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a b s t r a c t

In the nuclear medicine imaging, quality control (QC) process using quadrant bar phantom is funda-
mental aspect of evaluating the spatial resolution. In addition, QC process of gamma camera is performed
by daily or weekly. Recently, Monte Carlo simulation using the Geant4 application for tomographic
emission (GATE) is widely applied in the pre-clinical nuclear medicine field for modeling gamma cam-
eras with pixelated cadmium telluride (CdTe) semiconductor detector. In this study, we modeled a
pixelated CdTe semiconductor detector and quadrant bar phantom (0.5, 1.0, 1.5, and 2.0 mm bar thick-
nesses) using the GATE tool. Similarity analysis based on correlation coefficients and peak signal-to-noise
ratios was performed to compare image qualities for various source to collimator distances (0, 2, 4, 6, and
8 cm) and collimator lengths (0.2, 0.4, 0.6, 0.8, and 1.0 cm). To this end, we selected reference images
based on collimator length and source to collimator distance settings. The results demonstrate that as the
collimator length increases and the source to collimator distance decreases, the similarity to reference
images improves. Therefore, our simulation results represent valuable information for the modeling of
CdTe-based semiconductor gamma imaging systems and QC phantoms in the field of nuclear medicine.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Monte Carlo simulation tools utilize random variables to
perform numerical estimation [1]. In particular, the Geant4 appli-
cation for tomographic emission (GATE) has been used extensively
for modeling nuclear physics and developing reconstruction algo-
rithms for emission tomography [2e4]. The GATE is useful for
modeling new camera designs with varying collimator geometry
and detector materials. Additionally, this tool is useful for evalu-
ating the performance of new gamma camera designs prior to
manufacturing clinical instrumentation.

Recent studies have suggested that advanced techniques, such
as new detector applications with cadmium telluride (CdTe)
semiconductors instead of conventional NaI(Tl) scintillators, can
provide excellent image performance based on simulations and
experiments [5e7]. C. Scheiber et al. indicated that CdTe semi-
conductor detectors are helpful for improving spatial resolution
by Elsevier Korea LLC. This is an
based on their efficient radiation absorption, high sensitivity, and
high stability at room temperature [5]. Additionally, Iida et al. re-
ported that scattered photons in pixelated semiconductor detectors
are smaller than those in non-pixelated NaI(Tl) scintillation de-
tectors [6]. S. J. Park et al. reported that gamma camera systems
with CdTe semiconductors exhibit improved performance
compared to conventional NaI(Tl) scintillation detector systems in
terms of spatial resolution based on experiments conducted using a
micro-Derenzo phantom and mouse brain images [8]. Overall, the
GATE has provided excellent accuracy and reliability in the nuclear
medicine field for numerous studies.

In general, the quality control processes in nuclear medicine
imaging are performed to improve diagnosis accuracy by applying
suitable phantoms for the purpose of daily, weekly, or monthly
image evaluation [9,10]. One popular phantom is the quadrant bar
phantom, which is commonly used to evaluate spatial resolution. A
quadrant bar phantom consists of four groups of lead bars with
thicknesses of 2.0, 2.5, 3.0, and 3.5 mm, respectively, that cover a
total area of 56.5 � 43.2 cm2. B. Kasal reported that the estimation
of spatial resolution from the full width at half maximum (FWHM)
using a point spread function (PSF) in a gamma image based on a
open access article under the CC BY-NC-ND license (http://creativecommons.org/
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Fig. 2. Schematic illustration of a pixelated CdTe semiconductor detector system,
including (a) various source-to-collimator distances (0, 2, 4, 6, and 8 cm) and (b)
collimator lengths (0.2, 0.4, 0.6, 0.8, and 1.0 cm), based on a quadrant bar phantom
modeled using the GATE.
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bar phantom is a useful and essential process in the nuclear med-
icine field prior to scanning patients [11]. However, there have been
few simulation studies on the evaluation of image quality according
to various gamma instrumentation geometries by using quadrant
bar phantoms to estimate spatial resolution. Therefore, the goal of
this study was to evaluate the similarity degrees and perform
visualization evaluations between reference and comparison im-
ages according to changes in source to collimator distance (0, 2, 4, 6,
and 8 cm) and collimator length (0.2, 0.4, 0.6, 0.8, and 1.0 cm). To
this end, we designed a pixelated CdTe semiconductor detector and
quadrant bar phantom using the GATE. To perform similarity
analysis and set reference images, the FWHM with a PSF for spatial
resolution was adopted. Correlation coefficients (CCs) and peak
signal-to-noise ratios (PSNRs) are used to evaluate the similarity
degree between reference and comparison images.

