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Abstract
In this study, a novel anthropomorphic head phantom for quantitative image quality assessment in
cone beam computed tomography (CBCT) is proposed. The phantom is composed of tissue
equivalentmaterials (TEMs)which are suitable for cost-efficient fabricationmethods such as silicone
casting and 3Dprinting. Amonocalciumphosphate/gypsummixture (MCPHG), nylon and a silyl
modified polymer gel (SMP) are proposed as bone,muscle and brain equivalentmaterials respectively.
The TEMswere evaluated for their radiodensity in terms ofHounsfieldUnits (HU) and their x-ray
scatter characteristics. Themedian radiodensity and inter quartile range (IQR) of theMCPHGand
SMPwere found to bewithin the range of the theoretical radiodensity for bone and brain tissue: 922
(IQR= 156) and 47 (IQR= 7)HUrespectively. Themedian radiodensity of nylonwas slightly outside
of theHU range ofmuscle tissue, butwithin theHU range of a combination ofmuscle and adipose
tissue:−18 (IQR= 40)HU.Themedian ratios between themeasured scatter characteristics and
simulated tissues were between 0.84 and 1.13 (IQRbetween 0.05 and 0.14). The preliminary results of
this study show that the proposed design andTEMs are potentially suitable for the fabrication of a
cost-efficient anthropomorphic head phantom for quantitative image quality assessment inCT
orCBCT.

1. Introduction

Cone beam computed tomography (CBCT) is a state
of the art technique for medical imaging using x-rays,
with a broad range of applications. For example,
CBCT C-arm systems, such as the Philips Allura FD20
(Philips Healthcare, Best, the Netherlands), can be
used for diagnostic and peri-interventional imaging
(e.g. tomake an angiography or a 3D reconstruction of
the anatomy). While CBCT systems can produce
images with excellent spatial resolution, the contrast
resolution is still somewhat inferior in comparison
with other imaging techniques, such as traditional (fan
beam) CT and magnetic resonance imaging (MRI)
[1, 2]. The low contrast resolution results in a less
distinctive visualization of the brain tissue, which can
limit the diagnostic applications of CBCT systems.
The contrast resolution of the images created with
CBCT systems suffers among others from the effects of

scatter radiation. Researchers have investigated several
promising methods to enhance the contrast resolu-
tion, by implementing fast and accurate correction
techniques for scatter radiation. The enhanced image
quality is often physically assessed using phantoms, for
example by Maher, Gao and Baer [3–5] (among
others). The phantoms that were used can generally be
categorized as simple geometry phantoms or as
anthropomorphic phantoms. Simple geometry phan-
toms such as the Catphan 600 (the phantom labora-
tory, Salem, New York, USA) are often equipped with
low contrast and spatial resolution inserts for quanti-
tative image quality assessment (IQA), but the scatter
characteristics of such phantoms are not representa-
tive due to the simplified shape. Anthropomorphic
phantoms represent anatomical features of the human
head and are constructed using tissue equivalent
materials (TEMs). These phantoms are thereforemore
likely to have realistic attenuation characteristics.
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Unfortunately, a limited range of commercial anthro-
pomorphic head phantoms is available and these
phantoms have certain limitations. For example, the
commonly used Rando Alderson (Radiology Support
Devices, Carson, California, USA) phantom is com-
posed of TEMs that show an underattenuation (in
terms of Hounsfield Units) in the lower diagnostic
energy range of the x-ray photons [6], which can result
in a biased interpretation of the (enhanced) image
quality. Also, along with other anthropomorphic
phantoms, such as the ACS (Kyoto Kagaku, Kyoto,
Japan) and the Atom Max (Computerized Imaging
Reference systems inc, Norfolk, Virginia, USA), these
phantoms lack inserts for the measurement of the
contrast and spatial resolution of the image. Some
researchers have ordered modified commercial phan-
toms [7] or even constructed new phantoms, by
adding inserts for low contrast resolution [8], but
modified phantoms are relatively expensive and limit
the accessibility for wide usage. Furthermore, while
scatter radiation is an important factor in the interac-
tion between the x-ray photons and the matter these
photons pass through, the scatter characteristics of the
TEMs are hardly investigated. Geraldelli [9] has
investigated the scatter characteristics of several TEMs
including adipose, muscle and bone equivalent mate-
rials and Kozanetzky [10] has investigated the scatter
characteristics of some plastic materials, but these
studies only reported on the coherent scattering
characteristics for a specific scattering angle, while
incoherent scatter also contributes in the interaction
between the x-ray photons and matter in the lower
diagnostic energy range and it is of interest to know the
spatial distribution of scatter radiation for IQA
purposes. It is therefore of interest to address the
shortcomings of the previously mentioned issues, by
developing an anthropomorphic phantom which is
(1) suitable for quantitative image quality assessment,
(2) hasmaterials with representative attenuation (both
radiodensity and scatter) characteristics and (3) is
suitable for cost-efficient fabrication techniques for a
wider accessibility.

