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Abstract: Cone-beam computed tomography (CBCT) has emerged in recent years as an adequate
alternative to mammography and tomosynthesis due to the several advantages over traditional
mammography, including its ability to provide 3D images, its reduced radiation dose, and its
ability to image dense breasts more effectively and conduct more effective breast compressions, etc.
Furthermore, CBCT is capable of providing images with high sensitivity and specificity, allowing
a more accurate evaluation, even of dense breasts, where mammography and tomosynthesis may
lead to a false diagnosis. Clinical and experimental CBCT systems rely on cesium iodine (CsI:Tl)
scintillators for X-ray energy conversion. This study comprises an investigation among different novel
CBCT detector technologies, consisting either of scintillators (BGO, LSO:Ce, LYSO:Ce, LuAG:Ce,
CaF2:Eu, LaBr3:Ce) or semiconductors (Silicon, CZT) in order to define the optimum detector design
for a future experimental setup, dedicated to breast imaging. For this purpose, a micro-CBCT system
was adapted, using GATE v9.2.1, consisting of the aforementioned various detection schemes. Two
phantom configurations were selected: (a) an aluminum capillary positioned at the center of the field
of view in order to calculate the system’s spatial resolution and (b) a breast phantom consisting of
spheres of different materials, such that their characteristics are close to the breast composition. Breast
phantom contrast-to-noise ratios (CNRs) were extracted from the phantom’s tomographic images.
The images were reconstructed with filtered back projection (FBP) and ordered subsets expectation-
maximization (OSEM) algorithms. The semiconductors acted satisfactorily in low-density matter,
while LYSO:Ce, LaBr3:Ce, and LuAG:Ce presented adequate CNRs for all the different spheres’
densities. The energy converters that are presented in this study were evaluated for their performance
against the standard CsI:Tl crystal.

Keywords: cone-beam CT (CBCT); single crystals; scintillators; semiconductors; modulation transfer
function (MTF)

1. Introduction

Breast imaging constitutes a powerful diagnostic tool in the area of the prevention and
early diagnosis of most breast pathologies. Until recently, breast examination has relied
on mammography and tomosynthesis [1]. However, during these imaging protocols, the
breast is compressed in a painful manner, while there is an increased probability of a false
diagnosis in the case of dense breasts. Cone-beam computed tomography (CBCT) is capable
of overcoming breast compression by using a comfortable imaging technology [2]. Further-
more, it presents images with high sensitivity and specificity that lessen the possibility of a
false diagnosis or even reduce the need for a breast biopsy [1]. Additionally, quantitative
material decomposition, including the quantification of contrast agents, electron density,
and virtual monoenergetic images, is also applicable to CBCT [3,4].

CBCT technology relies on a detector technology that uses a scintillator (e.g., cesium
iodine doped with thallium CsI:Tl) for X-ray energy conversion to light followed by com-
mon light converters to electric pulses. CsI doped with Tl ions presents a high light yield
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of more than 60,000 ph/MeV at room temperature [5]. Its light emission band (maximum
at 560 nm) is satisfactory when combined with the spectral sensitivity of photodiodes [6].
CsI:Tl presents a rather slow response to X-ray photons. Its decay time constant (0.6–0.9 µs)
can be inadequate for high photon counting X-ray imaging applications [6], whereas, even
when doped with Tl ions, it remains a hygroscopic scintillator. The latter deteriorates its
applications in high humidity conditions [7,8]. Moreover, CsI:Tl exhibits high levels of
afterglow in its scintillation decay that produces image blurring in high-speed imaging
applications [9].

Scintillation detector technology is characterized as an indirect photon energy con-
version method. In general, scintillators attached to a photomultiplier tube (PMT) or an
avalanche photodiode matrix (silicon photomultipliers-SiPMs) form an indirect light-to-
signal conversion method. Direct conversion can be performed by utilizing semiconductor
detectors. Scintillators used commonly in X-ray tomography are cadmium tungstate
(CdWO4), lead tungstate (PWO), CsI:Tl, and lutetium yttrium orthosilicate doped with
cerium (LYSO:Ce), while among semiconductor detectors, cadmium zinc telluride (CZT)
dominates [10]. In general, semiconductors are in favor for diagnostic purposes since the
conversion of X-ray to electric pulse is performed directly without extra hardware, as in
scintillators that are connected to light and to electric pulse converters (e.g., PMTS or SiPMs).
Thus, any additional electronic or thermal noise is avoided. This allows semiconductors to
improve image spatial resolution and image contrast- (or signal-) to-noise ratios (CNR or
SNR) under low-dose examinations [11–13] where conventional imaging techniques suffer
from high noise levels that degrade image quality.