2. Materials and methods

2.1. Gamma camera detector simulation

In this study, we implemented simulations using the GATE
version 8.0 to compare image quality with respect to gamma im-
ages. Fig. 1 presents a diagram of the implemented gamma camera
system. The pixelated CdTe photoionization detector was modeled
by using the GATE. Fig. 2 presents a schematic illustration of the
experimental setup used in this study [12]. The detector consists of
51.2 � 51.2 mm of CdTe semiconductor material with a thickness of
3 mm. The matrix size of the images is 128 � 128 with a 0.4 mm
pixel size and 10% energy window of 140 keV (99mTc). The colli-
mator geometry affects imaging performance. Fig. 3 presents the
main parameters determining collimator performance. The colli-
mator hole length and diameter are crucial parameters affecting the
collimator resolution ðRcÞ and efficiency ðεcÞ [13,14].

RC ¼ d

�
leff þ z

�
leff

(1)
Fig. 1. Diagram of a gamma camera modeling system with a pixelated CdTe semi-
conductor, pixelated collimator, and quadrant bar phantom based on the GATE.

Fig. 3. Schematic diagram of a gamma ray following the shortest path (w) through a
parallel collimator with various parameters for determining image quality.
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Fig. 4. Quadrant bar phantom diagram. This phantom contains 4 bar thicknesses
(number of bars ¼ (a) 2 mm: 7 bars, (b) 1.5 mm: 8 bars, (c) 1.0 mm: 16 bars, and (d)
0.5 mm: 22 bars) that are filled with 99mTc over 500 s. The sizes of all bars are the same
at 18.75 � 10 mm2 in width and length, respectively.
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εc ¼ K2
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where d and z are the hole diameter and source to collimator dis-
tance, respectively; leff is the effective length of the collimator
holes, which is defined as leff ¼ l� 2� m�1, where m is the linear
attenuation coefficient of the collimator material; l is the collimator
length; and K and h are constants representing the hole shape and
septal thickness, respectively.

Additionally, the primary consideration for collimator design is
ensuring the penetration of gamma rays according to the collimator
septal thickness. The septal thickness ðtÞ in a collimator is calcu-
lated as follows:

t ¼ 2dw
ðl�wÞ (3)

where w is the minimum path length. The septal thickness in a
collimator generally is designed such that approximately 5% of
gamma rays penetrate along the shortest septal path.

e�mw � 0:05 (4)

In this study, a tungsten collimator material was used based on
its suitable cost and availability (Z ¼ 74, r ¼ 19.3 g/cm3). Conse-
quently, the septal thickness is related to the linear attenuation
coefficient as follows [15]:

t �
6d
m

l�
�
3
m

� (5)