Next to documenting a realistic anthropomorphic
phantom that can be manufactured using readily
available and cost efficient techniques, we particularly
paid attention to characterizing the suitability of the
chosen materials in terms of their equivalence to
human tissues, not only regarding their radiodensity,
but also with respect to their x-ray scattering proper-
ties. Especially, the scatter aspects are often over-
looked, while they play an important role in the image
quality achieved by cone-beamCTacquisitions.

2.Method

2.1. CBCT-data based design of the phantom
The design of the phantom was based on a 3D model
of the human head, obtained from anonymous CBCT

data of a male, similar to the methodology used by
Kim [11]. The data (DICOM format) for this study
were obtained from a head XperCT protocol (Allura
FD20, Philips Healthcare, Best, the Netherlands) and
manually segmented into a skull mesh and into a soft
tissue outer shell mesh (STL format) (figure 1) by
adjusting the threshold of the intensity of the CBCT
image. The STL meshes (available upon request by
sending an e-mail to the corresponding author.) were
post-processed using an open source mesh editing
program (Blender, Amsterdam, the Netherlands), by
manually closing holes in the maxillofacial region of
the skull and by increasing the thickness of this region
in order to increase the mechanical strength of the
area. The skull was divided into three horizontally
cut sections (the calvaria, maxilla and mandible)
(figures 1(a) and (b)). Cylindrical (low) contrast inserts
were positioned at the posterior area of the cranial
cavity and a model of the ventricles, containing
cerebrospinal fluid, was manually positioned within
the cranial cavity (figures 1(a) to (c)). The ‘muscle
tissue’ shell was divided into two vertically cut sections
(figure 1(d)). There was no design of the brain needed
since the brain equivalent material of the phantom is a
polymer-based gel (see section 2.2).

2.2. Tissue equivalentmaterials
In previous studies, several researchers have investi-
gated materials for the suitability as TEM for radi-
ological purposes, including for dosimetry and for the
construction of phantoms. These materials were often
compared with human tissues in terms of mass
attenuation coefficient (μm). Recommended bone
equivalent materials include ‘B-100’ bone equivalent
plastic and poly-vinylchloride [12], a dolomite-
PMMA resin mixture [13], a dipotassium phosphate
based mixture [14] and a custom epoxy-resin based
mixture [15]. Recommendedmuscle equivalent mate-
rials include nylon [16], water [9, 17] and custom
epoxy resin based mixtures, including ‘Rando Alder-
son soft tissue equivalents’ [8] and an Araldite-based
mixture [15] (for a pediatric phantom).

Because the majority of the recommended TEMs
were evaluated for usage in dosimetry and because not
all of these materials were suitable for the specified
fabrication techniques (e.g. silicone casting and 3D
printing), only nylon was considered as potential muscle
equivalent material and selected for further evaluation in
this study. Two novel TEMs for bone tissue and brain tis-
sue are also proposed in this study, which are amixture of
monocalcium phosphate (MCPH) ( ( )Ca H PO2 4 2), cal-
cium sulfate (CaSO4) andwater (referred to as ‘MCPHG’)
as bone equivalent material (3.85 wt% MCPH, 60 wt%
CaSO4 and 36.15 wt%water respectively) and a commer-
cially available silyl-modified polymer gel (SMP) (Bison
Polymax Crystal, Bolton adhesives, Rotterdam, the Neth-
erlands) as brain equivalent material. The mass attenua-
tion coefficient (μm) of the TEMs were obtained from the
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online photon cross section database XCOM [18]), pro-
vided by theNational Institute of Standards and Technol-
ogy (NIST). Theμm of the tissues and the physical density
(ρ)were obtained from the International Commission on
RadiationUnits andMeasurements (ICRU) report 44 [19]
andpresented in table1.

