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Abstract. Intraoperative electron radiotherapy (IOERT), which is an accelerated 

partial breast irradiation method, has been used for early-stage breast cancer treatment. 

In IOERT, a protective disk is inserted behind the target volume to minimize the dose 

received by normal tissues. However, to use such a disk, the surgical incision must be 

larger than the field size because the disk is manufactured from stiff and unyielding 

materials. In this study, the applicability of newly developed tungsten-based functional 

paper (TFP) was assessed as an alternative to the existing protective disk. The radiation-

shielding performance of the TFP was verified through experimental measurements and 
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Monte Carlo simulations. Percentage depth dose curves and lateral dose profiles with 

and without TFPs were measured and simulated on a dedicated IOERT accelerator. The 

number of piled-up TFPs was changed from 1 to 40. In the experimental measurements, 

the relative doses at the exit plane of the TFPs for 9 MeV were 42.7%, 9.2%, 0.2%, and 

0.1% with 10, 20, 30, and 40 TFPs, respectively, whereas those for 12 MeV were 

63.6%, 27.1%, 8.6%, and 0.2% with 10, 20, 30, and 40 TFPs, respectively. Slight dose 

enhancements caused by backscatter radiation from the TFPs were observed at the 

entrance plane of the TFPs at both beam energies. The results of the Monte Carlo 

simulation indicated the same tendency as the experimental measurements. Based on 

the experimental and simulated results, the radiation-shielding performances of 30 TFPs 

for 9 MeV and 40 TFPs for 12 MeV were confirmed to be acceptable and close to those 

of the existing protective disk. The findings of this study suggest the feasibility of using 

TFPs as flexible chest wall protectors in IOERT for breast cancer treatment. 

PACS number: 87.55.ne, 87.56.Da 

1. Introduction 

Intraoperative electron radiotherapy (IOERT), which is an accelerated partial breast irradiation 

method, has been used for early-stage breast cancer treatment (Orecchia et al., 2003). The 

results of some large randomized studies in which IOERT and whole-breast external beam 

radiotherapy (EBRT) were compared suggest that IOERT is a viable option for early-stage 

breast cancer patients (Veronesi et al., 2013; Vaidya et al., 2014). IOERT especially helps avoid 

unnecessary irradiation to healthy tissue and organs (e.g., heart, lungs, skin) since it can be 

administered during surgery. It also offers certain advantages to patients in terms of reducing 

the treatment period and cost, as compared with whole-breast EBRT (Intra et al., 2006; 

Kawamura et al., 2015).  

Several exclusive mobile linear accelerators for IOERT (e.g., Mobetron, NOVAC-7, LIAC) 

have been introduced, and these devices are capable of producing high-energy electron beams 

(6−12 MeV) (Orecchia et al., 2005; Beddar et al., 2006). In our previous work, we developed a 

chest-wall protector that consists of a two-layer structure made of acrylic resin and Cu, to 

improve the dose distribution in IOERT for breast cancer (Oshima et al., 2009). Figures 1a and 

1b show illustrations of the arrangement of the collimator, breast tissue, and acrylic resin–Cu 
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disk. The acrylic resin–Cu disk inserted between the breast tissue and pectoralis muscle enables 

minimization of the dose received by the normal posterior tissues. Such disks were also 

employed in a phase I/II clinical trial of IOERT for early breast cancer treatment in Japan 

(Sawaki et al., 2009; Sawaki et al., 2012; Kawamura et al., 2015). This trial showed that the 

patients remained recurrence-free even after more than 5 years of follow-up; however, 

hypertrophic scarring was identified in 24% of the patients. Some points for improvement were 

identified for acrylic resin–Cu disks. First, the surgical incision site must be larger than the 

radiation field size because such disks are manufactured from stiff and rigid materials. This 

point imposes a cosmetic and physical burden on patients (Kawamura et al., 2015). Second, 

Ciocca et al. mentioned that disk misalignment appeared as the most critical failure mode in 

terms of the prospective risk analysis, and this risk could be reduced by using a disk much 

larger than the applicator size; however, such a solution is in contrast with the surgical needs in 

terms of scar length and preservation of blood perfusion (Ciocca et al., 2012). Furthermore, 

Severgnini et al. reported that perfect disk alignment (no irradiation field outside the disk) was 

obtained in only eight patients among thirty-one cases (Severgnini et al., 2015). Thus, a chest 

wall protector capable of being cut into a suitable arbitrary shape and required size based on the 

state of surgery for each patient is presently desired. 