To model a parallel low-energy high-resolution collimator.
which has the same hole and pixel size, the tungsten collimatorwas
arranged by repeating the square array (0.35 � 0.35 mm) of the
hole size and the 0.05 mm septal thickness. The collimator length
was 2 cm. To evaluate performance in terms of spatial resolution
using the GATE, wemodeled a quadrant bar phantom. A diagram of
the quadrant bar phantom specifications is presented in Fig. 4. The
phantom contains four different thicknesses (0.5, 1.0, 1.5, and
2.0 mm) of rectangular bar shapes with a width and length of
18.75 � 10 mm, respectively. The total size of the phantom con-
taining all bars is 50 � 50 mm. The phantom images were acquired
under various simulation conditions using the 99mTc with a radio-
activity of 1 MBq over 500 s of acquisition time. We evaluated
image quality using the quadrant bar phantom from two perspec-
tives. First, images were captured with various distances from the
source to collimator (0, 2, 4, 6, and 8 cm). Second, the collimator
length was considered (0.2, 0.4, 0.6, 0.8, and 1.0 cm). To evaluate
image quality based on similarity methods, which is a form of
quantitative analysis (e.g., CC and PSNR), reference images were
selected bymeasuring the FWHM using the PSF of the point source,
which outputted 1 MBq of radioactivity and had a diameter of
1 mm in air with 99mTc over 900 s of acquisition time. The FWHM
was calculated as follows:

FWHM¼2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2 log2

p
� s (6)

where s is the standard deviation of the Gaussian fitting in the
acquired image.
2.2. Quantitative analysis

The similarity methods representing the correlation between
1949
reference and comparison images (i.e., CC and PSNR) were calcu-
lated as follows:

CC¼
PN

i¼1ðf ði; jÞ � f ði; jÞÞ � ðgði; jÞ � gði; jÞÞffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ðf ði; jÞ � f ði; jÞÞ2

q ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiPN
i¼1ðgði; jÞ � gði; jÞÞ2

q (7)

MSE¼ 1
N

XN
j¼1

½f ði; jÞ � gði; jÞ�2 (8)

PSNR¼10log
fpeak

2

MSE
(9)

where f ði; jÞ and gði; jÞ are the pixel values of the reference and
comparison images, respectively, N represents the size of each

pixel, fpeak is the maximum pixel value in the image, and f ði; jÞ and
gði; jÞ are the mean values of the reference and comparison images,
respectively.
3. Results

Fig. 5 presents the results for the FWHM for calculating spatial
resolution. Regarding the FWHM results obtained using the afore-
mentioned point source for the reference images, Fig. 6 reveals that
the FWHM results for source to collimator distances of 0, 2, 4, 6, and
8 cm are 1.10, 1.38, 1.65, 1.92, and 2.18 mm, respectively. Addition-
ally, the FWHM values were 15.52, 2.63, 1.73, 1.42, and 1.24 mm for
collimator lengths of 0.2, 0.4, 0.6, 0.8, and 1.0 cm, respectively.
Consequently, the reference images were suitable for the 0 cm
source to collimator distance and 1.0 cm collimator length based on
the FWHM results. The FWHM value at a source to collimator dis-
tance of 0 cm is 1.98, 1.57, 1.32, and 1.13 times greater than those at
source to collimator distances of 2, 4, 6, and 8 cm, respectively.



Fig. 5. Images acquired with a point source of 99mTc with 1 MBq of radioactivity over 900 s using a pixelated CdTe detector system with varying (a) source-to-collimator distances
and (b) collimator lengths. These images are used to analyze the similarity between reference and comparison images.
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Additionally, the FWHM value at a collimator length of 1.0 cm is
12.51, 2.12, 1.39, and 1.14 times greater than those a collimator
lengths of 0.2, 0.4, 0.6, and 0.8 cm, respectively.

Figs. 7 and 8 presents quadrant bar phantom images for various
source to collimator distances and collimator lengths. One can see
that the images for varying source to collimator distances can be
distinguished between the 1.5 and 2.0 mm bars, but not between
the 0.5 and 1.0 bars. Additionally, when comparing the images for
varying source to collimator distances for the 1.5 and 2.0 mm bars,
it is possible to distinguish the bars for source to collimator dis-
tances of 0 and 2 cm, whereas in the images for the other conditions
(4, 6, and 8 cm), it is difficult to confirm the separation of the bars
through visual evaluation. In particular, in the image for the source
1950
to collimator distance of 8 cm, it is not possible to not separate all
bars. When comparing the images according to collimator length, it
is not possible to distinguish the 0.5 and 1.0 mm bars. The images of
the 1.5 and 2.0 mm bars are relatively more distinguishable.

