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Abstract
In this study, we aim to clarify the dosimetric characteristics of a real time variable shape rubber
containing tungsten (STR) as a thin bolus in 6-MV photon radiotherapy. The percentage depth doses
(PDDs) and lateral dose pro�les (irradiation �eld = 10 × 10 cm2) in the water-equivalent phantom were
measured and compared between no bolus, a conventional 5-mm gel bolus, and 1-, 2-, and 3-mm STR
boluses. The characteristics of the PDDs were evaluated according to relative doses at 1 mm depth
(D1mm) and depth of maximum dose (dmax). The water-equivalent thicknesses of the STR boluses were
determined by shifting the distance of the PDD’s build-up curve until it overlaid that with no bolus. The
penumbra size and width of the 50% dose were evaluated using lateral dose pro�les. The D1mm with no
bolus, 5-mm gel bolus, and 1-, 2-, and 3-mm STR boluses were 47.6%, 91.5%, 86.6%, 89.3%, and 89.4%,
respectively, and the respective dmax values were 15, 10, 12, 11, and 10 mm. The water-equivalent
thicknesses of the 1-, 2-, and 3-mm STR boluses were 4.4, 4.9, and 5.1 mm, respectively. There were no
differences for those in lateral dose pro�les. The 1-mm-thick STR thin bolus shifted the depth dose pro�le
by 4.4 mm and could be used as a customized bolus for photon radiotherapy.

Introduction
The use of megavolt photon beams for super�cial targets has increased through the intensity modulated
radiotherapy (IMRT) or volumetric modulated arc therapy (VMAT) techniques [1, 2] and treatment devices,
such as the Halcyon (Varian Medical Systems Inc., Palo Alto, CA) and TomoTherapy (Accuray, Sunnyvale,
CA, USA) [3] that employ only 6-MV photon beams instead of electron beams. Prescription of a su�cient
dose to super�cial targets is di�cult in photon radiotherapy because of the skin sparing effect [2, 4–6]. A
bolus composed of water- or tissue-equivalent materials have been commonly used by setting it on a
target on the patient’s surface to shift the depth dose distribution toward the skin surface (bolus effect)
[7] and enhance the prescribed dose to the super�cial target [4, 5].

A thin bolus is useful to insert under the original mask in head-and-neck cases (e.g., super�cial lymph
nodes included in the planning target volume) without affecting the �t of the mask or the localization of
the treatment for IMRT/VMAT [8]. Some reports have investigated a three-dimensional (3D)-printed bolus
to improve adhesion to the patient. The materials of the 3D-printed bolus, such as acrylonitrile butadiene
styrene (ABS), polylactic acid (PLA) and silicone rubber, need to have the water-equivalent thickness
desired for the bolus effect [8, 9]. A 0.15-cm-thick shape memory bolus that can be adapted along the
body surface by heating and reused [5]. The bolus effect was minimal as a thin bolus because its density
was comparable to water. The thin bolus requires a high density or high atomic number to enhance the
surface dose adequately. The commercially available brass mesh bolus and 3D-printed bolus made of
copper-plastic composite material (copper-plastic bolus) has a high atomic number and also has good
adhesion to the body surface [8, 10]. The surface dose using a brass mesh (thickness = 1.0 mm) and
copper-plastic bolus (thickness = 0.8 mm) were at most 44% and 67% of a 6-MV photon beam’s
maximum depth dose, respectively [8, 10]. On the other hand, the surface doses of commercially available
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vinyl gel sheet bolus (thickness = 5 mm) was 87% [10]. A material with a higher atomic number should be
used as a thin bolus to adequately enhance the surface dose.

