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C-arm fluoroscopy provides essential real-time imaging for various interventional procedures but entails

radiation exposure risks for both patients and medical staff. Conventional lead and lead-free shields offer high

attenuation yet remain limited in clinical use due to weight, image artifacts, and procedural constraints. This

study evaluated a lead-free composite shield composed of tungsten, tungsten carbide, bismuth, aluminum, and

polyurethane, focusing on dose reduction, scatter shielding performance, image quality, and interactions with

Automatic Brightness Control (ABC) in a C-arm environment. PHITS-based Monte Carlo simulations

demonstrated strong attenuation in the low-to-mid energy range across 60–120 kVp. Experimental measurements

showed attenuation rates of 59.6–70.8% (no filter), 45.4–55.4% (Al 2.5 mm), and 37.5–49.5% (Cu 0.25 mm),

corresponding to 0.04 mmPb. Scattered radiation shielding efficiency ranged from 36–58% (1 layer) and 61–

80% (1.5 layers). Phantom tests confirmed an average 29% dose reduction without significant ABC-driven

parameter increases, and SNR/CNR changes were not statistically significant (p > 0.05).
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1. Introduction

C-arm X-ray systems are widely utilized as essential

equipment for providing real-time fluoroscopic imaging

during various interventional procedures, including ortho-

pedic, neurosurgical, pain management, and vascular

interventions [1, 2]. The X-rays generated by C-arm

systems are a form of electromagnetic radiation, and their

high photon energy allows them to ionize matter. As these

high-energy X-rays pass through the human body,

differences in tissue density and effective atomic number

cause attenuation, forming the basis of image generation.

Consequently, image quality is determined by the intensity

and energy spectrum of the incident X-rays, as well as the

attenuation characteristics of human tissues [3-5].

C-arm fluoroscopy is used not only for diagnostic

purposes but also as a real-time imaging guide during

surgical and interventional procedures. Prolonged or

repeated exposure can result in cumulative patient doses

ranging from several hundred µSv to several mSv [6].

Such exposure includes not only primary radiation but

also scattered radiation generated from interactions with

tissues, which poses additional risks—particularly for

radiosensitive organs such as the thyroid, breast, and

gonads, where cumulative doses may increase the

likelihood of radiation-induced conditions [7, 8].

To reduce patient radiation exposure, modern C-arm

systems are equipped with Automatic Brightness Control

(ABC), which adjusts radiation output based on patient

thickness or density. The ABC system automatically

regulates tube voltage (kVp), tube current (mA), and

pulse width to maintain consistent image brightness and

quality [9]. Although ABC primarily aims to ensure

consistent image quality, its capability for active optimi-

zation to minimize patient dose remains limited [10].

Healthcare personnel typically employ protective measures

such as lead aprons, thyroid shields, and mobile radiation

shields; however, radiation protection for patients remains

relatively insufficient due to concerns about potential

degradation of image quality [11-13]. Although numerous

studies have attempted to adapt lead-based shields—

traditionally used for staff protection—for patient use,
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conventional lead shields exhibit limited clinical applicability

because of their weight, image artifacts, discomfort during

application, and restricted usability around the procedural

site [14, 15]. For example, Lestari et al. reported up to a

38% reduction in breast dose using a lead–silicone rubber

shield, but image artifacts degraded diagnostic quality,

ultimately limiting clinical use [16].

To overcome the limitations of lead-based shields,

research has focused on developing lightweight, lead-free

shielding materials such as bismuth [17-19]. Kawauchi et

al. demonstrated approximately 26% dose reduction using

a bismuth shield, yet decreases in image contrast and

increases in noise were also observed, indicating com-

promised image quality [20]. Furthermore, although

several studies have investigated the feasibility of

applying both lead and lead-free shields to patients, an

AAPM report highlighted that when shields overlap the

exposure field in systems using Automatic Exposure

Control (AEC), tube voltage and current may increase,

potentially raising patient dose instead [21].

