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Abstract

Radiological phantom is a teaching and simulation tool designed to replicate the physical properties and characteristics
of human body tissues, primarily for the evaluation of medical imaging. One alternative material for phantom fabrication
is the blood cockle shell (Anadara granosa), which contains hydroxyapatite (HA). This study aims to investigate the
effect of varying material compositions on the linear attenuation coefficient (1) of X-rays in bone phantoms, as well as
to determine the optimal composition that approximates the reference values of human bone. The research method
involved mixing rice bran, resin, and HA powder synthesized from blood cockle shells in varying HA compositions of
20g, 25g, 40g, and 50g. Each phantom was then scanned using a CT scanner to obtain CT Number values, which
represent the linear attenuation coefficient (1) values. The results showed that the correlation between composition and
u value was not entirely linear, due to the uneven distribution of HA and the presence of voids within the phantom
structure. Among the four samples, the phantom with 40 grams of HA (Phantom 3) demonstrated the closest
approximation to cortical bone characteristics, with an average CT Number of 1102.15 HU and a u value of 0.441 cm™,
approximating the attenuation coefficient of human cortical bone. These findings highlight the potential use of waste
materials such as blood cockle shells as a main material for bone phantoms that can closely mimic human bone properties.
Keywords: attenuation coefficient, hydroxyapatite, phantom.
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INTRODUCTION

Phantoms are didactic tools in medical imaging employed to simulate human body tissues,
meticulously designed to replicate the composition and structure as closely as possible to human
anatomy. Beyond their role as teaching aids in medical imaging education, phantoms also serve as
crucial test instruments for assessing the suitability and performance of radiological equipment [1].
For radiological investigations and evaluations, phantoms must produce imaging data that are
comparable to those of human subjects in order to be used for calculating radiation dose and the
transmission of absorption of radiation within the human body. Likewise, phantom materials for
X-ray imaging applications must be thoroughly described in terms of how they interact with X-ray
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photons, especially in terms of inelastic scattering and X-ray absorption. The materials utilized in
phantoms must, at least within the specified range of photon energy, closely mimic the interaction
qualities of the tissues or materials they are replacing [2].

Previous studies have utilized various materials for bone phantom fabrication, including
chicken bone waste [3] and clam shells [4]. These investigations primarily focused on assessing
phantom quality based on the influence of material composition. However, there remains a gap in
research specifically exploring the potential of hydroxyapatite (HA) content within blood cockle
shells as a foundational material for radiology bone phantoms. Research [4] indicates that the
calcium present in cockle shells primarily as calcium carbonate (CaCOs) [5], that can be
decomposed into calcium oxide (CaO) and hydroxyapatite (Caio(POs)s(OH)2). Hydroxyapatite is
particularly relevant due to its crystal structure, which closely resembles that of natural bone. As a
hexagonal calcium phosphate compound, hydroxyapatite is considered a promising member of the
calcium phosphate family for tissue engineering applications. The synthesis of hydroxyapatite can
be widely achieved by leveraging natural calcium sources through various methods, such as sol-
gel, wet precipitation, and calcination [6].

In other research [7], phantoms synthesized from silicone rubber were tested to determine their
linear attenuation coefficient (p) values that approximate human soft tissue, based on the
phantom’s CT Number (Hounsfield Unit/HU) [8]. Medical physics applications need the
determination of a material’s attenuation coefficient (u), which represents the material’s qualities
and appropriateness for radiation investigations [9]. The linear attenuation coefficient () can also
be defined as a material's ability to absorb incoming radiation. When radiation passes through a
material, the intensity of the radiation entering it will be different from the intensity exiting it. This
is a result of the material's attenuating properties [10]. The reduction in radiation intensity is caused
by the absorption and scattering of primary photons from the X-ray tube [11-13]. In a subsequent
study [14] measured the CT Number (HU) of phantoms made from eggshells, with varying the CT-
Scan voltage settings. The CT Number represents a material’s ability to attenuate X-rays, which is
directly related to its elemental composition [8,15]. The HU scale is defined as a quantitive scale
used to provide information regarding the radiodensity of a tissue. This scale also offers accurate
density information for the specific tissue type being examined. The HU scale is capable of
expressing p with higher precision given its contrast scale of 0.1% per CT Number [7].