2.3. Radiodensity
The theoretical radiodensity of the TEMs were calcu-
lated using the linear attenuation coefficient (μx), by
multiplying the mass attenuation coefficient of the
TEMs with the physical density (ρ) of the TEM from
table 1 (equation (1)). Then the radiodensity in [HU]
was then calculated using equation (2).

( )m m r= . 1x m

Where μx is the linear attenuation coefficient of the
TEMand ρ is the physical density of the TEM.

( )
m m

m
=

-
HU 1000 2x water

water

Where μx and μwater are the linear attenuation
coefficient of the TEMandwater respectively.

A Philips Allura FD20 x-ray system (Philips
Healthcare, Best, the Netherlands) was used to mea-
sure the radiodensity of the TEM samples. The TEM
samples were placed at the head side of the patient
table (Maquet holding B.V. & Co. KG, Rastatt, Ger-
many) along with a calibration phantom with known
HU values (QRM-2DMC, QRM, Moehrendorf, Ger-
many). A Head XperCT low dose, fast acquisition pro-
tocol was performed (at 120 kVp) for the acquisition
of the 3D reconstructed image of each TEM.

The median HU value and inter quartile range
(IQR) of each TEM were calculated after manually
assessing the HU value at 10 points at three different
slices (so 30 in total) of the 3D volume.

The calibration phantom was used to check for a
bias in the measured HU values of the TEM samples

Figure 1.CBCTdata based design (a) anterior-posterior view of the skullmesh, containing inserts (red) and ventricles containing
cerebrospinal fluid (blue). (b) left lateral view of the skullmesh (c) axial superior-inferior view of the skullmesh (no calvaria)with the
low contrast inserts at the posterior side of the skull (red) and the ventricles (blue). (d) vertically cutmuscle shellmesh, surrounding
the skullmesh.

Table 1.Mass attenuation coefficient (μm) at 60, 80, 100 and 150 keV andphysical density (ρ) of proposed
tissue equivalentmaterials (TEMs) [18, 19].

Tissue/TEM μm(60 keV) μm(80 keV) μm(100 keV) μm(150 keV) ρ [g cm−3]

Bone 0.315 0.222 0.186 0.148 1.92

Muscle 0.205 0.182 0.169 0.149 1.05

Brain 0.206 0.183 0.17 0.15 1.05

CSF/water 0.206 0.184 0.171 0.151 1.00

MCPHG 0.314 0.223 0.187 0.149 2.3

Nylon (PA12) 0.195 0.179 0.169 0.150 1.01

SMP 0.248 0.196 0.173 0.145 1.05
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and to check for scaling effects and non-linearities of
the HU scale. The results of the (calibration)measure-
ments are presented in section 3.2 of the results.

2.4. Scatter characteristics
The same Allura FD20 x-ray system as the one for the
radiodensity measurements was used to measure the
scatter characteristics of the proposed TEMs. A
modified version of the edge spread technique for
scatter quantification [20] was used, by positioning a
lead plate 200 mm in front of the flat detector of the
Allura (after removal of the anti-scatter grid) in order
to block the top side of the incident x-ray beam. The
three remaining sides were blocked using built in
collimators at the source side of the x-ray system, so
only the TEM would be radiated. TEM samples of
20 mm, 40 m and 60 mm thickness (100× 100 mm
width and height) were positioned behind the lead
plate, 100 mm from the detector and 15 fluoroscopic
images (in order to reduce the image noise)were taken
at 60, 80, 100 and 120 kVp (at 100 mA) per TEM
sample. The x-ray source to detector distance was
1200 mm.The photons of the incident x-ray beam that
pass through the TEM sample are partially scattered
and these scattered photons fall on the region of the
flat detector behind the lead plate (figure 2).

Analysis of the intensity along a vertical pixel line
at the center of the detector (in portrait mode) results
in a characteristic intensity function, called the edge
spread function (ESF), which is a function of the pixel
position (x) on the detector (figure 3). The scatter
characteristics of the TEMs, obtained by processing of
the mean ESF (from the 15 fluoroscopic images), were
defined in terms of scatter magnitude and spatial scat-
ter distribution. The scatter magnitude was further

defined as the maximal scatter to primary ratio (MSPR)
of the TEM (equation (3)) and the scatter magnitude at
the edge of the lead plate (EM) (equation (4)). The spa-
tial scatter distribution (SD) was quantified as the pixel
position behind the lead plate where the normalized
scatter intensity reached 0.02 (figure 3). The value of
0.02 was selected because this point of the scatter func-
tion was most distinctive for each TEM with different
thickness.

