
Abstract. Background/Aim: We investigated the dosimetric
characteristics of electron radiotherapy for auricular keloid
using real-time variable-shape tungsten rubber (STR). Patients
and Methods: For the first evaluation, STR was shaped into a
rectangular irradiation field (3.0×5.0 cm2). In the next step, the
STR was reshaped to fit the target (3.5×6.5 cm2) for the second
evaluation. Percentage depth doses (PDDs) and lateral dose
profiles were obtained with 6-MeV electron beams and
compared with those of low-melting-point lead (LML). Results:
Compared to the LML on electron applicator, PDD differences
were within 0.4 mm, while the penumbras as width of 20-80%
dose levels were smaller (maximum reductions: 75.8% and
82.9% at first and second evaluations, respectively). The
treatment process of shaping the STR, decision on output, and
irradiation was completed within 45 min. Conclusion: Electron
radiotherapy using STR for keloid can be performed with
excellent dose distribution in a short time. First clinical
experience found the STR is suitable for use in individualized
and immediate electron radiotherapy.

Low-melting-point lead (LML) is generally used to shape
the irradiation field in megavoltage electron radiotherapy (1-
4). However, it is associated with several problems, such as
the fact that shaping the collimator of the irradiation field
is time-consuming and its toxicity to the human body and
the environment (5-8). Additionally, the air gap between the
LML on an electron applicator and the patient causes a large
penumbra (9, 10), requiring a large margin in clinical
delivery.

We have reported some radiation-shielding materials made
of tungsten such as tungsten functional paper (TFP) (11-18)
and tungsten-containing rubber (TCR) (8, 19-21) and their
applications to clinical sites. Recently, we have newly
developed a real-time variable-shape tungsten rubber (STR)
(Hayakawa Rubber Co., Ltd. Hiroshima, Japan) (22). The
STR has several advantages over TFP and TCR, such as
being easy to shape by hand at approximately 60˚C and the
shape can be maintained at room or body temperatures. It
has adequate radiation-shielding ability against megavoltage
electron beams and γ-rays for brachytherapy (22). Therefore,
STR is anticipated to be employed at clinical sites instead of
LML and lead (23, 24).

In clinical practice, patients who develop a keloid on their
earlobe or abdomen should undergo electron radiotherapy
as soon as possible after excision because the recurrence
rate of keloid scars was shown to be reduced when radiation
was applied within 7 hours as compared to 24 hours or
longer after excision (25). Performing conventional electron
radiotherapy with LML is exceedingly difficult immediately
after excision. Additionally, LML cannot adapt to the
movements of the target in terms of respiration and patient
motion. In contrast, all these problems can be resolved with
STR (22).

In this study, STR was used for skin field collimation in
postoperative electron radiotherapy of auricular keloid in
actual clinical delivery for the first time worldwide. This
novel method was named tungsten rubber electron adaptive
therapy (TREAT). We aimed to introduce the process of
utilizing STR in the clinical setting and summarize its
advantages in clinical and dosimetric approaches.

Patients and Methods

STR characteristics. STR is a rubbery material with no cross-linked
polymerization and is a real-time variably shaped material. Its
density is 7.3 g/cm3. The elemental ratio (wt%) in STR is C: 5.5%,
H: 0.9%, O: 1.4%, and W: 92.2%. Physical characteristics of STR
are well explained in a previous report (22).
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Patient characteristics. The patient (female, 32 y.o.) investigated in
this study had keloid recurrence and underwent repeat excision for
right auricular keloid due to earring scars. A large keloid of
2.0×1.5×1.0 cm3 recurred at the right helix of the auricle, and
electron radiotherapy was required for its curative treatment because
she had not undergone radiotherapy at that site. Informed consent
from this patient was obtained, and this study was approved by the
Ethics Committee (Approval No. 2020-009) at Fujieda Municipal
General Hospital. All procedures were carried out in accordance
with the Declaration of Helsinki.

