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ABSTRACT

This study aimed to investigate whether a novel tungsten-containing rubber (TCR) could be used to
reduce the occupational exposure to operators against scattered radiation from a patient as substitute
shielding material in interventional radiology (IR). The TCR is a lead-free radiation-shielding material that
contains as much as 90% tungsten powder by weight. Air kerma rates of scattered radiation from solid-plate
phantoms, simulating a patient, were measured with a semiconductor dosimeter at heights of the operator’s
eye (1600 mm from the floor), chest (1300 mm), waist (1000 mm), and knee (600 mm) with and without
TCR shielding (1-5 mm thickness). The TCR and a commercial shielding material (RADPAD) were affixed
onto the phantom on the operator’s side and the reduction rates of the air kerma rate were compared. The
reduction rates for TCR with thicknesses of 1, 2, 3, 4, and 5 mm at each height level were as follows; 70.37
* 040%, 7217 £ 029%, 7295 = 0.31%, 7258 = 0.35%, and 73.63 £ 0.63% at eye level; 76.36 = 0.19%, 77.13
= 0.10%, 77.36 = 0.14%, 7762 = 0.25%, and 7766 = 0.14% at chest level; 67.78 £ 0.31%, 68.12 £ 0.19%, 68.88
= 0.28%, 6897 = 0.14%, and 6885 = 0.45% at waist level; and 0.14 = 0.94%, 0.72 = 056%, 1.08 + 0.74%, 1.77
+ 080%, and 1.79 = 1.82% at knee level, respectively. The reduction rates with RADPAD were 61.80 =

I+
I+

I+

0.67%, 60.33 = 0.61%, 64.70 = 0.25%, and 0.14 = 0.66% at eye, chest, waist, and knee levels, respectively. The
shielding ability of the 1 mm TCR was superior to the RADPAD. The TCR could be employed to minimize

an operator’s radiation exposure instead of the commercial shielding material in IR.

Keywords : Radiation protection; Exposure, occupational; Exposure, personnel; Diagnostic radiology;

Fluoroscopy



INTRODUCTION

Interventional radiology (IR) is a medical procedure where X-ray imaging is used to visualize the form or
pathway of a blood vessel using contrast agents injected into the blood vessel through a catheter. IR is used
for viewing the vessel under fluoroscopy. During IR procedures, there can be significant radiation exposure
to not only the patient but also the medical staff because of the scattered radiation from a patient (Japanese
Circulation Society Joint Working Group 2013). Although the medical staff wear radiation-protective aprons
to protect the body (Sato et al. 2017), it cannot protect the head or limbs, therefore the dose to these parts
for operators are increased over a period of time, which may increase their cancer risk (Shields et al. 2013).
The International Commission on Radiation Protection has particularly recommended the reduction of
dose limitations to protect the lens. With this background, identifying the source of the scattered radiation,
considering the dose distribution, and developing effective shielding methods are expected to decrease
radiation exposure in IR (International Commission on Radiological Protection 1996, 2000; Haga et al. 2017;
Japanese Circulation Society Joint Working Group 2013; Sakamoto et al. 2009).

To overcome these problems, researchers have explored ways to provide effective X-ray protection using
shielding materials (Sato et al. 2017) that was draped on the surface of the patient directly adjacent to the
exposed area to significantly could reduce the radiation dose to the operator's hands and head (Schueler,
2010). To reduce the weight of such protection materials, several vendors have developed composite
lead-equivalent materials using mixtures of various elements such as tin, copper, bismuth, antimony, and
yttrium (Uthoff et al. 2014; Vlastra et al. 2017). These materials, however, may have harmful effects on the
environment and possible toxicity if ingested. (DiPalma 2001; Agency for Toxic Substances and Disease
Registry 2004, 2017; National Library of Medicine HSDB Database 2019)

Recently, the usefulness of tungsten functional paper (TFP), a flexible shielding material, was reported by
Monzen et al. (Fujimoto et al. 2014; Kamomae et al. 2017; Monzen et al. 20172, 2017b; Tamura et al. 2017). In a
previous study, Dr. Monzen et al. showed that TFP had enough radiation shielding ability to protect against
X-rays in the range of 60-120 kVp, and only one TFP sheet (thickness is 0.3 mm) could reduce scattered
radiation from a water-equivalent slab phantom by >40% (Monzen et al. 2017b).

Tungsten-containing rubber (TCR) (Hayakawa Rubber Co. Ltd., Hiroshima, Japan), a novel shielding
material that contains 90% tungsten powder by weight, was recently developed (Kijima et al. 2018;
Kosaka et al. 2019). The TCR has superior waterproof and sterilization properties having reproducibility
features compared to the TFP. Additionally, the TCR can be reused and is eco-friendly due to lead-free
radiation shielding material. The purpose of this study was to investigate the utility of the TCR to reduce
the operator’s exposure against scattered X-ray radiation from the patient as a substitute for a commercial
shielding material in IR. We evaluated the reduction rates of the air kerma rate at several body levels for an
operator using various TCR thicknesses and compared the shielding ability of the TCR and a commercial

shielding material.



