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Abstract

Purpose: Micro Single Photon Emission Computed Tomography (Micro-SPECT) system has recently been introduced
on nuclear medicine in the preclinical and research in which Nal (T1) and Cadmium Telluride (CdTe) are used as the
gamma-ray detectors with more generally use of Nal (TI). The present study aimed to evaluate different thicknesses
of the Nal (TI) and (CdTe) detectors on functional parameters of a micro-SPECT system.

Materials and Methods: A Micro-SPECT system with CdTe semiconductor detector and a hexagonal parallel hole
collimator with a hole diameter of 0.11 mm, high of 24.05 mm, and septal thickness of 0.016 mm was simulated by
Simulating Medical Imaging Nuclear Detectors (SIMIND) Monte Carlo program. The system performance was
assessed by comparing the functional parameters, including system efficiency, sensitivity, energy and spatial resolution
with the Nal (TI) detector. The simulated scans of a ®™Tc point source, a digital micro-Jacszack phantom, and a
voxelized MOBY mouse phantom with the system were prepared to evaluate image quality.

Results: The functional parameters; sensitivity, efficiency, planar spatial resolution, and image contrast of CdTe
detector were determined 1.4, 1.2, 1.7, and 1.8 times higher than those of Nal (TI), respectively. Moreover, the calculated
energy resolution of CdTe and Nal (TI) detectors was obtained 6.2% and 10.2% at 141 KeV, respectively. In the
filtered back projection (FBP) reconstructed images of the micro-Jacszack phantom, minimum detectable size of
the cold rods with CdTe and Nal (TI) detectors were obtained 0.79 mm and 0.95 mm, respectively.

Conclusion: The imaging system with a 5.5 mm thickness CdTe detector provided better image quality and showed
considerable efficiency.

Keywords: Cadmium Telluride; Resolution; Image Quality; Micro Single Photon Emission Computed Tomography;
Simulating Medical Imaging Nuclear Detectors Monte Carlo.
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Simulating a Micro SPECT Equipped with CdTe

1. Introduction

The small animal Micro Single Photon Emission
Computed Tomography (Micro-SPECT) system was
considered a powerful instrument in biological studies
and provides useful information about physiological,
functional, and pathological data in molecular imaging
[1, 2]. The detector plays a key role in the quality of the
images and is responsible for absorbing and detecting
the high-energy photons as the main compartment of the
photon interaction [3, 4]. High spatial resolution, high
energy resolution, better sensitivity, and high quantum
detection efficiency are the main factors in Micro-SPECT
imaging systems that are affected by the material and
geometry of the detector [5, 6]. Therefore, providing a
good efficiency for a Micro-SPECT system is based on
the improvement of the detector [1, 4].

Sodium lodide activated by Thallium [Nal (T1]
scintillation detector, as a conventional detector, induces
high luminous efficiency and is costly effective [4, 7].
Generally, the limitations are related to its low intrinsic
sensitivity, low energy and spatial resolution, and
hygroscopic feature [4]. Low density (3.76 g/cm?) of the
detector material with a long radiation length contributes
to the related lower spatial resolution [4]. In order to
overcome these limitations, Cadmium Telluride (CdTe)
and Cadmium Zinc Telluride (CdZnTe) detectors, as
favorable semiconductor materials and main alternatives
for the scintillation detectors, have been introduced [8].
The CdTe detector has generally some priorities over
Nal (TI) detector considering energy resolution, sensitivity,
and detection efficiency; also it leads to an ultra-high spatial
resolution SPECT system [9]. The CdTe semiconductor
detector has a high atomic number (Cd: 48 and Te: 52)
with a high density (5.85 g/cm®), which provides a better
absorption characteristic with high detection efficiency
and better spatial resolution [10-13]. Furthermore, as a
pixelated detector, its intrinsic spatial resolution is equal
to the pixel size [14].

Semiconductor detector eliminates the need for bulky
Photomultiplier Tubes (PMTSs) with an improved energy
resolution, also provides a thin and lightweight camera
head and gives the flexibility to design the camera [15-
17]. Moreover, the detector has a wide band gap (1.44 eV)
which offers its operation at room temperature. Notably,
the semiconductors have a lower carrier creation energy
and low scatter count in comparison with the scintillators
[18].