( ( ))
( )

( )=MSPR
S x

P x

max
3

Where S(x) is the scatter function as a function of the
pixel position (x) on the detector, obtained from the
ESF(x) and P(x) is the primary function after subtract-
ing S(x) from the ESF(x).

⎜ ⎟⎛
⎝

⎞
⎠

( ) ( )=EM
d ESF x

dx
max 4

2

2

The setup was calibrated to correct for the heel
effect and for veiling glare of the detector. The heel
effect, caused by the anode of the x-ray system, results
in a gradient in the ESF and the effects of veiling glare
on a flat detector can result in an overestimation of the
scatter signal of up to 15% [21]. The scatter function
was estimated by applying a spline interpolation
between the two scatter fractions behind the lead plate
and the collimator, using the angles of the scatter frac-
tions at the edge.

The experimental setup and data processingmeth-
odology were validated by comparing the physical
measurements of polymethymethacrylate (PMMA)
samples with Monte Carlo (MC) scatter simulations
(based on [22, 23]) of PMMA samples with the same
thicknesses at the same tube voltages (see figure 4 for

Figure 2.Experimental setup for the scattermeasurements. The Philips Allura FD20was used for amodified version of the edge
spread technique [20], by removing the anti-scatter grid from theflat detector (1) and positioning aTEM sample (2) between the lead
plate (3) and detector. The x-ray beam is collimated at the source side (4).
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an example of the simulated x-ray tube spectrum at
120 kVp).

2.5. Prototype fabrication
A prototype of the right anterior part of the designed
phantom (figure 5(a)) was fabricated using the pro-
posed TEMs (this part of the headwas selected because
it contains all relevant TEMs and several inserts). Cost-
efficient methods were used to fabricate the prototype.
The MCPHG skull was fabricated using silicone
casting (shore 15 silicone casting rubber, Polyester-
shoppen B.V., Moordrecht, the Netherlands), where a
positive mold of the skull (two pieces) was fabricated
using FDM printing (Ultimaker 2, Geldermalsen, the
Netherlands) (figures 5(b) and (c)). The initially liquid
MCPHG (see section 2.2 for composition) was stirred
with intervals for approximately one hour in order to
remove air bubbles that emerged during the hardening
of the mixture, before being poured into the cast. The

SMP-gel was injected into the cranial cavity of the skull
using a silicone kit injector and the muscle shell was
fabricated using selective laser sintering of nylon
powder (modified polyamide 12 powder) (Shapeways,
Eindhoven, the Netherlands) (figure 5(d)). After the
prototype was assembled it was held in place by
fixating PMMA plates to the flat surfaces until every-
thingwas solidified.

3. Results

3.1. Comparison ofmeasurementswith and
simulations
The MSPR, EM and SD ratios between the measure-
ments and MC simulations for measurements at two
different test labswere 0.87, 1.00, 1.00 and1.03, 1.13, 0.96
(IQRs between 0.05 and 0.14) (figure 6) and therefore the
experimental setup and estimation methodology were
considered valid.

Figure 4.Example of the simulated x-ray tube spectrumat 120 [kVp].

Figure 3.Example of themeanESF and scatter function for onemeasurement (PMMA40 mmat 120 kVp), where the SD and EMare
measured andwhere theMSPR is estimated. The scatter function at the primary plus scatter region is estimatedwith a spline
interpolation between the twomeasured scatter fractions at the edges of the lead plate and collimator.

5
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3.2. Radiodensity of the TEMs
The calculated and measured HU values of MCPHG,
nylon and SMP after calibration are visualized in
figure 7 and summarized in table 2.

3.3. Scatter characteristics of theTEMs
The measured MSPR, EM and SD of MCPHG, nylon
and SMP are plotted along MC simulations of bone,
muscle and brain tissues in figure 8–10 respectively.

Figure 5.Prototype of the right anterior part of the design. (a) STLmodel of themuscle shell (pink), skull (grey), low contrast inserts
(red) and ventricle (blue). (b) 3Dprinted skullmold and insert parts. (c)MCPHG skull. (d)finished prototypewith nylonmuscle shell
and the SMP injected into the cranial cavity.

Figure 6.Comparison between themeasured (M) and simulated (S) scatter functions of PMMA for 20, 40 and 60 mmat 60, 80, 100
and 120 kVp (100mA).