We have developed tungsten-containing materials such as tungsten containing rubber [11–13] and
tungsten functional paper [14–19], while those do not adhere well to the body surface. Real time variable
shape rubber containing tungsten (STR; Hayakawa Rubber Co., Ltd. Hiroshima, Japan), which has a
density of 7.3 g/cm3, can be manually formed to any shape by hand when warmed to approximately
60°C, and its shape maintains at body or room temperature [20–23]. STR has the potential to be used as
a bolus by stretching it thin and �tting it to the patient’s contour. The purpose of this study was to clarify
the physical and dosimetric characteristics of STR as a thin bolus for 6-MV photon beams. STR’s
physical characteristics such as hardness, tensile strength, and elongation were evaluated to investigate
the material’s physical strength. Enhancement of the surface dose using STR with 1-, 2-, and 3-mm
thicknesses was also investigated and compared with that using commercially available vinyl gel sheet
boluses with 5- or 10-mm thickness. The advantages and disadvantages of STR with respect to physical
strength and dosimetric characteristics were also discussed.

Methods
Physical characteristics of STR

STR is a rubber material with no cross-linking polymerization. After heating the STR wrapped in cling�lm
with a 700-W microwave oven for 1 min [22], it was rolled out to a sheet of uniform thickness by hand or
using a stick such as a rolling pin between 1 mm-thick acrylic plates. That was repeated until the STR
was stretched to a thickness of 1 mm. The elemental ratio of the STR (wt%) is C: 5.5%, H: 0.9%, O: 1.4%,
and W: 92.2% [20]. The STR bolus can be formed to �t the contours of the face in real time, as shown in
Figure 1.

The hardness of the STR was measured using a type-A durometer according to Japanese Industrial
Standard (JIS) K6253 [24]. The hardness was de�ned as the resistance force of a material when it was
pressed at a single point with the indentor [9]. The durometer readings (hardness values of 0, 50, and
100) indicated resistance forces of 550, 4300, and 8050 mN, respectively. A larger value for hardness
indicated greater rigidity. The tensile strength and elongation were determined by the relationship
between the tensile stress and elongation rate according to JIS K6251 [25]. The elongation rate was
obtained by stretching the test piece of STR (2.0 ± 0.2-mm thickness) with each tensile stress. The tensile
strength and elongation were de�ned as maximum tensile stress and maximum elongation rate at
breaking point of the test piece of STR, respectively. Each test was performed at simulated room and
body temperatures (20°C and 36°C, respectively). The hardness, tensile strength, and elongation were
compared with the corresponding values of silicone rubber bolus [9].

Experimental setup of dosimetric characteristics
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The irradiated �eld was 10 × 10 cm2 at a distance of 100 cm from the source to surface of the water-
equivalent phantom (Tough Water; Kyoto Kagaku, Co., Ltd., Kyoto, Japan) (Figure 2(a) and (b)). The
thicknesses of the STR boluses were 1-, 2-, and 3-mm, and we used STR boluses of size 150 (W) × 150 (L)
mm2 supplied by Hayakawa Rubber Co. to minimize the uncertainty of the thickness. The dimensions of
the gel bolus (MTCB455S and MTCB450S; CIVCO, IA, USA) were 150 (W) × 150 (L) × 5 or 10 (T) mm3. The
STR bolus or gel bolus was placed on the water-equivalent phantom, and 200 monitor units were
irradiated using a linear accelerator (Elekta synergy; Elekta AB, Sweden).

Dosimetric characteristics of the STR bolus with 6-MV photon beams

The percentage depth dose (PDD) was measured with a parallel plate ionization chamber (PPC40; IBA
Dosimetry, Germany) for the 6-MV photon beam (Figure 2(a)). The characteristics of the PDDs were
evaluated according to the depth of maximum dose (dmax) and the relative doses at 1 mm, 50 mm, and
100 mm depth (D1mm, D50mm, and D100mm, respectively). The water-equivalent thickness of the STR bolus
was determined by shifting the distance of the build-up curve in the PDD until it overlaid that for the no
bolus [10].