A newly invented tungsten-based functional paper (TFP) (Toppan Printing Co., Ltd., 

Tokyo, Japan) is expected to be a useful radiation shielding device that is lead-free, light, 

flexible, disposable, and easy to process. TFP contains very fine tungsten powder, at about 80% 

by weight. In the latest study of TFP in the medical field, Fujimoto et al. experimentally 

evaluated the performance of TFP as a shield material placed on the body of a patient to block 

external electron-beam irradiation outside the target regions (Fujimoto et al., 2014). It can be 

conjectured that the various properties of TFP are suitable for flexible chest wall protectors and 

that they can solve the above-mentioned problems of the existing acrylic resin–Cu disks. In 

other words, if TFP can provide suitable shielding performance for IOERT beams, it will be 

possible to cut TFP before inserting it into the body of a patient based on the state of surgery of 

that patient. In addition, it will be possible to roll TFP into a small size when passing it through 

a smaller surgical incision site (Figure 1c). 

The primary aim of this study was to assess the applicability of the newly developed TFP as 

an alternative to the existing protective disks in IOERT. In this research, we focused on 

evaluating the radiation-shielding performance of TFP through experimental measurements and 

Monte Carlo (MC) simulations. 
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Figure 1. (a) Schematic of the arrangement of the collimator, breast tissue, acrylic resin–Cu 

disk, and pectoral muscle (sagittal plane of the breast). The slanted line indicates the surgical 

incision site, whose size depends on the collimator and chest-wall protector. (b) Sample of the 

existing acrylic resin–Cu disk. (c) TFP samples. The diameter of each circular-cut sample was 

104 mm. The number of piled-up TFPs was 10, and the total thickness of these piled-up TFPs 

was approximately 3.7 mm. The benefits of using TFPs as chest-wall protectors are that it is 

possible to cut TFP easily as needed based on the state of surgery of each patient and that it is 

easy to roll TFP into a small size while passing it through a smaller surgical incision site 

[bottom image in (c)]. 

 

2. Materials and Methods 

 

2.1. Experimental evaluation 
All of the measurements in this study were based on the use of 9 MeV and 12 MeV electron 

beams produced by the Mobetron 1000 accelerator (Intraop Medical Corp., Sunnyvale, CA) 

with a circular collimator (60 mm in diameter). These beam energies and this collimator size are 

mainly used in our institution for breast IOERT treatment (Sawaki et al., 2009; Sawaki et al., 

2012). Figure 2 shows a schematic of the experimental setup. The doses transmitted through the 

existing acrylic resin–Cu disk or TFPs were measured using a parallel-plate ionization chamber 

(Advanced Markus; PTW, Freiburg, Germany) in a water-equivalent solid phantom (Tough 

Water, Kyoto Kagaku Co., Ltd., Kyoto, Japan). The top surface of the acrylic resin–Cu disk or 

TFP was set at a depth corresponding to a 90% dose level [R90, where Rx is the depth 

corresponding to x percent of the maximum dose; R90 is often defined as the therapeutic range 
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(Beddar et al., 2006)]. The number of piled-up TFPs was varied as 1, 5, 10, 20, 30, and 40. The 

actual thickness of the TFP, measured using a micrometer (NSK Ltd., Tokyo, Japan), was 0.37 

mm. The corresponding theoretical thicknesses for 5-, 10-, 20-, 30-, and 40-ply TFP are 1.85, 

3.70, 7.40, 11.1, and 14.8 mm, respectively. In this paper, we use the term “-ply” to refer to the 

numbers of piled-up TFPs. The maximum dose depth (dmax), entrance plane, and exit plane of 

the acrylic resin–Cu disk or TFPs were also measured using radiochromic film (GafChromic 

EBT3; Ashland Inc., Covington, KY). The processes of film handling and dose calibration were 

treated as in our previous work (Kamomae et al., 2011; Kamomae et al., 2016). The operating 

room in which the Mobetron 1000 accelerator was installed was equipped with only a minimum 

radiation shield. Therefore, the number of repeated measurements was set to one in this study to 

reduce the exposure of the experimenter to radiation. 

