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Article Info ABSTRACT

Article History: Lung cancer remains a major cause of cancer mortality, while chest CT
requires careful radiation dose optimization. Commercial anthropomorphic
phantoms are costly, and shell-derived bone substitutes for chest phantoms
with simulated pulmonary nodules remain insufficiently evaluated. This study
developed and assessed a low-cost adult chest phantom using locally available
materials: polymethyl methacrylate (PMMA) for soft tissue, polyurethane
(PU) foam for lung tissue, calcium carbonate derived from Anadara antiquata
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shell waste for bone, and beeswax for a simulated pulmonary nodule. The

Keywords:
phantom was scanned using a 128-slice Multi-Slice Computed Tomography
lung cancer (MSCT) scanner with Automatic Exposure Control (AEC) at 80, 100, and 120
chest phantom kV. Radiometric performance was evaluated using CT numbers, Signal-to-
radiodiagnostic Noise Ratio (SNR), and Contrast-to-Noise Ratio (CNR). Measured CT
thoracic CT numbers were —62.59 + 17.59 HU for beeswax, —915.34 + 15.65 HU for lung
image quality tissue, 113.48 + 14.64 HU for soft tissue, and 1155.35 + 170.70 HU for bone.
These values were compared with published tissue attenuation ranges. The
. . phantom shows potential for CT image quality assessment and optimization,
Corresponding Author: although further validation is needed to improve lesion representation and
Heri Sutanto, establish broader clinical applicability. This approach also explores the reuse
Email: herisutanto@live.undip.ac.id of shell waste.

Copyright © 2026 Author(s)

1. INTRODUCTION

Cancer, characterized by the uncontrolled growth and spread of abnormal cells, remains a major
health challenge (Hassan et al., 2026). Among all cancer types, lung cancer is one of the deadliest,
accounting for nearly 27% of cancer-related deaths worldwide (World Health Organization, 2023).
Timely diagnosis enables less invasive and prompt interventions, whereas delayed detection often
results in advanced-stage disease with limited treatment options (Sung et al., 2021). Computed
tomography (CT) is considered the standard imaging modality for the early detection, staging, and
follow-up evaluation of both small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC)
(Frellesen et al., 2016).

In the evaluation of lung cancer, chest CT provides superior diagnostic performance because it
produces clearer pathological images, thereby enabling the detection of abnormalities that may
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otherwise be overlooked (Sawall et al., 2025). The radiation dose associated with CT scans typically
ranges from 1 to 14 mSv, depending on the examination, which is comparable to the annual dose
received from natural radiation sources, such as radon and cosmic radiation (1-10 mSv) (McCollough
et al., 2009). These values depend on the scanning protocol and patient characteristics, with the resulting
effective dose range determined by the selection of scanning parameters at each facility (Larke et al.,
2011). Although CT plays a crucial role in the diagnosis of pulmonary diseases, the associated radiation
exposure may increase the risk of developing cancer in the future. Therefore, radiation protection for
patients must be improved, and careful attention should be given to the administration of appropriate
radiation doses (Fu et al., 2025). Radiation dose optimization is crucial in CT scanning to ensure that
patients receive the lowest reasonably achievable radiation dose without compromising diagnostic
image quality (Goo, 2012).

Phantoms are widely used in CT radiation dose optimization studies because of their ability to
simulate the characteristics of human tissues. This enables practitioners to perform CT scan simulations
accurately without directly involving patients, making radiation dose optimization studies safer and
more efficient (Bushberg et al., 2012). However, commercially available chest phantoms are expensive,
limiting their accessibility for many institutions. In addition, only a limited number of commercially
available phantoms are capable of replicating lung cancer conditions. Studies focusing on the fabrication
of lung cancer phantoms also remain scarce. Therefore, the development of a chest phantom capable of
replicating lung cancer using affordable and readily available materials is of considerable importance.

