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This is anOpe
Abstract – Introduction: In thoracic computed tomography (CT) examinations, patients’ breasts are
exposed to high radiation doses, necessitating the reduction of received dose by a radiation shield. The aim
of this study is to evaluate the efficiency of a new composition of barium sulfate-copper shield with minimal
impact on image quality. Materials and methods: Different breast shields were manufactured using
varying weight percentages of copper and BaSO4. Thermoluminescent dosimeters (TLDs) and thorax
phantoms were employed to assess the radiation shielding effectiveness. Image quality, in terms of noise and
CT number accuracy, was quantitatively evaluated on a CT dose Index phantom (CTDI). Additionally, a
controlled trial involving with 30 female participants was conducted to further assess CT image quality and
select the best breast radiation shield. Results: The results indicated that the different shield compositions
reduced the surface dose by 14.17–51.69%. The shield with a composition of 90%Cu–10%BaSO4 and 50%
Cu–50% BaSO4 had the lowest noise, while the 100% bismuth shield had the highest noise. Importantly, the
50% Cu–50% BaSO4 shield did not cause artifacts in the thoracic CT images. Conclusion: By using the
50%Cu–50%BaSO4 shield, a significant dose reduction was achieved while maintaining appropriate image
quality, making it suitable for clinical applications.
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1 Introduction

The use of computed tomography (CT) as a diagnostic
imaging technology has increased in the last two decades
(Abolhadi et al., 2023; Bertho et al., 2024; Lestari et al., 2023).
Compared to the other imaging modalities, CT examinations
use ionizing radiation with higher doses (Curtis, 2010; Saba
et al., 2019; Schöckel et al., 2020), contribute to 70% of the
overall dose of medical patients (Saba et al., 2019). A report in
2005 indicated that CT scan accounted for only 11% of all
radiological tests (Curtis, 2010). Today, the number of CT
examinations around the world increases by 4% annually,
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which is a total of about 300 million CT scans per year
(Schöckel et al., 2020).

CT scans are essential examinations for efficiently diagnos-
ing a wide variety of thoracic diseases and are the most accurate
technique for lung examinations (Alonso et al., 2016; Saba et al.,
2019). Exposure of radiation-sensitive organs can lead to an
increased risk of cancer (Alonso et al., 2016; Dere, 2022; Liao
et al., 2019). The cancer risk from chest CT is estimated to be
between 25 and 33 cases per 100,000 examinations (Colletti
et al., 2013). In thoracic CTexaminations, the breast tissue, as a
radiation-sensitive organ, receives a large dose due to its
superficiality and its location in the scanningfield, even though it
is not under clinical examination (Lestari et al., 2023; Mehnati
et al., 2023; Saba et al., 2019). In chest CT, the dose delivered to
the breast is usually 0.035–0.02 Gy (Saba et al., 2019; Tappouni
et al., 2013). Due to the breast’s high radiation sensitivity, with a
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weighting factor of 0.12, and its exposure to high doses during
chest CT examinations, reducing the breast dose is important
(Lestari et al., 2023; Saba et al., 2019).

There are several techniques to reduce breast dose during
thoracic CT examinations: (1) Iterative Reconstruction
Algorithm (IRA) (Foley et al., 2013; Lambert et al., 2016);
(2) Tube Current Modulation (TCM) techniques (angular or
organ-based) (Feldle et al., 2023; Foley et al., 2013; Lambert
et al., 2016; Saba et al., 2019); and (3) Using bismuth shield
(Mehnati et al., 2019; Mehnati et al., 2019; Saba et al., 2019).
The use of a bismuth shield is an effective method for reducing
breast absorbed dose during CT examinations. By absorbing
low-energy photons, the bismuth shield reduces the dose to the
superficial organs by 26–57%. Bismuth breast shields work
independently of the CTscanner and can therefore be used with
scanners of different models and manufacturers. The
advantages of bismuth breast shields include low cost,
effectiveness, and ease of manipulation (Ko et al., 2021).
Despite the benefits of dose reduction, the bismuth shield has a
detrimental effect on image quality, such as changes in the
accuracy of the CT number and an increase in image noise and
artifacts (Foley et al., 2013; Lambert et al., 2016;
Liao et al., 2019; Saba et al., 2019). The other researchers
(Alonso et al., 2016; Colletti et al., 2013; Einstein et al., 2012;
Huggett et al., 2013) have conducted further investigations on
the use of bismuth shields. They demonstrated that the use of
bismuth shield reduced the breast surface dose but it also
increased image noise, created streak artifacts and decreased
image quality (signal and contrast). The usefulness of bismuth
shield has been challenged by the American Association of
Physicists in Medicine (AAPM) (AAPM Report, 2024;
Akhlaghi et al., 2014) due to the decrease in the diagnostic
quality of the images, unpredictable and unreliable results
when it is combined with the automatic radiation control
system, and loss of part of the input beam intensity.

