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Graphical abstract Abstract
’ The aim of this study was to evaluation of iodine and calcium CT number in DECT
. 8 . > using a fabricated In-house phantom. The phantom was made from polyester
4 et @ ¢ resin (PESR) mixed with methyl ethyl ketone peroxide (MEKP) as catalyst in a ratio
a of 300:1, with a 16 cm diameter and 5 cm height. The phantom had 10 holes,

¢ each with a diameter of 1.5 cm. Each hole was filled with water, air, iodine (with
various concenfrations of 5, 7.5, 10, and 15 mg/ml), and calcium (with various
@ concentrations of 200, 300, 500, and 600 mg/ml). The phantom was scanned by
an Ultrafast kV Switching DECT with a tube voltage of 80/140 kV, slice thickness of 5
mm, rotation time of 0.5 s, and tube current variations (200, 250, 300, 335, and 370
mA). Images were reconstructed to a VMI at 50, 70, and 100 keV. The CT number

o

xa‘;gi:jé/ml accuracy of VMI images was measured using IndoQCT software. Absolute
2) Ca 200 mg/ml percentage error (APE) was calculated from measured CT numbers and standard
3) 17.5mg/ml phantom. We found that the changes in CT numbers of iodine and calcium
4) Ca 300 mg/ml showed the same trend. The CT numbers for both iodine and calcium slightly
2 éiosg?g/ml increased with higher tube currents. The CT number decreased by 1.5-3 times from
7) 115 mg/ml an energy of 50 fo 100 keV. For all concentrations, the APE of CT numbers of the in-
8) Ca 600 mg/ml house phantom were <32% and <25% compared to the standard for iodine and

9) Water calcium, respectively.
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1.0 INTRODUCTION from a series of X-ray projections at various angles.

The CT image indicates a mapping of X-ray
Computed tomography (CT) is widely used in health attenuation  coefficient  normalized by  the
services worldwide. CT images are reconstructed attenuation coefficient of water, and it is known as
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CT number in Hounsfield units (HU) [1-3]. X-ray
attenuation coefficient depends on X-ray energy,
tissue density, and ftissue atomic number (Z) [4, 5]. In
single energy CT (SECT), two tissues (e.g. calcium and
iodine) might have similar CT numbers even though
they both have different atomic numbers (e.g.
calcium with Z = 20 and iodine with Z = 53) [1, 3]. To
be able to differenfiate two materials having
different atomic numbers, a dual energy CT (DECT)
has been developed. DECT uses two different X-ray
spectra for image acquisition [6-8]. The technology of
DECT is evolving continuously. Currently, most DECT
scanners can produce a virtual monochromatic
image (VMI) simulating the CT number obtained from
a mono-energy CT [8-10].

The advantages of DECT in clinical use are now an
active area of research. Thieme et al. [11] reported
that DECT with pulmonary parenchymal iodine
mapping accurately identified pulmonary perfusion,
showing a close correlation with perfusion single-
photon emission CT (SPECT). They concluded that this
technique has the potential to enhance diagnostic
accuracy. Hu et al. [12] used unenhanced dual-
energy head CT (DECT) in the emergency
department, analyzing the virtual non-calcium and
calcium overlay images to effectively differentiate
between calcification and hemorrhage. Their report
demonstrated that the accuracy of DECT for
hemorrhage detection was 99%, significantly
surpassing the 87% accuracy of conventional CT [12].
success of such investigations depends on how
accurately DECT quantifies the concentration of
materials such as iodine and calcium.

DECT is a complex medical imaging system.
Hence, it requires a quality control (QC) program to
ensure that the image obtained is within the
folerance limit (standard). One of the parameters
tested in QC for DECT is CT number accuracy [13, 14].
Generally, the CT number accuracy test in DECT is
performed using a standard phantom (Gammex)
having 13 rods filed with various materials
representing body tissues (i.e., iodine, blood, calcium,
and adipose) [11, 12]. However, the availability of
standard Gammex phantom is sfill limited, especially
in developed countries such as Indonesia. Therefore,
there is a need to develop phantoms from simple
and economical materials for testing accuracy of CT
number in DECT.

The principle of developing phantoms is to select
materials that are equivalent to human body tissues
in response to X-rays [15-17]. Asiah et al [18] has
successfully developed a phantom for SECT made
from polyester resin (PESR). The results showed that
mixing polyester resin and catalyst in a ratio of 300:1
resulted in an error of <6% compared to the standard
polymethyl methacrylate (PMMA) phantom. The
phantom developed by Asiah et al [18], however,

can only be used for QC on SECT as it does not
contain materials with different densities and atomic
numbers (Z). Therefore, this study aimed to evaluation
CT numbers of iodine and calcium in DECT using a
fabricated In-house phantom.