Several previous studies have investigated materials for chest phantom fabrication. One such
material is cork, which has been used as a substitute for human lung tissue (Mohammed Ali & Al-
Murshedi, 2023). However, cork is susceptible to mechanical degradation due to environmental factors
such as humidity and temperature (Sergi et al., 2022). As an alternative, several studies have used
polyurethane (PU) foam as a substitute for lung tissue (Amini et al., 2018; Jamal et al., 2020). PU foam
is considered more advantageous because its density is more similar to that of human lung tissue and it
is more readily available in Indonesia than cork (Jamal et al., 2020).

In a subsequent study, resin was used as one of the primary materials for chest phantom
fabrication. Pengpan et al. (2022) developed an in-house pediatric chest phantom based on resin to
evaluate image quality and radiation dose in chest radiography examinations (Pengpan et al., 2022).
Nevertheless, this study focused on pediatric applications and the radiography modality rather than adult
chest phantoms for CT evaluation. Resin is known for its high precision in simulating soft tissue.
However, the fabrication process may involve several stages, such as mixing, molding, curing, and
dimensional control, which can increase production complexity and associated costs (Mohammed Ali
& Al-Murshedi, 2023). Currently, PMMA remains one of the most widely used materials for soft tissue
simulation in phantom fabrication. PMMA is preferred because of its transparency, tissue-equivalent
properties, and ease of processing, which facilitates a more efficient fabrication process (Khallouqi et
al., 2024a; Khallouqi et al., 2024b). Furthermore, a study by Heryani et al. showed that a mixture of
calcium carbonate (CaCOs) and polyester resin (PR) was effective in representing human bone, with CT
numbers ranging from +100 HU to +1000 HU (Heryani et al., 2020).

Previous studies have not specifically evaluated the use of CaCO; powder derived from
Anadara antiquata shell waste for the fabrication of adult chest phantoms for CT imaging. Studies on
shell-derived calcium have primarily focused on its chemical and structural characterization and its
potential applications as a biomaterial, rather than its use in phantoms for simulating lung cancer or
pulmonary nodules. Therefore, this study developed an in-house adult chest phantom using CaCOs3
derived from Anadara antiquata shell waste, PMMA as a soft-tissue substitute, and beeswax as a
surrogate material for lung cancer or pulmonary nodules. Unlike studies focused on pediatric
radiography phantoms or conventional synthetic bone substitutes, the present work evaluates a shell-
derived CaCOs;—polyester-resin rib component together with a beeswax nodule in a modular adult CT
phantom. The objective is to assess whether this specific material combination produces tissue-relevant
CT attenuation and measurable nodule-to-lung contrast, rather than to establish clinical equivalence.
The phantom was subsequently evaluated based on the CT number, signal-to-noise ratio (SNR), and
contrast-to-noise ratio (CNR) at several tube voltages.
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On the other hand, Anadara antiquata shells originating from the coastal regions of Sumatra
represent a type of shell waste with potential for use as a calcium-based material source. Shells generally
contain high amounts of calcium carbonate, making them a potential alternative raw material for various
material applications. Pratama and Widayanti (2025) reported the potential of Anadara antiquata shells
as a calcium-based material. However, the chemical composition of shells may vary depending on the
species, location, and characterization method (Pratama & Widayanti, 2025). In this study, Anadara
antiquata shells were directly characterized using Energy-Dispersive X-ray Spectroscopy (EDX). The
analysis revealed a Ca elemental concentration of 97.86%, reflecting the calcium content within the
material matrix. This finding indicates that Anadara antiquata shells have considerable potential as a
calcium-rich material source for fabricating the bone-equivalent component of an in-house chest
phantom.

This study addresses the limited evaluation of shell-derived CaCOs powder as a bone-substitute
component in adult chest CT phantoms incorporating pulmonary nodule simulation. By combining
CaCOs powder derived from Anadara antiquata shells with polyester resin, PMMA, PU foam, and
beeswax, this study evaluated the CT attenuation characteristics of the fabricated phantom and its image
quality performance across different tube voltage settings. This study was intended to provide an initial
physical assessment of the material combination rather than to establish its clinical equivalence to human
lung cancer.

2. MATERIALS AND METHODS

This study did not involve human or animal participants. The study was conducted using a
phantom, and no consent was obtained from participants.