In recent decades, researchers (Foley et al., 2013; Lestari
et al., 2023; Mathieu et al., 2013; Mehnati et al., 2018; Parker
et al., 2008) have sought to introduce new shield materials to
reduce surface dose in CT examinations. Parker et al. (2008),
Feloy et al. (2013), Mathieu et al. (2013), Mehnati et al.
(2018), Lestari et al. (2023) have introduced and used various
material as radiation shield for CT examination. Specifically,
they have fabricated and used the following materials to reduce
the surface dose and investigated on the image quality
parameters as well: tungsten-antimony alloy composite
(Parker et al., 2008), barium vinyl (Foley et al., 2013), copper
foil filtration or lead foil filtration (Mathieu et al., 2013), and
polyurethane and silicon with 5% of bismuth (Mehnati et al.,
2018), silicone rubber (SR)-lead (Pb) (Lestari et al., 2023).
Feloy et al. (2013) compared the dose reduction with bismuth
and barium vinyl in-plan shield. They indicated that the dose
reduction with bismuth is greater than barium vinyl but the
important point is that the increase in image noise was more
pronounced with the bismuth shield compared to the barium
vinyl shield in-plane shield. Mehnati et al. (2018) demonstrat-
ed that using polyurethane and silicone shields with 5%
bismuth reduced the breast surface dose by 57.9% and 37.6%,
respectively.

Based on the fact that CT scans are known as the primary
sources of radiation exposure for patients among other X-ray
diagnostic modalities, a new shield design for thoracic CT
examinations is necessary to significantly reduce the breast
dose while maintaining the diagnostic quality of the images.
The aim of this study is to: introduce a new shield material
composed of barium sulfate and copper for reducing the
radiation dose to the breast surface, investigate the effect of
new shield on image quality and compare its results with other
research findings.

2 Materials and methods

2.1 Shield construction

In this study, copper was used as a material with a low
atomic number (ZCu = 29) and barium sulfate (BaSo4) was used
as a material with a high atomic number (ZBaSo4 = 56). The
composition of copper and BaSo4 removes low and medium
energy rays that are not crucial for imaging, and thereby
reducing patient dose. However, the use of bismuth (ZBi = 83)
removes both low-energy and a significant amount of high-
energy X-rays, leading to image artifacts.

Four types of radiation shields were designed for the
current study. These included three different weight percen-
tages of BaSo4 and copper (100% BaSo4; 50% BaSo4 and 50%
copper; 10%BaSo4 and 90% copper) and as well as one weight
percentage of bismuth (100% bismuth), which were chosen to
create the breast shields.

A plexiglass mold in the shape of breast was used to
constructed the radiation shields. The shields were made of
Room-Temperature-Vulcanizing silicone (RTV silicon) (Saba
et al., 2019) due to proper shape stability and acceptable
flexibility as a matrix and bismuth, copper and BaSo4 as X-ray
absorbing materials. RTV silicone is a type of silicone rubber
in which the silicone rubber serves as a base and is mixed with
a curating agent (Saba et al., 2019). The radiation shield of the
breast was made in a rectangular shape, with length of 40 cm,
width of 14 cm, and thickness of 5.2mm (Hopper, 2002),
taking into account the anatomical shape of the breasts, so that
the upper middle incision was designed to fit the sternum gap.
Its edges were curved to avoid any effect on the diagnostic
image. In order to minimize the image noise and CT number
shifts near the shield, a 2 cm thick foam pad (Mehnati et al.,
2018; Mehnati et al., 2019; Saba et al., 2019) was used
between the breasts and the shield (Fig. 1a).