These previous studies suggest that existing shielding

materials have not sufficiently achieved a balance

between maintaining image quality and reducing radiation

exposure. Therefore, to overcome the limitations identi-

fied in earlier research, we developed a diagnostic com-

posite shield by combining tungsten, tungsten carbide,

bismuth metal, aluminum, and polyurethane, integrating

the physical advantages of each constituent material. By

evaluating the physical performance of the fabricated

shield, its effectiveness in attenuating scattered radiation,

and its impact on image quality, this study aims to

demonstrate the clinical applicability of the composite

shield for effectively reducing radiation exposure during

C-arm examinations while preserving diagnostic image

quality.

2. Materials and Methods

2.1. Radiation Shield for C-Arm Fluoroscopy

The radiation shield for image interpretation was

composed of tungsten, tungsten carbide, bismuth, aluminum,

and polyurethane, with a shielding layer thickness of 0.24

mm, and featured a homogeneous single-layer structure

with a total areal density of 0.09 g/cm². As shown in Fig.

1, nonwoven fabric and sponge layers were added,

resulting in total thickness of approximately 5 mm.

Among the shield components, tungsten and tungsten

carbide serve as the primary attenuation materials due to

their high atomic numbers, while bismuth and aluminum

were incorporated to enhance low-energy attenuation

efficiency and mechanical strength.

2.2. Monte Carlo Simulation

To evaluate the energy-dependent photon attenuation

characteristics of the composite shield, numerical simulations

were performed using PHITS (Particle and Heavy Ion

Transport code System, ver. 3.341). This analysis was

conducted to assess how the combination of constituent

materials influences photon fluence and absorbed dose

across varying tube voltages (60–120 kVp). X-ray spectra

were generated using SpekCalc v1.1 under conditions of

60, 80, 100, and 120 kVp, with a target angle of 15°, and

inherent filtration of 0.8 mm beryllium, 1 mm aluminum,

and 0.11 mm copper (Fig. 2). These spectra were imported

into PHITS as input data. To sufficiently collimate the X-

rays and narrow the beam width, a tungsten collimator

with a 10 × 10 cm² opening and a thickness of 4 cm was

modeled, and the shield was placed 100 cm from the

source as shown in Fig. 2. In PHITS, the shielding

material was modeled as a homogeneous single substance

using the relative mass fractions of tungsten, tungsten

Fig. 1. (Color online) Components of the shield structure. (a) Nonwoven fabric layer on the surface of the shield, (b) Shielding

layer composed of composite materials, and (c) Sponge layer for maintaining the shield’s shape and ease of use.
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carbide, bismuth, aluminum, and polyurethane (normalized

to unity), and the shield was implemented as a 25 × 25

cm² slab. The energy spectrum of the X-rays transmitted

through the collimator and the shield was analyzed in

terms of the flux values [1/cm²/MeV/source], with the

scoring position defined immediately beyond the shielding

material.

2.3. Shielding Efficiency 

To evaluate the shielding efficiency of the shield, an

MXR-320/26 X-ray generator (Comet AG, Wünnewil-

Flamatt, Switzerland) at an internationally accredited

testing laboratory was used. Measurements were performed

under the narrow-beam conditions specified in the Korean

Industrial Standard for lead equivalence testing of X-ray

protective devices (KS A 4025:2017), at tube voltages of

60, 80, 100, and 120 kVp with 20 mAs, and each

condition was repeated five times. A calibrated Radcal

10X6-6 CT ionization chamber (Radcal Corporation,

Monrovia, CA, USA) was used as the measuring device.

The shielding efficiency was measured with and without

additional filters of 2.5 mm Al and 0.25 mm Cu, and the

lead equivalence was calculated by comparing the

measured attenuation values with reference attenuation

results obtained using lead of various thicknesses (Fig. 3).

The shielding efficiency was calculated using the average

dose measured without the shield and the average dose

measured after transmission through the shield.