308

Monte Carlo simulations were successfully used in
modeling the gamma camera and collimator design [19,
20]. The Monte Carlo simulation is an appropriate tool
in the field of nuclear medicine and is also an effective
tool when experimental evaluations are not practical or
experiments are excessively expensive [21]. Besides,
digitized phantoms, as the emission sources for quantitative
calculations, have facilitated molecular imaging research
and the improvement of new imaging equipment [20].

In this study, Simulating Medical Imaging Nuclear
Detectors (SIMIND) Monte Carlo program was used to
simulate a Micro-SPECT system with CdTe and Nal (T1)
detectors as well as an ultra-high resolution parallel-hole
collimator. Notably, several main functional parameters,
including system efficiency, sensitivity, energy and spatial
resolution, and image quality were determined and compared
between the two investigated detectors at different
thicknesses from the output files. Although several studies
investigated and compared the parameters of the two above-
mentioned detectors based on the different isotopes, various
source to collimator distances and collimator lengths
[22, 23], to the best of our knowledge, there is no study
determining the appropriate thickness of CdTe detector
with regarded to Nal (TI) detector using SIMIND Monte
Carlo program in a Micro-SPECT system.

2. Materials and Methods

2.1. Simulation Set-Up

A Micro-SPECT system consisting of two different
detector materials, including a CdTe semiconductor and
a Nal (TI) scintillator detector with a similar collimator
geometry were simulated by SIMIND Monte Carlo
simulation program version 6.0, developed by Professor
Michael Ljungberg, Sweden [24]. The output files of the
program, including *.smc, *.bis, *.prn, *.bim, *.h00, *a00,
*.hct, and *.ict were used for simulation, extracting
functional, and imaging parameters.

The accuracy and usefulness of the code had previously
been confirmed [25-28]. The CdTe semiconductor detector
was considered with a pixel size of 0.5 x 0.5 mm? and
an active area of 45.7 x 45.7 mm?. The intrinsic spatial
resolution of the detector was considered 0.5 mm Full
Width at Half Maximum (FWHM), equal to the pixel
size [29]. The corresponding values for the Nal (TI)
scintillator detector that assembled to the position-
sensitive photomultiplier tubes, were considered 1x1
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mm? and 45.7 x 457 mm? respectively [20]. The
intrinsic spatial resolution of the detector was considered
3.8 mm FWHM (in thickness of 0.95 cm) [29, 30]. The
different thicknesses of the detectors, ranged from 1t0 9.5
mm, with the steps of 0.5 mm was simulated for the
study.

2.2. Assessment of System Performance
2.2.1. Functional Parameters

To assess the system functional parameters, a *™Tc
point source with an activity of 3.7 MBq (witha 1.1 mm
inner diameter) was centrally located along the Useful
Field Of View (UFOV). A symmetrical energy window
width was set to 15% on the *™Tc photopeak spectrum.
The point source was emitted by gamma-rays in the
direction of a 47 steradian at 2.5 cm away from the detector
surface equipped with an ultra-high resolution collimator
[31]. The pixel size of the simulated planar point source
images was considered 0.035 cm and saved in a matrix of
128x128 pixels. The measurements of the efficiency,
sensitivity, energy spectra, energy resolution, and planar
spatial resolution of the CdTe and Nal (TI) detectors
were calculated according to the National Electrical
Manufactures Association (NEMA) Standard [32, 33]. The
spatial resolution was calculated as a function of FWHM
from the plotted profiles of the Point Spread Function
(PSF).

Also, both of cameras were equipped with an ultra-high
resolution parallel-hole collimator which was composed
of a lead plate with hexagonal holes in the diameters of
0.11 mm, the septal thickness of 0.016 mm, and a height
of 24.05 mm. Also, a voxelized MOBY mouse phantom
and a computational micro- Jacszack Deluxe phantom
(model ECT/DLX/P) were used for the study. The SPECT
simulation set-up with a MOBY mouse simulated phantom
is provided in Figure 1.

The sensitivity was measured with the area under the
PSF or in terms of counts per second per MBg. An energy
pulse height distribution was acquired for 10 million
counts/projection, also the energy resolution was calculated
from FWHM of the *™T¢ photopeak [14, 34].