STR shaping and setup. Firstly, wrapped in clingfilm the STR was
heated at 700 W for 1 min in a microwave oven, and then shaped
into a rectangular form, which was denoted as basic STR. The
electron beam energy was set at 6 MeV (25-28) from a clinical
linear accelerator (linac) (Infinity; Elekta AB, Stockholm, Sweden),
and the irradiation field was 3.0×5.0 cm2 at a source-to-surface
distance (SSD) of 100 cm. The STR thickness was 10 mm to
provide adequate shielding of the 6 MeV electron beam (22). The
square electron applicator (field size: 10×10 cm2 at SSD of 100 cm)
was set, and LML collimation with a circular shape of 6 cm in
diameter at SSD of 100 cm was set on the applicator. This process
was completed within only 15 min.

Dosimetric evaluation prior to electron radiotherapy. We performed
dosimetric evaluation prior to electron radiotherapy. The STR was
set on a water-equivalent phantom (Tough Water Phantom,
WD3005; Kyoto Kagaku, Kyoto, Japan), and the two-dimensional
(2D) dose distribution was measured with EBT3 Gafchromic™ film
(Ashland, KY, USA). The distance from the source to the surface
of the STR was 100 cm to simulate clinical delivery. A bolus with

10 mm thickness was placed in the aperture for the irradiation field
with the STR to simulate the auricle. The film was set up parallel
to the central beam axis (CAX). The film analysis was performed
using a scanner (ES-G11000; Epson, Nagano, Japan) and software
(DD-Analysis system version 10.55; R-TECH, Tokyo, Japan) at
least 24 h after irradiation (29) with a resolution of 72 dpi from the
red channel. The linac output in monitor units was 200 MU, and the
percentage depth doses (PDDs) and lateral dose profiles on the long
axis of the STR were obtained from the 2D dose distributions. The
lateral dose profiles were normalized to the dose at CAX. A
conventional LML collimator with the same irradiation field size at
SSD of 100 cm was also employed, and the PDD and lateral dose
profile were obtained using the same measurement method in order
to compare the dosimetric characteristics between the novel
irradiation method with the STR and conventional irradiation
method with the LML. The LML thickness was 1.6 cm. Figure 1
shows the experimental geometries for the STR and LML
collimators. The PDD characteristics were evaluated based on the
depths of maximum dose (dmax), 90% dose (d90), 80% dose (d80),
and 50% dose (d50). Then the penumbral width (defined as the
width of the off-axis distance from 80% to 20% dose levels, P80-20)
was obtained from these lateral dose profiles at dmax, d90, d80, and
under the STR (d15mm), and the reduction rate was evaluated using
the following equation:

(Equation 1)

where PLML and PSTR were the penumbral widths (P80-20) using the
STR and LML, respectively.
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Figure 1. Experimental setup for the measurement of the 2D dose distributions for variable-shape tungsten rubber (STR) (A) and low-melting-point
lead (LML) (B).



Clinical delivery. The STR, wrapped in clingfilm, was heated at 700
W for 1 min using a microwave. The STR was then shaped on the
desk roughly and reshaped by hand to cover the whole auricle
adaptively, denoted as clinical STR, with the patient on the
treatment couch and her head immobilized. Figure 2 shows the
clinical delivery images. The keloid, which recurred at the right
helix of the auricle, is shown in Figure 2A. The aperture size for
irradiation was approximately 3.5×6.5 cm2 (Figure 2B). The auricle
of the patient was inserted into the clinical STR, and the two parts
of the STR were combined and held in place with tape as shown in
Figure 2C. Additionally, a bolus with 5 mm thickness was set on
the surface of the STR (Figure 2D). With the patient off the
treatment couch, we evaluated the output factor for the actual
irradiation field with a parallel plate ionization chamber (Advanced
Markus Ion Chamber; PTW, Freiburg, Germany) at dmax in the
Tough Water Phantom. The output factor is the ratio of the dose for
a given field size to the dose for the reference field size (e.g.