2.4. Scattered Radiation Measurement

To assess the shielding performance against scattered

radiation generated through X-ray interactions with the

human body, the scattered radiation shielding rate was

measured. The measurements were performed using the

same X-ray generator described above. The distance

between the source and the detector was set to 1 m, and

Fig. 2. (Color online) (a) Construction of the SpekCalc energy spectrum, and (b) PHITS Monte Carlo simulation geometry.

Fig. 3. (Color online) (a) Standard X-ray generation system, and (b) Test environment for radiation-shielding devices.
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the irradiation field was configured as a circular beam

with a diameter of 20 cm. An in-house acrylic phantom

measuring 30 × 30 × 25 cm was used. A 2.5 mm Al

additional filter was applied, and the tube voltage and

current were set to 60–120 kVp and 10 mA, respectively.

The same calibrated ionization chamber used for the

shielding efficiency evaluation was employed. To ensure

effective attenuation of scattered radiation, the shield was

enclosed around the detector as illustrated in Fig. 4.

Measurements were performed under three shielding

configurations, namely without the shield (0 layer), with a

complete 360-degree wrap corresponding to one layer,

and with one full wrap plus an additional 180-degree

overlap corresponding to one and a half layers. The

measurement positions were set at 30 cm and 50 cm from

the center of the primary beam, and each configuration

was repeated five times to obtain the mean values.

2.5. Image Acquisition and Dose Measurement

Phantom experiments were conducted to quantitatively

evaluate the dose reduction effect and changes in image

quality when the composite shield was used under

conditions in which the Automatic Brightness Control

(ABC) of the C-arm system was activated. Dose reduction

was assessed in fluoroscopy mode using a Zen-2090

Turbo C-arm system (Genoray, Korea) with the ABC

function enabled. An in-house chest phantom composed

of tissue-equivalent material and a calibrated Raysafe 452

dosimeter (Unfors RaySafe, Sweden) were used. As

shown in Fig. 5, the shield was placed between the X-ray

source and the phantom, and the radiation dose was

measured using a dosimeter positioned on top of the

phantom. To induce variations in ABC-regulated tube

voltage, fluoroscopy was performed by positioning the

thicker portion of the phantom to generate higher kVp

Fig. 4. (Color online) Schematic diagram and evaluation photographs of scattered radiation measurements.

Fig. 5. (Color online) (a) Phantom and shield setup for image acquisition, (b) phantom–shield–dosimeter setup for dose evaluation,

(c) C-arm image of the phantom without shield, and (d) C-arm image of the phantom with shield.
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conditions and the thinner portion to generate lower kVp

conditions. For comparative evaluation with and without

the shield, each measurement condition was repeated

three times. The average changes in tube voltage, tube

current, and measured exposure dose were then analyzed

to calculate the relative dose reduction rate.

Quantitative image quality was assessed using the

Signal-to-Noise Ratio (SNR) and Contrast-to-Noise Ratio

(CNR). SNR was calculated using the mean pixel value

and standard deviation (noise) of the target region, as

described in Equation (1). CNR was calculated using the

mean value of the target region, and the mean value and

standard deviation (noise) of air, as shown in Equation

(2). For this analysis, ROIs were placed in a homo-

geneous area of the lung parenchyma (target) and a

uniform air region (background). A total of four radio-

graphic images were used (with and without shield), and

five ROI pairs were extracted from each image, yielding

20 SNR/CNR data points. Identical ROI positions and

sizes were applied across all images to ensure con-

sistency. Differences in SNR and CNR before and after

applying the shield were analyzed using paired t-tests,

and the Wilcoxon signed-rank test was used when the

data did not satisfy normality assumptions. All statistical

tests were performed using a two-tailed significance level

of p < 0.05.