MATERIALS AND METHODS

The radiation shielding abilities of the TCR and a commercial shielding material (RADPAD, Worldwide
Innovations & Technologies, Inc., KS, USA) were compared by measurements of air kerma rate in IR. The
nominal shielding efficiency of RADPAD with bismuth-antimony was 90% for 90 kVp X-ray (Chatterson et
al. 2011). The elemental composition of TCR (mol%) was H: 1.0%, C: 65%, O: 0.5%, W: 90.0%, and others: 2%
(Kijima et al. 2018). Table 1 shows the physical properties of TCR. The weight of 1 mm (thickness) x 250
mm (length) X 250 mm (width) for the TCR was 05 kg.

Table 1. Physical properties of tungsten-contained rubber

Item Value Standard
Thickness (mm) 1.0 JISK6250
Density (g/cm’) 76 JISK6268
Hardness (Type-A) 770 JIS-K6253
Tensile strength (MPa) 45 JIS-K6251
Elongation (%) 400.0 JIS-K6251

Figure 1 shows the measurement geometry which had followed the previous study (Monzen et al. 2017b).
A C-arm digital angiography system (Artis Zee; Siemens Healthineers, Erlangen-Forchheim, Germany)
was employed, with the tube located underneath the table and a solid-plate phantom (SP33; IBA Dosimetry
GmbH, Schwarzenbruck, Germany) was set on the table to simulate a patient. The solid-plate phantom was
composed of polymethylmethacrylate with a density of 1.18 g/cm3. Each solid-plate plane had dimensions
of 300 mm (length) x 300 mm (width) X 10 mm (height), and total phantom thickness was 200 mm. The
X-ray equipment had two modes: fluoroscopy mode and cine mode. The X-ray tube had added filtration of
0.8 mm of Al and 900 mm distance between the source and the detector. The field size was 27 inches (about
190 x 190 mm?), and Table 2 shows the imaging parameters in this study. These values were measured
with an area detector of an ionization chamber (DIAMENTOR chamber size B; PTW, Freiburg, Germany)
automatically during IR.

A survey meter (semiconductor dosimeter, RaySafe X2 Survey sensor; Unfors RaySafe, Billdal, Sweden)
was employed to measure the air kerma rate of scattered radiation from the phantom. This device is useful
for measuring low-level radiation (dose range: 1 nGy - 9999 Gy), such as scattered radiation from X-ray tubes

or in examination rooms.
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Figure 1. Experimental setup for detecting scattered radiation from a solid-
plate phantom. The shielding material was taped to the operator
side of the phantom. We then evaluated the shielding ability
of tungsten-containing rubber (TCR) at various thicknesses
including 0, 1, 2, 3, 4, and 5 mm.

Table 2. Imaging parameters of the C-arm digital angiography system

Fluoroscopy Cine
Pulse/frame rate (s") 15 75
Tube voltage (kV) 836 82.2
Tube current (mA) 232.3 2312

Air kerma rates for the operator with TCR
The TCR was affixed onto the solid-plate phantom to the operator side, and the air kerma rate was

measured with and without the TCR shielding. The thickness of the TCR rectangular sheets (200 x 250

mm) was increased from 1 to 5 mm in 1-mm increments.



We measured the air kerma rates at the height of the eyes (1600 mm from the floor), chest (1300 mm),
waist (1000 mm) and knees (600 mm) of the operator in the both fluoroscopy mode and the cine mode,
which were based on those determined in the previous study (Monzen et al. 2017b). Reduction rates were

calculated from the following formula:

) __ Air kerma rate without TCR—Air kerma rate with TCR

Reduction rate (% x 100, (1)

Air kerma rate without TCR

For all measurements, the semiconductor dosimeter detector faced the center of the solid-
plate phantom to avoid the effect of angular dependence. Statistical errors were expressed as

standard deviations estimated from three measurements at each height (Monzen et al. 2017b).

Comparison of reduction rate of the air kerma rate between TCR and RADPAD

The comparison of shielding efficiency between TCR and RADPAD was performed in fluoroscopy mode.
The RADPAD was also set as shown in Figure 1 and the air kerma rate was measured with and without
that the RADPAD in place. The upper edge of the solid-plate phantom and the end of the RADPAD were
aligned at the measurement of eye and breast levels, and the lower edge of the solid-plate phantom and the
end of the RADPAD were aligned at the measurement of waist and knee levels since the RADPAD (145
x 165 inch) was larger than the solid-plate phantom. The two-tailed unpaired Student’s test was used
to compare continuous variables and trends between the TCR and the RADPAD. The p-value < 0.05 was

considered statistically significant.

RESULTS
Air kerma rates for the operator with TCR

The relative air kerma rates against scattered radiation by use of TCR with the thickness of 1-5 mm in 1
mm increments are shown in Table 3 and Figure 2. Additionally, the reduction rates of the air kerma rates
are shown in Figure 3. Except at knee level, only 1 mm TCR reduced the air kerma rates >65%. The air
kerma rates except at knee level were decreased up to 3.6% when the thickness of the TCR was increased
from 2 mm to 5 mm. At knee level, even if the TCR thickness increased, there was very little reduction in

the air kerma.



