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ABSTRACT 

Introduction: Many researchers have suggested that bismuth com-
posite shields (BCS) reduce breast dose remarkably; however, the level
of this reduction and its impact on image quality has not been assessed.
This study aimed to evaluate the efficiency of nano- and micro- BCS
in reducing the dose and image quality during chest computed tomog-
raphy (CT) scans. 

Materials and methods: Bismuth shields composed of 15 weight-
ing percentage (wt%) and 20 wt% bismuth oxide (Bi 2 O 3 ) nano- 
and micro-particles mixed in silicon rubber polymer were constructed
in 1 and 1.5 mm thicknesses. The physical properties of nanoparti-
cles were assessed using a scanning electron microscope (SEM), X-
ray diffraction (XRD), and energy-dispersive X-ray (EDX). Breast ra-
diation doses were measured experimentally during chest CT using
PMMA standard dosimetry phantom (body phantom, 76-419-4150,
Fluke Biomedical) in the presence of the shields. The image quality
was assessed by calculating signal and noise values in different regions. 

Results: The SEM images showed that the average size of Bi 2 O 3 nano- 
and micro-particles was about 70 nm and 150 μm, respectively. The
breast doses were reduced by increasing the shield thickness/bismuth
weight percentage. The maximum dose reduction was related to the 

20% weight of Bi 2 O 3 nano-particles and a thickness of 1.5 mm. The
minimum dose reduction was related to the 15% weight of Bi 2 O 3 

micro-particles with a thickness of 1 mm. The mean noise was higher
in nano-particle bismuth shields than in micro-particles. 

Conclusion: Composite shields containing bismuth nano- and
micro-particles can reduce the breast dose during chest CT exami-
nations while negatively impacting diagnostic image quality. Several
critical factors, such as bismuth concentration, particle size, and shield
thickness, directly affect the efficiency. 

RÉSUMÉ
Introduction: De nombreux chercheurs ont suggéré que les boucliers
composites au bismuth réduisent considérablement la dose reçue par
le sein, mais le niveau de cette réduction et son incidence sur la qualité
de l’image n’ont pas été évalués. Cette étude avait pour but d’évaluer
l’efficacité des boucliers composites de nano- et micro-particules de
bismuth dans la réduction de la dose et de la qualité de l’image pen-
dant les tomographies thoraciques. 

Matériel et méthodologie: Des écrans au bismuth composés de nano-
et micro-particules d’oxyde de bismuth (Bi 2 O 3 ) à 15 et 20 % en poids 
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mélangées à une matrice à base de caoutchouc de silicone ont été
construits en 1 et 1,5 mm d’épaisseur. Les propriétés physiques des
nanoparticules ont été évaluées au moyen du microscope électronique
à balayage (MEB), de la diffraction des rayons X (DRX) et des rayons X
à dispersion énergétique (EDX). Les doses de rayonnement au niveau
du sein ont été mesurées expérimentalement au cours d’une tomo-
graphie thoracique à l’aide d’un fantôme de dosimétrie standard en
PMMA (body phantom, 76-419-4150, Fluke Biomedical) en présence
des écrans. La qualité de l’image a été évaluée en calculant les valeurs
de signal et de bruit dans différentes régions. 

Résultats: Les images au microscope électronique (SEM-MAP) ont
montré que la taille moyenne des nanoparticules et microparticules de
Bi 2 O 3 était d’environ 70 nm et 150 μm, respectivement. Les boucliers 

composites avec 15 % en poids et 20 % en poids d’oxyde de bismuth
ont montré une réduction de dose de 12 à 33 %, respectivement, en
fonction du pourcentage de remplissage, de l’épaisseur du bouclier et
de la taille des particules. Les doses de poitrine ont été réduites en aug-
mentant l’épaisseur du bouclier et le pourcentage en poids d’oxyde de
bismuth. Le bruit moyen a augmenté de 8 à 29 % dans la position du
sein et de 4 à 25 % à l’emplacement des artères coronaires. 