(1)

(2)

3. Results

3.1. Radiation Shielding Characteristics

Using PHITS simulations, the energy-dependent dose

reduction rates were analyzed according to changes in

tube voltage and the application of the shield. The

variations in the energy spectrum with and without the

shield are shown in Fig. 6, and the shielding efficiency

generally decreased across energy ranges as the tube

voltage increased. In the 10–20 keV range, shielding

efficiency remained nearly identical across all tube

voltages, ranging from 99.1% to 100%. In the 30–40 keV

range, differences between tube voltages were minimal,

with values of 88.3–88.4% at 30 keV (120–60 kVp) and

66.5–67.3% at 40 keV (120–60 kVp). At 50 keV, the

shielding efficiencies were 48.7%, 43.8%, 40.3%, and

38.6% for 60–120 kVp, respectively. At 60 keV, the

values were 34.3%, 32.2%, and 31.3% for 80–120 kVp.

SNR = 
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Fig. 6. Energy spectrum variations from PHITS simulations at 60–120 kVp with and without shield.
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At 70 keV, shielding efficiencies were 53.2%, 49.2%, and

44.6% for 80–120 kVp, and at 80 keV they were 40.9%

and 37.9% for 100–120 kVp. At 90 keV, the efficiencies

were 51.1% and 49.1% for 100–120 kVp, while at 110

keV, a shielding efficiency of 37.3% was calculated for

120 kVp.

The dose reduction rates at tube voltages of 60, 80, 100,

and 120 kVp with 20 mA were measured five times under

conditions with and without additional filters, and the

average values were plotted as bar graphs, as shown in

Fig. 7.

In the absence of additional filters, the shielding

efficiencies were 70.8% at 60 kVp, 66.5% at 80 kVp,

62.9% at 100 kVp, and 59.6% at 120 kVp, indicating that

the shielding efficiency decreased by approximately 3.7%

for every 20 kVp increase in tube voltage. As the tube

voltage increased, the shielding efficiency with the 2.5

mm Al filter decreased from 55.4% to 45.4%, showing a

reduction of approximately 3.3% for every 20 kVp

increase. Similarly, with the 0.25 mm Cu filter, the

shielding efficiency decreased from 49.5% to 37.5%,

exhibiting a reduction of approximately 4.0% for every

20 kVp increase. The calculated lead equivalence for all

conditions was 0.04 mmPb.

The scattered radiation shielding efficiencies measured

at 30 cm and 50 cm from the primary beam for tube

voltages of 60, 80, 100, and 120 kVp according to the

number of shield layers are shown in Table 1. Under the

1-layer condition, shielding efficiencies at 30 cm ranged

from 40% to 58%, depending on tube voltage. At 50 cm,

the values were slightly lower, ranging from 36% to 56%.

Under the 1.5-layer condition, shielding efficiencies

increased to 65–79% at 30 cm and 61–80% at 50 cm.

3.2. Dose reduction assessment

Table 2 summarizes the quantitative evaluation of dose

reduction using a chest phantom under fluoroscopy mode

with the Automatic Brightness Control (ABC) function

activated. The phantom was positioned such that, without

the shield, the ABC system produced tube voltages of

approximately 80, 90, and 100 kVp for the respective

measurement conditions. When the shield was applied,

the ABC function resulted in an average increase of about

3 kVp, while the tube current either remained unchanged

or showed slight variations, ranging from an increase of

0.6 mA to a decrease of 0.1 mA.

The measured doses without the shield were 7.03, 4.73,

and 9.10 μSv, whereas with the shield they decreased to

4.93, 3.27, and 6.75 μSv, respectively. The corresponding

relative dose reduction rates were 29.8%, 30.9%, and

26.1%, yielding an average reduction of approximately

29%.

Table 1. Scattered radiation shielding efficiency from the

phantom according to shielding layers.

Scattered radiation shielding efficiency (%)

60 kVp 80 kVp 100 kVp 120 kVp

1 

layer

30 cm 57.9 49.7 44.4 40.4

50 cm 56.1 47.5 40.7 35.6

1.5 

layers

30 cm 79.0 72.9 68.5 65.1

50 cm 80.2 70.4 64.5 60.8

Table 2. ABC-induced tube parameter changes and shielding dose reduction.