Image quality depends on the SNR or CNR. Noise reduction improves the detection
of low-contrast objects in the image, i.e., a soft tissue tumor in a dense breast and/or low-
contrast masses. Noise is inversely proportional to the square root of the number of photons
collected for image formation. The SNR (or CNR) can, therefore, be improved either by
increasing the number of incident photons (e.g., through a higher mAs value), together with
an increase in the dose to the patient, or by using a larger portion of the photons reaching
the detector, which in turn increases the detective quantum efficiency (DQE) [14]. Higher
DQE improves image quality without increasing the dose to the patient [12]. DQE can also
be improved by using thicker detectors or materials with higher attenuation coefficients (µ).
The latter increases with increasing atomic number, which in turn increases the physical
density of the absorbing material [15,16].

In this research, the performance of a micro-CBCT system was evaluated, using Monte
Carlo methods for possible applications in a dedicated CBCT breast imaging system. The
scanner imaging efficiency was evaluated under a wide range of novel CBCT/scintillator
detector configurations in order to estimate the performance of the optimum combination.
Scintillators and semiconductors were investigated as possible X-ray energy converters. The
scintillators that were examined were bismuth germanate (BGO), lutetium oxyorthosilicate
doped with cerium (LSO:Ce), LYSO:Ce, CsI:Tl, lutetium aluminum garnet doped with
cerium (LuAG:Ce), and lanthanum bromide doped with cerium (LaBr3:Ce). Furthermore,
silicon and CZT semiconductors were also evaluated. Clinical and experimental X-ray
systems commonly use LYSO:Ce [17], while LSO:Ce and BGO can be found in clinical and
experimental γ-ray applications [18]. These materials are dense (they all exhibit density
values around 7 g/cm3) with sufficient light output (BGO 30% and LSO:Ce, LYSO:Ce
85% of NaI:Tl scintillator) [19]. LuAG:Ce attracts great scientific interest because of its
relatively high density (6.67 g/cm3 [20]), satisfactory light output, and very fast response to
X-radiation (55 ns). In addition, the wavelength (526 nm) of the secondary photons emitted
by LuAG:Ce is transformed with high efficiency to electric pulses upon coupling with
avalanche photodiode arrays [21]. Moreover, although LaBr3:Ce is hygroscopic, it receives
great scientific attention because of its rapid response to incident photons (~20 ns [22]).
Likewise, CZT is a material that is under investigation as an adequate X-ray CT system
detector since it presents decreased electronic noise (a magnitude of nA [23]) and an
increased signal-to-noise ratio [11,24–26].
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The high density and the high effective atomic number (Zeff) of the examined materials
(higher than that of CsI:Tl crystal) improve DQE and can produce images of better image
quality without a further increase in the dose levels. Novel CBCT detector configurations
that can increase the SNR, while keeping the dose to the patient as low as possible, raise a
high scientific interest [27].

Thus, this study aims to investigate promising scintillating materials that can increase
contrast-to-noise ratios, in comparison to the imaging result of the standard CsI:Tl crystal.

2. Materials and Methods

In this study, an X-ray cone-beam micro-CT system, shown in Figure 1, was simulated, by
using an X-ray source (micro-focus X-ray source) with an emission angle of 6.8◦. The energy
spectrum of the source ranges from 10 to 40 keV. The object under examination is placed on a
360◦ rotating table (with respect to the vertical axis), which is located at a distance of 15 cm
from the source. The distance between the detector and the source is 300.05 cm. The detector
consists of either a semiconductor or a scintillator, and it is discretized into 100 × 100 pixels.
Each detector has dimensions of 50 mm × 50 mm × 1 mm, thus the resulting detector
pixel dimensions are 0.5 mm × 0.5 mm × 1 mm. The magnification is 1.07. The system was
simulated by using GATE v9.2.1 [28].
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Figure 1. Schematic diagram of the X-ray cone-beam micro-CT system.