2.1 Phantom Design

Two important aspects that must be considered in the fabrication of a chest phantom are its size
and design. Both should be adjusted to accurately represent the anatomical characteristics of the tissue
being simulated. In this study, the chest phantom was designed with axial slices of 10 mm thickness and
dimensions of 300 mm X% 200 mm. The right and left lung cavities were designed with dimensions of 80
mm % 120 mm each. These dimensions were based on standard adult cross-sectional anatomical
guidelines (standard anthropomorphic specifications) for the adult population (reference age of 18 years
and older). The anatomical outlines were proportionally scaled using vector-based scaling and designed
in Core]DRAW to produce laser-cut PMMA layers. This design represents a simplified adult-sized
thoracic geometry and is not specifically tailored to any particular sex or body habitus, referring to the
commercial specifications provided by QRM (QRM GmbH, Mohrendorf, Germany) (QRM GmbH,
2020). This target geometry and population are further supported by clinical measurements of thoracic
dimensions in young adults (Nathan et al., 2021). The phantom consists of 12 modular slices, each 10
mm thick, arranged sequentially from bottom to top following a layered phantom fabrication technique
(Rodgers et al., 2024). The phantom design was developed using CorelDRAW software. In addition to
the phantom size and design, careful consideration must also be given to material selection, as the chosen
materials should be capable of replicating the radiological characteristics of human tissues while
maintaining these properties over an extended period.

2.2 Phantom Fabrication

In this study, the chest phantom was fabricated using PMMA as a soft tissue substitute (Amini
et al., 2018; Mohammed Ali & Al-Murshedi, 2023), CaCOs as a rib substitute (Heryani et al., 2020),
and PU foam as a lung tissue substitute (Pengpan et al., 2022; Jamal et al., 2020). The lung cancer lesion
observed in the patient was replicated using beeswax. The selection of tissue-equivalent materials was
based on the similarity of their radiological attenuation characteristics, effective atomic number
(Zefr) and electron density, as reflected by the Hounsfield Unit (HU) values on CT images (Amini et
al., 2018; Nisa et al., 2025). These values are presented in Table 1. Table 1 lists the densities of the pure
materials as theoretical reference values, whereas the phantom rib material was fabricated as a composite
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mixture of CaCOs powder derived from Anadara antiquata shells and polyester resin. This mixing
process produces a specifically tailored effective density and bulk density of the composite to reproduce
the X-ray attenuation characteristics and HU values of bone, thereby establishing a clear distinction
between the intrinsic density of the pure materials and the effective density of the molded composite.

Table 1. Density of tissue and tissue substitute material (Amini et al., 2018; Jamal et al., 2020; Nisa et al., 2025)

Real tissue Organ density (g.cm™)  Substitute materials  Organ density (g.cm™)
Soft tissue 1.04 PMMA 1.17
Lungs 0.26 PU foam 0.30
Ribs (Bone) 1.41 CaCOs3 2.71
Cancer/nodule 1.06 CaCOs Anadara antiquata 2.60
Beeswax 0.96
Cutting PMMA using 1200 g 1200 mL  Stir until the mixture 2%
a laser machine calcium polyester becomes catalyst
according to the design carbonate resin homogeneous

that has been made
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Figure 1. Chest phantom fabrication process.

