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Abstract

Background: This study was conducted to evaluate the effect of brachytherapy (BT) customized mold [Condensation silicone 
elastomer (ProtesilTM)] and its thickness on the dose distribution pattern of deep nonmelanoma skin cancers (NMSC). 

Materials and methods: Four blocks of mold material were constructed in 5, 10, 15, and 20 mm thickness and 100 × 100 mm2 

area by a plastic cast. The high dose rate (HDR) plus treatment planning system (TPS) (Version 3, Eckert & Ziegler BEBIG 
Gmbh, Berlin, Germany) with a 60Co source (model: Co0.A86, EZAG BEBIG, Berlin, Germany) as an high dose rate brachytherapy 
(HDR-BT) source was used. Solid phantom and MOSFETTM and GAFCHROMICTM EBT3 film dosimeters were used for experimen-
tal dosimetry of the different thicknesses (up to 20 mm) of BT customized mold. Skin dose and dose to different depths were 
evaluated. 

Result: The TPS overestimated the calculated dose to the surface. Skin dose can be reduced from 250% to 150% of the pre-
scription dose by increasing mold thickness from 5 mm to 20 mm. There was a 7.7% difference in the calculated dose by TPS 
and the measured dose by MOSFET. There was a good agreement between film dosimetry, MOSFET detector, and TPS’ results 
in depths less than 5 mm.

Conclusion: Each BT department should validate any individualized material chosen to construct the customized surface 
BT mold. Increasing the mold thickness can treat lesions without overexposing the skin surface. Superficial BT can be recom-
mended as an appropriate treatment option for some deep NMSC lesions (up to 20 mm) with pre-planning considerations 
employing thicker molds.
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Introduction

Nonmelanoma skin cancer (NMSC) is 
the most common malignancy worldwide, and its 
incidence has an increasing trend as the population 
gets older [1–3]. The two most frequent NMSCs 
are basal cell carcinoma (BCC) and squamous cell 
carcinoma (SCC). Although NMSC has a low mor-
bidity and mortality rate, it can significantly affect 
the patient’s quality of life [1]. 

Among cancer treatment options, including 
surgery, radiotherapy, photodynamic therapy, 
and chemotherapy [4], radiation therapy has an es-
sential role in managing NMSC [5]. Superficial, or-
tho/megavoltage X-rays, electron beam irradiation, 
and radionuclide-based brachytherapy (BT) are 
various radiotherapy modalities applied to NMSC. 
High dose rate brachytherapy (HDR-BT) is a tech-
nique that supplies a high dose rate of a low-energy 
x-ray in the tumor area with minimal shielding re-
quirement [6–9]. Because of the widespread avail-
ability of HDR-BT, it has become a powerful op-
tion for radiotherapy, particularly for clinical cases 
where surface irregularity, bone proximity, or poor 
inherent tolerance of surrounding tissues do not al-
low for suitable dose distribution [10]. Merkel cell 
lesions, keloids, and Kaposi sarcoma are the other 
kinds of skin cancer that HDR brachytherapy can 
be considered an alternative solution [10].

Due to the dose distribution of EBRT and its 
commercial applicators, surface mold brachyther-
apy, in addition to 3D treatment planning based on 
CT images, has emerged as an appropriate option 
in the treatment planning of organs like the head 
and neck [11]. Also, shielded cup-shaped applica-
tors are restricted to lesions of less than 3 cm in 
diameter for both ValenciaTM and Leipzig [12]. For 
larger lesions, catheter flaps such as the FreiburgTM 
flap, Catheter Flap SetTM, H.A.M.TM, or individu-
alized routine-made molds are widely used [13]. 
At our institution, an individualized home-made 
surface mold has been used to BT of widespread 
NMSC that cannot be excised surgically or for ir-
regular-shaped lesions. 