2.0 METHODOLOGY

2.1 Fabrication of in-house phantom

The in-house phantom was made of PESR mixed with
methyl ethyl ketone peroxide (MEKP) as a catalyst in
a ratio of 300:1. Both materials were poured into the
mold and stirred using a spatula for 3 minutes. The
mixing time was kept short to avoid the mixture
temperature soaring high which could cause cracks
in the phantom. The mixture was left to dry for 2-3
days at room temperature until it became solid. After
the material solidified, a turning process was carried
out to obtain a phantom size of 16 cm in diameter
and 5 cm in height. After that, 10 holes with a
diameter of 1.5 cm were drilled for placing the iodine
and calcium solutions.

2.2 Dilution of iodine and calcium solutions

lopamidol with a concentration of 370 mg/ml was
diluted to obtain iodine solutions with concentrations
of 5, 7.5, 10, and 15 mg/ml. The dilution process was
carried out using a magnetic stirrer for 30 minutes
according fo the following equation (1):

M,V =M, (V, + V) (1)

where M; is the concenfration before dilution
(mg/ml), M2 is the concentration after dilution
(mg/ml), V1 is the volume of iopamidol (ml) and V2 is
the volume of aquabidest (ml).

Calcium carbonate (CaCO3) was diluted using
double-distilled water to make calcium solutions with
concenftrations of 200, 300, 500, and 600 mg/ml. The
dilution process was carried out using 125 digital ultra
turrax for 30 minutes and continued with an ulfrasonic
cell disruptor UCD-950 (Biobase Biodustry) for 30
minutes in order to obtain a homogeneous calcium
solution. The concentration of calcium was
calculated using equation (2):

1000 m
M=
VM,

(2)

where M is the concentration (mg/ml), m is the mass
of solute (g), Mr is the relative molecular mass (g/mol)
and V is the volume of solution (ml). lodine and
calcium solutions were then inserted info the
phantom holes as shown in Figure 1.
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Figure 1. In-house CT phantom. (a) Before the phantom is filled with iodine and calcium solutions, and (b) After the phantom is

filled with them.

2.3 Scanning the in-house phantom

In house phantoms can be used if there are no
arfifacts. It is ensured that the material is
homogeneous and there are no air bubbles that
could affect the CT number. The in-house phantom
was scanned by a GE Revolution Ultrafast kV
Switching DECT. The phantom position was adjusted
and then imaging was performed with the scanning
parameters shown in Table 1. The scanning
parameters used in this study are tailored for head
scanning.

Table 1. Scanning parameters

Parameters Value

Tube voltage 80/140 kV

Tube current 200, 250, 300, 335, and 370 mA
Rotation time 0.5s

Slice thickness 5mm

Field of view (FOV) 25cm

Scan type Helical

24 Image analysis

After scanning is completed, the images were

reconsfructed to a virtual monochromatic image
(VMI) at energy levels of 50, 70 and 100 keV. The VMiIs
were stored in  the digital imaging and
communications in medicine (DICOM) format and
input info INdoQCT software. IndoQCT software is
used to evaluate of CT images, manufactured by
Diponegoro University (www.indosect.com/indogct).
In the VMIs, a region of interest (ROI) for each
material to obtain the CT number as shown in Figure
2.

Materials:

1) I5mg/ml

2) Ca 200 mg/ml
3) 17.5 mg/ml
4) Ca 300 mg/ml
5) 110 mg/ml

6) Ca 500 mg/ml
7) 115 mg/ml

8) Ca 600 mg/ml
9) Water

10) Air

Area: 164.58 mm?

Figure 2. Region of inferests (ROIs) on image of the in-house
phantom

2.5 Stdtistical analysis

The absolute percentage error (APE) was calculated
to compare the CT number between the in-house
phantom and the standard phantom according to
equation (3):

APE (%) =

PR X 100% (3)

where My is the measured value and Tv is the
theoretical value shown in Table 2. The standard
phantom (Gammex) has two parts, i.e., the head (20
cm diameter) and the body (40 cm diameter).