2.3.Image Analysis (Reconstructed Spatial Resolution,
Image Contrast and Signal to Noise Ratio)

To evaluate the SPECT reconstructed spatial resolution
and image contrast, a computational micro- Jacszack
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Figure 1. The SPECT simulation set-up with a Moby
mouse simulated phantom

Deluxe phantom (model ECT/DLX/P) was used (Figure 2)
[28]. The phantom, filled with 370 MBq of *™Tc solution,
was simulated at a distance of 2.5 cm from the detector.
The scan parameters were included matrices of 128 x 128
pixels, 128 views, 360° clockwise gantry rotation, zoom
factor of 1 with a pixel size of 0.035 cm and 10 million
events per projection. The reconstructed spatial resolution
was determined by the smallest detectable sector of
cold rods in the phantom. Also, the image contrast was
determined in Regions Of Interest (ROI) occupied by the
six cold spheres and also the background of the phantom
according to the following Equation 1 [35]:

M. :
%) x 100 (1)

bmax

%Contrast of cold spheres = (1 -

Where Mg, and Mp,, ., are the minimum and
maximum count/pixel values in the ROIs for the cold
spheres and background, respectively. Similar ROIls and
slices were utilized to process all the reconstructed images
of the phantom.

In order to calculate the Signal to Noise Ratio (SNR)
of the images, as the ratio of mean value to Standard
Deviation (SD) in the Volume Of Interest (VOI) [36], the
Amide software (version 1.0.4) was used to draw three
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Figure 2. (a) A cross-sectional schematic drawing of
a Deluxe micro-Jacszack Plexiglas phantom showing
148 rods in 6 sectors (0.48, 0.64, 0.79, 0.95, 1.11, and
1.27 mm), and (b) 6 spheres, (0.95, 1.27, 1.91, 1.59,
2.54, and 3.18 mm)
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1-cm spheres onto the uniformity section of micro-Jacszack
phantom (Figure 2).

The projection data of the micro-Jacszack phantom were
reconstructed using local prepared the Filtered Back
Projection (FBP) algorithm with a Ramp filter and then
a post filter of Butterworth with a cutoff frequency of 0.25
cycles/cm and an order of 5. Since the projections of the
SIMIND-simulated SPECT are without noise, Poisson
noise was added proportionally to the ordered dose.

Also, a voxelized MOBY mouse phantom consisting
of 202 slices with a pixel width of 0.045 cm and array
size of 256x256 was used for simulating the clinical
situation on the liver lesion detectability [6, 20]. We
considered the liver of the MOBY as a target organ
and inserted a cold (-125 Bg/voxel) and a hot lesion
(125 Bg/voxel), both with a diameter of 2 mm in the right
lobe of the liver. The scan parameters and reconstruction
methods were the same as performed for the micro-
Jacszack phantom. The detectability of the lesions, on
the reconstructed images prepared from SPECT scanning
of the phantom with different thicknesses of the detectors,
were analyzed by visual inspection. Then, the contrast of
the cold lesion was quantitatively calculated based on the
previous formula (Equation 1) and for hot lesion was
calculated using Equation 2:

M — M,
Mt M,

%Contrast = % 100 (2)

Where, M; is stated as the mean activity values in the
ROls occupied by the hot lesions, and My, is the mean activity
values of liver background [26].

Efficiency

—e— NaI(Tl) 5 03

Also, the calculation of SNR was the same as performed
for the micro-Jacszack phantom, except the VOIs were
chosen in the liver of MOBY phantom.

3. Results

3.1. Functional Parameters of the CdTe and Nal
(Tl) Scanners

Figures 3a and 3b show the results on the efficiency
and sensitivity of both of the systems as a function of the
CdTe and Nal (T1) detector thickness for a ®™Tc¢ point
source scanning with the SIMIND simulated micro-SPECT
system. The mean value of the efficiency was obtained 0.817
and 0.701, for those detectors (Figure 3a). Additionally,
the mean value of the sensitivity for the investigated
thicknesses was obtained 0.679 and 0.497 cps/MBq,
respectively, for CdTe and Nal (TI) detectors (Figure 3b).
As seen from the figures, there is a linear relationship
between the efficiency and sensitivity of the detectors
and their thicknesses. Meanwhile, the system with a
CdTe detector provided about 1.2 and 1.4 times better
efficiency and sensitivity in comparison with the Nal
(TI) detector, respectively.