Currently, a significant challenge is the high cost and limited availability of phantoms for
medical imaging education and practical training. This research aims to address this by developing
abone phantom utilizing blood cockle shells as the primary material. The synthesis process of blood
cockle shells through controlled calcination to yield hydroxyapatite (HA) is a distinct novelty of
this study. The calcination method is employed to eliminate organic compounds and water, thereby
obtaining purified hydroxyapatite and potentially increasing its yield. A key advantage of using
calcination is its ability to thermally decompose organic components in the bone and eradicate any
genetics markers of disease, thus ensuring a high level of biological safety [6]. Through CT-Scan
imaging techniques, this study focuses in evaluating the radiological characteristics of the resulting
phantom, particularly its CT Number and p values. These values will be meticulously compared
against human cortical bone references to ascertain the phantom’s degree of suitability and
effectiveness in simulating authentic bone tissue. This investigation seeks to demonstrate that the
developed phantom can serve as an affordable, effective, and representative alternative radiological
model for both study purposes and the evaluation of medical imaging systems [16].
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METHOD

Bone phantom fabrication involved several key processes. First, raw blood clam shells were
meticulously cleaned to remove any remaining tissue and impurities. They were then dried in an
oven at 90°C for 15 mins to eliminate residual organic material from their surfaces. Subsequently,
the clam shells underwent calcination in a furnace at 1000°C for 6 h. This step was crucial for
converting their calcium content to CaO and facilitating their pulverization. The calcined shells
were then finely blended and sieved using a 140 mesh to eliminate non-uniform particles.
Following this, the CaO powder was combined with 600 ml of deionized water and 54 g of
ammonium dihydrogen phosphate in a hydrothermal process. This reaction was carried out using
a magnetic stirrer at 300 rpm, a temperature of 90°C, for 6 hours [17]. This hydrothermal process
served as the synthesis step to obtain HA. The resulting solution was then oven-dried at 120°C for
12 hours and subsequently calcined again in a furnace at 900°C for 1 hour [18]. Then purified HA
powder mixed with 20 gr of rice bran, 100 ml of resin, and 0,5 gr of catalyst. The HA compositions
was varied across four samples, specifically 20 gr, 25 gr, 40 gr, and 50 gr. The entire mixture was
stirred until homogeneous and poured into plastic molds with fixed dimensions of 10.5 cm in
length, 8 cm in width, and 4 cm in height. The molds were then gently tapped or vibrated to
minimize trapped air bubbles within the mixture, allowing it to rise to the surface and escape.
Finally, the phantoms were dried in an oven at 90°C for 45 minutes.

Phantom testing was conducted at the Radiology Installation of RSUD A. W. Sjahranie
Samarinda, utilizing a GE brand CT-Scan machine. Standard parameters applied for patient
examinations at the RSUD A. W. Sjahranie Radiology Installation were used: a tube voltage of 120
kV, tube current of 10 mA, and a slice thickness of 5 mm. The phantom was positioned on the CT-
Scan patient table. The resulting phantom images were then processed using Image]J software to
define a Region of Interest (Rol), from which the CT Number (HU) values were obtained. The Rols
were positioned carefully to eliminate any visible air spaces of porosities within the phantom
structure by manually locating homogenous areas that accurately depict the hydroxyapatite and
resin composite matrix. This method was chosen because adding macro-voids, which are not
indicative of the intended bone-mimicking substance, would artificially lower the mean CT
Number and increase the standard deviation, leading to a biased estimation of the phantom’s
effective attenuation. A uniform Rol size of 17 mm? was applied on a selected image slice across all
phantom samples to ensure consistency and sampling stability [19]. For a more detailed
comparison, this study also calculated the CT Number from an image of a human femur bone. An
Rol with uniform size was likewise determined on the human femur image to compute its CT
Number [20,21]. The human femur pictures were taken as deidentified secondary data from the
hospital’s old medical records. Prior to the study, all personally identifying information was
eliminated in order to protect patient privacy and comply with ethical guidelines.