Conclusion: Les écrans composites contenant des nanoparticules et
des microparticules de bismuth peuvent réduire la dose au sein pen-
dant les examens de tomodensitométrie thoracique tout en ayant une
incidence négative sur la qualité de l’image diagnostique. Plusieurs fac-
teurs critiques tels que la concentration de bismuth, la taille des par-
ticules et l’épaisseur du bouclier affectent directement l’efficacité. 
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and increased image noise significantly [18] . Kalra et al. pre-

 

Computed tomography (CT) has become one of the main
methods for medical diagnosis due to its simple applications
and high clinical efficiency [1–3] ; however, this modality uses
ionizing radiation that develops the probabilities of radiation-
induced harmful effects like cancer. Therefore, it is essential to
minimize the patient’s radiation exposure dose in CT exami-
nations as low as reasonably achievable (ALARA). In chest CT,
the breast tissue is exposed to primary radiation and is often not
the target organ for imaging [4 , 5] . Furthermore, female breast
tissue was recently found to be more radiosensitive than earlier
[6] . Studies showed that exposure to ionizing radiation during
chest radiological imaging remarkably increases breast cancer
risk [5 , 7] . Several methods have been proposed to reduce the
breast dose during chest CT, including tube current modula-
tion (TCM) [8] , organ-based TCM [8] , shielding [9] , decreas-
ing the radiation field [10] , and novel image reconstruction al-
gorithms with lower exposures [11 , 12] . 

Researchers have suggested flexible and non-toxic polymer
composite shields with metal particles for patient radiation pro-
tection through CT examinations [13] . In conventional lead
protection, the goal is to reduce ionizing radiation to a specific
area. In this situation, lead causes remarkable metal artifacts
and the image quality decreases significantly. While with a poly-
mer composite shield, the X-ray is partially blocked to reduce
the dose to the underlying tissue and satisfy enough transmit-
ted X-ray beams to make a valuable diagnostic CT image [14] .
The bismuth composite shields (BCS) are commercially avail-
able now as one of the common patient dose reduction meth-
ods to protect superficial organs, such as the eyes, thyroid, and
breast, during CT examinations. These shields are usually po-
sitioned over the surface of the sensitive superficial organs and
attenuate the primary X-ray beams by 20-40% [15] . Tapouni
et al. have shown that BCS can decrease breast radiation dose
by about 37% while maintaining image quality [16] . However,
the use of BCS increases image noise, changes CT numbers,
and decreases image quality [17] . Einstein et al. reported that
using BCS reduced the contrast to noise levels by about 21%
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sented similar findings, and they showed that applying BCS up
to 6 cm below the radiation shield caused a significant increase
in the CT number and image noise [19] . 

Despite all the advantages of BCS, losing the image quality
and diagnostic value of the medical images are the considerable
challenges in clinics. The purpose of the present study was to
evaluate the impact of BCS with different concentrations and
thicknesses on dose and image quality for female breasts during
chest CT scans. In this regard, nano- and micro-particles of bis-
muth oxide (Bi 2 O 3 ) were constructed and their properties were
evaluated using a scanning electron microscope (SEM), X-ray
diffraction (XRD), and energy-dispersive X-ray (EDX) exami-
nations. The effect of shield thickness, bismuth weight percent-
age, and particle size was evaluated on the performance (dose
reduction and image quality) of radiation composite shields. 

Materials and methods 

Preparation and characterization of the BCS 

A newly designed BCS of bismuth nano- and micro-
particles with 15 weight percentage (wt%) and 20 wt% mixed
in silicon rubber polymer with 1 mm and 1.5 mm thicknesses
and 20 × 20 cm 

2 size was used in this study. Bi 2 O 3 nano-
particles were synthesized and analyzed with SEM and XRD
examinations. The EDX analysis, as an analytical technique,
was used to evaluate the chemical compositions of BCS. Af-
ter the synthesis, Bi 2 O 3 nano-particles ( ≤100nm) and micro-
particles ( ≤150 μm) were blended by a mechanical stirrer into
the silicon with the relevant weight percentages. The shields
were dried for two weeks in the laboratory. SEM imaging was
used to evaluate the distribution of bismuth particles within the
silicone [20–22] . 

Measurements of X-ray transmission 

A conventional radiographic device (VARIAN tube type)
and a DIADOS E dosimeter (T11035-0206, PTW Company,
cal Imaging and Radiation Sciences 54 (2023) 145–152 



Fig. 1. Image quality assessment in regions of interest position of CT phantom with and without different nano- and micro- bismuth composite shields. A: Standard
CT phantom covered by composite shield and 1 cm foam. B: The three area were selected to analysis image quality. 
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Freiburg, Germany) were used to evaluate the X-ray attenu-
ation properties of these shields and calculate their linear at-
tenuation coefficient ( μ). All equipment had been quality con-
trolled and calibrated regarding the recommended protocols of
AAPM (American Association of Physicists in Medicine) report
No. 74 and company standards [23] , and they were perform-
ing within manufacturer and required national standards. The
shields were placed at a distance of 1m from the X-ray tube focal
point, and the dosimeter was placed under the shield. The X-ray
transmission values were measured in the presence and absence

of BCS at three energies (60, 80, and 100 kVp) [24] . The mea-
surements were performed for different thicknesses of 1, 1.5,
and 2.0 mm for each shield, and the linear attenuation coeffi-
cients were estimated using the Beer-Lambert formula [25] . 