Phantom Shielding Voltage (kVp) Current (mA) Dose (µSv) Dose difference (%)

Chest

Without shield 82 4.3 7.03 ± 0.35 –

With shield 86 4.9 4.93 ± 0.57 29.8% reduction

Without shield 88 4.8 4.73 ± 0.50 –

With shield 90 4.8 3.27 ± 0.17 30.9% reduction

Without shield 99 4.4 9.10 ± 0.01 –

With shield 102 4.3 6.75 ± 0.12 26.1% reduction

Fig. 7. Shielding efficiency (%) according to tube voltage and

additional filtration.
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3.3. Quantitative Evaluation of Image Quality 

The quantitative evaluation results based on SNR and

CNR values are presented in Table 3. The SNR decreased

slightly from 35.97 without the shield to 35.40 with the

shield, whereas the CNR increased from 10.52 to 11.33

under the same conditions. Statistical analysis of the

differences in SNR and CNR before and after applying

the shield showed no significant differences using either

the paired t-test or the Wilcoxon signed-rank test (p >

0.05).

4. Discussion

The attenuation characteristics of the composite shield

depend on the atomic number and density of its constituent

materials, as well as the energy of the incident photons—

that is, the mass attenuation coefficient [22].

The composite used in this study, consisting of tungsten,

tungsten carbide, bismuth, aluminum, and polyurethane,

was designed by combining high-Z metals with a low-

density polymer to achieve efficient attenuation of low-

energy X-rays, which are relatively unnecessary for

diagnostic image acquisition. According to the PHITS-

based Monte Carlo simulation results, the dose reduction

rate gradually decreased from approximately 77% to 52%

as the tube voltage increased from 60 kVp to 120 kVp.

This trend can be explained by the decrease in the mass

attenuation coefficient with increasing X-ray energy. The

mass attenuation coefficient represents the attenuation

capability per unit mass and reflects the combined

probabilities of interactions such as the photoelectric

effect and Compton scattering. In general, as photon

energy increases, the contribution of the photoelectric

effect diminishes while Compton scattering becomes

more dominant, resulting in a reduction in μ/ρ and

consequently lower attenuation efficiency [23, 24]. In

other words, at high energies, X-ray penetration increases

even when the shield thickness remains constant.

The experimentally measured shielding efficiencies

were consistent with these theoretical trends. In the

absence of additional filtration, the shielding efficiency

ranged from 70.8% to 59.6% across 60–120 kVp, while

the application of a 2.5 mm Al filter and a 0.25 mm Cu

filter resulted in efficiencies of 55.4–45.4% and 49.5–

37.5%, respectively. These findings are comparable to

dose-reduction results reported in previous studies on

barium-based shielding materials [25]. The reduced

attenuation efficiency with added filtration can be

attributed to the removal of low-energy photons, which

increases the average X-ray energy and consequently

decreases the shielding effect. In other words, the

composite shield exhibits relatively high attenuation in

the low- to mid-energy range, but its performance

gradually decreases at higher energies, consistent with the

general attenuation behavior of diagnostic X-rays.

Although the scattered radiation shielding efficiency

showed a slight decrease with increasing tube voltage,

consistent attenuation performance was observed across

all energy ranges. Even a single layer demonstrated

meaningful shielding effects, while the application of 1.5

layers markedly improved overall efficiency, resulting in

approximately 60–80% attenuation of scattered radiation.

These findings are comparable to, or in some conditions

superior to, the approximately 64% attenuation reported

by Meisinger et al. for staff-protection equipment such as

table skirts and ceiling-suspended shields, suggesting that

the proposed lead-free composite shield can effectively

attenuate primary scattered radiation in regions adjacent

to the patient. Therefore, this shield has strong clinical

potential as a supplementary radiation protection tool that

can contribute to reducing occupational exposure among

medical staff [26].