10.0×10.0 cm2). This factor increases with increasing field size due
to scatter radiation. The prescribed dose was 10 Gy/2 fr. Finally, the
irradiation number of MU was decided by using the output factor
to deliver the prescribed dose of 5 Gy/fr, and the clinical delivery
was performed. 

Dosimetric evaluation after electron radiotherapy. The second
dosimetric evaluation was performed for the clinical irradiation field
after the delivery. The LML was also shaped in accordance with the
shape of the clinical STR to compare the dosimetric characteristics.
The experimental setup was similar to that of the dosimetric
evaluation before the electron radiotherapy as shown in Figure 1.
The 2D dose distribution was obtained using the film set up parallel
to the CAX. Lateral dose profiles at dmax, d90, and d80 and d15mm in
the preoperative evaluation were obtained. Then the penumbral
widths were also obtained from those lateral dose profiles, and the
reduction rates were evaluated using Equation 1.
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Figure 2. A: Keloid scar on the cartilage of the right ear. B: Variable-shape tungsten rubber shaped for therapy delivery (clinical STR). C: Actual
setup for therapy. D: Delivery of electron radiotherapy with 5 mm bolus.
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Figure 3. Two-dimensional dose distributions for first (A) and second (B) dosimetric evaluation using basic and clinical variable-shape tungsten
rubber (STR), respectively. White arrows indicate the sharp penumbra with the STR.

Figure 4. First dosimetric evaluation percentage depth doses (A) and lateral dose profiles on the long axis at maximum dose (dmax) (B), 90% dose
(d90) (C), and 80% dose (d80) (D) employing the basic variable-shape tungsten rubber.



Results

The 2D dose distributions on the long axis for the first and
second dosimetric evaluations are shown in Figure 3. The
penumbra for the STR was sharper than that for the LML.
No high-dose regions were observed in the region close to
the surface of the bolus.

PDDs and lateral dose profiles at dmax, d90, and d80 on the
long axis normalized to the dose at CAX for the first dosimetric
evaluation are shown in Figure 4, and the dosimetric
characteristics for both evaluations are summarized in Table I.
The difference of PDD characteristics between the STR and
LML was within 0.4 mm in both dosimetric evaluations.
Additionally, the difference between the first and second
dosimetric evaluations was within 0.6 mm at each depth. In
particular, the difference of the dmax between basic and clinical
STRs that determine the output factor was 0.6 mm. For the
lateral dose profiles, the penumbral widths on long axes for both
evaluations are summarized in Table II. The dose increase seen
at the irradiation edge in our previous study (22) was not
observed, and the maximum dose was approximately 101% at
d15mm. The width of the penumbra for the STR was smaller
than that for the LML at all depths. Maximum differences of
the P80-20 were 75.8% and 82.9% in the first and second
evaluation, and the differences decreased as the depth increased.

The output factor for the clinical STR was 0.995 and the
linac output was 502.6 MU, whereas the output factor for the
basic STR was 0.973 and the linac output was 513.7 MU.
The total time required for the process of shaping, output
factor evaluation, and actual irradiation was reduced from
210 min with LML to 45 min with STR (Table III).

Discussion

In this study, TREAT was applied for keloid scar for the first
time worldwide, and the process from shaping of the STR to
the delivery was performed successfully. TREAT was
completed within 1 hour from shaping to delivery although
prior dosimetric evaluation was carried out, which indicates
electron radiotherapy might be possible within 1 hour of
excision. The depth dose profiles between the basic and
clinical STRs were practically similar because the basic STR
aperture size was shaped to be close to that of the clinical
STR. Thus, the output factor can be easily and immediately
evaluated in an actual clinical situation. The patient who
underwent the electron radiotherapy with STR has not
experienced acute toxicity such as radiodermatitis and no
local recurrence has occurred for 1 year.