AAPM TG-43 is the most common code of 
practice used for most dose calculations in clinical 
brachytherapy. TG-43 protocol estimates dose dis-
tributions in water, is strictly valid for homogeneous 
water medium and does not consider the actual in-
homogeneity around the BT source [14, 15]. Some 

new model-based dose calculation algorithms, such 
as advanced collapsed cones, have been presented 
to enhance treatment planning systems (TPS) that 
can be considered full scatter condition inhomo-
geneity medium [12]. Nowadays, many treatment 
planning systems still use TG-43 basic protocols. 
It has been recently shown that the delivered dose 
can be up to 15% lower at the prescription depth 
than that considered by the TG-43 model for sur-
face mold HDR brachytherapy. This difference in-
creased with the skin lesion size [16]. Consequently, 
before their employment in clinical practice, some 
dosimetry and quality control examinations should 
be evaluated and approved for individualized rou-
tine-made molds, mainly when just TG-43-based 
TPSs are presented.

High dose gradient and rapid dose fall-off are 
the intrinsic characteristics of brachytherapy 
dose distribution that require particular radi-
ation detectors to provide proper and accurate 
dose calculations. The most common radiation 
detection systems used for dose measurements in 
brachytherapy are thermoluminescent dosimeters 
(TLDs), radiochromic film detectors, and met-
al–oxide semiconductor field-effect transistors 
(MOSFETs) [17]. TLD and film detectors are in-
expensive and commonly accessible in radiother-
apy departments, but they are offline, and also 
their calibration procedure is a vital problem. 
MOSFETs can be considered credible miniature 
detectors for online in vivo dosimetry and quality 
assurance (QA) [18]. 

This study was conducted to confirm a mold BT 
procedure in our institute and examine whether 
the delivered dose to the tissue agrees with TG-43 
protocols when a customized mold material is 
used. Therefore, three main aims were followed; 
(a) comparing the skin HDR-BT delivered dose to 
the patient obtained from experimental dosimetry 
setups and calculating dose with TPS, (b) inves-
tigating the optimum individualized molds thick-
ness according to different thicknesses and depth 
of target lesions and, finally, (c) acquisition of 
the maximum lesion thickness that can be treated 
with the suggested BT mold. This study was special-
ly conducted to evaluate the effect of a home-made 
brachytherapy (BT) customized mold (Conden-
sation silicone elastomer (ProtesilTM) thickness 
on the dose distribution pattern of deep non-
melanoma skin cancers (NMSC). MOSFETTM 
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and GAFCHROMICTM EBT3 film dosimetry as 
two reliable brachytherapy dosimeters were used 
for following the mentioned aims.

Materials and methods

Condensation silicone elastomer material with 
the commercial name ProtesilTM (Vannini Den-
tal Industry, Florence, Italy) is used in dentistry 
as a common material to shape a surface mold. 
These materials are classified as a group of elasto-
meric impressions with suitable physical and chem-
ical properties such as biocompatibility, sufficient 
working time, room temperature working condi-
tion, dimensional stability, plasticity, non-toxicity, 
and electron density [19]. 

The HDR plus treatment planning system (Ver-
sion 3, Eckert & Ziegler BEBIG Gmbh, Berlin, Ger-
many) with the dose calculation algorithm exten-
sively detailed at AAPM Task Group-43 (TG-43) 
as a brachytherapy TPS was used. MultiSourceTM 
(Eckert & Ziegler BEBIG Gmbh, Berlin, Germany) 
as HDR-BT afterloader treatment unit, and a 60Co 
radioactive source (model: Co0.A86, EZAG BEBIG, 
Berlin, Germany) as an HDR-BT source, was also 
applied. Dose verification measurements were 
performed using Gafchromic EBT3 film (Ash-
land Specialty Ingredients, NJ, USA lot#09071703 
and #04171901) and three MOSFETTM detectors to 
be described in the following section. Previous re-
searchers confirmed the feasibility and efficiency of 
MOSFET detectors in real-time in-vivo dosimetry 
for brachytherapy [20, 21]. 