GATE is based on the GEANT4 simulation tool that is used mainly in high-energy
physics [28]. It actually stands for the GEANT4 application for tomographic emission. It is
an advanced Monte Carlo simulation software that can be used to simulate radiation inter-
actions (attenuation, scatter, absorption of photons), detector configurations, acquisition
protocols, and signal processing during a nuclear medicine imaging examination [29,30].

Thus, GATE is a powerful tool for assisting the design of new imaging systems,
optimizing examination protocols, and investigating novel detection and signal processing
methodologies. The latest version of GATE incorporates simulation routines for X-ray
computed tomography applications [31].

The micro-CBCT detection system was simulated consisting of six different scintilla-
tors, namely, BGO, LSO:Ce, LYSO:Ce, CsI:Tl, LuAG:Ce, and LaBr3:Ce. In addition, silicon
and CZT semiconductors were also examined. In Tables 1 and 2, important properties of
the aforementioned materials are presented. In general, materials with short decay times
and high light output are preferable in medical imaging. Each detector is coupled to the
same electronic signal processing. A simple pulse analysis case with an energy threshold of
10 keV has been chosen to be simulated.

The purpose of this study was to assess the image quality of a micro-CBCT system.
Image quality can be quantified by the imaging device’s spatial resolution and contrast-to-
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noise ratios. Spatial resolution usually is determined by using point (or line) cold sources,
like a metallic capillary [16,32,33]. In order to assess different aspects of a detector scheme’s
imaging efficiency, two phantom geometries (Figure 2) were simulated. Simulation results
of the first phantom, namely, an aluminum capillary of 1 mm in diameter and 20 mm
long (Figure 2a), were used to evaluate the spatial resolution of each detector scheme.
Scatter effects were not simulated. The second phantom in our simulation was a breast
phantom (Figure 2b), in order to investigate the contrast-to-noise ratio in a strong scattering
environment (water) for each detector technology. The breast phantom consists of a
cylindrical container filled with distilled water. Inside this water tank, four “cold” spherical
sources of aluminum, plastic, glass, and bone tissue have been placed. The cylindrical
container has a radius of 8 mm and a height of 20 mm.

Table 1. Properties of scintillation materials under investigation [34–36].

Scintillating Materials Properties BGO LSO:Ce LYSO:Ce LuAG:Ce CsI:Tl LaBr3:Ce

Light output (%NaI) 30 85 85 66 45 166
Decay time (ns) 60/300 40 53 70 1000 26

Emission peak (nm) 480 420 420 535 550 380
Refraction index 2.15 1.82 1.81 1.84 1.79 2.05
Density (g/cm3) 7.13 7.35 5.37 6.67 4.51 5.23

Zeff 75 66 66 61 54 46.9

Table 2. Properties of examined semiconductor detectors [37].

Properties Si CZT

Energy gap (ev) 1.12 1.4–2.2
Average energy/e-h

coupling 3.61 4.67

Dielectric constant 11.9 10.9
Density (g/cm3) 2.3 5.8
Atomic number 14 50
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Figure 2. The simulated phantom geometries are shown. In (a), the simulated geometry of an
aluminum capillary is displayed and, in (b), the schematic geometry of a breast phantom. The
aluminum capillary is 20 mm in height and 1 mm in diameter. The breast phantom consists of a
water cylinder with a radius of 8 mm and a height of 20 mm. The water cylinder contains four “cold”
sources (spheres) made of aluminum (red), polyvinyl chloride (PVC) (yellow), glass (green), and
bone tissue (silver). The spheres are all 1 mm in diameter and are placed inside the water cylinder as
shown in Figure 2b.
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Tomographic images of each phantom were reconstructed with two different algo-
rithms: the analytical, filtered back projection (FBP) technique [10], and the statistical,
ordered subsets expectation-maximization algorithm (OSEM) [38]. Reconstructed images’
size was 128 × 128 pixels. FBP reconstructed images represent an area of 25 mm × 25 mm,
while OSEM reconstructed images correspond to an area of 17 mm × 17 mm. The FBP
reconstruction algorithm assumes a parallel beam geometry, which expands the camera’s
field of view. OSEM is applied by considering the actual fan beam geometry that is applied
for a 2D reconstruction process in a cone-beam geometry.