Dosimetry condition and image quality analysis 

A standard polymathic methacrylate (PMMA) CT phantom
(body phantom, 76-419-4150, Fluke Biomedical) was used for
dosimetry and image quality assessment. The PMMA phan-
tom is made of solid acrylic and has five measurement holes
at the center and in the 12, 3, 6, and 9 o’clock positions. The
ion chamber (10 cm pencil-shaped ionization chamber, Model
205-3 CT, Monrovia, USA) was positioned in the 12 o’clock
position for breast dose measurement [26] because this hole is
nearest to the phantom upper surface, simulating the breast
location. The phantom was scanned using a 16 multi-slice
CT scan scanner (SOMATOM Emotion, model 03815300,
Siemens) with a standard protocol of adult chest CT, includ-
ing the tube potential of 110 kVp, tube current of 105 mAs,
pithch =1, and 5-mm slice thickness. Each BCS was fixed on
the phantom surface with 1 cm foam. The location of phan-

D os e r e d uc t i on ( % 

) = Measured dose without shield −
Measured 
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toms and the shield on the breasts can be seen in Fig. 1 A.
The image quality was assessed by measuring mean CT num-
bers and their standard deviations in chosen regions of interest
(ROIs) of approximately 2 cm 

2 . The noise values were the stan-
dard deviations of CT numbers in each ROI on the CT images
with and without BCS. The ROIs were defined in anterior, cen-
tral, and posterior regions on five consecutive slices ( Fig. 2 B).
The quantitative image was evaluated by the eFilm Lite image
analysis software (version 3.4, Java, 2010 Merge Healthcare).
The dose reduction by BCS was calculated based on Eq. 1 : 

ured dosein the presence of shield 

ithout shield 

× 100 (1) 

Results 

Morphological and structural analysis 

An SEM image of the Bi 2 O 3 nano-particle morphologies is
shown in Fig. 2 . The Bi 2 O 3 nano-particles obtained are almost
semi-spherical with some agglomerated particles. The average
size of Bi 2 O 3 nano-particles varied from 50 nm to 150 nm, and
the average size of Bi 2 O 3 micro-particles was about 150 μm. 

The XRD analysis of Bi 2 O 3 nano-particles is illustrated in
Fig. 3 A. The experimental analysis was performed at diffraction
angles ranging from 20 ° to 70 °. The location of the peaks indi-
cated the successful synthesis of Bi 2 O 3 nanoparticles, and the
main curve peak near 27 ° indicates the existence of Bi 2 O 3 . The
mean particle size of the Bi 2 O 3 nanoparticles was calculated by
applying the Scherer equation [27] to the plane diffraction peak
and found to be 40–90 nm in the composite. The distribu-
tion of Bi 2 O 3 nano- and micro-particles in the silicone matrix
was calculated through SEM analysis, and a sample image is
shown in Fig. 3 B. The SEM test showed that the particles are
well dispersed in 15% to 20% BCS, indicating the correct pro-
cess of synthesis and fabrication of the BCS. The EDX analysis
cal Imaging and Radiation Sciences 54 (2023) 145–152 147 



Fig. 2. SEM images of Bi2O3 particles in the silicon rubber matrix. A and B: With less magnification and more magnification of 15% composites. C and D: With
less magnification and more magnification of 20% composites. 

 

 

 

confirmed that the shield contained silicone, carbon, oxygen,
and bismuth. These results were similar to the values obtained
from SEM and XRD examinations. The Bi 2 O 3 particles had
a good uniform distribution inside the polymer. This property
prevented radiation from passing through the empty spaces in
composite shields. 