2.2 CT scanning

All CT scanning were performed using a 16-slice scanner
(Siemens, Germany). The machine automatically selected
conventional adult chest scan parameters based on patient
anatomy and attenuation (automatic exposure control (AEC)),
including a tube voltage of 130 kVp, tube current of 100mA,
slice thickness of 5mm, pitch of 1.25, and pixel size of
1.6mm� 1.2mm. To avoid increasing the scanning param-
eters in thorax CT, shields were placed on the breast after scout
taking the images.
2.3 Phantoms and dosimetry

Evaluation of the effectiveness of the constructed radiation
shields in reducing the breast surface dose, was performed



Fig. 1. Radiation shield (a), thorax phantom and breast phantom (b),
thorax phantom and breast phantom with the shield and dosimetry
instrument (c).
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using a humanoid thorax phantom and breast phantom
(Fig. 1b). The phantom used in this study was made of
materials with electron density similar to real human chest
structures, including cork with CT numbers in the range of
774–841 Hounsfield Unit (HUs) representing the lungs,
plexiglas with 80–171 HUs as the soft tissue and finally a
dense fiber (phenolic resin cotton fiber rod) with
565–717 HUs instead of vertebral bones. It is worth
mentioning that the spectrum of HUs presented above was
obtained from the treatment planning system (TPS) software
(Ehtiati et al., 2021). The diameter of the breast phantom was
160mm and its height was 80mm. The breast phantom was
made using silicone materials and a 2% catalyst was added to
improve the process and quality of the breast phantom. The
breast phantom was placed on the thorax phantom to resemble
the actual position of the breast on the chest wall. Based on
human anatomy, the breast was located between the second
and sixth or seventh ribs (in the vertical dimensions). The
surface breast radiation dose was measured with Harshaw
TLD-700 (Harshaw USA) dosimeters (LiF: Mg, Ti, in the
form of cubes with dimensions of 2.3� 2.3� 0.9 mm3). In
order to read TLD dosimeters, a KFKI RMKI-TLD Reader
(KFKI Research Institute of the Hungarian Academy of
Sciences, Budapest, Hungary) was used. Dose measurements
were carried out with and without the shields, separately.
Each measurement was repeated for three times. To measure
the dose with and without the shields using the TLD
dosimeters, three TLDs were placed on the right breast and
three TLDs on the left breast (Fig. 1c). The average of these
measurements was considered as the absorbed dose of both
breasts.

2.4 Image quality assessment

The image quality without and with the shields was
quantitatively evaluated using a CTDI acrylic homogenous
phantom (Fig. 2a), which is a cylindrical phantom with
diameter of 24 cm and length of 15 cm bymeasuring the image
noise and CT numbers shift in different regions of interests
(ROIs). Image noise was evaluated using the standard
deviation of the attenuation values (in HU units) in the
homogeneous region. In the phantom image, a 2 cm2 region of
interest (ROI) was considered in the center of the phantom and
four ROIs in the adjacent parts (Fig. 2b). Themean CT number
and standard deviation within each ROI were calculated in
seven successive axial images and then averaged.
2.5 Patient study

For image quality assessment, a controlled trial with a
parallel group design was conducted. All procedures were in
accordance with the ethical standards of ethics committee of
Semnan university of Medical Science, Iran. 60 female
patients were recruited in this study and divided into two equal
intervention and control groups. The Important point is that
imaging was parts of the patient’s diagnostic processes and no
additional radiation was given to the patients. The criteria for
patients to enter the study were female patients aged 20–75
who underwent thoracic CT examinations, and the criteria for
patients to leave the study were patients who had a reduced
level of consciousness (as a result of trauma, stroke, or other
factors) or the patient’s lack of consent to continue
participating in the research.