FBP is based on the hypothesis that the 1D acquisition data Fourier transform equals
the 2D reconstructed image Fourier transform. FBP was implemented by applying a
Hamming window in order to avoid blurring phenomena in reconstructed images while,
at the same time, reducing high-frequency image noise and improving SNR.

On the other hand, OSEM represents a speedup version of the expectation-maximization
maximum likelihood (EMML) algorithm [39] that assumes that acquired data follow a Poisson
statistic. Iterative algorithms in general produce images with better CNR or SNR values and
with improved spatial resolution, free from the artifacts of analytical reconstruction [40]. To
succeed with this, iterative methods usually rely on a linear relation between acquired data y
and image x, according to the following equation:

y = ATx (1)

where A is the system or probability matrix, a matrix variable that models all the physical
phenomena during the data acquisition process, i.e., the X-ray scatter and attenuation, as
well as scanner geometrical characteristics (angle of rotation, object-to-detector distance,
distance from the object to X-ray source, detector’s pixels number, detector pixel size, image
size, image pixel size, angle of X-ray emission). Element aij of the matrix A represents the
probability of an X-ray passing from image pixel i being detected by detector pixels j that
define LOR j (LOR-line of response). Since A is not quadratic, A−1 cannot be calculated;
thus, Equation (1) cannot be directly solved to find image x. By multiple iterations based on
specific objective functions, relative to the data acquisition of physical phenomena, iterative
techniques are able to reach an optimum image representation of the object under study, to
produce the optimum solution of Equation (1) [41].

OSEM is based on the assumption that the collected data follow a Poisson distribution
with mean value ∑N

i=1 aijxi, where N is the total image pixel number. OSEM speeds up
EMML by dividing into subsets the acquired data y so that one full iteration is fulfilled
when all data subsets are used to reconstruct image x.

There is no gold standard on the choice of subsets; that is, they can be sequentially
ordered with no overlap between them or they can be overlapping subsets with increasing
size, etc. The iterative step of OSEM in kth iteration for subset n is as follows:

xk
i =

xk−1
i

∑j∈Sn aij
∑j∈Sn

aijyj

∑N
i=1 aijxk−1

i

(2)

The system matrix was derived from an analytical formula as the area of intersection
between two lines of response. In Figure 3, the hall method is presented with the camera
at a random rotation angle in relation to the object under investigation. Only scanner
geometrical characteristics were taken into account.
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Figure 3. A schematic view of the system matrix element calculation (Eij are areas of intersections
between two detector lines of response and pixel i). The figure presents the micro-CBCT system
configuration when the table is rotated at a random angle (φ). I represent the detector to source
distance, (xo, yo) are the coordinates of the detector center, (x1, y1) and (x2, y2) are the coordinates
of two randomly chosen neighboring detector pixels. ai j represents the system matrix element
corresponding to the area of intersection. Eij of pixel i with detector tube j is defined between
neighboring lines of response, originating from detector pixels with coordinates (x1, y1) and (x2, y2).

3. Results

Simulation data are acquired by a table rotation of 1 ◦/s for 360◦. The source and the
detector are stationary and facing each other. The maximum activity of the source was
350 kBq, corresponding to 9.46 µCi.

As far as the aluminum capillary is concerned, it was used to extract the point spread
function (PSF) system response. The capillary was simulated with air in the surroundings.
Simulated data (number of X-ray photons being absorbed in the detector) were stored
in sinogram format. One hundred 2D sinograms were generated. Each sinogram was
referred to a specific detector pixels’ row. Thus, each sinogram 2D matrix contained the
number of photon interactions of every pixel detector in a specific detector row and in every
rotation angle. To extract the PSF (the capillary profile along a tomographic plane), the 2D
sinograms were reconstructed into 2D tomographic images. A total of 100 tomographic
images were created. The tomographic image #50, out of 100 in total, which showed the
cross-section of the capillary at a height of 10 cm, was chosen. The midrow # 50 of the
aforementioned two-dimensional cross-section was used. Figure 4 shows a superimposition
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of the source profile, for the specific line of cross-section 50, for all the detection patterns.
The image source was reconstructed with FBP (applied as explained in the previous section)
(Figure 4a) and OSEM (Figure 4b). OSEM is applied by dividing the dataset into 24 subsets
and repeating the iterative procedure two times. The minimum of the source profile is
subtracted and then the profile is normalized.
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Figure 4. A superimposition of the source profile, for the specific line of cross-section 50 and for all
the detection patterns. The capillary image was reconstructed with (a) FBP and (b) OSEM (24 subsets,
2 iterations) in a 128 × 128 pixels matrix.