Radiation protection properties 

Figs. 4 and 5 present the linear attenuation coefficient values
of nano- and micro-BCS with different percentages and thick-
nesses at three energies of 60, 80, and 100 kVp. According to
Fig. 4 , the μ values at 100 kVp for the 100% silicon shield was
equal to 1.12 cm 

−1 . The linear attenuation coefficients for the
15% and 20% of nano-BCS with a thickness of 1 mm were 5.66
cm 

−1 and 7.36 cm 

−1 , respectively. Also, for 15% and 20% of
nano-BCS with a thickness of 1.5 mm, the μ values were 4.78
cm 

−1 and 6.34 cm 

−1 , respectively. Details of the μ values at 80
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and 60 kVp energies are presented in Fig. 4 . In addition, the
μ values for micro-BCS are shown in Fig. 5 . They were 4.98
cm 

−1 and 6.67 cm 

−1 for the 15% and 20% bismuth with 1
mm thickness, respectively. Furthermore, for a thickness of 1.5
mm, these values were 4.23 cm 

−1 and 5.77 cm 

−1 , respectively.
The μ values at 80 and 60 kVp energies are presented in Fig. 5 .

Breast radiation doses 

The breast average dose with and without the use of BCS
with different percentages, particle sizes, and thicknesses are
presented in Fig. 6 . The breast dose was 8.65 mGy before ap-
plying shields through a chest CT scan. The maximum dose
reduction was related to the bismuth shield with 20% weight
of Bi 2 O 3 nano-particles and a thickness of 1.5 mm. The min-
imum dose reduction was related to the bismuth shield with
15% weight of Bi 2 O 3 micro-particles with a thickness of 1 mm.
cal Imaging and Radiation Sciences 54 (2023) 145–152 



Fig. 3. The XRD (A), EDX (C) and SEM (B and D) results of Bi2O3 particles in silicon rubber matrix. 

Fig. 4. Linear attenuation coefficients of different composite shields with bismuth nano-particles at different energies. 

 

Fig. 7 shows the percentage of breast dose reduction using
nano- and micro-BCS with two different Bi 2 O 3 concentrations
and thicknesses. The use of BCS with 15% weighted bismuth
nano-particles and thicknesses of 1 mm and 1.5 mm reduced
the breast dose by 16.55% and 20.82%, respectively. Further-
more, BCS with 20% weighted bismuth nano-particles and
thicknesses of 1 mm and 1.5 mm reduced the breast dose by
27.76% and 33.54, respectively. 
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Image quality assessment 

Table 1 represents the average of mean values and the highest
value of standard deviations in the three ROI regions (posterior,
center, anterior) contoured on CT images. According to this ta-
ble, the noise was higher in nano-particle bismuth shields than
that of micro-particles. The signal values were lower in nano-
particle shields. 
cal Imaging and Radiation Sciences 54 (2023) 145–152 149 



Fig. 5. Linear attenuation coefficients of different composite shields with bismuth micro-particles and at different energies. 

Fig. 6. The recorded dose of the breast in chest CT exams with and without using different nano- and micro- bismuth composite shields. 

Fig. 7. Dose reduction of the breast in chest CT exams with and without using different nano- and micro- bismuth composite shields.

Table 1 
Mean CT number and noise (standard deviation, SD) values measured in im-
ages obtained from chest CT scans performed with and without nano- and
micro- bismuth composite shields. 

Shields 
Nano-BCS Micro-BCS 

CT Number Noise CT Number Noise 

Reference -59.8 ±2.1 20.2 -59.8 ±2.1 20.2
15% Bi-1 mm -54.5 ±2.8 24 -58.1 ±3.0 22.6
15% Bi-1.5 mm -53.9 ±3.1 25.1 -56.9 ±2.7 23
20% Bi-1 mm -53.1 ±3.5 27.4 -54.6 ±3.7 25.4
20% Bi-1.5 mm -51.5 ±3.6 29.7 -53.4 ±4.1 27.1  
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Discussion 

In the current work, the application of Bi 2 O 3 nano- and
micro-particles for radiation protection of the breast during
chest CT examinations was assessed experimentally using a
PMMA phantom. 

The linear attenuation coefficient values of nano- and
micro-BCS with different percentages and thicknesses were ob-
tained. As seen in figures (4 and 5), the μ values increased with
the increase in bismuth concentration. In contrast, all BCS’s
linear attenuation coefficient values declined when photon en-
cal Imaging and Radiation Sciences 54 (2023) 145–152 



 

 

 

 

 

 

 

ergy increased from 60 to 100 kVp. This may be attributed
to the dominant photoelectric interaction mechanism in lower
energies [28] . The effective atomic number (Z eff) is very sub-
stantial in radiation shielding studies, where the Z eff can be
represented by a number providing many characteristics of a
material. With increasing the bismuth concentration, the Z eff
values increase in the shields. For this reason, the linear atten-
uation coefficient values of the BCS with 20% bismuth weight
were higher than that of 15% weight. Our findings demon-
strated that μ values of the composites bismuth were lower for
bismuth micro-particles. The effect of the particle size could be
explained based on the probability of the photon interaction,
which largely depended on the surface-to-volume ratio of the
particles. The surface-to-volume ratio is considerably higher in
the nano-particles compared to the micro-particles [29] . 