In the CT scan department, after filling informed consent
forms by the patients, the optimized shield was placed over
the breast organ after the scout scan in the intervention group.
In the control group, the patients underwent routine CT
imaging of thorax without radiation shield on the breast
organ. Before assessing the CT images, image of the shield was
removed from the images of the intervention group, and then the
images of the intervention and control groups were given to two
radiologists. A checklist form was filled about the absence or
presence of artifacts (Streak or beam hardening artifact) in the
breast, mediastinum, and lung parenchyma regions.

2.6 Statistical analysis

The difference between different groups (the group with
different shieldsand thegroupwithout shield)wasevaluatedusing
paired t-test. Statistical significance was set at p-value less than



Fig. 2. CTDI phantom (a), five ROIs in the CTDI phantom image to evaluate noise and CT number in images (b).

Table 1. Measured mean breast surface dose during thoracic CT
scans with and without the constructed shields.

Shield composition ESD (mGy) Dose reduction (%)

No shielding 15.03 ± 2.13 –
50% Cu–50%BaSO4 7.93 ± 0.63 47.23
10% Cu–90% BaSO4 8.03 ± 1.52 46.57
100% BaSO4 13.64 ± 1.35 14.17
100% Bi 7.26 ± 0.71 51.69

Dose reduction (%) = 100� [(Measured dose without shield �
Measured dose in presents of shield)/Measured dose without shield].
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0.05. Furthermore, the Shapiro–Wilk test was used for assessing
the normality of the data. All data had a normal distribution.

3 Results

3.1 Breast surface dose on the human thorax
phantom

Mean values entrance skin dose (ESD) and percentage of
dose reduction in CT imaging without and with radiation
shields are listed in Table 1. Using on phantom TLD
measurements, the average breast surface dose without
radiation shield was 15.03 mGy. The surface dose was
reduced (compared to without radiation shield) by 14.17% to
51.69% with the use of radiation shields. The p-values (for
comparison of groups with shield compared to the group
without shield) of all radiation shields except 100% BaSO4

shield were statistically significant (p < 0.05).
3.2 Image quality using CTDI phantom

Shields were placed on the CTDI phantom during CT
scanning to assess the image quality. Five desirable circular
areas (ROIs) were considered in the phantom image with
different distances from the shield. The mean values of the
pixels inside the ROIs were considered as the average CT
number and their standard deviation was considered as the
noise. The mean CT number and standard deviation within
each ROI were averaged for seven consecutive images. CT
numbers shift and image noise increase percentage with and
without shields are also shown in Figure 3. The shield with
50% Cu–50% BaSO4 had the lowest destructive effect on the
image quality considering the image noise and CT numbers
shift. CT number shift and image noise decrease with
increasing distance between shield and ROI in the image. The
effect of 50% Cu–50% BaSO4 shield on the CT number in all
regions except the left peripheral region and on the noise in all
regions except the anterior and middle regions was not
statistically significant (p > 0.05).
3.3 Image quality analysis by patient study

For the patient study, 50% Cu–50% BaSO4 shield was
chosen due to its less impact on image quality. An axial chest
CT image of a patient using a 50% Cu–50% BaSO4 shield is
shown in Figure 4. Based on the results of the radiologist’s
evaluation (Tab. 2), no artifact was observed in the 30 patients
of the intervention group. In the case of image quality, there
was no significant difference between the intervention and
control groups. The radiologists declared that all CT images
were had p-value of normal diagnostic quality.
4 Discussion

The use of CT and its associated radiation dose has been
increased in recent years (Bertho et al., 2024). In the recent
years, special attention has been focused on more sensitive
organs such as the lens of the eye, thyroid, and breast during
CT scanning. Although the breast is not the target of the thorax
CT examination, the main drawback of this imaging method is
that it exposes the breast to ionizing radiation. In large-scale
epidemiological studies (Mathews et al., 2013; Miglioretti
et al., 2013), it has been shown that the risk of developing
cancer in children and young adults is increased due to
radiation exposure after CT examinations. Studies on women



Fig. 3. Comparison of CT number shift (a) and noise increase (%) (b) in different ROIs: (1) anterior, (2) posterior, (3) left peripheral, (4) right
peripheral, (5) the middle in the CTDI phantom.