Insert beeswax in the
center of the PU foam to
represent lung cancer

Figure 1 illustrates the fabrication procedure of the chest phantom. Initially, twelve PMMA
sheets, each 10 mm thick, were laser-cut according to the adult thoracic cross-sectional geometry design
(reference age of 18 years, with external dimensions of 300 mm x 200 mm and right and left lung cavity
dimensions of 80 mm X% 120 mm), which was developed using CorelDRAW software. For the rib and
vertebral components, a composite material was prepared using a total of 1200 g of CaCOs powder and
1200 mL of polyester resin to fabricate the 12 PMMA slices. Each PMMA slice required 100 g of CaCO:s
powder and 100 mL of resin, corresponding to a 1:1 mass-to-volume ratio. CaCOs powder was obtained
from Anadara antiquata shell waste, which was washed, dried, crushed, and sieved through a 100-mesh
sieve. For each batch, the polyester resin and CaCOs powder were measured and weighed (100 mL of
resin, equivalent to 92.1 g, was mixed with 100 g of CaCOs powder). The mixture was then homogenized
using a mechanical mixer for 20 minutes. Subsequently, the resin catalyst was added at a concentration
of 2% (2 mL) at the end of the mixing process, followed by an additional 5 minutes of mixing. The
composite mixture was then poured into the rib and vertebral molds made of silicone rubber and left at
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room temperature for 24 hours to allow complete curing. After curing, the rib and vertebral composites
were removed from the molds and fitted into the corresponding cavities in all 12 PMMA sheets. Once
the rib and vertebral components were in place, the twelve PMMA sheets were assembled sequentially
from bottom to top.

To simulate lung tissue, PU foam with a density of 0.30 g.cm™ was poured directly into the lung
cavities of the assembled PMMA structure and allowed to expand fully. After the PU foam had cured,
the PMMA assembly was disassembled to remove the PU foam (lung components). To simulate a
pulmonary nodule, a cylindrical beeswax nodule with a diameter of 10 mm, a height of 10 mm, and a
volume of 785.4 mm?® was embedded in the lower region of the left lung by creating a corresponding
cylindrical cavity in the PU foam. The 10 mm nodule size was selected based on the clinical threshold
for high-risk solid pulmonary nodules (Anderson & Davis, 2018) as well as physical considerations to
minimize the partial volume effect (PVE) during CT image reconstruction at slice thicknesses of 1-5
mm (Bushberg et al., 2012). Finally, after the nodule lesion was precisely embedded in the PU foam, all
12 PMMA sheets were reassembled sequentially from bottom to top according to their anatomical
positions to form a complete chest phantom ready for use.

2.3 Data Acquisition

The chest phantom was scanned using a 128-slice Multi-Slice Computed Tomography (MSCT)
scanner in helical acquisition mode. The Automatic Exposure Control (AEC) system was enabled during
scanning to dynamically modulate the tube current for each slice. Scanning was performed at three tube
voltages, namely 80, 100, and 120 kV, with the corresponding exposed tube current ranges of 98-100
mA at 80 kV, 108-110 mA at 100 kV, and 115-116 mA at 120 kV. The acquisition and reconstruction
parameters included a rotation time of 0.8 s, a pitch of 0.98, a field of View (FOV) of 230 mm, and an
image matrix of 512 x 512 pixels. The images were reconstructed using the standard B3 1f convolution
kernel with a slice thickness of 1 mm. The radiation dose, as reported in the DICOM dose report, was
indicated by CTDIy, values of 0.89 mGy at 80 kV, 1.89 mGy at 100 kV, and 3.46 mGy at 120 kV. The
dose-length product (DLP) was calculated by multiplying CTDI, by the total phantom scan length of
300 mm (30 cm). This selection was made because variations in X-ray energy can affect the computed
tomography (CT) numbers of the scanned materials (Dance et al., 2014).

2.4 CT Number Validation

The CT numbers (HU) of the phantom materials were evaluated using IndoQCT software by
placing circular regions of interest (ROIs) with a diameter of 10 pixels (4.5 mm) within the PMMA, rib-
equivalent composite, PU foam, and beeswax regions of the reconstructed DICOM images. Specifically,
the CT numbers of the phantom materials were validated at a tube voltage of 120 kV and compared with
literature-derived CT number values. The ROIs were positioned within the respective materials to
minimize boundary-related partial-volume effects. For the beeswax insert, the ROI was centered within
the cylindrical lesion. The software-derived mean CT number and pixel standard deviation were
recorded for each ROI. The standard deviation represents pixel variability within the ROI rather than
variability across independent experimental replicates.