A recent systematic review by Samara et al. reported

that the effectiveness of patient contact shielding in

medical X-ray imaging is limited, noting that shields may

have minimal impact on actual dose reduction and may

even increase exposure parameters through interactions

with Automatic Exposure Control (AEC), potentially

leading to image degradation or repeat examinations [27].

In contrast, the phantom experiment in the present study

showed that, under C-arm conditions with the Automatic

Brightness Control (ABC) function activated, the tube

current—which is directly related to patient dose—

remained largely unchanged or even decreased slightly.

During ABC-regulated fluoroscopy of the chest phantom,

tube current either remained constant or decreased, while

dose reduction rates of approximately 26–31% were

observed. These findings differ from those of Lee et al.,

Table 3. Quantitative SNR and CNR measurements with and without the composite shield.

Parameter Without shield With shield Difference Paired t-test (p-value) Wilcoxon test (p-value)

SNR 35.97 ± 6.88 35.40 ± 5.61 -1.56% 0.68 0.81

CNR 10.52 ± 4.89 11.33 ± 4.51 7.60% 0.52 0.81
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who reported increases in tube voltage and tube current

under AEC mode when using barium composite shields

and conventional lead shields, resulting in limited dose

reductions of only 20–32% [28]. This suggests that the

composite shield used in the present study did not trigger

compensatory increases in exposure parameters and was

able to maintain its shielding performance without

adversely affecting automatic brightness regulation.

In the quantitative evaluation of image quality, the SNR

decreased by approximately 1.6% and the CNR increased

by about 7.7% compared with the unshielded condition;

however, neither change was statistically significant. This

contrasts with the findings of Jeon et al., who reported a

26.5% reduction in CNR when using a tungsten–bismuth

composite shield, indicating that no degradation in image

quality occurred in the present study [29]. These results

suggest that the proposed composite shield can reduce

patient radiation exposure while preserving diagnostic

image quality.

These findings indicate that the composite shield

effectively combines the attenuation efficiency of high–

atomic number materials with the mechanical flexibility

of polyurethane, allowing it to maintain structural

advantages such as reduced weight, lead-free composition,

and minimal artifact generation, while still providing

meaningful dose reduction in practical fluoroscopic

settings. Therefore, the composite shield has the potential

not only to significantly reduce patient radiation exposure

without compromising image quality, but also to decrease

occupational exposure for personnel participating in

interventional or surgical procedures.

Nonetheless, this study was based on experiments using

an in-house phantom and therefore has the limitation of

not fully representing actual clinical conditions. Various

physiological factors—such as patient body habitus,

anatomical structure, respiration, and motion—may

influence the attenuation characteristics of the shield.

Thus, future clinical studies are necessary to validate its

performance under real-world clinical scenarios.

5. Conclusion

Although conventional lead-based and lead-free (e.g.,

bismuth) shields exhibit high dose-attenuation performance,

their clinical utility has been limited by several

drawbacks, including discomfort during use, image

artifacts, reduced contrast, and increased noise. These

issues prevent an adequate balance between patient dose

reduction and the preservation of image quality, and

numerous previous studies and reports have continued to

question their practical effectiveness. In contrast, the

composite shield developed in this study integrates high-

atomic-number materials (tungsten, tungsten carbide,

bismuth metal) with low-density polymers (aluminum,

polyurethane), enabling excellent attenuation in the low-

to mid-energy range while simultaneously minimizing

image quality degradation and scatter effects. Accordingly,

the proposed shield demonstrates the ability to address the

image degradation and patient dose increase observed

with traditional lead and bismuth shields, thereby contri-

buting simultaneously to radiation dose reduction and the

preservation of image quality. Future research should

include clinical investigations to validate attenuation

performance under diverse anatomical conditions (e.g.,

pelvic, abdominal regions) and varying patient body

habitus, ensuring its applicability in real-world clinical

environments.
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