between designed and 3D-printed geometry was higher
than our results. The default of infill percentage of SLA
was 100%, and could not be controlled to acquire differ-
ent HU and density. Moreover, apart from temperature
resistance, biocompatibility and water equivalent prop-
erty of 3D printing materials, tensile strength, young’s
modulus, elongation, and flexural strength are important
and shown in the resistance of material to break under
tension, stretch under tension, breaking when stretched,
and breaking when bent. Resin has higher values com-
pared to materials that are commonly used for FDM tech-
nique [42].

There were some limitations in our study, including
dose calculation of TPS based on TG-43 formalism, which
cannot consider heterogeneity effect (causing differences
between TPS and Monte Carlo results), biocompatibility
assessment of high-temp resin materials, dimension of
the phantom that did not provide full scatter condition,
uncertainty of Gafchromic film dosimetry, dose compari-
son with limited number of control points, lack of clinical
study to compare target coverage and organ at risks dos-
es with MCCA and single-channel approach statistically,
and assessment of MCCA with simple design. We manu-
factured MCCA with 25 mm as a diameter in this study to
assess dosimetry and radiological properties of resin ma-
terial, but it is possible to print any arbitrary diameter and
length for individual patient. In this study, we focused on
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Table 3. Measurement dose, Monte Carlo results, and calculated dose from TPS for various control points

Label TPS doses (Gy) Monte Carlo Measurement Difference be- Difference be- Difference
of control results (Gy) dose (Gy) tween TPS and  tween TPS and between
points Monte Carlo (%) measurement measurement and
(%) Monte Carlo (%)
91 424 411 412 3.07 2.83 0.25
92 4.16 4.06 4.07 2.49 2.16 0.33
93 3.01 2.92 2.94 3.06 2.33 0.76
94 3.06 2.95 2.96 3.64 3.27 0.38
95 2.32 2.22 2.25 4.14 3.02 1.17
96 2.29 2.21 2.23 3.55 2.62 0.96
97 1.81 1.72 1.75 4.81 3.31 1.57
98 1.83 1.73 1.755 5.41 4.10 1.39
99 1.46 1.39 1.40 4.98 4.11 0.92
910 1.20 1.13 1.15 5.62 4.17 1.54
911 1.21 1.14 1.13 5.92 6.61 -0.73
912 1.08 1.02 1.025 5.65 5.09 0.59
913 1.08 1.02 1.017 6.00 5.83 0.18
914 4.12 4.00 3.95 2.94 4.13 -1.22
915 4.25 4.10 4.069 3.41 4.26 -0.88
916 2.99 2.88 2.87 3.84 4.01 -0.18
917 3.07 2.95 2.97 3.89 3.26 0.66
918 1.80 1.71 1.72 5.08 4.44 0.67
919 1.83 1.75 1.77 431 3.28 1.08
920 145 1.38 1.37 491 5.52 -0.64
949 7.97 7.71 7.75 3.32 2.76 0.58
950 5.13 4.96 5.01 3.27 2.34 0.96
951 3.59 3.45 3.48 3.97 3.06 0.94
952 2.65 2.54 2.55 4.20 3.77 0.45
953 2.03 1.93 1.95 4.70 3.94 0.80
954 1.60 1.51 1.49 5.68 6.88 -1.27
955 1.40 1.32 1.34 5.63 4.29 1.42
956 7.66 7.35 7.45 4.03 2.74 1.34
957 4.98 4.78 4.79 3.93 3.82 0.12
958 3.51 3.35 3.36 4.47 4.27 0.21
959 2.60 2.49 2.50 4.38 3.85 0.56
960 1.99 1.89 1.91 4.78 4.02 0.80
961 1.57 1.49 1.51 4.87 3.82 1.10
962 1.38 1.30 1.31 5.70 5.07 0.67
963 7.76 7.58 7.60 2.38 2.06 0.33
964 5.03 4.88 4.91 2.96 2.39 0.59
965 3.54 3.41 3.44 3.55 2.82 0.75
966 2.62 2.52 2.54 3.99 3.05 0.97
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mechanical and dosimetric properties of high-temp resin
and 3D printing workflow of patient-specific applicators.

Conclusions

In this study we used 3D printing technology to man-

ufacture patient-specific MCCA. Dosimetric results and
mechanical accuracy show that high-temp resin with
SLA 3D printing technique can be used for creating pa-
tient-specific MCCA in brachytherapy.
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