2.5 Evaluation of SNR and CNR

SNR and CNR were evaluated using 15 reconstructed CT images, comprising five axial slices
acquired at each tube voltage (80, 100, and 120 kV). For each image, two circular ROIs with a diameter
of 10 pixels (4.5 mm) were manually positioned using IndoQCT software. The object ROI was placed
at the center of the beeswax insert, while the background ROI was positioned within the adjacent PU
foam region without overlapping the lesion boundary. The nominal positions, anatomical coordinates,
and ROI dimensions were consistently maintained across all three tube voltage settings. SNR and CNR
were calculated separately for each slice, and the five measurements obtained at each voltage were
averaged. Figure 2(b) illustrates the object and background ROI placement.

The SNR and CNR were calculated using Equations (1) and (2), respectively, in accordance
with standard CT image quality assessment methods (Bushberg et al., 2012; Kamal et al., 2022; Greffier
et al., 2016; Novitasari et al., 2024; Rahmawati et al., 2024).
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where HUpoquie and HUpgek grouna represent the mean HU values within the object ROI (lung nodule)
and background ROI (PU foam), respectively. Meanwhile, 0y,quie and Opgergrouna represent the pixel
standard deviations, or noise levels, within the object and background ROIs, respectively, while
Ocombination O (Onodute a0d Opqckgrouna) Tepresents the pixel standard deviation within the respective
ROIs. Because the beeswax nodule exhibits a negative CT number, the absolute value operator was
explicitly applied in Equation (1), in accordance with the established convention reported in the
literature (Greffier et al., 2016) to yield positive SNR magnitudes.

CT # accuracy CT # accuracy

Soft tissue Bone

CT # accuracy CT # accuracy

300 400 500

Normal Lung Lung Cancer
(Beeswax)

ROI placement in one of the organs

(@)

; ' =
- ROI in the object (cancer/nodule)
ROI pl f th
OI placement in one of the organs .

(b)

Figure 2. ROI placement in the IndoQCT software: (a) ROIs placed on the soft tissue, bone, normal lung, and
lung cancer (beeswax) regions to obtain the HU values of each anatomical structure; and (b) ROI placement on
the object and background to obtain the SNR and CNR values.

3. RESULTS AND DISCUSSION

3.1 Results

A chest phantom incorporating CaCOs derived from Anradara antiquata shell waste was
successfully fabricated. Figure 3 presents the fabricated chest phantom: (a) top view, (b) front view, and
(c) side view.
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Figure 3. Fabricated chest phantom: (a) top view, (b) front view, and (c) side view.

Figure 4 shows the CT images of the fabricated chest phantom. The images were displayed
using the lung window setting, which enables clearer visualization of lung cancer lesions. As shown in
the axial image, the simulated lung cancer lesion appears as a distinct white circular region within the
left lung. This high-density region represents the beeswax insert and exhibits strong contrast relative to
the surrounding normal lung region. Figure 5 shows axial images of the chest phantom acquired at tube
voltages of 80, 100, and 120 kV. Visual inspection indicates that increasing the tube voltage from 80
kV to 120 kV affects image contrast. The voltage variations result in changes in SNR and CNR values,
as presented in Table 3, reflecting the radiation attenuation characteristics of the phantom structures.

Cancer lung Normal lung

Soft tissue

Figure 4. CT image of the fabricated chest phantom displayed using the lung window setting.

Figure 5. Axial CT images of the fabricated chest phantom acquired at different tube voltages: (a) 80 kV, (b)
100 kV, and (c) 120 Kv.
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3.1.1 CT Number

The CT numbers obtained from the literature-reported patient reference image and the fabricated
phantom are presented in Table 2. The results indicate that the CT numbers of PMMA, CaCOs derived
from Anadara antiquata shell waste, and PU foam fall within the corresponding CT number ranges of
soft tissue, bone, and normal lung tissue, respectively. In contrast, the CT number of beeswax was found
to be close to that of the lung cancer lesion in the patient reference images.