Mold construction
Four blocks of mold material were constructed in 

5, 10, 15, and 20 mm thickness and 100 × 100 mm2 

area by a plastic cast. The mold was removed from 
the cast after 15 to 20 minutes. Three plastic cath-
eters (Flexible Catheter Single Leader, 1.65 mm 

diameter, Eckert & Ziegler BEBIG, Gmbh, Berlin, 
Germany) were fixed on top of each mold block via 
adhesive tape and with 10 mm parallel spacing be-
tween the catheters. 

MOSFET calibration 
In the current study, the MOSFET dosimeters 

(Best Medical Canada LTD model TN-502RD-H) 
with a sensitive volume of fewer than 4 × 10−5 mm3 
and a physical volume of 4 mm3 were utilized. 
The MOSFET Calibration Jig (TN-RD-57-30, Best 
Medical Canada) was applied to the facile and re-
producible placement of the MOSFETs through cal-
ibration and measurement. The jig is an accessory 
of the mobile MOSFET wireless patient dosimetry 
system (TN-RD-70-W, Best Medical Canada) [22]. 
MOSFET detectors were placed on the surface of 
the jig, with the flat surface facing the beam during 
all the experimental measurements.

PMMA slabs were also used in the calibration 
step; 10 cm of slabs were located under the detec-
tors to provide the backscatter condition, and 2 cm 
of slabs were placed on the MOSFET for buildup 
effect. The calibration was carried out for a field 
size of 10 ×10 cm2 with an SSD of 98 cm (100 cm 
at the MOSFET plane). The MOSFETs were then 
irradiated with 100 cGy by a 6 MV photon beam 
with a mono-energy medical linear accelerator 
(Compact, Elekta, Veenendaal, the Netherlands), 
and the corresponding readings were tabulated 
in Table 1. 

MOSFETs were initially positioned in 
the jig channels, as all of them were placed into 
a 100 × 100 mm2 central square. The first detector 
was in the center (red arrow), the second was in 
the upper right (10 mm to the right and 10 mm up 
from the center; yellow arrow), and the third one 
was in the lower left (10 mm to the left and 10 mm 
down from the center; blue arrow); as illustrated in 
Supplementary File as Figure S1.

Table 1. Calibration results of metal–oxide semiconductor field-effect transistors (MOSFETs)

MOSFET

Blue Red Yellow

Mean ± SD

Blue Red Yellow

Mean ± SD[cGy/mV] [cGy/mV]

First step Second step

1 1.03 1.01 1.05 1.03 ± 0.02 1.04 1.03 1.06 1.04 ± 0.01

2 1.02 1.01 1.03 1.02 ± 0.01 1.03 1.01 1.05 1.03 ± 0.02

3 1.00 1.00 1.01 1.00 ± 0.01 1.01 1.00 1.03 1.01 ± 0.01

SD — standard deviation
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CT simulation and dose calculations
A 64-slice CT scanner (General Electric Med-

ical Systems, USA) was also applied to acquire 
tomographic imaging to provide data required 
to be imported to the TPS. CTIs were acquired 
with 1 mm slice thickness. Metallic x-ray mark-
ers were also placed inside the catheters during 
scanning.

Two configurations of source loading for com-
paring the TPS data with MOSFET dose calcula-
tions were performed. Details of the procedure are 
briefly explained in the sections below. 

Setup 1: The central point of the central BT 
catheter located just above the central MOSFET 
detector at the middle of the jig, shown as red 
MOSFET in Supplementary File — Figure S1, was 
activated. The planning aim was to deliver 3 Gy to 
10 mm under the phantom surface, the XZ plane 
of the central point. Eventually, four treatment 
plans were performed for four mold thickness-
es, with the identical prescribed dose to the same 
point of interest.

Twenty-four setup configurations were created 
using a combination of 30 cm PMMA slabs. The ra-
diation doses were then calculated for 6 points at 
different depths for four different mold thickness-
es. More details of the configurations are shown in 
Figure 1. At this step, 72 dose points (24 setups × 3 
MOSFET) were compared for various mold thick-
nesses by the MOSFET.