In this study, the percentage depth doses with and without shielding materials (PDDsm and 

PDD, respectively) were calculated using the following equations: 

 

PDDsm(E, d) = 100•Dsm(E, d)/D(E, dmax) (1) 

 

and 

 

PDD(E, d) = 100•D(E, d)/D(E, dmax), (2) 

 

respectively, where E is the nominal beam energy; d is the depth of interest on the beam axis, 

and Dsm and D are the doses with and without shielding materials, respectively. The off-axis 

ratios with and without shielding materials (OARsm and OAR, respectively) were defined as 

follows: 

 

OARsm(E, d, a) = 100•Dsm(E, d, a)/D(E, dmax, a0) (3) 

 

and 

 

OAR(E, d, a) = 100•D(E, d, a)/D(E, dmax, a0), (4) 

 

respectively, where a and a0 are the distance from the central beam axis and the position on the 

central beam axis, respectively. 
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Figure 2. Experimental setup for the measurement of electron beam attenuation with (a) the 

acrylic resin–Cu disk and (b) the TFPs. The top surfaces of the acrylic resin–Cu disk and the 

TFPs were set at R90. The number of piled-up TFPs, n, was changed from 1 to 40. The total 

thickness of the TFPs was expressed as 0.37×n mm. The locations of the parallel-plane 

ionization chamber, films, and phase spaces (phsps) are also indicated. The phsps were used in 

the energy spectral analysis that was conducted by performing MC simulations (see Section 

2.2). 

 
2.2. MC simulations 

The Particle and Heavy Ion Transport System (PHITS) code version 2.930 (Sato et al., 2013) 

was used to simulate 9 MeV and 12 MeV beams delivered by the Mobetron 1000 mobile 

accelerator. The detailed geometry of the Mobetron 1000 accelerator head was provided by the 

vendor. PHITS version 2.930 optionally implemented the Electron Gamma Shower version 5 

MC code (Hirayama et al., 2005), and it was selected in all of the simulations in this study. The 

other calculation parameters were as follows: the electron cut-off energy was set to 0.700 MeV 

(kinetic energy plus rest mass); the photon cut-off energy was set to 0.010 MeV; and the 

number of source electrons was 1.0 × 108. The number of source electrons was determined such 

that the statistical uncertainty (1 standard deviation) (Sato et al., 2013) would be almost within 

±1% for all of the relative dose profiles in the region between the water/phantom surface and 

the depth corresponding to 20% of the maximum dose. 
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The MC models for each beam energy were tuned by matching measured and simulated 

PDDs and OARs in the water phantom, varying the initial spot electron energy. For the MC 

simulation, the dose scoring grid (cross-plane × in-plane × depth) for the PDD was set to 5 mm 

× 5 mm × 1 mm, and that for the OAR was set to 1 mm × 20 mm × 2.5 mm. The mean energy 

and full width at half-maximum (FWHM) of the energy distribution were optimized until the 

calculated and measured data agreed to within 2.5%. Both the distributions of the energy and 

the intensity of the incident electron beam were expressed as Gaussian distributions. The 

corresponding measured data were obtained using a 3D water phantom (MP3; PTW Freiburg, 

Freiburg, Germany) and a microDiamond dosimeter [model 60019; PTW, Freiburg, Germany 

(Di Venanzio et al., 2015)]. 

The geometries described in Section 2.1 were reproduced in the MC simulations, and the 

PDDs, OARs, and energy spectra were calculated. For the spectral distribution analysis, phase 

spaces were stored at the following four locations: the phantom surface, dmax, the TFP entrance 

plane, and the TFP exit plane (Figure 2). To identify the potential impact of the electron cut-off 

energy on the MC-simulated dose distributions, an electron cut-off value of 0.521 MeV was 

also used, and the results were compared with those achieved for a 0.700 MeV electron cut-off 

energy. Finally, to assess the effect of the spatial arrangement of the TFPs, the calculations were 

repeated with the TFPs set at R90, R80, and R70. 

 
3. Results 

 

3.1. Experimental evaluations 

The PDD curves with and without the acrylic resin–Cu disk are shown in Figure 3. The R90 

values in the water-equivalent solid phantom for the 9 MeV and 12 MeV beams were 25 mm 

and 36 mm, respectively. At the acrylic resin–Cu disk exit plane, the relative doses were lower 

than 0.1% for both beam energies. 