Table 3. Air kerma rates for various TCR thicknesses (1-5 mm)

Fluoroscopy
(u Gy/min)
TCR thickness 0 mm 1 mm 2 mm 3 mm 4 mm 5 mm
e lovel 60 18 17 = 16 17 16
e leve + 004 + 001 001 + 001 + 001 + 003
Chest lovel 487 115 111 + 110 109 109
estleve + 0,09 + 007 003 + 005 + 0,09 + 005
Waist level 1349 435 430 420 419 420
st leve + 037 + 069 + 003 + 005 + 009 + 005
Knee level 194.2 1939 1928 192.1 1908 1907
v + 099 + 154 + 043 + 102 + 117 + 333
TCR = tungsten-contained rubber.
Cine
( u Gy/min)
TCR thickness 0 mm 1 mm 2 mm 3 mm 4 mm 5 mm
e lovel 1290 515 493 485 484 468
veleve + 295 + 133 + 112 + 112 +1.20 + 079
Chest level 13445 3110 3036 2969 2948 2937
+ 1666 + 945 + 761 + 519 + 974 + 605
Waist lovel 3544.3 1500.0 14897 14657 14543 14537
v + 205 + 927 + 1793 + 1650 + 2640 + 2458
Ko lovel 66837 6597.0 65927 6606.0 66647 66150
celeve + 1212 + 638 + 1603 + 726 + 500 + 510

TCR = tungsten-contained rubber.
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Figure 2. Relationships between each TCR thickness and the relative air kerma
rate for each height (body) level. The relative air kerma rates were
normalized by the air kerma rates without TCR for each height.
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Figure 3. Relationships between each TCR thickness and the reduction rate for
each height (body) level. The reduction rate was normalized according

TCR thickness (mm)

to the measurement value without TCR for each TCR thickness.

Comparison of reduction rate of the air kerma rate between TCR and RADPAD

The comparison of reduction rate between TCR and RADPAD against scattered radiation in fluoroscopy

mode are shown in Table 4. Except at knee level, reduction rates of TCR were significantly (p < 0.01) lower

than that of RADPAD.

Table 4. Reduction rates for 1 mm TCR and RADPAD at each

height (body) level in fluoroscopy mode

Materials 1 mm TCR RADPAD
Eye level 7037 = 040% 6180 = 0.67%
Chest level 76.36 = 0.19% 6033 = 061%

Waist level

Knee level

67.78 = 0.33%
0.14 = 0.60%

64.70 = 0.25%
007 = 0.66%

TCR = tungsten-contained rubber. The reduction rates were
normalized according to the measurement value without shielding

material of corresponding height level.



DISCUSSION

The shielding ability of the TCR was investigated to protect against scattered radiation from a patient in
IR. The reduction rates of the air kerma at eye, chest, and waist were approximately 65-70% for 1 mm TCR.
Additionally, the air kerma rates were reduced only up to 3.6% with additional layers of TCR, which indicated
1 mm TCR exhibited saturated shielding ability to protect against scattered radiation in IR. The direct
scattered radiation to the TCR was enough to be shielded by the 1 mm TCR. The result of reduction rates
of the air kerma at knee shows the TCR affixed to the patient’s side does not contribute to the attenuation of
knee-level radiation since the radiation dose at the knee comes directly from the x-ray tube and the scatter
from the table (Monzen et al. 2017b). With comparing to result of previous study (Monzen et al. 2017b), 1
mm TCR adequately reduces the radiation exposure by scattered radiation from a patient. However, a TCR
with a thickness of <1 mm may not provide enough tensile strength and tear resistance so it may not be
reusable, especially after the heat or gas sterilization.

The shielding efficiency of 1 mm TCR was 9 to 16% greater than RADPAD at the eye and chest levels.
Additionally, the TCR can be reused and is eco-friendly, while the RADPAD is disposable and not as friendly
to the environment compared to the TCR due to the inherent bismuth and antimony. Therefore, the TCR
was could be used in clinical practice with further development. The TCR had waterproof and sterilization
capabilities, that could be an advantage around the over TFP (Monzen et al. 2017b). The price of the TCR
was approximately five times than that of RADPAD. However, the TCR can be reused, resulting in better
cost performance and making it more eco-friendly than RADPAD.

To protect the eye, chest, waist, arms, and hands of operators from scattered radiation, TCR affixed to a
patient side could be useful. On the other hand, to get reduction at the knee, a couch curtain or shielding
panel is need. Therefore, to protect the whole body of operators from scattered radiation, it is important
to use the combination of the TCR affixed to patient’s side and common personal protective devices such
as a couch curtain and shielding panel (Duran et al. 2013; Haga et al. 2017; Sato et al. 2017). The TCR may
be more flexible for operators to prevent radiation exposure since the TCR is easy to cut, fold, and affix to
the other materials and is lead-free, reusable, and waterproof, as compared to typical commercial shielding

material in IR.

CONCLUSION
The 1 mm thickness of TCR has adequate radiation-shielding ability to reduce the operator’s radiation

exposure against scattered radiation from patients in a typical IR procedure.
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