282 F. Poursoltani et al.: Radioprotection 2024, 59(4), 278–286
who survived the atomic bombings of Japan and on patients
who underwent multiple radiographs for benign conditions
such as tuberculosis and scoliosis have shown the prevalence
of cancer in breast tissue after exposure to ionizing radiation
(Hoffman et al., 1989; Miller et al., 1989). Therefore, the use
of dose reduction techniques for radiosensitive organs is
important during CT imaging. IRA and TCM are techniques
used to reduce dose in CTscanners. However, these techniques
have limitations and are not also existed in all CT scanners
(Foley et al., 2013; Lambert et al., 2016). Another method is to
use a shield that is placed on the surface organ and reduces the
dose to that organ by reducing the radiation intensity in the
underlying tissues. In this research, various compositions of
Cu and BaSO4 were made in order to reduce the dose for the
breast in CT examination. It should be mentioned that for the
analysis of dose reduction, in some studies, organ dose and in
some other studies, such as this study, the ESD has been
reported.
4.1 The effect of new breast radiation shields in dose
reduction

Based on data in Table 1, different composition,
constructed breast shields reduces the surface dose of breast
by 14.77%–51.69%. The difference between the dose
reduction of these shields has a maximum of 37.52%. Based
on the data presented in Table 3, the efficiency of the



Fig. 4. An example of axial thoracic CT images obtained with 50% Cu-50% BaSO4 shield for shielding of Lung mediastinum (a), for
parenchyma (b).

Table 2. Data on artifact occurrence in patients with and without 50%
BaSO4-50% Cu shield (no artifact, artifact in the lung area, artifact in
the mediastinum area, artifact in the breast area).

Number of patients

Without shield With shield

Absence of artifacts 30 30
Artifact in the lung
parenchyma region

– –

Mediastinal artifact – –
Artifact in the breast area – –
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constructed bismuth breast shields in this study in reducing the
ESD is close to the results of Hopper et al. (2002), Mehnati
et al. (2018), Yilmaz et al. (2007), Catuzzo et al. (2010),
Huggett et al. (2013), Mendes et al. (2015), Vollmar et al.
(2008). These small differences in the results of these studies
may be due to differences in imaging techniques, breast sizes
and dose measurement tools. The efficacy of the constructed
shields in this study suggests that they can be used as dose
reduction shields for clinical applications in CT examinations.

Tochaikul et al. (2024) conducted a study to investigate a
lead-free radiation shielding material, BaSO4 composite, and
evaluated its effectiveness in providing radiation protection.
The findings show that the composite containing 30% BaSO4

shows the most effective radiation absorption properties with
percentages of 92.15%, 89.26%, and 86.04% in X-ray energies
of 40, 60, and 80 kVp, respectively. In addition, composites
containing BaSO4 are environmentally friendly and provide
good protection against low-dose radiation. Moonkum et al.
(2023) performed a study with the aim of investigating a non-
lead radiation shield and evaluating its effectiveness in
radiation protection. In that study, they studied the character-
istics of primary and secondary radiation absorption of shields
consisting of silicone rubber, BaSO4 and Bi2O3 in different
ratios. The results showed that the protective material with
70% BaSO4 and Bi2O3 has the ability to reduce the radiation
dose from 120 kVp X-ray and has absorption properties of
90.19%–94.87% for primary radiation and 92.72%–97.48%
for secondary radiation. In addition, silicone rubber shielding
materials mixed with BaSO4 and Bi2O3 are environmentally
friendly, flexible, and have excellent shielding performance in
reducing diagnostic X-ray exposure. However, in the present
study, the dose reduction of 100% BaSO4 shield was only
17.14%, which was not statistically significant, and this shield
was ultimately rejected in this study.