The CT Number value is representative of the phantom's p value [7]. Subsequently, the u
values were compared with CT Number values, and an analysis was performed to determine which
values most closely approximated the u and CT Number of human bone. The data acquired
included CT Number values from the phantom images obtained via CT-Scan, and p values
calculated using equations:

CT Number (HU) = % X k 1)

Chika Pricilla, et al 3



Jurnal Penelitian Fisika dan Aplikasinya (JPFA), 2025; 15(2): 15-25

CT Number (HU)Xug
;= [ . ] + Ug )

where y; is the tissue attenuation coefficient, y, is water attenuation coefficient (1, = 0.21 cm™), and
k is a constant factor with a value of 1000 [6,7,22].

Furthermore, the attenuation coefficient () value obtained from these tests will be used to
calculate the Half Value Layer (HVL) with the following equation:

HVL = 1"% 3)

where p is the tissue attenuation coefficient (cm) [23-26].

To determine the concentration of calcium compounds in this study, one gram of the phantom
sample was characterized using Atomic Absorption Spectroscopy (AAS). The purpose of this test
was to measure the amount of CaO, which serves as a primary indicator of the precence of
synthesized HA within the resin-based matrix.

RESULTS AND DISCUSSION

The resulting phantom images can show the density of each phantom. A tissue’s density is a
key factor on determining its ability to attenuate X-rays before they reach the detector. This directly
influences how the tissue is displayed in the final image. Denser tissues attenuate more X-rays,
appearing brighter in the image and yielding a positive CT Number. Conversely, less dense tissues
attenuate fewer X-rays, resulting in more transmitted radiation, a darker image, and a negative CT
Number [8]. Overall, it can be observed in Figure 1 that phantom 1 is dominated by dark gray tones
with numerous black spots, representing air voids caused by low structural density. Additionally,
a few conspicuous white spots are visible, representing HA powder clumps; these areas exhibit
high density due to their bone-mimicking properties [6,27]. This indicates an uneven or non-
homogeneous distribution of materials within the phantom. In phantom 2, the gray tones appear
more uniform with fewer black and white spots compared to Phantom 1, indicating a better
material distribution and structural density. Furthermore, phantom 3 is dominated by light gray to
white tones, reflecting a higher density variation compared to phantoms 1 and 2. Notably, this
image does not show significant dark or bright spots, suggesting a more compact structure with
relatively homogeneous material distribution. In contrast, phantom 4 displays a dark central area
surrounded by numerous black spots. There are also extensive dark gray regions, which signify
lower density and a non-homogeneous structural distribution.

The CT images in Figure 1 were then processed using Image] software to get the CT Number
value by placing the Rol in areas free from air voids within each phantom. The resulting CT
Number values, which consist of a mean and standard deviation (SD) for the phantoms, are
represented in Table 1. These values are directly proportional to the structural density of the
phantom [28].
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Figure 1. Images of the phantom with Rol. Phantom 1 (top left), Phantom 2 (top right),
Phantom 3 (bottom left), and Phantom 4 (bottom right).

Table 1 shows significant differences in the CT Number values among the phantoms. Phantom
1 has a mean CT Number that is close to the range for trabecular (spongy) bone (148 to 661 HU)
[29], although its high SD indicates significant density variation within the defined Rol. Phantom 2
shows an increase in mean density, with its value still falling within the trabecular bone CT Number
range. Phantom 3 has a mean CT Number value that is consistent with cortical bone characteristics
(CT Number range of 586 to 1988 HU) [29,30] and its more homogeneous distribution evident from
both the image and its low SD value. Conversely, phantom 4 shows decrease in mean density,
suggesting a non-uniform HA distribution despite having the highest HA composition. The mean
CT Number values for the phantoms and the human femur bone were then used to calculate the p
value using Equation 2.

Tabel 1. CT Number values.