Figs. 9 and 10 present similarity results in terms of CCs and
PSNRs evaluated using reference images with a source to collimator
distance of 0 cm and collimator length of 1.0 cm. The CC results for
source to collimator distances of 2, 4, 6, and 8 cm are 0.99, 0.53,
0.52, and 0.05, respectively. Those for collimator lengths of 0.2, 0.4,
0.6, and 0.8 cm are 0.88, 0.90, 0.92, and 0.94, respectively. The PSNR
results for source to collimator distances of 2, 4, 6, and 8 cm are
6.84, 4.34, 4.37, and 4.40, respectively. Those for collimator lengths
of 0.2, 0.4, 0.6, and 0.8 cm are 68.82, 85.45, 99.82, and 114.01,



Fig. 6. Results for FWHM values of the PSF for the spatial resolution of pixelated CdTe detector systems according to (a) source-to-collimator distance and (b) collimator length.

Fig. 7. Result images for quadrant bar phantoms simulated with respect to source-to-collimator distance with a collimator length of 2 cm: (a) 0, (b) 2, (c) 4, (d) 6, and (e) 8 cm. The
phantom images represent different bar thicknesses of 2 (top left), 1.5 (top right), 1.0 (bottom left), and 0.5 mm (bottom right).
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respectively. These results indicate that images with a source to
collimator distance of 2 cm and collimator length of 0.8 cmyield the
best similarity results when compared to the reference images.
4. Discussion

The GATE is a powerful software tool developed by the inter-
national OpenGATE collaboration [16]. Recently, there has been
increased demand for semiconductor detectors in the nuclear
medicine field. The use of pixelated CdTe semiconductor detectors
in gamma cameras has led to significant improvements compared
to NaI(Tl) conventional scintillation detectors in terms of spatial
resolution based on the high stopping power and atomic number of
CdTe. Lee et al. proved that pixelated CdTe semiconductor detector
systems provide improved spatial resolution compared to hexag-
onal collimator systems using the GATE [17]. Unlike previous
studies, we modeled and acquired gamma images of quadrant bar
1951
phantoms, which are used for spatial resolution evaluation, using
pixelated CdTe semiconductor detectors based on the GATE and
evaluated image performance based on similarity measures, such
as CCs and PSNRs, between reference and comparison images.

One limitation of this study is that there are few gamma camera
systems with CdTe semiconductor materials in the clinical field
because NaI(Tl) scintillator instrumentation is widely used to ac-
quire images. Simulation studies have drawbacks in terms of the
clinical application of gamma camera systems based on the high
production costs and complex manufacturing processes of such
systems. However, we assume that our experimental data will aid
in the acquisition of improved image quality in the future.

We confirmed that the collimator septal thickness according to
the collimator length is an important parameter for obtaining ac-
curate gamma images because star artifacts are caused by the
penetration of gamma rays. Table 1 summarizes the minimum
septal thickness results for the target collimator material for



Fig. 8. Result images for quadrant bar phantoms simulated with respect to collimator length: (a) 0.2, (b) 0.4, (c) 0.6, (d) 0.8, and (e) 1.0 cm. The phantom images represent different
bar thicknesses of 2 (top left), 1.5 (top right), 1.0 (bottom left), and 0.5 mm (bottom right).

Fig. 9. Comparison of CC results according to (a) source-to-collimator distance and (b) collimator length.