The results have shown that particle size (micro and nano-
particles of bismuth) impacts radiation shielding performance.
In a way that bismuth nano-particles with the same weight per-
centage performs better dose reduction than micro-particles.
Previous studies also stated the similar behaviors of different
nano-particles types in shielding materials [30] . The reason
can be attributed to better distribution, the higher surface-to-
volume ratio, and higher X-ray interaction probability, which
increases the chance of X-rays absorption [29 , 31] . However,
shields with bismuth nano-particles showed higher noises and
lower signal-to-noise ratios due to higher dose reduction than
micro-particles. 

The use of bismuth nano-particle reduced the breast dose
by 16.55% to 33.45% in different thicknesses and bismuth
concentrations. A previous study reported similar value ranges
for dose reduction by using bismuth shields in chest CT for
the breast [32] . Bismuth shields with higher bismuth concen-
tration (20% weight vs. 15% weight) and higher thicknesses
(1.5mm vs. 1mm) showed higher dose reduction; however,
the image noise was also higher in the shields with more in-
creased thickness and bismuth concentration. Nowadays, the
main concern focuses on the effect of BCS on image qual-
ity, especially CT number changes, increasing noise, and beam
hardening artifacts, which may compromise diagnostic accu-
racy. Colombo et al. studied image quality decline in areas un-
der a breast shield but not in areas of diagnostic interest for
chest CT scans [33] . They reported that image noise increased
only in the anterior portions of the lung during chest CT ex-
amination. This noise was prohibited in our study by using 1
cm foam under the shield, between the surface and the bis-
muth shield, reducing the amount of scatter radiation reach-
ing the phantom. Banaei et al. also used 4 cm foam under
the bismuth eye shields to reduce the image noise produced
by the shields in brain CT scans [34] . They reported that a
bismuth shield with a thickness of 0.02 cm above 4cm foam
could decrease the lens dose to acceptable levels while provid-
ing a better image quality than the contact shield setup. Our
study confirmed that the breast shield does not compromise
the image quality of the phantom regarding the slight varia-
tion in CT number and noise, as reported in previous phantom
studies [33] 
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The present study found that BCS changes the CT numbers
of the structures near the surface (like breasts), which would
be problematic for quantitative evaluations based on CT num-
bers. For example, radiation hardening may decrease the image
contrast between tumors and peripheral tissue, as reported in
a previous study [35] . Therefore, it is more appropriate for a
visual image assessment by radiologists because most radiolog-
ical diagnostic procedures are qualitative and visually assessed
without considering the HU values. 

Our study had agreement as well as disagreement with sev-
eral studies like Vollmar et al. [36] and Geleijns et al. [37] . In a
way that, they reported considerable dose reduction values dur-
ing the use of breast bismuth shields, similar to our results. On
the other hand, they found around 40% noise and impaired
image quality in lungs and heart regions due to breast bismuth
shields. Their bismuth shield was simple, and they did not use
the bismuth nano- or micro-particles. Using bismuth in the
form of small particles resulted in minor metal artifacts around
the particles, which cannot be detected in the CT images and
add noise to the structure located at small distances from the
shield. Notably, we used foams between the phantom surface
and shields to decrease the scattered radiation that reached the
phantom and reduce the metal artifact in the superficial struc-
tures under the shield. 

There are several limitations to our study. We used a phan-
tom instead of human samples according to ethical principles
and did not consider different anatomical structures. For future
research, it will be appropriate to use human samples to eval-
uate the bismuth nano- or micro-particles composite shields’
performance in chest CT examinations and show the results as
clinically useful (or not). 

Conclusion 

The attenuation coefficients of silicon rubber-based com-
posites containing 15% and 20% of Bi2O3 nano- and micro-
structured with two different thicknesses (1mm and 1.5mm)
were obtained experimentally. The results demonstrated that
higher concentration and thickness shields provided higher
dose reduction; however, these shields had higher noise and
lower signal-to-noise ratio. Additionally, composite shields with
bismuth nano-particles showed higher dose reduction and
lower image quality than micro-particles. It was found that
newly prepared BCS can play an essential role in breast dose
reduction during chest CT exams with an acceptable level of
image quality 
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