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Abstract

BACKGROUND: Acquiring a high quality image has assigned an important concern for obtaining accurate diagnosis in nuclear 
medicine. Detector is a critical component of Single Photon Emission Computed Tomography (SPECT) imaging system for 
giving accurate information from exact pattern of radionuclide distribution in the target organ. The images are strongly affected 
by the attenuation, scattering, and response of the detector. The conventional detector is mainly made from sodium iodide 
activated by thallium [NaI(Tl)] in nuclear medicine imaging. 

The aim of the study. This study has planned to introduce a suitable for an optimized SPECT imaging. SIMIND Monte Carlo 
program was utilized for simulating a SPECT imaging system with a NaI(Tl) detector, and a low-energy high-resolution (LEHR) 
collimator. 

MATERIAL AND METHODS: The Planar and SPECT scans of a 99mTc point source and also an extended Cardiac-Torso 
(XCAT) computerized phantom with the experiment and simulated systems were prepared. After verification and validation of 
the simulated system, the similar scans of the phantoms were compared from the point of view of image quality for 7 scintillator 
crystals including: NaI(Tl), BGO, YAG:Ce, YAP:Ce, LuAG:Ce, LaBr3 and CZT. The parameters of energy and spatial resolution, 
and sensitivity of the systems were compared. Images were analyzed quantitatively by SSIM algorithm with Zhou Wang and 
Rouse/Hemami methods, and also qualitatively by two nuclear medicine specialists. 

RESULTS: Energy resolutions of the mentioned crystals obtained were: 9.864, 9.8545, 10.229, 10.221, 10.230, 10.131and10.223 
percentage for 99mTc photopeak 140 Kev, respectively. Finally, SSIM indexes for the related phantom images were calculated 
to 0.794, 0.738, 0.735, 0.607, 0.760 and 0.811 compared to the NaI(Tl) acquired images, respectively. Medical diagnosis of 
the SPECT images of the phantom showed that the system with BGO crystal potentially provides a better detectability for hot 
and cold lesions in the liver of XCAT phantom. 

CONCLUSIONS: The results showed that BGO crystal has a high sensitivity and resolution, and also provides a better lesion 
detectability from the point of view of image quality on XCAT phantom.
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Background 

Single Photon Emission Computed Tomography (SPECT) 
has an advantage over Positron Emission Tomography (PET) in that 
it is less expensive and more widely available, but it is less informa-

tive in that it has poorer spatial resolution. The images are strongly 
affected byTab attenuation, scattering, response of the detector 
and also the detector materials. Conventional detector was mainly 
made from sodium iodide activated thallium NaI(Tl) in nuclear 
medicine imaging. Nuclear medicine imaging detector should have 
some characteristics such as high energy resolution, appropriate 
photon conversion efficiency, high density, short decay time, short 
radiation length, as well as the appropriate physical strength, 
without afterglow, to obtain the radioisotope images with the best 
qualities for an accurate diagnosis [1]. There are some gamma 
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ray detectors that have been produced and suggested for nuclear 
medicine imaging [2]. Bismuth Germanate (BGO), may provide 
a better sensitivity due to its higher density [3], with a low afterglow 
and is also a non-hygroscopic crystal [1]. BGO crystal was usually 
used in PET scanners for its high photo fraction that is needed in 
PET imaging [4]. Moreover, cerium activated Yttrium aluminum gar-
net (YAG:Ce) and Yttrium aluminum perovskite (YAP:Ce) have the 
benefits of average density but YAP:Ce has energy resolution better 
than that of YAG:Ce [5]. On the other hand, YAG:Ce has the ability 
to detect x-rays and low energy gamma–ray photons. Also, Lute-
tium aluminum garnet activated by cerium (LuAG:Ce) has higher 
density than YAG:Ce and faster decay time than BGO crystal [6]. 
Cerium-activated lanthanum bromide (LaBr3) has a good energy 
resolution and low decay time, high temperature stability also at 
room temperature [5–7]. Cadmium zinc telluride (CZT), with a high 
density, very short decay time and an excellent energy resolution 
recently has been suggested in nuclear medicine imaging system 
[8]. Therefore, there are some controversy and uncertainty on 
selecting a preferable detector with the best efficiency in SPECT 
systems. This study has planned to compare the above mentioned 
crystals for an optimized SPECT imaging (Table 1) [6, 9–11].