Table 2.Themedian, 25th percentile (Q1), 75th percentile (Q3) of themeasuredHUvalues for the calibration phantom (CP), andTEMs are
summarized alongwith the calculatedHUvalues using equation (2) of the CP andTEMs and along the theoreticalHU range of tissues [24].

Material Median (n = 30) Q1 Q3 Theoretical HUvalue TissueHU range

CP 38 36 30 41 38 —

CP13 11 4 17 13 —

CP -62 −54 −57 −50 -62 —

MCPHG 922 845 1001 1398 700-3000 (bone)
Nylon −18 −41 −1 1 5–40 (muscle)
SMP 47 45 52 27 20-45 (brain)

6
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From these figures it can be seen that the overall
scatter characteristics of the proposed TEMs are in
good agreement with the simulated tissues, except for
the MSPR, EM and SD of the 60 mm MCPHPG

sample at 60 kVp, which are obviously lower in com-
parison with the MC simulation of bone tissue. After
analysis of the estimated scatter function for this mea-
surement, an inaccurate estimation of the scatter

Figure 7. Summary plot ofmeasured and theoretical (T)HUvalues for the calibration phantom (CP),MCPHG, nylon and SMP. The
theoretical HU range of the tissues [24] are also plotted for comparison. *Please note that theHU range of bone goes up to 3000 (not
shown in thisfig.).

Figure 8. Summary plot of the ratio between themeasurement andMC simulation (MCS) ofMCPHGversus bone tissue.

Figure 9. Summary plot of the ratio between themeasurement andMC simulation (MCS) of nylon versusmuscle tissue.

7
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function was observed due to a large presence of noise
signals on the detector. It was therefore considered
acceptable to exclude this measurement from the
overall results. A summary of the MSPR, EM and SD
ratios between the measured TEMs and simulated tis-
sues are can be found in table 3.

3.4. Practical evaluation of the fabricated prototype
The practical aspects of the TEMs for actual usage for
the construction of the phantom and imaging aspects
(e.g. anatomical structures or image artifacts) of the
prototype were compared with the anonymous CBCT
data of the head. Feedback from experts in x-ray and
CT image quality was used in order to verify the
usability of the phantom.

From a qualitative comparison between the CBCT
patient data and the constructed prototype (figure 11),
several observations could be made. A difference was
observed between the the structure of the skull from
the patient data and the MCPHG skull. Real bone tis-
sue in the skull is composed of cortical bone at the
outer layers and trabecular bone between these layers
and is therefore more radiodense at the outer layers in
comparison with the center. The MCPHG skull
showed a more homogeneous representation of the
skull, although some minor differences in radio-
density were observed between the surface and the
center of the MCPHG skull (figure 11(d)), where the
surface appeared to be more radiodense in compar-
ison with the center. Another observation that was

made was the presence of some relatively big air pock-
ets within different areas of the prototype, especially at
the region of the SMP, which represents the brain tis-
sue (figure 11(f)). The inserts for the measurement of
the contrast resolution and ventricles were visible and
useful on all relevant patient views of the images (i.e.
anterior-posterior, lateral and axial view).

4.Discussion

In this study, a head phantom was designed for
quantitative IQA in CBCT. This design was made in
order to solve several issues of existing commercial
head phantoms for IQA in CBCT, including an under-
attenuation of the materials in the lower diagnostic
energy range, the lack of inserts for quantitative IQA
and the relatively high costs of most of the phantoms.
The current design is equipped with inserts for
quantitative measurement of the contrast resolution
and composed of TEMs that are suitable for simple
fabrication techniques. The TEMs were quantitatively
evaluated in terms of radiodensity, scatter character-
istics and qualitatively evaluated in terms of the
suitability for simple fabrication techniques and the
presence of image artifacts.

The radiodensity of MCPHG and SMP were con-
sidered representative as bone and brain tissue respec-
tively, since the measured median HU values were
within the theoretical range HU values of bone and
brain tissue. The median HU values of nylon were out
of the range of the HU values for muscle tissue, but in
the design of the outer muscle shell of the prototype,
no adipose tissue was included. If adipose tissue were
to be included into the muscle shell, the average HU
value would be lower, because the theoretical HU
value of adipose tissue varies between −100 and −50
[24]. Since adipose tissue is present in the outer layers
of the human head, it is reasonable to consider nylon
as a representative ‘soft tissue’ equivalent material, to
be used in the outer shell of the phantom. However,
the scatter characteristics of adipose tissue were not

Figure 10. Summary plot of the ratio between themeasurement andMC simulation (MCS) of SMP versus brain tissue.