4.2 Effect on noise and CT number shift on the CTDI
phantom

The shields were constructed in a rectangular cubic form
with different weight percentages of BaSO4 and Cu to find
which composition has the least effect on image quality. The
shield construction was completely flexible but due to the
2 cm foam which was attached to the shield, the shape of
shield seems inflexible (Fig. 2a). 90% Cu–10% BaSO4, 50%
Cu–50% BaSO4, 100% BaSO4, 100% Bi shields increased
image noise by 4.5%, 9.3%, 8.13%, and 16.5%, respectively
and the corresponding CT number shift was 2.43%, 0.77%,
1.10% and 4.00%, respectively. According to the discussed
cases, it can be mentioned that scan images with 50%
Cu–50% BaSO4 shield, had less noise and CT number shift.
The increase in image noise and CT number shift were 2.94
HU and 0.95 HU, respectively, for without and with 50%
Cu–50% BaSO4 shield. 50% Cu–50% BaSO4 shield
compared to the other compositions, had the lowest
degrading effects on the image quality, therefore, this shield
was used as the radiation shield material in the patient study
for further evaluation. The amount of noise increase and
CT number shift in the posterior region was less than the
anterior region, and the reason for this is that the posterior
region is far from the radiation shield.

In accordance with the literature review, Einstein et al.
(2012) demonstrated that the use of commercial Bi shielding of
breast during CT coronary angiography increased the noise in
the location of the coronary arteries by 2.3 HU. Tappouni et al.
(2013) indicated that the use of commercial Bi radiation shield



Table 3. Comparison of dose reduction due to bismuth shielding between the current study and other relevant studies.

Study Shield composition Measurement tools Dose reduction (%)

Current Study 100% Bi TLD 51.69
Hopper et al. (2002) 100% Bi – 52.40
Yilmaz et al. (2007) 100% Bi TLD 40.53
Catuzzo et al. (2010) 100% Bi TLD 38.00
Huggett et al. (2013) 100% Bi MOSFET* 50.00
Mendes et al. (2015) 100% Bi Ionization Chamber 45.00
Vollmar et al. (2008) 100% Bi Monte Carlo Simulation 42.80
Mehnati et al. (2018) Bismuth-silicon TLD 57.90

& Bismuth-polyurethane 37.60

* Metal-oxide-semiconductor field-effect transistor.
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increased the CT number by 20 HU, but the noise reduced to
1.86 HU, which was attributed to the hardening of the beam.
The late effect was due to the elimination of low energy rays by
bismuth shield. Foley et al. (Foley et al., 2013) demonstrated
that when using a Bi shield compared to standard protocols for
thorax CT and down-tube flow, the average noise increased
from 16.1 HU to 20.4 HU (increase of 4.3 HU). As a result, the
use of 50% Cu–50% BaSO4 shield with a distance of 2.52 cm
(shield with a thickness of 0.52 cm and a foam pad with a width
of 2 cm) protected the breast tissue without degrading the
image quality.

4.3 Patient study

By evaluation of the images of the patients in the
intervention group and comparing them with the images of the
patients in the control group, the effect of 50%Cu–50%BaSO4

shield on the image quality was qualitatively investigated. No
artifacts were observed in the lung parenchyma, mediastinum,
and breast in the manufactured radiation shields for the breast
(Tab. 2). This shield reduced the breast dose without affecting
the image quality. Based on literature review, Tappouni et al.
(2013) investigated the effect of Bi breast shield and partial CT
technique in dose reduction, did not observe any artifacts on
image in chest wall, heart and lung parenchyma. The results of
the presented study are in agreement with the study by
Tappouni et al. (2013).

The use of thorax phantom is the limitation of the present
study, for which due to the fact that the thorax phantom and the
breast tissue is integral, consisting of only a single piece, the
surface dose was measured only on the breast surface. If an
anthropomorphic phantom is available, the dose can be
measured in different depths of the breast tissue in the presence
and absence of shields. Another limitation of this study is the
construction of radiation shields in a way that it was not
possible to remove low-energy rays on the outer sides of the
breast.

5 Conclusions

According to the obtained results, it can be concluded that
by using 50% Cu–50% BaSO4 radiation shield for the breast,
in addition to dose reduction, the image quality is good in terms
of the absence of artifacts, noise and accuracy of the CT
number. This shield causes the CT number shift of 0.95 HU
and noise increase of 2.94 HU (9.3%), therefore, it can be
concluded that this radiation shield can be used for clinical
application in thorax CT scanning.
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