Table 2. Material specifications on a standard phantom [12,
17]

CT number (HU)

Materiol 50keV___ 70keV___ 100keV
lodine 5 mg/ml 274 127 52
lodine 7.5 mg/m 440 213 78
lodine 10 mg/ml 546 256 107
lodine 15 mg/ml 821 387 164
Calcium 200 mg/ml 1248 726 439
Calcium 300 mg/ml 1499 901 625
Calcium 500 mg/ml 1540 1057 701
Calcium 600 mg/ml 1735 1202 765
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3.0 RESULTS AND DISCUSSION
3.1 Images of in-house phantom

The VMI images of the phantom, scanned at energy
level of 50 keV and tube voltage of 80/140 kV with
various tube currents, are shown in Figure 3. It can be
seen that as the tube current was increased, the
noise in the image decreased. It is also seen that
confrast between each material and background is
constant for tube current variation. The VMI images
of the phantom at tube current 300 mA and tube
voltage 80/140 kV with three energy levels, are
shown in Figure 4. As the energy was increased, the
image noise also decreased. In addition, the contrast
of the insert material changed as the VMI energy
increased.

3.2 CT number of iodine

The CT number of iodine for various tube currents and
energy levels are shown in Table 3. If the tube current
increased, then the CT number slightly increased.
And, if VMI energy level increased, then the CT
number decreased. CT humber also depends on the
material concentration, with high concenfration
producing a larger CT number. The highest CT
number (844.6 HU) was obtained at 15 mg/ml iodine
with a tube current of 370 mA and an energy of 50
keV. The lowest CT number (65.4 HU) was obtained at
5 mg/ml iodine with a tube current of 200 mA and
energy of 100keV.

The APE of the CT number of iodine from our in-
house phantom and the standard is shown in Figure
5. Overal, the APE was <32% for all iodine
concenfrations. As the VMI energy increased, the
APE became larger. The most accurate CT number
measurement with the smallest APE (1.8%) was
obtained with 15 mg/mliodine at 50 keV.

(a) (b) (c)

(d) (e)

Figure 3. Virtual monochromatic images of the in-house phantom at energy level of 50 keV and tube voltage of 80/140 kV with
various fube currents: (a) 200 mA, (b) 250 mA, (c) 300 mA, (d) 335 mA, and € 370 mA.

(a)
Figure 4. Virtual monochromatic images of the in-house at tube current 300 mA and tube voltage 80/140 kV with various energy
levels: (a) 50 keV, (b) 70 keV, and (c) 100 keV.

(b)

(c)
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Table 3. CT number of iodine for various tube currents and VMI energy levels.

lodine Energy CT number (HU)
(mg/mi) (keV) 200 mA 250 mA 300 mA 335 mA 370 mA Mean + SD
50 306.4 306.8 307.6 308.3 309.2 307.7 % 1.1
5 70 146.5 149.7 149.9 150.6 152.2 149.8+ 2.1
100 65.4 663 67.4 68.2 68.5 672413
50 4457 4487 450.4 450.8 4512 449.4+22
7.5 70 218.6 219.3 220.6 2217 223.6 2208+ 1.9
100 100.6 101.1 102.0 102.8 102.9 101.9+1.0
50 565.7 572.8 576.4 577.1 585.8 575.6+7.3
10 70 280.2 280.6 281.3 281.8 282.0 281.2+0.8
100 128.4 128.8 129.1 130.0 132.7 1298+ 1.7
50 824.0 833.8 835.3 840.1 844.6 835.6+7.7
15 70 404.9 406.9 408.3 409.3 412.4 408.4+2.8
100 182.4 184.7 185.8 186.9 187.3 185.4% 1.9

B50 keV
370 keV
B100 keV

APE (%)
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Figure 5. The graph of APE of CT number iodine for various
iodine concentrations and VMI energy levels

3.3 CT number of calcium

The CT number of calcium for various tube currents
and VMI energy levels are shown in Table 4. The
change in the CT number of calcium shows the same

frend as the CT number of iodine. The CT number of
calcium increased as the tube current and
concentration increased. The highest CT number
(2090.7 HU) was obtained for 600 mg/ml calcium
when the tube current was 370 mA and the energy
was 50 keV. And the lowest CT number (511.6 HU)
was obtained at 200 mg/ml calcium when the tube
current was 200 mA and the energy was 100 keV.

The APE of the CT number of calcium from our
in-house phantom and the standard is shown in
Figure 6. The APE results are <25% for all calcium
concenftrations. The APE value at 200 mg/ml calcium
showed the same trend as iodine, i.e., if the VMI
energy increased, then the APE increased. However,
with calcium concenfrations of 300, 500, and 600
mg/ml, the increase in VMI energy caused a drastic
decrease in APE. The most accurate CT number
measurement with the smallest APE (2.1%) was
obtained with 300 mg/ml calcium at 100 keV.