Setup 2: A treatment plan was developed to deliv-
er a 3 Gy radiation dose to all three MOSFETs. Ra-
diation doses into a point located at 10 mm under 
the skin for different mold thicknesses were mea-
sured using MOSFET detectors. All measurements 
were repeated three times for all configurations. 
The processed results were then compared with 
those calculated by TPS. The Source to Detector 
Distance (SDD) was defined as follows:  

𝑆𝑆𝑆𝑆𝑆𝑆 𝑆 𝑡𝑡��������
2 + 𝑡𝑡���� + 𝑡𝑡����� +

𝑡𝑡������
2  

 Where tcatheter, tmold, tslab, and tMOSFET are 
the measured thicknesses of the catheters, 
the mold, the PMMA slab, and the MOSFET de-
tector, respectively. The SDD was used to calculate 
the depth of the intended plane in TPS-calculated 
3D dose distribution and coincide with the MOS-
FET plane to define the exact position of control 
points in TPS. 

It should be emphasized that to prevent the an-
gular dependency of the MOSFET detector, the di-
rection of entrance radiation to the MOSFET at all 
of the calculations set up were set to be the same as 
the calibration condition.

Film dosimetry
A calibration curve was obtained with eight 

pieces of 2 × 2 cm2 GAFCHROMICTM EBT3 films, 
shown in Supplementary File — Figure S2, to ver-

Figure 1. Set up the configuration for a mold with 5 mm thickness positioned on the top of a 30 cm PMMA slab. 
Measurements were done at the (A) surface, (B) 2 mm, (C) 5 mm, (D) 10 mm, (E) 15 mm, and (F) 20 mm depths (shown in red 
star) while the dose prescribed to a central point (shown as PP) at a depth of 10 mm

A B C

D E F
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ify the film response to irradiation with the dose 
range from 1 to 9 Gy. For calibration curve mea-
surements, buildup conditions and background 
radiation were also taken into consideration. 
Film dosimetry was performed for all four mold 
thicknesses explained at 2–3–1. An EBT3 film 
(5 × 10 mm) slice was also positioned under 
the mold surface. 

Results

MOSFET calibration
As mentioned in the method, calibration factors 

(CF) of MOSFETs were calculated. When MOS-
FETs were exposed to a 6 MV photon beam, the CF 
factors were discovered to be in the range of 1.00 
to 1.05 cGy/mV. Table 1 represents the MOSFET 
results after 1 Gy exposure.

Dose calculation
Results of the Setup 1 configuration, represented 

in section 2-3-1, to compare the calculated dose in 
TPS and MOSFET are presented in Figure 2. Based 
on this figure results, skin dose reduces approxi-
mately from 250% (about 7.5 Gy) to 150% (about 
5 Gy) of the prescription dose at the red MOSFET. 
Therefore, using mold thickness from 5 mm to 
20 mm reduces skin dose significantly.

The results of the Setup 2 configuration, which 
was performed by treatment planning aimed to de-

liver a 3 Gy to all the three MOSFETs, are presented 
in Table 2.  

Film dosimetry
The calibration curve of the GAFCHROMICTM 

EBT3 film was drawn in Supplementary File 
— Figure S3.

Discussion

Many particular and routine applicators are 
dedicated to BT of skin in clinical practice, such 
as Valencia, Leipzig, and even electronic BT ap-
plicators verified for NMSC [11]. However, these 
applicators’ compatibility with any non-unifor-
mity of skin types is restricted. Applying person-
alized home-made surface mold is a common ap-
proach in brachytherapy [11, 13, 23, 24]. 

The significant benefit of such modified mold 
construction is reaching the best shape conformi-
ty to the various curvatures of body sites. For in-
stance, Budrukkar et al. reported using a dental 
acrylic mold in HDR-BT for head and neck tumors 
and concluded that this therapy has excellent or-
gan preservation functions [23]. We used conden-
sation silicone elastomer material to construct our 
individualized skin BT mold. Based on the current 
study results, this material with the commercial 
name ProtesilTM can be used to make an individual-
ized superficial BT mold.