Figure 5 shows the modulation transfer function (MTF) [42], which is actually the
Fourier transform of Figure 2. MTFs for each detector array are superimposed. No differen-
tiation is present among the different detector set-ups as far as the reconstruction procedure
with FBP is concerned. The resolution was still (at 10% of MTF) 1.19 cycles/mm for all
detector arrays.
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Figure 6 presents the superimposition of each detector scheme’s MTFs where the
image source was reconstructed with OSEM. The top row shows MTF curves for the image
source reconstructed with OSEM by using 9 subsets, the middle row by using 15 subsets,
and the bottom row by using 24 subsets. It can be concluded from Figure 6 that the
number of subsets does not make a considerable contribution to increasing the spatial
resolution. The number of iterations has the most significant role, resulting in a better
spatial resolution. Thus, after three iterations of OSEM by using 24 subsets, the spatial
resolution is significantly improved to almost 1.5 cycles/mm. The image size in both FBP
and OSEM reconstruction was 128 × 128 pixels.
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Figure 6. A superimposition of each detector configuration’s MTFs, where the image source was
reconstructed with OSEM (the top row shows MTF curves for the image source reconstructed
with OSEM by using 9 subsets, the middle row by using 15 subsets, and the bottom row by using
24 subsets) after (a) 1 iteration, (b) 2 iterations, and (c) 3 iterations.

The image of the capillary for the LYSO:Ce (left), CZT (center), and LaBr3:Ce (right)
detectors at a 36◦ rotation is presented in Figure 7. Figure 8 shows the capillary tomographic
images (slice 50) for the LYSO:Ce detector (left), the CZT semiconductor (center), and the
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LaBr3:Ce scintillator (right) reconstructed with FBP (top row) and OSEM (bottom row),
using 24 subsets and two iterations.
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Figure 8. The capillary tomographic images (slice 50) for the LYSO:Ce detector (left), the CZT
semiconductor (center), and the LaBr3:Ce scintillator (right) reconstructed with FBP (top row) and
OSEM (bottom row) by using 24 subsets and 2 iterations.

Furthermore, regions of interest (ROIs) within the breast phantom consisting of four
spheres (simulated with materials of different densities (aluminum, plastic, glass, and spinal
bone tissue)), in a water cylinder, were selected. ROIs were chosen from the reconstructed
images (cross-sections 26 and 76) with FBP and OSEM (24 subsets, two iterations). Cross-
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section 26 contains the two aluminum and plastic cold sources, and cross-section 76 contains
the glass and spine bone spheres. Three background-noise regions within the camera’s field
of view were also examined. The mean background luminance Mbackground and standard
deviation of the three noise regions were calculated. The size of the ROIs was 8 × 8 pixels,
placed in the centers of the four spheres.

Information regarding the regions of interest concerning the spheres was used to
calculate each sphere’s average brightness value, Mobject. From the background ROIs,
the average background value Mbackground was extracted and subtracted from Mobject. The
contrast-to-noise ratios (CNRs) [42] were then calculated based on the following equation:

CNRobject =
Mobject − Mbackground

σbackground
(3)

Table 3 shows the CNR coefficients for the eight different probe arrangements and for
each sphere for cross-sections 26 and 76 reconstructed with FBP and OSEM.

Figure 9 presents the tomographic images (128 × 128 in pixels) of the four spheres,
namely, slice 26 and slice 76. The top row shows reconstructed images from data acquired
with the LYSO:Ce crystal, the middle row with the CZT semiconductor, and the bottom
row with the LaBr3:Ce scintillator. The two columns on the left present FBP reconstruction,
while the two columns on the right present images reconstructed with OSEM (24 subsets,
two iterations).
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Figure 9. Tomographic images of the four spheres, namely, slice 26 and slice 76. The top row shows
reconstructed images from data acquired with the LYSO:Ce crystal (top row), the CZT semiconductor
(middle row), and the LaBr3:Ce scintillator (bottom row). (a,b) stand for FBP reconstruction, while
(c,d) columns present images reconstructed with OSEM (24 subsets, 2 iterations).
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Table 3. The CNR for the breast phantom spheres and for data acquired from the detector schemes
under investigation.