Table 4. CT number of calcium for various of tube currents and VMI energy levels.

Calcium CT number (HU)
| Energy (keV)
(mg/ml) 200 mA 250 mA 300 mA 335mA 370 mA Mean + SD
50 1321.1 1433.4 1448.2 1504.4 1531.1 1447.6 £ 81.2
200 70 822.7 851.9 879.8 907.9 908.8 874.2 % 37.1
100 511.6 524.7 539.3 576.2 583.0 547.0+31.4
50 1565.1 1570.3 1594.3 1639.4 1696.8 1613.2 £ 55.2
300 70 909.7 913.0 934.3 950.9 954.0 932.4 +20.6
100 630.4 631.8 633.2 646.6 646.8 637.8+82
o0 50 1845.7 1911.8 1914.7 1957.3 1977.3 1921.4 % 50.6
70 1119.3 1128.2 1142.5 1163.3 1164.2 1143.5+20.2
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100 725.2 726.0 730.8 738.5 739.7 732.0% 6.8

50 2042.7 2075.3 2086.1 2089.3 2090.7 2076.8+20.0
600 70 1219.8 1222.6 1228.7 1238.9 1240.8 1230.2+9.4

100 774.6 774.9 778.1 785.8 791.8 781.0+7.5

B350 keV
870 keV
0100 keV

APE (%)
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Figure 6. The graph of APE of CT number calcium for various
calcium concentrations and VMI energy levels.

The availability of phantoms for DECT is essential for
CT number accuracy testing. However, the standard
phantoms are not yet available in some DECT
centers in developing countries due to their high
cost. The development of an alternative phantom
using more economical materials could help
hospitals monitor CT number accuracy on various
mafterials.

In this study, an in-house phantom made of PESR
and MEKP with iodine and calcium inserts of various
concenfrations, representing body fissues, was
successfully developed. The PESR material was
chosen because it has a density (p) of 1.21 g/cm3
which is similar to acrylic so that it can be used as the
main material for making phantoms. In addition, the
PESR can withstand high temperature, has a
relatively low price, and can be easily fabricated [18,
19]. Visually, the in-house phantom appeared
homogeneous and had no air bubbles. lopamidol
(Ci17H2213N3Os) was used for iodine with various
concenfrations of 5, 7.5, 10, and 15 mg/ml
representing infravenous confrast [14, 19]. It has high
water solubility and low toxicity, so it is often used for
CT examinations [20]. The calcium material was
obtained from dilutions of calcium carbonate
powder (CaCQgs). Calcium carbonate has a bone-
like structure and properties. Calcium carbonate is
the largest commercial source of calcium
compounds [21]. Calcium concentrations of 200, 300,
500 and 600 mg/ml were used to represent bone
mineral, CB-2 30%, CB-2 50% and cortical bone [14,
19].

Our in-house phantom was used to evaluate CT
numbers of iodine and calcium at VMI energy levels
of 50, 70, and 100 keV with tube current variation

using DECT Ultrafast kV Switching. VMI in this energy
range is often chosen as the standard image. VMIs at
50 keV can reduce beam hardening artifacts, which
often occur in high-energy imaging. At 70 keV it is
equivalent fo the CT number in SECT of 120 kV. Af 100
keV, there is no apparent enhancement of renal
cysts [24]. The changes in CT numbers of calcium and
iodine showed the same trend. As the tube current
increased, the CT number also slightly increased
(Tables 3 and 4). With increasing current, the
penetration of X-—rays intfo the tissue also increases,
thus providing more information about the tissue
composition and increasing the CT number. The
attenuation coefficient is intrinsically dependent on
the material and is independent of the number of
photons passing through it. Therefore, although
higher tube currents produce more photons and
reduce noise, the CT number does not change
drastically because the attenuation coefficient is the
same [6, 25].

