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Investigation of Different Factors Affecting the Quality of
SPECT Images: A Simulation Study

Mahsa Noori-Asl
Department of Physics, Faculty of Science, University of Mohaghegh Ardabili, Ardabil, Iran

Background: Monte Carlo (MC) simulation codes are used extensively for modeling the nuclear medicine imaging systems, such as single
photon emission computed tomography (SPECT) and positron emission tomography (PET). By using these codes, it is possible to set
different imaging parameters and do various studies in the field of nuclear medicine imaging. Aims and Objectives: The aim of this study
is to investigate the effective factors in improvement of the SPECT image quality by using MC simulation. Materials and Methods: In this
study, we used the SIMIND MC simulation code and Jaszczak phantom containing six spheres with different diameters placed into a water-
filled cylindrical phantom for consideration of the effects of different factors on quality of the images obtained from Tc-99m SPECT imaging
system. The assessment criteria used to investigate these factors included image contrast, signal-to-noise ratio (SNR) and relative noise of the
background (RNB). Results: The results of this study show that the right choice of the arc of rotation, the image matrix size, the number of
angular views, type of the collimators, and also filters used in the image reconstruction affect the quality of SPECT images. Also, we show
that use of scatter correction methods can improve the image quality. Conclusion: The MC simulation is a suitable tool for investigation of
different factors affecting the quality of SPECT images, essentially in the studies based on the energy spectrum, such as the evaluation of the
scatter correction methods.
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INTRODUCTION it is possible to define the characteristics of the simulated
imaging system. The SIMIND simulation code is included
two programs, named SIMIND and CHANGE.!'? CHANGE
program is included a set of indexes that by them, different
parameters of imaging including detector, collimator, image,
and transmission scan can be determined. However, actual
MC simulation is performed by SIMIND program. This
program read input files produced by CHANGE program
and displays the results on the monitor. Furthermore, this
program produces the results as different output files. By
using SIMIND MC code, different research works have been
performed in the fields of evaluation of scatter correction
methods for different radioisotope sources,!*!"! attenuation

Monte Carlo (MC) simulation is a suitable and cost-effective
tool for doing the different studies in the field of nuclear
medicine imaging that provides a safe environment, free from
the radiation exposure and hazards related to it for researchers.!!
Several MC simulation codes have been developed in the nuclear
medicine imaging, including SIMSPECT?! and SIMulation
of Imaging Nuclear Detectors (SIMIND)B! dedicated to
single-photon emission computed tomography (SPECT)
imaging, PETSIM,™ Eidolon,’ and SORTEO!® dedicated to
positron emission tomography (PET) imaging and SIMSET!")
for both imaging. Furthermore, some general-purpose codes
have been developed for PET and SPECT, such as EGS4,!

[9,10] _ H [11]
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SIMIND MC program is a dedicated simulation code for
SPECT imaging. This simulation code has been developed by
Michael Ljungberg in Sweden Lund University that simulates
a clinical SPECT camera. By using this simulation code,
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correction,

quality control.

! collimators,!'”! radiation dosimetry,” and
21]

Since SPECT is one of the most commonly imaging methods
used in clinical nuclear medicine, therefore, it is very important
to obtain the images with the highest quality from this imaging
system for diagnosis affairs, for example, to identify the precise
location of tumors in oncology and also, to find the exact
location of the blocked artery in cardiology. For this reason,
the investigation of different factors affecting on quality of
SPECT images has a great importance. In this study, we use
the SIMIND MC simulation code to investigate the effect of a
number of parameters on the quality of SPECT images, such
as the arc of rotation, the number of angular views, the image
matrix size, the pixel size in projection images, the effect
of different collimators, the effect of use of filter in image
reconstruction, and also the effect of applying the scatter
correction method on *"Tc SPECT images.