The lateral dose pro�les were measured with radiochromic �lm (Gafchromic EBT3; Ashland, Inc.,
Covington, KY, USA). The �lm was set up perpendicular to the beam axis at the surface and at depths of
50 mm and 100 mm (d50mm and d100mm, respectively) in the water-equivalent phantom (Figure 2(b)). The
irradiated �lms were scanned by a digital scanner (ES-10000G; Epson Corp., Nagano, Japan) at least 24
hours after irradiation [26]. The scanned �lm was analyzed with a DD-System (version 10.3, R-TECH, Inc.,
Tokyo, Japan) using the 16-bit red channel and 150-dots-per-inch resolution. The lateral dose pro�le was
normalized to the dose at center of the beam axis, and the penumbra size (as the width of the off-axis
distance from 80% to 20% dose levels, P80-20) and 50% dose width (W50) were evaluated at the surface,
d50mm, and d100mm.

Results

Physical characteristics of STR
The hardness, tensile strength, and elongation are summarized in Table 1. The relationships between
tensile stress and elongation rate at 20°C and 36°C are shown in Fig. 3. The hardness of STR at 20°C was
approximately 1.2 times higher than that at 36°C. The hardness at 36°C was 57, which maintained a
constant thickness with a load of at least 4300 mN at a point. The strain at the maximum stress of STR
was approximately 15% for both temperatures at both temperatures, while the stress at 20°C was
stronger than that at 36°C. The STR was more than �ve times harder and less elongated than silicone
rubber bolus at 36°C [9], but the tensile strength of the STR was lower than that of the silicone rubber
bolus.
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Table 1
Hardness, tensile strength, and elongation at breaking point of STR

bolus and silicone rubber bolus [9].

  STR bolus Silicone rubber bolus [9]

20°C 36°C Not applicable

Hardness (Type-A) 67 57 10

Tensile strength (MPa) 1.67 1.21 3.28

Elongation (%) 20 30 1000

Dosimetric characteristics of megavoltage photon beams with the STR bolus

The PDDs are shown in Fig. 4, and the dosimetric characteristics of the PDDs are shown in Table 2. D1mm

with the 5-mm gel bolus and STR boluses with thicknesses of 1-, 2-, and 3-mm were increased by 43.9%,
39.0%, 41.7%, and 41.8% compared with that of the no bolus condition, respectively. The D1mm value was
increased by 2.8% when the thickness of the STR bolus was increased from 1 to 3 mm. The PDD values
around dmax (± 1.0 mm) of the 1-, 2-, and 3-mm STR boluses were within 1.0% of each other. The water-
equivalent thicknesses of the 1-, 2-, and 3-mm STR boluses were 4.4, 4.9, and 5.1 mm, respectively. Thus,
the differences in water-equivalent thickness were within 1 mm.

The lateral dose pro�les of the 5-mm gel bolus and the 1-, 2-, and 3-mm STR boluses are shown in Fig. 5,
and their dosimetric characteristics are shown in Table 3. The P80 − 20 and W50 values were almost equal
between the 5-mm gel bolus and the 1-, 2-, and 3-mm STR boluses.

Table 2
dmax, D1mm, D50mm, and D100mm of no bolus, gel boluses, and STR boluses.

  No bolus   Gel bolus   STR bolus

  5-mm 10-mm 1-mm 2-mm 3-mm

dmax (mm) 15.0   10.0 5.0   12.0 11.0 10.0

D1mm (%) 47.6   91.5 99.0   86.6 89.3 89.4

D50mm (%) 86.8   84.3 81.9   85.2 84.6 84.2

D100mm (%) 67.2   65.2 63.3   65.3 64.9 64.2

dmax: depth of maximum dose, DXmm: relative dose at X mm depth.
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Table 3
Width of 50% dose (W50) and penumbra (as the width of
the off-axis distance from 80–20% dose levels, P80 − 20)

for surface, d50mm, and d100mm in water-equivalent
phantom.

  Gel Bolus

5-mm

STR bolus

1-mm 2-mm 3-mm

W50 (mm)        

Surface 100.3 100.5 99.5 99.5

d50mm 105.7 106.4 105.4 105.5

d100mm 110.3 110.2 110.5 110.2

P80 − 20 (mm)        

Surface 4.4 3.9 4.3 4.4

d50mm 5.5 5.5 6.1 6.1

d100mm 6.1 6.2 6.6 6.3

dXmm: depth of X mm.