An evaluation of the CT number based on the
energy level of VMI was conducted. CT number
decreases by 1.5-3 times from an energy of 50 keV to
100 keV. In theory, aft lower energies, the
photoelectric effect is more dominant, especially for
elements with higher atomic numbers such as iodine
and calcium. This results in a higher CT number
because the photoelectric effect contributes
significantly to the aftenuation. At high energies,
Compton scattering dominates, making it less
dependent on atomic number and resulting in a
lower CT number [26]. Another reason is that when X-
rays pass through ftissue, the lower energy rays are
absorbed more than the higher energy rays. This
process is known as beam hardening, where the X-
ray spectrum becomes harder (higher energy) as it
passes through tissue. This can lead to a decrease in
the CT number because the difference in
attenuation between different tissues becomes less
pronounced. DECT also enables better separatfion of
different materials based on their aftenuation
properties at different energies. This enhanced
differentiation can result in a lower average CT
number when higher energy data is processed and
combined with lower energy data. In summary, the
decrease in CT number at higher energy levels in
DECT is due to changes in the dominant attenuation
mechanism, reduced beam hardening effect and
more accurate material differentiation [26-28].

Based on the results of the current study, the APE in
iodine is <32% (Figure 5) and in calcium it is <25%
(Figure 6). The APE is more noficeable at low
concenfrations for both iodine and calcium, but
there was a difference in APE dependence between
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iodine and calcium. At all iodine concentrations, the
greater VMI energy,the greater the APE. With
calcium concentrations of 300, 500, and 600 mg/ml,
APE values decreased as VMI energy increased. At
high energies, X-rays penetrate high-density materials
such as calcium more easily. This reduces noise and
artifacts so that CT number measurements are more
consistent.  Another reason is because at low
energies, beam hardening can cause distortion fo
the CT number. At high energies, this effect is
reduced and results in relatively accurate CT number
measurements [29, 30].

Our in-house phantom serves as a practical
alternative for hospitals lacking a standard QC
phantom for DECT. Phantoms incorporating iodine
and calcium allow for the testing of Hounsfield Unit
(HU) consistency across different energies, which is
crucial for assessing the accuracy of dual-energy
detectors and algorithms. Furthermore, this phantom
can help identify potential DECT-specific artifacts
(like beam hardening in dense materials) under
controlled conditions. Developing this in-house
phantom is straightforward, requiring no specialized
fools and using materials that are affordable and
readily available. A 32 cm diameter version can also
be developed to better simulate the size of a
patient's body.

It is important to note that our in-house phantom
significantly impacts training, routine QC, and patient
safety in three key ways: training, routine QC, and
patient safety. First, the phantom provides a readily
available, controlled environment for hands-on
fraining of technologists and physicists. Trainees can
practice DECT acquisition protocols, learn to analyze
dual-energy image datasets (e.g., virtual non-
calcium images), and gain experience in identifying
common  DECT-specific  arfifacts (lke beam
hardening) before working with patients. Second, as
an affordable alternative to commercial devices, the
phantom enables hospitals to perform more frequent
and accessible QC. By consistently checking HU
consistency across energies using the iodine and
calcium inserts, we ensure the accuracy of the dual-
energy detectors and algorithms is maintained,
which is vital for clinical results. Third, by guaranteeing
the accuracy and stability of the DECT system
through rigorous QC, the phantom minimizes the risk
of diagnostic errors arising from equipment
malfunction or drift. Furthermore, maintaining opfimal
system performance can potfentially reduce the
need for repeat scans, thereby limiting unnecessary
radiation exposure to the patient.

Our study has limitations. We conducted the study
using a single GE Revolution Ulirafast kV Switching
DECT scanner limits the generalizability of the
findings, as technical specifications vary across
different vendors and models. Our primary goal,
however, was to validate the phantom's efficacy as
a site-specific, cost-effective QC alternative for
hospitals utilizing similar single-source, fast kV-
switching DECT technology. Regarding the material

comparison, we recognize that the current in-house
phantom only includes iodine and calcium inserts,
which narrows the scope of validation. These
materials were specifically chosen because they are
the most critical components for testing the core
dual-energy  decomposition  algorithms  (e.g.,
bone/calcium removal and iodine quantification),
which are central to DECT's clinical utility. While
incorporating additional clinically relevant materials
(e.g.. adipose tissue or blood equivalents) would
broaden the phantom's applicability, this initial
design successfully validates its role in performing the
fundamental QC checks necessary for maintaining
accurate clinical performance on the target DECT
system.

4.0 CONCLUSION

An in-house phantom with iodine and calcium inserts
of various concentrations for QC of CT number of
DECT has been successfully developed. Changes in
CT number of iodine and calcium were not affected
by tube current, but rather by the energy level of
VMI. Overall, the APE of CT numbers of our phantom
were <32% and <25% for iodine and calcium
compared the to the standard at all concentrations.
The APE value shows the compatibility between the
DECT phantom and the standard phantom. Our in-
house phantom can be used as an alternative
phantom for QC of DECT if the standard phantom is
not available.
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