Based on the results measured by the Advanced Markus chamber, the relative doses at the 

TFP exit plane for the 9 MeV beam were 42.7%, 9.2%, 0.2%, and 0.1% with 10-, 20-, 30-, and 

40-ply TFP, respectively (Figure 4a), and those at the TFP exit plane for the 12 MeV beam were 

63.6%, 27.1%, 8.6%, and 0.2% with 10-, 20-, 30-, and 40-ply TFP, respectively (Figure 4b). 

The results measured using the Gafchromic EBT3 film at the TFP exit plane exhibited the same 

tendency as those obtained using the Advanced Markus chamber. On the other hand, the relative 

doses at the TFP entrance plane were enhanced by backscatter radiation from the TFPs (Figures 
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4c and 4d). For each beam energy, the magnitude of the dose enhancement gradually increased 

when the number of piled-up TFPs was changed from 1 to 10 and then reached saturation with 

10-ply TFP or more. The relative doses at the entrance plane of the 10-ply TFP for the 9 MeV 

and 12 MeV beams were 124.1% and 118.0%, respectively.  

 
Figure 3. PDD curves in water-equivalent solid phantoms for (a) 9 MeV and (b) 12 MeV beams. 

The relative doses of the transmitted doses obtained using the existing acrylic resin–Cu disk are 

plotted in each image.  
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Figure 4. Relative doses at the TFP exit or entrance plane with different numbers of piled-up 

TFPs. In all of the measurements, the top surface of the TFPs was set to R90 for each beam 

energy. The measurement depths at the exit plane were thus shifted by the thickness of the piled 

TFPs, and the relative doses without TFPs were also changed. 

 
3.2. MC simulations 

Figure 5 presents comparisons of the measured and simulated profiles in the water phantom. 

The source parameters (means and FWHMs of the Gaussian-shaped energy distributions) were 

determined by matching the measured PDDs and OARs, and the results indicated 9.28 MeV 

(21.5% FWHM) and 12.7 MeV (18.25% FWHM) energy distributions for the nominal energies 

of 9 MeV and 12 MeV beams, respectively. The maximum differences between the measured 

and simulated PDDs and OARs were smaller than 2% and 2.5%, respectively. 

Figure 6 shows the simulated PDD curves obtained with and without TFPs in the water-

equivalent solid phantom, which yielded mean differences between the measured (Advanced 

Markus chamber and GafChromic EBT3 film) and simulated values of 1.6±2.6% (1 standard 

deviation) and -2.6±3.6%, respectively. The results indicate that the dose enhancements at the 

TFP entrance plane were caused by backscattered radiation from the TFPs. According to the 

MC simulation results, the maximum relative doses in the dose enhancement regions for the 9 

MeV and 12 MeV beams were 124% and 123%, respectively, and the corresponding dose 

enhancement ranges were 10 mm and 15 mm, respectively. The PDDs of 30- and 40-ply TFP 

were reasonably close to each other. For the 30- and 40-ply TFP for 9 MeV and 40-ply TFP for 

12 MeV, but not for the 30-ply TFP for 12 MeV, the attenuation was within the TFP range. 

The results of the energy spectral analysis are presented in Figures 7 (9 MeV) and 8 (12 

MeV). For both beam energies, the energy spectra at the phantom surface and dmax remained 

unchanged regardless of the presence of the TFPs; however, those at the TFP entrance and exit 

planes differed markedly from those in the absence of TFPs. The low-energy electron 

components were increased at the TFP entrance plane, and the electron components almost 

disappeared at the TFP exit plane. The comparison results for the different cut-off energies are 

shown in Figure 9, and they agree well except for those under the electron cut-off energy. 

   The OARs in the TFPs and acrylic resin–Cu disk cases are compared in Figure 10. In the 

entrance plane, the dose enhancements from TFPs were obtained as well as the PDDs. In the 

exit plane, the OARs of the 30-ply TFP for 9 MeV and 40-ply TFP for 12 MeV exhibited 

attenuation characteristics equivalent to those of the existing acrylic resin–Cu disk. 
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Depending on the position of the top surface of the TFPs in the phantom, the dose 

enhancements caused by backscatter radiation from the TFPs were relatively decreased (Figure 

11). For the 9 MeV beam with 30-ply TFP, the maximum relative doses were 126%, 113%, and 