C.R. Park, S.-H. Kang and Y. Lee Nuclear Engineering and Technology 53 (2021) 1947e1954
collimator lengths of 0.2, 0.4, 0.6, 0.8, 1.0, and 2.0 cm with a hole
size of 0.35 mm. Star artifacts occur in images with collimator
lengths of 0.2, 0.4, 0.6, and 0.8 cm based on the calculation results
for minimum septal thickness, which is a parameter that de-
termines the penetration of gamma rays in a collimator. The image
for the collimator length of 1.0 cm contains no star artifacts.
Kobayashi et al. demonstrated that accurate diagnosis may be
limited by the occurrence of star artifacts, which make it difficult to
identify the locations of metastases [18]. Therefore, we believe that
maintaining a proper balance between collimator length and septal
thickness when designing collimator geometry is essential for
improving image quality.

Based on the CC and PSNR results, as the source to collimator
distance increases, spatial resolution decreases. Additionally, as the
collimator length increases, spatial resolution also increases. When
comparing the CC and PSNR results for the source to collimator
distance of 2 cm to those for source to collimator distances of 4, 6,
and 8 cm, one can see differences 1.71, 1.74, and 1.78 times,
1952
respectively, for CC in Fig. 8(a), and 1.57, 1.57, and 1.55 times,
respectively, for PSNR in Fig. 9(a). When comparing the CC and
PSNR results for the collimator length of 0.8 cm to those for colli-
mator lengths of 0.2, 0.4, and 0.6 cm, one can see differences of 1.06,
1.05, and 1.02 times, respectively, for CC in Fig. 8(b), and 1.65, 1.33,
and 1.14 times, respectively, for PSNR in Fig. 9(b). In summary, we
confirmed that image quality is improved when the source to
collimator distance decreases and the collimator length increases.

Recently, many researchers have recommended the application
of pixelated semiconductor detectors, such as cadmium zinc
telluride or CdTe, in gamma camera systems [19,20] because such
systems have higher intrinsic spatial resolutions than conventional
NaI(Tl) scintillation systems. Lee et al. reported that CdTe-based
semiconductor detector systems enhance spatial resolution
compared to conventional detector systems by modeling hot-rod
phantoms [19]. Additionally, scattering, attenuation, and statisti-
cal fluctuation are generated when capturing gamma rays in con-
ventional detector systems. Moreover, Y. Morimoto reported that



Fig. 10. Comparison of PSNR results according to (a) source-to-collimator distance and (b) collimator length.

Table 1
Calculated minimum septal thicknesses for various collimator lengths with a tungsten (Z ¼ 74, r ¼ 19.3 g/cm3) material at 140 keV.

Linear attenuation coefficient (cm�1) Hole diameter (mm) Collimator length (cm) Septal thickness (cm)

30.49 0.354 0.2 0.068
0.4 0.023
0.6 0.013
0.8 0.009
1.0 0.007
2.0 0.003
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CdTe-based semiconductor material is also effective in the positron
emission tomography scanner compared with conventional de-
tector material such as bismuth germanium oxide [21]. In this
study, we evaluated image performance according to source to
collimator distance and collimator length based for CdTe-based
semiconductor detector systems. The usefulness of such systems
was verified using quadrant bar phantoms, which are widely used
for the evaluation of spatial resolution in gamma image, based on
the GATE.
5. Conclusion

In this study, we compared spatial resolutions based on FWHM
values for various source to collimator distances and collimator
lengths using the GATE by modeling quadrant bar phantoms (0.5, 1,
1.5, and 2mmbar thicknesses). Similarity analysis based on CCs and
PSNRs was performed by comparing reference and comparison
images. According to the results, as collimator length increases and
source to collimator distance decreases, bars become more clearly
separated. Future studies will focus on numerical data, such as
modulation transfer functions, for quadrant bar phantoms to ex-
press spatial resolution more accurately based on FWHM values. In
summary, this study demonstrated the evaluation of spatial reso-
lution using quadrant bar phantoms by modeling CdTe semi-
conductor detectors based on the GATE.
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