Figure 2. Calculated dose for (A): 5 mm (B): 10 mm (C): 15 mm (D): 20 mm mold thickness during deferent depths from 
the surface of the phantom
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MOSFET detectors have good indications to be 
used for dosimetry of high dose gradient regions 
due to their small sensitive volumes, which can 
result in high spatial resolution data for accurate 
dosimetry. Moreover, MOSFET dosimeters are 
online and independent of dose rate. Melchert 
et al. used MOSFET for online in vivo dosimetry 
during interstitial brachytherapy of thoracic-wall, 
head and neck, and breast cases [21]. In another 
study, Persson et al. applied MOSFET to perform 
an end-to-end 192Ir quality assurance (QA) proce-
dure. After dose verification measurements, they 
figured out the stability of MOSFET detectors 
over time and their good functionality for QA in 
brachytherapy [25].

Due to the previous studies, reaching an unsuc-
cessfully full scatter condition is a fundamental 
problem in superficial brachytherapy, which leads 
to systematic uncertainty, about 5%, especial-
ly within the first 5 mm of the skin surface [26]. 
Therefore, the discrepancy in dosage measured by 
MOSFETs (shown by the red arrow in Supplemen-
tary File — Fig. S1) at distances less than 5 mm 
from the phantom surface from the TPS results is 
acceptable.

The TPS and MOSFET output differences 
were higher for blue and yellow MOSFET detec-
tors in less than or equal to 5 mm depth. These two 
MOSFETs were not at the same XY plane (Fig. 1), 
and due to rapid dose fall in small SDD, higher 

alterations were predictable. After 10 mm for all 
of the mold thicknesses, the differences between 
MOSFETs and TPS output were negligible (less 
than 0.1 Gy). Melchert et al. also concluded that 
the deviations between TPS results and measured 
dose were influenced by the proximity of their de-
tectors to the target [21]. Our results agree with 
their conclusion, particularly for the high dose 
region that occurred in-depth below 5 mm from 
the phantom surfaces.

The other noticeable results that can be seen 
in Figure 2 are for the BT mold with 5 mm thick-
ness, for which the TPS calculated dose was 7.7% 
higher than the MOSFET detector result (red) at 
the surface of the phantom. It can be concluded 
that TG-43-based TPSs overestimated the dose 
at the surface by considering the mold’s materi-
al as water. This point should be taken into con-
sideration when we are facing patients with un-
healed lesions after surgery. Beyond 2 mm from 
the surface, this difference became insignificant 
(Fig. 2A). This difference cannot be generalized 
to the thicker molds. By increasing mold thick-
ness, data matching between the central MOSFET 
and TPS outputs was improved. 

Considering Figures 4A–D, the inverse square 
law effect was observed. Increasing the mold thick-
ness, the dose per plane of the prescription point 
(i.e., 10 mm in this study) became higher. Doses 
at the 15 and 20 mm depths were higher when 

Table 2. Comparing metal–oxide semiconductor field-effect transistors (MOSFETs) measured and treatment planning 
systems (TPS) calculated doses for the setup 2 configuration to deliver a 3 Gy to all the three MOSFETs

Molds  MOSFET Readings (cGy)