Sample HA Composition (gr) CT Number (HU)

Mean £ SD
Phantom 1 20 253.43 +149.17
Phantom 2 25 502.19 +196.93
Phantom 3 40 1102.15 +112.98
Phantom 4 50 451.89 + 87.00
Femur bone - 1374.07 +182.26

The calculation results show a direct correlation between the p value and the mean CT Number
within the phantom’s Rol. The larger the mean CT Number, the greater the p value and vice versa.
This proves that the CT Number can serve as an indicator representing a material’s X-ray
attenuation capability. Of the four phantom samples, the u value of phantom 3 is the closest to that
of a human femur bone. This suggests that the attenuation capability of phantom 3’s Rol
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approximates that of human bone, which is a type of cortical bone, as evidenced by the resulting
image and the phantom’s mean CT Number and p values. Furthermore, the chemical
characterization via AAS showed a CaO content of 12.54% within the 1 g of phantom 3 sample. This
quantitive result demonstrates that the blood cockle shells were successfully converted into
calcium-rich substance by the calcination hydrothermal procedures.

Table 2. Linear attenuation coefficient (i) value and HVL value.

Sample HA Composition (gr) u (cm™?) HVL (cm)
Phantom 1 20 0.263 2.633
Phantom 2 25 0.315 2.197
Phantom 3 40 0.441 1.570
Phantom 4 50 0.305 2.273

Femur bone - 0.498 1.390

The variations in CT Number and p values among the four phantom samples were not linear
with the addition of HA composition, which is due to the phantom’s low homogeneity as evidenced
by density variations in the resulting images. The non-homogeneity of the phantom structure was
caused by the material mixing method. Resin-containing mixtures have the potential to form
clumps and create air bubbles, especially if the mixing process is too fast, a problem that can be
minimized by slow and careful stirring [31]. Consequently, the improper mixing method used
during phantom fabrication led to the formation of air voids and an uneven distribution of HA
powder during the drying process. This condition contributed to the CT Number values varying
both within and between samples, which is why the mean CT Number and p values were not

entirely linear with the increase in HA.

Attenuation Coefficient (cm™—1)
HVL (em)

20 Fi] 40 50
HA Composition (g)

Figure 2. Phantom’s linear attenuation coefficient (p) and HVL.
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Figure 2 shows a bar graph of the p and HVL values for the four phantom samples. The pattern
demonstrates that the addition of HA increased the u value up to a composition of 40 grams, after
which is decreased at the 50 gram HA composition. Those p value is inversely proportional to the
resulting HVL value, in accordance with Equation 3 [26]. Consequently, the HVL value shows a
decreasing trend as the HA composition increases, up to the 40 gram point. Conversely, the HVL
value experiences an increase at the 50 gram HA composition, reflecting the decrease in u value.
The HVL value itself represents the thickness of a material required to reduce the intensity of an X-
ray beam passing through it to half of its initial dose value [32]

Nevertheless, the phantom samples in this study, as a whole, still show potential for use as
bone phantoms in the field of radiology. This is because of the HA content, which was synthesized
from blood cockle shells. The phantom images show that the clumps of HA powder produced white
images resembling bone, resulting in high maximum CT Number values. The potential of
phantoms containing HA would be maximized with a structure that has a high degree of
homogeneity and a more even distribution of HA. A more stable image density would produce
attenuation properties closer to human bone, which would be useful for Quality Assurance (QA)
applications in evaluating the uniformity of CT-Scan images.

CONCLUSION

The creation of low-cost bone phantom using HA made from blood cockle shells was
effectively demonstrated in this study. The results offer important insights into waste-to-material
transformation for medical physics, even if the link between HA composition and the u value was
not totally linear because of material non-homogeneity and air gaps. Phantom 3 (40 g HA) emerged
as the optimal sample, yielded a mean CT Number of 1102.15 HU, which falls within the CT
Number range for cortical bone (586 HU to 1988 HU). This is also consistent with the p value of
0.441 cm~-1 for Phantom 3, which was calculated from the mean CT Number and approximates the
u value of a human femur, a type of cortical bone. A CaO concentration of 12.54% on phantom 3
sample was verified by AAS, confirming that the calcination procedure was succesfull in producing
the high-purity mineral components needed for bone simulation. This alignment demonstrates that
biological waste can be designed into a radiological instrument that is functionally representative.
Ultimately, this research offers a sustainable and affordable alternative for medical imaging
education and quality assurance, provided that future fabrications implement improved mixing
techniques to enhance structural homogeneity.
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