Table 2. Comparison between the human thoracic reference ranges reported in the literature and the CT number
measurements obtained from the fabricated chest phantom

Literature reference CT Fabricated Chest phantom

Real tissue Substitute materials number (HU) CT number (HU)

Soft tissue PMMA 110 to 135 (Sookpeng et al.,  113.48 + 14.64
2016)

Ribs (Bone) CaCOs Anadara 662 to 1988 (Hong et al., 1155.35+170.70

antiquata 2023)

Normal lung PU Foam -950 to -600 (Nisa et al., -915.34 £ 15.65
2025; Hong et al., 2023)

Lung Cancer Beeswax -100 to 200 (Swensen et al.,  -62.59 £ 17.59

2000; Choi et al., 2019)

As shown in Table 2, PMMA was used as a soft-tissue substitute. During measurement, the ROI
was positioned within the main body of the thoracic phantom. The results showed that the CT number
of PMMA (113.48 £+ 14.64 HU) fell within the literature-reported reference range for soft tissue
(Sookpeng et al., 2016).

3.1.2  SNR and CNR

The SNR and CNR values are presented in Table 3 and Figure 6. The SNR and CNR values
were obtained from the analysis of 15 chest phantom images, consisting of five slices at each tube
voltage (80, 100, and 120 kV). Each slice was analyzed using one pair of ROIs, consisting of an object
ROI (nodule/beeswax) and a background ROI positioned outside the nodule. The values for ROI 1, ROI
2, ROI 3, ROI 4, and ROI 5 represent the measurement results obtained from one slice for each tube
voltage variation, with the same ROI diameter of 10 pixels (4.5 mm). The results show a substantial
difference between the SNR and CNR values of the phantom images. For all evaluated ROIs at tube
voltages of 80, 100, and 120 kV, the SNR values were considerably lower than the corresponding CNR
values.

Table 3. SNR and CNR values of the fabricated chest phantom with a simulated lung cancer lesion

Parameters Voltage (kV) 1 5 Rg)l 4 5 Average

SNR 80 0.96 0.64 0.39 1.90 1.96 1.17
100 2.51 2.55 2.74 3.83 6.02 3.53
120 3.07 2.71 2.77 1.76 6.75 341

CNR 80 32.62 28.59 2491 36.88 40.97 32.79
100 40.82 3491 34.93 34.14 33.38 35.64
120 43.07 42.88 40.36 31.43 60.50 43.65

Table 3 shows that the SNR values at all tube voltages (80, 100, and 120 kV) ranged from 0.39
to 6.75, whereas the CNR values ranged from 24.91 to 60.50. At 80 kV, the SNR values ranged from
0.96 to 1.96, with CNR values ranging from 24.91 to 40.97. At 100 kV, the SNR values increased to
2.51 to 6.02, with CNR values ranging from 33.38 to 40.82. At 120 kV, the SNR values ranged from
1.76 to 6.75, while the CNR values ranged from 31.43 to 60.50. The highest SNR and CNR values were
obtained at ROI 5 at 120 kV, with values of 6.75 and 60.50, respectively.

Figure 6 shows the variation in SNR and CNR values across five slices for the three tube
voltages (80, 100, and 120 kV). Increasing the tube voltage to 120 kV increased the CNR values for
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ROI 1, ROI 2, ROI 3, and ROI 5. However, the CNR value for ROI 4 decreased from 36.88 at 80 kV to
31.43 at 120 kV. These differences in values are related to the parameters used. SNR evaluates the ratio
of the signal to noise within a single ROI, whereas CNR evaluates the difference in signal between the
object and reference ROIs relative to noise, resulting in higher CNR values than SNR values.

65 1r - v
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61 55 ~@-ROI3
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341 845
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(a) (b)

Figure 6. The graphs of SNR and CNR from the chest phantom: (a) SNR and (b) CNR
3.2 Discussions

The high prevalence of lung cancer among adults highlights the importance of radiation dose
optimization. Chest phantoms can serve as substitute objects for patients during radiation dose
optimization studies. This study aimed to develop a chest phantom that is more affordable and accessible
by using materials that are readily available on the market. The results showed that the CT numbers of
PMMA, CaCO:; derived from Anadara antiquata shell waste, and PU foam in the fabricated phantom
were within the CT number ranges of soft tissue, bone, and normal lung tissue based on both reference
values and patient reference images. In contrast, the PU foam cavity created to accommodate the
beeswax insert exhibited a CT number that differed substantially from that of the lung cancer lesion.