Discussion
In this study, we clari�ed the physical and dosimetric characteristics of the thin STR bolus. Even at body
temperature, the hardness of STR is more resistant to pressure than that of the silicone rubber bolus and
can maintain a constant thickness [9]. The STR also showed almost no elongation compared with the
commercial silicone rubber bolus [9, 11–13]. Therefore, the thin STR is su�ciently rigid and can maintain
its shape at room and body temperatures for clinical use and adhere to the patient’s contour (Fig. 1) in
real time. The STR bolus with thickness of only 1 mm provided a comparable bolus effect and dosimetric
characteristics to those of the conventional 5-mm gel bolus and �t well to the patient’s contour,
suggesting the potential use of STR as a thin bolus in 6-MV photon radiotherapy.

With 6-MV photon beams, differences in PDD curve and water-equivalent thickness were not observed
between 1-, 2-, and 3-mm STR boluses. The dose to the build-up region provided by secondary electrons
from the STR bolus is almost equal between the 1-, 2-, and 3-mm STR boluses because of the absorption
of secondary electrons in the STR bolus [7]. Furthermore, differences in lateral dose pro�les were not
observed at each depth and thickness of the STR bolus, and the bolus did not expand the penumbra
because of its absorption of secondary electrons [7, 27]. The manual shaping of the STR may cause
variation of the thickness. The differences of the surface dose and dmax between the 1- and 2-mm STR
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boluses were 2.7% and 1 mm, respectively. Even if the variation of STR thickness is 1.5 ± 0.5 mm, the
uncertainty of the dose in the build-up region is within 2.7% (Fig. 5), which means that the material can be
processed into thin sheets without using any especially precise technique.

When the other metal boluses were used with 6-MV photon beams, a copper-plastic composite material
(density = 3.33 g/cm3) with a thickness of 0.4 mm had only a 1.2-mm water-equivalent thickness [8].
Furthermore, a brass mesh bolus with a thickness of 1 mm had only a 1.1-mm water-equivalent thickness
[10], and it increased the D1mm by only 17% compared with no bolus [28]. The newly developed eXaSkin
(Anatomical Geometry S.L.) can be shaped in a short time, but the complicated process of manual mixing
of eXaSkin and its catalyzer for a few minutes is required for hardening. The density of eXaSkin is 1.59
g/cm3, requires the desired water-equivalent thickness to achieve the bolus effect, like the 3D-printed
boluses made of ABS and PLA [29]. The advantages of the STR bolus include its use of tungsten to
enhance the surface dose by increasing scattered radiation at thin thickness values and its simple
shapability in real time [10]. We expect that STR can be effectively used as a thin bolus in some clinical
cases of postmastectomy radiation therapy, head and neck cancers with super�cial targets, nasal
lymphomas, and extensive scalp malignancies with conformal radiotherapy or IMRT/VMAT instead of
those conventional boluses. The limitation of the thin STR bolus is that it cannot be used for CT
simulations because it attenuates kilovoltage X-rays and generates metal artifacts. However, a process of
calculation of the dose distribution for treatment planning, virtual bolus with the water- or tissue-
equivalent thickness of the STR might be solved this limitation [8].

Conclusion
The 1-mm STR thin bolus shifted the depth dose pro�le by 4.4 mm toward the skin surface and exhibited
excellent adhesion to the body surface. It could be used as a customized bolus for photon radiotherapy.
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Figure 1

Clinical geometry setup without bolus (a), with STR bolus (b), and with gel bolus (c) on anthropomorphic
head and neck phantom

Figure 2

Measurement geometry of percentage depth dose (PDD) and lateral dose pro�le for 6-MV photon beams.
(a) PDD, (b) lateral dose pro�le
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Figure 3

Tensile stress-elongation rate curves of STR at temperatures of 20°C and 36°C
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Figure 4

Percentage depth dose (PDD) curves of no bolus, gel bolus, and STR bolus. (a) Whole PDD, (b) Build-up
region

Figure 5

Lateral dose pro�les of surface, d50mm, and d100mm in water-equivalent phantom