Material and methods

Monte Carlo simulation
The Siemens E.CAM gamma camera was modeled using 

SIMIND Monte Carlo program. The camera consists of a remov-
able low energy high resolution (LEHR) collimator, a NaI (Tl) 
scintillation crystal, a light guide and an array of photomultiplier 
tubes (PMTs). The parameters of LEHR collimator, used for low 
energy sources such as 99mTc, for experiment and simulation were 
as follows: parallel hexagonal holes with cells of 1.11 mm diam-
eter, 2.405 cm height, and 0.16 mm septal thickness. The NaI (Tl) 
crystal specifications were as follows: planar, 9.5 mm in thickness, 
59.1 × 44.5 cm2 in area, light yield 40k photons /MeV, and a peak 
emission spectrum at 415 nm [12, 13]. Generated light in the crystal 
is collected by a matrix composed of 59 PMTs, 53 with 7.6 cm and 
6 with 5.1 cm in diameter. The photocathode is a bialkali type with 
quantum efficiency of approximately 30% for the wavelength of 
maximum NaI (Tl) emission [14].

A light guide ensures a good optical coupling between the 
scintillating crystal and PMTs. The SIMIND Monte Carlo program 
was utilized to simulate the aforementioned structures. When 99mTc 
is used, various structures attached to back of the crystal contrib-
ute to backscattering of the emitted photons. To assess the effect 
of these parts, a single 6 cm slab of Pyrex was substituted and 
simulated [15]. SIMIND program mainly consists of two executable 

programs included: CHANGE.exe, which defines the system and 
scanning parameters, and SIMIND.exe, which performs the actual 
simulation [16]. The program can also simulate non-uniform attenu-
ation from voxel-based phantoms and includes several types of 
variance reduction techniques [16]. The functional parameters of 
the experiment and simulated systems including energy and spe-
cial resolution, and energy spectra were compared for verification 
of the simulated system. Energy resolution of the gamma camera 
was measured with a 99mTc (3.7MBq) point source, positioned at the 
center of the field of view (FOV), 25 cm from the crystal surface. The 
energy spectrum was acquired for 107photons/projection. Spatial 
resolution of the real and simulated gamma camera were deter-
mined by placing a 99mTc (1.9MBq) source (1.5 mm in diameter) at 
the center of the FOV. A study of the SPECT reconstructed spatial 
resolution was also carried out both experimentally and by SIMIND 
simulation. SPECT projections of a Jaszczak Deluxe Phantom along 
the axis of rotation were acquired [17].

The program was also used for simulation of the SPECT system 
with CZT, LaBr3, LuAG:Ce, YAG:Ce, YAP:Ce and BGO crystals and 
related phantom studies. 

Phantom studies
A point source of 3.7 MBq99mTc, Na99mTcO4 solution, and a Jaszc-

zak phantom uniformly filled with 370 MBq99mTc, respectively at 10 
and 15 cm from a LEHR collimator, were used both for the experi-
ment and simulation studies, a detailed description was delivered 
in the previous study by Khoshakhlagh et al. [24]. The produced 
images were compared in terms of image contrast and spatial 
resolution (Figure 1) [19–21]. Moreover, for the XCAT phantom 
studies, the acquisition parameters were 128 × 128 matrix, 128 
views, 3.12 mm pixel size, zoom 1.2, and the projections were 
reconstructed by filtered back projection reconstruction method 
using a Butterworth filter with a cut-off frequency of 0.5. 

Image evaluation

Quantitative study
The structural similarity (SSIM) algorithm was used for quan-

titative study on image quality [22, 23]. The algorithm has been 
described in details in previous study by Islamian et al. [20].

Qualitative study
For a qualitative study on image quality, two nuclear medicine 

specialists viewed the filtered back projection reconstructed ra-
dioisotope images for the lesion detectability of a hot and a cold 
lesion, both in sizes of 10 mm diameter, in the liver of XCAT hu-
man phantom and scaled the images quality from 1 to 9 so that 

Table 1. Physical properties of some materials of the detectors used in the present study [6, 9–11]

Properties NaI:Tl BGO YAG:ce YAP:Ce LuAG:Ce LaBr3 CZT

Density [g/m3] 3.67 7.13 4.55 5.37 6.76 5.78 5.08

Index of Refraction 1.85 2.15 1.79 1.94 1.84 3.09 1.9

Attenuation [cm-1] 0.34 0.92 0.42 0.52 0.63 0.54 0.47

Decay Constant (ns) 230 300 70 25 70 1 26

Light Yield (%) Nal (Tl) 100 25 40 60 20 – 160

Photofraction (%) 17 40 3.5 4.2 3 14.2 15
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number 9 was marked for the best detectability and the worst one 
was acquired number 1. The letters H and C were used for the hot 
lesion and the cold lesion detectability, respectively.

Results

Point source
The verification of the simulated SPECT system according to 

the functional parameters of the systems was done by a 99mTc point 
source scanning, according to the previous study by Khoshakhlagh 
et al. [24] (Table 2). 

Some minor differences may be observed between the simu-
lated and the experimental energy spectra, the most striking being 
that the experimental spectrum presents a wider peak which may 
be explained by the superimposition of the energy peaks with the 
X-ray energy of 99mTc [25].