The CT number measured in the lung region can be used to evaluate the attenuation
characteristics of the simulated lung lesion within the phantom (Nisa et al., 2025). On CT images, lung
cancer is generally evaluated based on its attenuation characteristics and morphology. As shown in Table
2, beeswax was used as a lesion-substitute material to simulate the radiological attenuation
characteristics of pathological tissue within the lungs. Based on CT number measurements using an ROI
positioned within the beeswax region, excluding the surrounding PU foam, a CT number of -62.59 +
17.59 HU was obtained. This CT number falls within the literature-reported range for lung lesion
attenuation (—100 to 200 HU) (Swensen et al., 2000; Choi et al., 2019). As shown in Figure 5, the axial
phantom images reveal a clearly distinguishable lesion region. It should be noted that the assessment of
morphological characteristics, such as part-solid nodules, requires visual evaluation of CT images.
Therefore, attenuation values were used to objectively characterize the physical attenuation properties
of the material without generalizing the findings to a clinical diagnosis.

Table 3 and Figure 6 show changes in the SNR and CNR values across five chest phantom
image slices at different tube voltages (80, 100, and 120 kV). The SNR values ranged from 0.39 to 6.75,
whereas the CNR values ranged from 24.91 to 60.50. The mean SNR values at 80, 100, and 120 kV
were 1.17, 3.53, and 3.41, respectively. Meanwhile, the corresponding mean CNR values were 32.79,
35.64, and 43.65, respectively. Based on the measurements, a tube voltage of 100 kV yielded the highest
mean SNR, whereas 120 kV produced the highest mean CNR. The maximum SNR and CNR values
were obtained at ROI 5 at 120 kV, with SNR and CNR values of 6.75 and 60.50, respectively. These
results indicate that image quality based on SNR and the ability to distinguish the nodule from the
background based on CNR do not necessarily correspond to the same tube voltage condition. The trend
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of increasing CNR with increasing tube voltage observed in this study is consistent with the findings
reported by Dewi et al. (2022). Meanwhile, the SNR variation observed at 100 kV is consistent with the
findings of Tang et al. (2012) regarding SNR characteristics at intermediate tube voltages.

The differences in SNR and CNR values presented in Table 3 represent different aspects of
image quality. SNR describes the ratio of signal to noise, whereas CNR describes the difference in signal
between the object and the background relative to noise. In this study, each value was calculated using
a pair of ROIs placed on the nodule and the background region outside the nodule. Therefore, the CNR
can be substantially higher than the SNR when the difference in CT number between the nodule and
background is greater than the variation in background noise.

Figure 6 shows that the responses of SNR and CNR to increasing tube voltage were not uniform
across all slices. The CNR values from 80 kV to 120 kV increased in slices 1, 2, 3, and 5, from 32.62 to
43.07, from 28.59 to 42.88, from 24.91 to 40.36, and from 40.97 to 60.50, respectively. In contrast, the
CNR value in slice 4 decreased from 36.88 at 80 kV to 31.43 at 120 kV. The SNR values also varied
among slices; for example, the SNR in slice 5 increased from 1.96 at 80 kV to 6.75 at 120 kV, whereas
that in slice 4 decreased from 1.90 at 80 kV to 1.76 at 120 kV. These differences indicate that increasing
the tube voltage does not necessarily result in a linear increase in SNR and CNR at every location
(Alikhani et al., 2017; Goo, 2012).