FBP OSEM

Detector
Materials CNRAl CNRPVC CNglass CNRbone CNRAl CNRPVC CNglass CNRbone

CsI:Tl 12.5677 10.2876 5.4582 2.2838 16.2694 15.2954 7.9191 4.5620
BGO 13.6643 11.1720 4.9783 2.3314 20.3974 19.4525 9.8848 5.9640
CZT 11.6429 9.6542 6.6954 2.8265 15.2184 14.1728 8.6443 4.9778

LaBr3:Ce 13.4469 11.1696 6.6189 3.5607 20.4403 19.4915 8.8816 5.2766
LSO:Ce 12.4842 10.5126 5.8054 2.5998 12.2756 11.3903 8.1536 4.6478

LuAG:Ce 13.1741 11.1357 6.2501 2.8842 15.7086 15.0080 7.5545 4.2416
LYSO:Ce 14.5738 12.0385 4.2762 2.2064 21.1344 20.1747 9.5491 5.7420
Silicon 12.0868 9.0101 5.9142 2.6967 11.0312 10.3268 5.9028 2.5920

4. Discussion

By observing Table 3, under simulation assumptions, all the CNRs are acceptable for
aluminum, plastic, and glass spheres. This is also the case for all detection schemes and
for both FBP and OSEM reconstruction procedures, i.e., CNR > 3 (Rose criterion) [41]. The
spine bone (the less dense material) sphere is barely detected, presenting CNRs above the
Rose criterion for FBP images. However, using energy converters denser than CsI:Tl, such
as CZT, LaBr3:Ce, and LuAG:Ce, the bone sphere’s CNR approaches the Rose criterion of
adequate detection. OSEM reconstruction enhances contrast-to-noise ratios, and almost
all spheres’ CNRs are acceptable. Furthermore, the denser materials show increased CNR
values for all four spheres in comparison to the CsI:Tl scintillator. LuAG:Ce and silicon
seem to perform better in conjunction with the FBP reconstruction process.

Lately, there has been an increased research interest [3] and clinical evaluation of cone-
beam CT systems, dedicated to breast imaging. Cone-beam CT avoids tissue overlapping and
provides a more sensitive evaluation for dense breasts (mean density d = 1.1 g/cm3 [43]). In
this study, CNR values can be characterized as significantly high. An X-ray mammograph
image was also simulated. CNRs values, for detector configurations based on CsI:Tl crystal,
were as follows: CNRAl = 7.4263, CNRPVC = 6.5323, CNRglass = 6.0179, and CNRbone = 3.9641.
These values are lower than CNR values for aluminum, PVC, and glass obtained with the
micro-CBCT system for the same detector material. CNRbone is also low in comparison with
the CNRsbone obtained by micro-CBCT for images reconstructed with OSEM. This confirms
the increase in the system sensitivity of the simulated micro-CBCT system [1].

According to Table 3, and under the simulation assumptions, semiconductors tend
to have more satisfactory CNRs in the bone sphere than CsI:Tl. The above findings are
indicative of the increased scientific interest in the CZT detector’s evaluation for CT sys-
tems, especially in the area of photon counting CT [44,45]. In this context, a previous study,
evaluating two CBCT system configurations (one with a CsI:Tl flat panel detector, while
the other was based on a CZT semiconductor) resulted in a CNR increase of 1.48 for mi-
crocalcifications and 1.85 for iodine contrast enhancement, when CZT-based configuration
was used, instead of the common CsI:Tl scintillator [46].

In the literature, there are a few studies that investigate the influence of the incorpora-
tion of CZT detectors in X-ray CT scanning protocols on CNR. All these studies report an
increase in the CNR in the range from 1.3 to 1.4 [47].

LaBr3:Ce and LuAG:Ce scintillators are in the spotlight of material research, due to
their fast response to the incident radiation and the light output, especially in the case
of LaBr3:Ce compared to the NaI:Tl crystal. LuAG:Ce is a very promising scintillator as
far as the light output is concerned, while at the same time, it is preferably combined
with SiPMs. The use of SiPMs in the detector array reduces electronic noise, increases
the energy resolution, and reduces the cost of the detector system relative to the use
of a photomultiplier. SiPMs are now established in clinical systems and facilitate the
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development of digital imaging detectors. The LYSO:Ce crystal is today at the heart of
clinical and international research activity [7,25].