XCAT phantom
The data on comparing the images of SPECT scanning of XCAT 

phantom with NaI(Tl), CZT, LaBr3, LuAG:Ce, YAG:Ce, YAP:Ce and 
BGO crystals by SSIM algorithm with Zhou Wang and Rouse/He-
mami methods are presented in Table 3. Figure 2 shows the de-
tectability of liver lesion in the simulated XCAT phantom acquisi-
tions by SPECT imaging with the seven detectors and also Figure 
3 shows the related results on the interpretations of the filtered back 
projection images by two nuclear medicine specialists.

Discussion

The present study was planned to possibly replace the con-
ventional scintillation detector, NaI(Tl), with the newly provided 
detectors for more efficient detection and higher resolution. We 
simulated a SPECT imaging system with a NaI(Tl) detector crystal, 
also replaced with six crystals including BGO, YAG:Ce, YAP:Ce, 
LuAG:Ce, LaBr3 and CZT, and compared the related images quality 
in SPECT scans of XCAT human phantom simulated with hot and 
cold lesions in the liver. Our study demonstrated that a SPECT sys-
tem equipped with a BGO detector is somewhat more efficient for 
detecting the lesions compared to the others. In a previous in-vivo 

Table 2. The results of simulation verification according to the 
functional parameters of the experiment and simulated SPECT 
systems for a 99mTc point source scanning

Parameter Experiment system Simulated system

Spatial Resolution [mm] 7.524 7.287

Energy Resolution (%) 9.864 9.192

Table 3. The data on comparing the acquired images from SPECT scans of XCAT human phantom with six detectors by SSIM algorithm, compared 
to the NaI(Tl)

Method Parameter Detector

BGO YAG:ce YAP:Ce LuAG:Ce LaBr3 CZT

Zhou Wang Luminance comparison 1.000 0.987 0.997 0.981 0.999 1.000

Contrast comparison 0.977 0.965 0.965 0.920 0.973 0.977

Structure comparison 0.812 0.77485 0.763 0.672 0.781 0.830

MS-SSIM index Zhou Wang 0.794 0.73854 0.735 0.607 0.759 0.811

Rose Hemmami Luminance comparison 1.000 0.98643 0.997 0.999 0.999 1.000

Contrast comparison 0.954 0.93953 0.937 0.946 0.945 0.956

Structure comparison 0.683 0.64980 0.623 0.673 0.645 0.721

MS-SSIM index Rouse/Hemami 0.651 0.602 0.582 0.637 0.609 0.689

Figure 1. The cross sections of the simulated Extended Cardiac-Torso 
(XCAT) computerized human phantom. Liver activity maps with a cold 
lesion (A), and a hot lesion (B). The related attenuation maps with 
a low attenuation lesion (C) and a high attenuation lesion (D)

Figure 2. Radioisotope images of the simulated SPECT from XCAT 
human phantom acquisition (liver as the target organ), by the seven 
detectors. The scan parameters were described in the text
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study by Saizu et al., on the image quality acquired from a LaBr3 crystal 
for administration of I-131 in the thyroid the LaBr3 has been proposed 
as an appropriate detector [7]. Herein we also obtained some better 
resolution for that detector compared to the NaI(Tl), but not better than 
for BGO. The properties that make the LaBr3:Ce scintillator detector at-
tractive for different applications, based on g-ray spectrometry, include 
its very suitable energy resolution. Furthermore, Derenzo et al. [26], 
have also compared the NaI(Tl) and BGO detectors and found that 
the latter is more sensitive mainly due to its higher density. Meanwhile, 
in a review by Liu B et al., on the development of medical scintillators, 
it was demonstrated that BGO crystal has occupied far more than 
50% PET market [1]. Our results also confirmed the mentioned stud-
ies and showed that, between the studied BGO, YAG:Ce, YAP:Ce, 
LuAG:Ce, LaBr3 and CZT crystals, BGO provides a higher sensitivity 
with some suitable energy resolution. Also, comparing the results of 
the images quality from the point of lesion detectability view, our study 
showed that the images acquired by the BGO crystal provide some 
better qualities in detecting hot and cold lesions in the liver of XCAT 
human phantom (Figure 3). Finally, BGO benefits from low afterglow 
and so it should also be preferred in high count rate applications. 
These causes reduced pulse pile up and increased energy resolution 
in radionuclide imaging.

Conclusion

Lesion detectability is a challenging study in SPECT imaging, 
and the detector plays a critical role in providing a high resolution 
projections. This SIMIND Monte Carlo simulation study on the deter-
mination of an optimized crystal for SPECT imaging proposed that 
the BGO may candidate as a suitable detector for detecting of hot 
and cold lesions in the liver of XCAT human phantom. However, the 
present study should be more extended by including semiconduc-
tors and also the influence of parameters such as thickness of the 
detector on obtaining higher efficency and optimal imaging quality.
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