101% for R90, R80, and R70, respectively. Similarly, for the 12 MeV beam with 40-ply TFP, the 

maximum relative doses were 123%, 111%, and 100% for R90, R80, and R70, respectively. Under 

all of the investigated spatial arrangement settings for 9 MeV and 12 MeV with 10-, 30-, and 

40-ply TFP, the relative doses at the top surface of the TFPs were higher than the 90% dose 

level. In addition, the MC simulation results for the TFPs were compared with those for the 

existing acrylic resin–Cu disk. The PDDs of the 10-ply TFP for 9 MeV and 12 MeV did not 

display sufficient attenuation compared with the acrylic resin–Cu disk in spite of the spatial 

arrangement of the TFPs. On the other hand, in the 30-ply TFP results for 9 MeV and 40-ply 

TFP results for 12 MeV, the shielding performances for distal tissue, which coincided posterior 

to the exit planes of the shielding materials, were equivalent to those of the acrylic resin–Cu 

disk. Another remarkable point was that the slopes of PDDs in the TFP ranges became steeper 

the deeper the TFPs were set in the phantom. For the 12 MeV beam with 30-ply TFP, the 

relative doses of the TFP exit plane were 7.8%, 3.1%, and 0.0% for R90, R80, and R70, 

respectively.

 
Figure 5. Measured and MC-simulated (a) PDDs and (b) OARs at R90 in the water phantom for 

9 MeV and 12 MeV beams. The measurements were performed using a microDiamond detector. 

The maximum difference between MC-simulated and measured curves was determined to be 

smaller than 2.5%. 
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Figure 6. PDDs for (a) 9 MeV and (b) 12 MeV beams. The profiles were calculated and 

measured by performing MC simulations, using GafChromic EBT3 film, and using an 

Advanced Markus chamber. The top surface of the TFPs was set at R90 for each beam energy. 

The number of piled-up TFPs was varied between 1, 10, 30, and 40. 

 

 
Figure 7. Energy spectra for 9 MeV beams at the phantom surface, dmax, the entrance plane of 

30-ply TFP, and the exit plane of 30-ply TFP.  
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Figure 8. Energy spectra for 12 MeV beams at the phantom surface, dmax, the entrance plane of 

40-ply TFP, and the exit plane of 40-ply TFP. 
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Figure 9. Energy spectra of the different cut-off energies for 12 MeV beams at (a) the phantom 

surface, (b) dmax, (c) the entrance plane of 30-ply TFP, and (d) the exit plane of 30-ply TFP. The 

solid and dotted lines represent the electron cut-off energies of 0.700 MeV and 0.512 MeV, 

respectively, with a photon cut-off energy of 0.010 MeV. 
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Figure 10. OARs for (a) 9 MeV and (b) 12 MeV beams. The top surfaces of the TFPs and 

acrylic resin–Cu disk were set at R90 for each beam energy. Note that the OARs in the exit plane 

were located at different depths in the phantom due to the changes in the thickness of the 

shielding materials. 

 

Figure 11. PDDs for (a, b) 9 MeV and (c, d, e) 12 MeV beams. The top surfaces of 10-, 30-, and 

40-ply TFP were set at R90, R80, and R70, and the top surface of the acrylic resin–Cu disk was set 

at R90. 

 
4. Discussion 
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The radiation shielding performance of TFP was experimentally evaluated in this study. The 

experimental results indicate that the performance depends on the beam energy and number of 

piled-up TFPs. The shielding performance of the 30-ply TFP for the 9 MeV beam was 

equivalent to that of the existing acrylic resin–Cu disk; however, 40-ply TFP was needed to 

obtain the same shielding performance as that of the existing disk for the 12 MeV beam.  

   Two types of dosimeters were employed in this study: an Advanced Markus ionization 

chamber and GafChromic EBT3 film. The Advanced Markus ionization chamber has a 

thickness of 14 mm, and the small sensitive volume of 0.055 cm3 is located at the entrance 
surface. Thus, the Advanced Markus chamber cannot measure the dose at the TFP entrance 

plane. Therefore, the dose enhancements due to the backscatter radiation from the TFPs were 

measured using GafChromci EBT3 film. GafChromci EBT3 film has been used in previous 

research to measure high-energy electron beams (Chan et al., 2015; Costa et al., 2015).  