Based on the above findings, photon energy converters like CZT, LYSO:Ce, LaBr3:Ce,
and LuAG:Ce could be potentially used as alternatives to CsI:Tl crystal in future experi-
mental CBCT applications.

Aluminum is a dense material with a high attenuation coefficient in the energy range
under examination. In addition, aluminum’s capillary diameter is bigger than the detector
pixel size; thus, it is detected equally satisfactorily by all detector setups.

The breast phantom investigated in this study simulated three types of tissue: fat,
muscle, and bone. Adipose tissue is simulated by PVC (plastic), and muscle is simulated by
water. At energies below 40 keV, the fatty tissue is clearly visible compared to the muscle
tissue, but the radiation dose absorbed by the body under examination increases. Therefore,
X-ray photons in clinical systems approach energies of 40 keV, which are the upper limit
for distinguishing the two tissues from each other.

As far as noise artifacts [45,48] are concerned, in Figure 9, the beam hardening effect
as a product of FBP reconstruction is clearly visible, hindering the visibility of low-contrast
objects in the vicinity of high-Z objects (aluminum and glass). This can be avoided by
using iterative reconstruction algorithms, as can be inferred from Figure 9b. The relatively
high simulated pixel size of 0.5 mm may also enhance the partial volume effect artifact,
especially in FBP images. The effect of the latter may be reduced by simulating with a
smaller pixel size or using an iterative algorithm.

Although the main interaction of X-ray energy impinging on the breast phantom is
scattering, the lower X-ray energies, close to 10 KeV, demonstrate an increased probability
of direct absorption due to the photoelectric effect. The above suggests an increased
contribution of scattering in the presented data. The use of a larger phantom would change
the scatter energy distribution incident on the detector and is expected to reduce the image
clarity for all detector configurations. All images were simulated under conditions of
intense noise and in an intense scattering environment, such as the container of water,
under low X-ray source activity exposure. The bone sphere is hard to distinguish, mainly
in FBP-reconstructed images. Furthermore, compared to the three other materials, it has
the lowest density of 1.4 g/cm3 (GATE data [28]) (dAl = 2.7 g/cm3, dPVC = 1.65 g/cm3,
dglass = 2.5 g/cm3). This is also shown by the CNR ratios, which for the bone “source”, can
be above the Rose criterion.

Breast phantom proportions do not reflect a real human breast volume. They reflect a
small area that resembles breast tissue. It is designed so as to assess detector material effec-
tiveness to distinguish between different structures (with dimensions close to the presented
micro-CBCT system’s spatial resolution) in a small area of simulated breast tissue.

OSEM was implemented by adapting a sequential, non-overlapping technique for
subsets’ selection. Images are obtained according to one subset of the data and used as an
initial solution, input to the reconstruction process of the next subset. When all subsets
have been used, one full iteration of the algorithm is completed. OSEM is an accelerated
version of EMML. Two full iterations of OSEM with 24 subsets are not equal to two full
iterations of EMML. The latter needs an optimum of 50 iterations to reach an acceptable
result [39].

Finally, iterative techniques, like OSEM, improve the CNR, mostly because they
produce images with lower noise levels. As a result, the OSEM-reconstructed PSF profile
resembles the true capillary inner diameter.

5. Conclusions

In this study, different X-ray detector schemes for a cone-beam micro-CT system were
evaluated. The imaging system was simulated in GATE, introducing seven different detec-
tor configurations. Five different scintillators were used, namely, BGO, LSO:Ce, LYSO:Ce,
LuAG:Ce, LaBr3:Ce, and two semiconductors (silicon and CZT) as X-ray energy converters.
Results were presented in comparison to the CsI:Tl scintillator, currently used in clinical and
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experimental CBCT systems. Among them, LYSO:Ce, LaBr3:Ce, and LuAG:Ce presented
adequate CNRs for all the different spheres’ densities, while semiconductors performed
well in low-density spine bone tissue. The combination of the examined scintillators with
SiPMs attracts an important scientific interest for future experimental setups, since they
exhibit comparable performance to the golden standard CsI:Tl. The examined materials,
resulting in increased CNRs, could be efficient alternatives for the case of dense breasts.
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