Both SNR and CNR are directly proportional to image quality; higher SNR and CNR values
indicate better image quality (Dance et al., 2014). As shown in Table 3 and Figure 6, the SNR and CNR
variations observed in the chest phantom indicate a stable imaging response to changes in tube voltage.
The highest CNR value reached 60.50, indicating that the phantom provided substantial object-to-
background contrast relative to the surrounding PU foam, supporting its potential application in CT
image quality assessment. Image quality evaluation using SNR and CNR is a standard approach for
assessing medical imaging performance across variations in scanning parameters (Greffier et al., 2016;
Miftahuddin et al., 2024). As observed in the study results, the highest SNR and CNR values do not
necessarily occur at the same tube voltage. This phenomenon can be explained by the physical
mechanisms governing the interactions among signal, tissue contrast, and background noise across
different X-ray energy spectra. In contrast, CNR depends strongly on the contrast difference between
the beeswax lesion and the background lung parenchyma (PU foam). At lower tube voltages, the
photoelectric effect becomes more pronounced, resulting in higher object contrast, which can maximize
CNR values despite higher image noise levels. At higher tube voltages, a substantial reduction in noise
can shift the optimal point for achieving the maximum SNR. Therefore, the complex interactions among
photon flux, material attenuation characteristics, and beam-hardening phenomena result in the optimal
conditions for peak SNR and CNR performance occurring at different tube voltages (Greffier et al.,
2016; Miftahuddin et al., 2024).

The phantom nodule fabricated from beeswax exhibited a measurable signal difference relative
to the background across all tested tube voltages. The CNR values ranged from 24.91 to 60.50 at tube
voltages of 80, 100, and 120 kV, providing a quantitative profile of object-to-background contrast
relative to the surrounding PU foam. The novelty of this study lies in the utilization of CaCOs derived
from Anadara antiquata shell waste as a bone component and beeswax as a nodule component in the
chest phantom, along with the quantitative evaluation of SNR and CNR responses across three tube
voltage variations. Nevertheless, diagnostic detectability cannot be established solely on the basis of
CNR magnitude without incorporating observer-based studies or validated clinical threshold criteria.
Therefore, this study is positioned as an initial stage of physical evaluation, with further validation of
visual and clinical aspects by radiologists required in subsequent stages.

The use of materials such as Anadara antiquata shell waste and beeswax in chest phantom
fabrication successfully reduced the total fabrication cost to USD 146. This cost is substantially lower
than that of commercially available anthropomorphic chest phantoms, which typically cost thousands
of US dollars, making the developed phantom a highly affordable alternative for research and calibration
purposes. When compared with previous studies on thoracic phantom development (Amini et al., 2018;
Jamal et al., 2020; Heryani et al., 2020; Pengpan et al., 2022; Mohammed Ali & Al-Murshedi, 2023;
Khallougqi et al., 2024a; and Khallouqi et al., 2024b), those study demonstrates advantages in terms of
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cost and the ease of reproducing nodule-shaped lesions using beeswax, while maintaining HU values
that closely approximate the literature-reported ranges for human tissues. Nevertheless, the scientific
interpretation of this study should be approached with appropriate caution. This study has several
important limitations, including the lack of directly acquired clinical images from human patients for
analysis, as the evaluation was based exclusively on comparisons with reference attenuation data
reported in the literature. Therefore, claims regarding the clinical simulation of lung cancer and the
potential for CT dose optimization are strictly limited to the experimental scope of an in-house physical
phantom and do not yet reflect the full variability of clinical anatomy. To strengthen future validation,
further studies are recommended to include direct comparisons with CT images from adult patients with
lung cancer, involve larger patient cohorts and a wider range of tube voltage and current settings, and
supplement the analysis of the chemical composition of the bone-equivalent material using Fourier-
transform infrared spectroscopy (FTIR). Phantom validation should also incorporate existing standard
phantoms to broaden the scope and diversity of the research findings.

4. CONCLUSION

This study successfully fabricated a chest phantom using readily available materials at a total
fabrication cost of USD 146. The developed phantom demonstrated the potential to approximate
established literature-derived CT characteristics of human thoracic tissue, including cancerous lesions,
soft tissue, ribs (bone), and normal lung tissue. The CT numbers of the cancer lesion, normal lung, soft
tissue, and bone in the phantom were -62.59 + 17.59 HU (beeswax), -915.34 + 15.65 HU, 113.48 +
14.64 HU, and 1155.35 £ 170.70 HU, respectively. Nevertheless, clinical equivalence has not yet been
established, and further refinement of the lesion formulation is required to more accurately replicate the
clinical variability of lung cancer in adult patients.
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