STR can be shaped by hand at a temperature of
approximately 60˚C and the STR collimator shape is
maintained at room and body temperatures (22). STR can be
fit to the rounded contour of a part of a patient’s anatomy,
such as the face, ear, shoulder, and abdomen easily because

of its pliability. In this case, the STR can also fit the shape of
parts of the auricle, which has irregularities. STR can be also
applied as skin field collimation because of its nontoxicity, in
stark contrast to LML (22). As previously reported, the
dosimetric characters of TFP and TCR are similar to STR (8,
11-21). However, TFP and TCR are not flexible in processing
and shaping, therefore, they cannot be fit to body parts with
a rounded contour or many bumps like STR can.
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Table I. Dosimetric characteristics of percentage depth dose with
variable-shape tungsten rubber (STR) and low-melting-point lead
(LML) for the first and second dosimetric evaluations.

                                                                         Depth (mm)

Evaluation                                  dmax              d90             d80              d50

First               STR                     12.8             18.4           20.1            24.4
                      LML                    13.2             18.2           20.0            24.3
Second           STR                     13.4             18.2           20.1            24.3
                      LML                    13.1             18.4           20.2            24.7

dmax: Maximum dose; d90/80/50: 90%/80%/50% dose.

Table II. Penumbral widths of the lateral dose profiles with variable-
shape tungsten rubber (STR) and low-melting-point lead (LML) for the
first and second dosimetric evaluations.

                                                           Penumbral size (P80-20) (mm)

Evaluation                                  dmax           d15mm           d90              d80

First               STR                        2.8              4.6             8.1              9.5
                      LML                     11.6            12.7           14.5            15.2
                      Decrease (%)       75.8            63.9           43.9            37.2
Second           STR                        2.1              3.5             8.1            10.6
                      LML                     12.4            14.5           15.9            16.2
                      Decrease (%)       82.9            75.6           48.9            34.8

dmax: Maximum dose; d15mm: dose under STR/LML; d90/80/50:
90%/80% dose.

Table III. Time required from shaping to delivery in electron
radiotherapy using variable-shape tungsten rubber (STR) and low-
melting-point lead (LML).

                                                                  Time (min)

                      Shaping           Output factor              Delivery          Total
                                                 evaluation

STR                    15                        15                            15                 45
LML                 180                        15                            15               210



The conventional LML collimator away from the body
surface caused the wide penumbra shown in Figures 3 and 4.
The bolus can enhance the wide penumbra and cause an air
gap between the bolus and the surface, resulting in increased
dosimetric uncertainty (3, 9, 10, 30-35). In addition, the small
irradiation field, in particular, does not establish a lateral
electron equilibrium, resulting in a reduced dose (9, 10).
Therefore, a large margin is needed for electron radiotherapy
with conventional LML and bolus to cover the therapeutic
region by the high-dose region (9, 10, 30, 31, 33-35).
Conversely, the STR can be set as a skin field collimation due
to its nontoxicity; hence, small penumbral widths can be
achieved, requiting a much reduced margin than that of the
conventional LML collimator whilst maintaining the same
PDD characteristics as shown in Figure 4 and Table I. We
considered the high-dose spot at the edge of STR to be due to
the scatter radiation from the STR in a previous study (22);
however, no high-dose area was observed, as shown in Figures
3 and 4 for the geometry with the bolus filling the aperture
(simulated the auricle) of the STR. Therefore, significant skin
reaction would not occur in this clinical situation.

Antoni et al. reported the usefulness of electron
radiotherapy with a spoiler made of aluminum for auricular
keloid (36). However, this process is labor-intensive and
time-consuming, while the STR-shaping process is extremely
manageable. STR can be used in electron adaptive therapy
(i.e. TREAT) for the individualization of treatment for each
patient immediately.

Conclusion

The novel method, TREAT, reduced the process time from
shaping the irradiation field to delivery and greatly reduced
the margin as compared to the conventional LML method.
This first clinical experience found the STR to be suitable for
use in individualized and immediate electron radiotherapy.
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