Thickness Color 1 2 3 Mean ± SD Difference ± SD

5 mm

Blue 317 314 314 315 ± 1.7 4.9 ± 0.5

Red 307 312 303 307 ± 4.5 2.5 ± 1.6

Yellow 316 323 318 319 ± 3.6 6.4 ±1.2

10 mm

Blue 320 316 321 319 ± 2.6 6.4 ± 0.9

Red 322 319 321 321 ± 1.5 6.9 ±0.6

Yellow 314 319 317 317 ± 2.5 5.5 ± 0.7

15 mm

Blue 310 312 317 313 ± 3.6 4.2 ± 1.2

Red 317 315 316 316 ± 1.0 5.3 ± 0.4

Yellow 324 320 322 322 ± 2.0 7.4 ± 0.7

20 mm

Blue 309 317 308 311 ± 4.9 3.9 ± 1.7

Red 310 309 307 309 ± 1.5 3.0 ± 0.5

Yellow 318 314 319 317 ± 2.6 5.6 ± 0.9

SD — standard deviation
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we applied molds with 15 and 20 mm thickness. 
However, due to the attenuation effect of phan-
tom and mold, by increasing the thickness of mold 
by more than 20 mm, no more dose escalation was 
observed. 

Table 2 represents the experimental results 
of all three MOSFETs at the prescription dose. 
The differences between the calculated dose 
with TPS and peripheral MOSFET detectors are 
found to be identical with the central MOSFET, 
as expected. The maximum difference between 
the MOSFET’s data and the TPS outputs was 
7.4 ± 0.7 %. By considering the results, we can 
conclude that the sensitivity of the MOSFET to 
the exposure angle did not influence their read-
ing in the current study.

EBT3 film, due to its near tissue-equivalent char-
acteristic and independent energy range, is suitable 
for BT with a 60Co source for a dose of more than 
100 cGy [26]. Furthermore, any positional inac-
curacy between source and film causes significant 
inaccuracy in final achievements. As shown in 
Supplementary File — Figure S4, loss of scattering 
equilibrium or any positional uncertainty leads to 
a difference of up to 35% between the calculated 
dose in film and TPS at the surface of the phantom. 
Several studies used EBT2 or EBT3 films as dosim-
eters in various BT dosimetry procedures [27–30]. 
Sinnantamby et al. performed a verification study 
to evaluate the radiation dosimetry in HDR-BT by 
EBT2 film. They used several film stacks to confirm 
the AcurosTMBV algorithm and applied this detec-
tor to make the quality assurance of cylinder appli-
cators with/without the shield but with a buildup 
cap of 5 mm or thicker. Gamma analysis of their 
results demonstrated the reliability of the QA pro-
cedure, particularly with 5% and 1 mm [29]. Bassi 
et al. used EBT3-V3 film for dosimetry assessment 
of a 3D printable material in surface BT as a mold. 
Their results were in good agreement with Oncen-
tra®Brachy TPS when two films were irradiated at 
5 mm and 15 mm distance from their 3D-printed 
5 mm slab [27]. However, due to the high dose gra-
dient, there is no report for dosimetry data in a dis-
tance less than 5 mm near the BT source. 

Figure S4 in Supplementary File demonstrates 
that the positioning uncertainties are inversely 
proportional to the SSD, especially for film stud-
ies. The relative difference between film data 
and the TPS results is reduced to 4% in 20 mm 

under the skin. On the surface of the phantom, 
the results of film dosimetry were unreliable. Be-
yond 5 mm, all the film, MOSFET, and TPS calcu-
lated doses are in good agreement with each other.  

HDR-BT of NMSC with individualized 
skin molds cause conformal radiotherapy with 
a high biologically equivalent dose, advanced func-
tional outcomes, and high local control of tumor 
[24]. However, any BT center must validate its cus-
tomized mold material. 

Conclusion

Based on the present study results, each BT de-
partment should validate any individualized ma-
terial chosen to construct the customized surface 
BT mold. Moreover, the MOSFET detector can be 
employed as a reliable online dosimeter in NMSC 
superficial BT. TPS calculation of the dose dis-
tributions based on the TG-43 algorithm would 
overestimate the skin dose through superficial BT. 
Furthermore, film dosimetry would cause unreli-
able outputs for HDR superficial BT. Increasing 
the mold thickness by more than 20 mm depth 
allows deep NMSC lesions to be treated without 
overexposing the skin. Therefore, superficial BT 
can be used as a treatment option for NMSC le-
sions that are even thicker than 5 mm, but more 
than 20 mm deep. 
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