Figure 3c depicts FWHMs from the PSF for *™Tc
point source scanning with CdTe and Nal (TI) scanners
at 2.5 cm away from the detector surface. As expected, the
spatial resolution decreased with increasing the detector
thickness. The value for Nal (TI) detector was obtained
about 1.7 times greater than CdTe detector. FWHM for
5.5 mm for the CdTe and Nal (T1) scanners were calculated
as 0.69 and 1.2 mm, respectively (Figure 4a).
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Figure 3. Scatter curves of the effect of CdTe and Nal (TI) detectors with different thicknesses (ranged
from 1 to 9.5 mm) on functional parameters, including (a) efficiency, (b) sensitivity, (c) FWHM, (d)
photoelectric interaction, (€) Compton interaction and (f) Scatter to a primary ratio of a ®®*"Tc point source
was scanned at 2.5 cm away from the detector surface with a 15% energy window width
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Figure 4. (a) The point spread function fitted of a "Te point source planar scanning at 2.5 cm away from the detector surface

with a 15% energy window width for CdTe, and Nal (TI) detectors, and the resulted energy spectra (b)

The results in photoelectric and Compton interactions
for the thicknesses of CdTe detector compared to the
Nal (TI) detector for a *™Tc point source scanning in
the selected window width (Figures 3d and 3e) showed
that increasing detector thickness either increased the
photoelectric and Compton interactions. The photoelectric
interaction and also the Compton interaction fraction for
the 5.5 mm CdTe and Nal (TI) detectors were calculated
as 2.813, 2.062, 0.4264, and 0.6701, respectively.

The simulated energy spectra for the point source located
at a 2.5 cm distance from the detector surface with the
15% photopeak window width are shown in Figure 4b.

3.2. Image and Quantitative Data of the Jacszack
Phantom SPECT

Figure 5 shows the reconstructed images of cold rods
and spheres of the micro-Jacszack phantom. According
to this Figure 5a and c, the smallest visible rods were
detected at 0.79 mm and 0.95 mm diameters, respectively,
for CdTe and Nal (TI) detectors. The calculated contrast
in the reconstructed SPECT images of simulated 0.95,
1.27, 1.59, 1.91, 2.54, and 3.18 mm cold spheres of
Jacszack phantom with CdTe and Nal (TI) detectors were
found 31.09%, 44.17%, 73.8%, 82.57%, 84.97%, 88.15%
and 26.63%, 34.7%, 60.36%, 63.07%, 81.74%, 84.22%,
respectively (Figures 5b and 5d). Also, the average SNR
of CdTe and Nal (TI) detectors was achieved at 23.14
and 17.68, respectively.

3.3. Image and Quantitative Data of the MOBY
SPECT Imaging

Figures 6a and 6b illustrate the reconstructed MOBY
liver SPECT transaxial images prepared by CdTe and
Nal (TI) detectors. Visual assessing of the qualities of the
image showed that the detectability and sharpness of cold
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0.95 mm
0.79 mm l

Figure 5. The FBP reconstructed images of the micro-
Jaszczak phantom when scanned with a micro-SPECT
system equipped with a 5.5 mm CdTe detector: cold rods
(@), cold spheres (b), and the similar scans with a 5.5 mm
Nal (TI) detector: cold rods(c), and cold spheres (d)

Figure 6. The FBP reconstructed images of the MOBY
mouse phantom: transverse view of the 2 mm cold and
hot lesions in the right lobe of the liver of the MOBY
prepared with a 5.5 mm CdTe detector (a) and Nal (TI)
detector (b)

and hot lesions in the liver with the CdTe were better than
the Nal (TI) detector. The contrast of hot and cold lesions
with the detectors was determined at 26% and 53.6% for
the CdTe and 21% and 36.3% for Nal (TI) scanners,
respectively. Furthermore, the average SNR in the liver
for the images reconstructed of MOBY phantom was
obtained at 47.47 and 39.02 for CdTe and Nal (T1) detectors,
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respectively. The calculated energy resolution was obtained
6.2% and 10.2% for the CdTe and Nal (TI) detectors,
respectively.

4. Discussion

Performance of a micro-SPECT imaging system
equipped with CdTe and/or Nal (T1) detectors was evaluated
by simulated scanning of a **™Tc point source, a digital
Jacszack phantom, and a voxelized MOBY mouse phantom
with the SIMIND Monte Carlo program.