Only a few studies have been conducted on the determination of the electron source 

parameters for MC simulation of the Mobetron 1000 accelerator (Janssen et al., 2008). The 

initial energy sources for the general-purpose linac (e.g., Varian Clinac and Electa Synergy 

series) were approximated by a mono-energetic or narrow Gaussian energy distribution (Bjork 

et al., 2002; Martignano et al., 2007). On the other hand, Janssen et al. mentioned that the 

energy distribution of the source for Mobetron 1000 could be quite large because the Mobetron 

1000 does not have a bending magnet for energy selection (Janssen et al., 2008). In this study, 

the means and FWHMs of the Gaussian energy distributions were determined by matching the 

measured PDDs and OARs, and these parameters coincided with those in the above-mentioned 

study (Janssen et al., 2008). 

One benefit of MC simulation is the energy spectral analysis. The results demonstrated a 

marked increase in the fluence at energies below the peak spectrum at the TFP entrance plane. 

These results agreed with the backscatter radiation contribution from the TFPs, as indicated by 

the PDD curves. TFP contains approximately 80% by weight of very fine tungsten powder, and 

another component is paper. Based on the preliminary prediction, we expected less backscatter 

radiation to occur due to the paper component, but the results indicate that noticeable 

backscatter radiation was obtained. This property of TFP has not been mentioned in previous 

works (Fujimoto et al., 2014; Monzen et al., 2017; Tamura et al., 2017). The energy spectra at 

the TFP exit plane were also remarkable. Comparison of the results obtained with and without 

TFPs indicated that the electron components were decreased substantially for both beam 
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energies. However, slight increases in the photon components were observed, due to the 

bremsstrahlung photons produced in the TFP layer. 

The spatial arrangement of the TFPs strongly influenced the PDD curve shape. In the cases 

in which the top surface of the TFPs coincided with R90, the dose enhancement at the TFP 

entrance plane was approximately 120%, and we considered this dose enhancement level to be 

acceptable because the breast target region to be irradiated was located in front of the TFPs. 

However, a previous report mentioned a clinically acceptable dose enhancement threshold of 

110% (Martignano et al., 2007); therefore, the threshold value needs to be considered carefully 

at each institution. In the cases in which the top surface of the TFPs coincided with R80 and R70, 

the dose enhancements at the TFP entrance plane were at the clinically acceptable level. Placing 

boluses between the end of the collimator and the patient surface (Beddar et al., 2006; Sawaki et 

al., 2014) will contribute significantly to ensuring the spatial arrangement of the TFPs 

without unnecessary irradiation of healthy tissue. 

The results of this study clarify the dosimetric properties of the TFPs for high-energy 

electron beams. However, the results also reveal several challenges in utilizing TFPs as flexible 

chest wall protectors in IOERT. First, the thicknesses of the piled-up TFPs that obtained the 

same shielding performance as the existing acrylic resin–Cu disk were rather high for practical 

clinical use. Therefore, to cut such papers into suitable arbitrary shapes and safely insert them 

into the body of a patient, it would be necessary to divide the piled-up TFPs for easy handling. 

From our experience, 10-ply TFP can be cut or rolled relatively easily. Furthermore, it is 

advisable to decrease the thickness of the piled TFPs while satisfying the requirement for 

acceptable shielding performance. We are conferring with the developer to select another 

suitable element or compound for this purpose based on the results of this study and previous 

studies (Martignano et al., 2007; Oshima et al., 2009). Another important challenge is 

ensuring TFP sterilization for safe insertion into the body of a patient. One practical method 

would be to keep the TFP covered within a sterile enclosure. At this stage, TFP has not been 

approved by an official review board for medical devices [e.g., the U.S. Food and Drug 

Administration (FDA)]. Further investigation is required to resolve this matter.  

 
5. Conclusion 

The feasibility of using TFP for flexible chest wall protectors was demonstrated through 

experimental measurements and MC simulations. The radiation-shielding performances of 30-

ply TFP for 9 MeV and 40-ply TFP for 12 MeV were confirmed to be acceptable and close to 
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those of the existing protective disk. The detailed properties of the backscatter radiation from 

the TFP layer were clarified for the first time. We proposed effective means of reducing the 

dose enhancement at the TFP entrance plane by adjusting the spatial arrangement of the TFPs. 

Moreover, to obtain a more clinically effective and efficient radiation-shielding device for 

IOERT, improvement of the radiation shielding performance while maintaining its excellent 

paper-like properties is deemed an important and challenging issue that warrants further 

investigation. 
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