Table 3. Summary of themedian (Mdn) ratios and inter quartile
range (IQR) between themeasured TEMs and simulated tissues.

Material/
MSPR ratio EMratio SD ratio

tissue
(n = 12) (n = 12) (n = 12)

Mdn IQR Mdn IQR Mdn IQR

MCPHG/bone 0.95 0.13 1.13 0.10 0.98 0.05

Nylon/muscle 0.84 0.13 1.04 0.07 0.94 0.05

SMP/brain 1.06 0.14 1.12 0.07 0.94 0.06
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taken into account in this study and should be inclu-
ded in the comparison in future work.

The medianMSPR, EM and SD ratios between the
measured TEMs and simulated tissues ranged from
0.84 to 1.13 and the IQR ranged from 0.05 to 0.14. By
looking at the absolute difference in the normalized
MSPR and EM signal, this means that the largest dif-
ference between the TEMs and simulated tissues was
less than 3 percent. It is therefore reasonable to say that
the proposed TEMs are representative as bone, muscle
and brain equivalent materials, in terms of scatter
characteristics.

Themethod for the quantificationof the scatter char-
acteristics was verified by comparing measurements of
PMMA with Monte Carlo based scatter simulations of
PMMA.While the verification was performed formulti-
ple thicknesses at multiple tube voltages, the sample size
was still considered too small for performing a sensitivity
analysis about the accuracy and reliability of themeasure-
ments. It is recommended to perform the verification
with a more diverse selections of materials in order to be
able to draw conclusions about the accuracy and relia-
bility of themeasurementsusing thismethod.

While the scatter characteristics of the proposed
TEMs were considered as representative for tissues in
the head, morematerials can be investigated using this
technique, for example tofindmaterials that have even
better matching attenuation characteristics or are
easier to work with. It is suggested to investigate the
attenuation characteristics of calcium rich powders
that are suitable for 3D printing, including mono-
calcium phosphate powder, which was used in this

study, since researchers in the field of regenerative
medicine have already shown that these calcium rich
powders can be used to create durable and accurate
scaffolds using 3D printing techniques, so this techni-
que could be applied for the fabrication of the skull.

Based on the qualitative evaluation of the proto-
type, some improvements could be made. Especially
the injection of the SMP into the cranial cavity should
be carefully done, in order to minimize the amount of
trapped air. Preliminary tests for injection using a
wider nozzle show that it is possible to inject the SMP
with virtually no air pockets. Furthermore, re-evalua-
tion of the prototype after a time span of one month
yielded that the initially homogeneously filled SMP
showed shrinkage, resulting in similar (but larger) air
pockets as from figure 11(f) in the brain area. A possi-
ble explanation of this phenomenon could be an effect
of the drying process of the SMP. Therefore an alter-
native brain equivalentmaterial could be considered.

Because the results of this current study are based
on a partial prototype, a complete phantom should be
fabricated and tested in order to demonstrate that the
approach from this study can be applied in practice.
Furthermore, a small series of phantoms should be
fabricated and compared with each other in order to
evaluate the consistency of the proposedmaterials and
the reproducibility of the fabricationmethod.

5. Conclusions

The goal of this study was to investigate the feasibility
of fabricating an anthropomorphic head phantom for

Figure 11.Comparison between theCBCTdata of the anonymous patient head (a to c) and the prototype of the phantomwith inserts
for quantitativemeasurement of the contrast resolution (d to f). a and d: anterior-posterior view. b and e: left lateral view c and f: axial
inferior-superior view. The inserts are visible in all relevant views and can be used for quantitative evaluation of the contrast resolution
of the image.
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quantitative image quality assessment in CT and/or
CBCT, with representative attenuation characteristics
and inserts for the measurement of the contrast
resolution. A prototype was fabricated using newly
introduced TEMs which are suitable for fabrication
techniques such as silicone casting and 3D printing.
The measured radiodensity of the TEMs were in
agreement with the radiodensity of the tissues that
these TEMs should resemble and the scatter character-
istics of the TEMs were evaluated and found to be
representative as well. The design is suitable for simple
fabrication techniques such as silicone rubber casting
and 3D printing, whichmakes this phantom a potential
alternative for researchers who want to fabricate (or
customize) their ownphantomat low costs.
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available upon reasonable request from the authors.
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