In general, the high intrinsic sensitivity of the CdTe
scanner causes a reduction in statistical noise [14]. According
to our results, for occurring the 90% efficiency at 141
KeV, 5.5 mm and 9.5 mm thicknesses were needed for
CdTe and Nal (TI) detectors, in that order. In addition,
in the 5.5 mm thickness of the CdTe and Nal (TI) detectors,
the sensitivity was obtained 0.7602 cps/MBq and 0.5574
cps/MBgq, respectively. Notably, for obtaining the 0.7602
cps/MBq sensitivity by Nal (T1) detector, 9.5 mm thickness
was needed, which was a considerably higher thickness
for obtaining the same sensitivity by CdTe detector. In
a study by Ryu et al. on the Imm CdTe detector, they
have shown an efficiency of 24.5% and sensitivity of
0.354 cps/kBq by using a *™Tc point source of 1 MBq [37].
They have expressed that, the efficiency can be increased
by using a thicker CdTe detector, which brings a better
sensitivity for high resolution and contrast. However, it
seems that the results of Ryu et al. and the current study
are different in which the different source activities can
be the main factor.

Studies on proper thickness for the CdTe semiconductor
have suggested a thickness of 5 mm or more to obtain
a stopping power of at least 75% [14, 38]. In a study on
the imaging performance of two compact gamma detector
prototypes: a CdTe semiconductor and a LaBrs3 scintillator
detector, it was demonstrated that the intrinsic efficiency
of detector was obtained 83% for 5 mm thickness of
scintillator compared to 45% for 1 mm of the semiconductor
at 122 KeV [39]. In this regard, measurements on the Si (L.i)
semiconductor detector showed that a 6 mm thickness of
detector is needed for achieving 90% efficiency with an
energy resolution of 8.5% FWHM for the emissions of
1251 [40].

The higher photoelectric to Compton scattering ratio
has an effect on better detection efficiency, and so a high
stopping power of the CdTe semiconductor detector may
be related to the high atomic number and higher density
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of the detector, respectively. Further, the high photoelectric
fraction makes it possible to construct a thinner detector
[in comparison with Nal (TI)] and subsequently improves
the spatial resolution [22].

Therefore, the CdTe detector provides improved spatial
resolution as compared to the Nal (TI) detector. The intrinsic
spatial resolution of the CdTe detector was considered
0.5 mm, the same as the pixel size, and related to the unique
collection of the created electrons and holes by the exposed
photons, collected by a small electrode for each pixel.
Furthermore, the detector can distinguish small structures,
and therefore it is suitable for biomedical research and
molecular imaging [29, 41].

The CdTe semiconductor detector decreased the scatter
count compared to the Nal (TI) by direct conversion of
gamma-ray photons to the electrical signal [42]. Our study
showed that the frequency of scattering photons with
Nal (TI) detector was about 1.3 times higher than the CdTe
detector. The higher the scatter rejection of the CdTe
detector, the better the energy resolution [15].

According to Figure 4b, the energy spectra of the CdTe
is sharper and higher in photopeak than the Nal (T1), due
to decreasing scatter counts and increasing count rate which
provided better contrast and resolution in the images. On
the other hand, the calculated energy resolution for the
CdTe and Nal (TI) detectors (6.2% and 10.2% FWHM),
agreed with the theoretical values (6% and 9.9%) respectively
[29, 30]. The superior energy resolution of the CdTe detector
allows better separation of two energy peaks for *™Tc than
were possible with the Nal (TI) detector and so useful for
dual-isotope studies and improves SPECT measurements
[43, 44]. Besides, the narrower energy window could be
produced by decreasing the number of photons that have
undergone Compton scattering [4].

It must be mentioned that Qi et al. reported the smallest
visible cold rods with Nal (TI) detector, to 1.6 mm [34],
and in our study also the measure obtained 0.95 mm (Figures
5c¢). This variation may come from employing different
collimator types, i.e. the ultra-high resolution parallel-hole
collimator compared to their pinhole. Also, according to
Figures 5b and 5d, the CdTe detector provides an improved
image contrast, 12%, than the Nal (TI) detector for the
detector thickness of 5.5 mm. As a whole, in order to have
an absolute suggestion, it may need to extend the study
using a multi-pinhole collimator and compare the results.

Allin all, from the point of view of image quality, higher
SNR by CdTe, results in high-quality images. In addition,
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the CdTe detector with a thickness of 5.5 mm provided
a high-quantum efficiency and a high-energy resolution
that make the semiconductor an appropriate candidate
for the detection of photons at the effective energy of the
%mTc for small animal imaging.

5. Conclusion

The simulated micro-SPECT system with a 5.5 mm
CdTe detector provides a considerable improvement on
the system performance, sensitivity, spatial and energy
resolution, and image quality.
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