MareriaLs AND MEeTHODS

In this study, we used SIMIND MC code (version 6.2,
Lund, Sweden) for simulating two phantoms, the
multiple spheres phantom (old Jaszczak program) and
three-dimensional Nonuniform Rational B-spline-based
CArdiac-Torso (3D-NCAT) phantom, to evaluate different
factors affecting the quality of Technetium (Tc)-99 m SPECT
images. The simulated SPECT system is including a cylindrical
Nal (T1) scintillation crystal (with energy resolution 10%
full width at half maximum [FWHM] and intrinsic spatial
resolutions 0.36 cm, at 140 keV) equipped by a low-energy
high-resolution (LEHR) collimator.

Multiple-spheres simulation

The multiple-spheres phantom (old Jaszczak program) is
a water-filled cylindrical phantom (diameter 20 cm, length
22 cm), including six spheres with diameters 3.2, 2.6, 2, 1.6,
1.3, and 1 cm. By using the SIMIND MC code, it is possible
to simulate this phantom in two situations: (1) cold-spheres
in hot-background and (2) hot-spheres in cold-background.
The “hot” and “cold” refer to the presence and absence of the
Tc-99m activity. Figure 1 illustrates the central cross-section
of'this phantom together with an arbitrary projection, sinogram
and slice of the reconstructed image from this phantom.
Actually, the Jaszczak phantom is a basic phantom used in
many studies in the fields of nuclear medicine imaging, such as
the studies related to evaluating the scatter correction methods
in SPECT imaging.!'>!¢]

In this study, we use three mathematical criteria, including
image contrast, signal-to-noise ratio (SNR) and relative noise
of the background (RNB), for evaluation of the effect of
different factors on the quality of SPECT images. These criteria
are calculated as follows:[!”]

Contrast = M x100 (1)
B
snr=2=Ns 00 2)
[
o
RNB = —£ 3
v ©)

Figure 1: The illustration of cross-section of Jaszczak phantom including six spheres placed in a cylindrical phantom (left), and an arbitrary projection,
sinogram and slice of the reconstructed image for cold-spheres in hot-background phantom (first column in right) and hot-spheres in cold-background

phantom (second column in right)
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Nsand N denote the mean counts in the
region-of-interests (ROIs) defined into each of the spheres and
into the background, respectively, and 3, denotes the standard
deviation of counts into ROI of the background.

In this study, we use a Tc-99 m activity equal to 5 mCi (5,000,000
photons/projection) for simulation of the Jaszczak phantom.

3D-NCAT simulation

In some cases, in addition to Jaszczak phantom, we used
3D-NCAT torso phantom®*? [Figure 2] that is a model of
realistic activity distribution of the human body. The activity
distributions used for the various organs of this phantom were
according to the distributions defined by Segars and Tsui.”** In
this simulation, the number of 7142737 photons was acquired
in each projection views. For evaluation of the images obtained
from this phantom, the image contrast was defined by using
a line profile through an arbitrary slice of the reconstructed
image as follows:['

MP-V
+V

Contrast =

4)

where MP refered to the mean of two photopeaks, and V' refer
to valley between these two photopeaks in the line profile.

The projection images obtained from both Jaszak and 3D-NCAT
phantoms were reconstructed by using the filtered back-projection
(FBP) reconstruction algorithm. The programs related to the
image reconstruction and the assessment criteria are written
in MATLAB (version 7.5.0) environment (MathWorks, USA).

ResuLts

The effect of the arc of rotation

For the investigation of the effect of the arc of rotation, we used
a 180° rotation instead of a 360° rotation of camera. As shown
in Figure 3, incomplete data acquisition results in distortion in
the reconstructed images. Therefore, it seems to be necessary
to use 360° rotation for SPECT imaging systems. However,

N '
180° ending
postion
0° starting
pastion '
a = )

there is an exception for cardiac SPECT imaging. Due to
attenuation and scattering of the photons passing through the
patient’s chest, the projections acquired over the views left
posterior oblique (180°) to ROA (360°) [Figure 4] include
significant noise. Hence, the use of a 180° rotation instead of
a 360° rotation results in improvement in the image contrast
in cardiac SPECT imaging.*"! The image contrasts calculated
by using the line profiles shown in Figure 5, confirmed this
fact (contrast of 0.862 for 180° arc and 0.701 for 360° arc).

Figure 2: A total view of (a) 3D-NCAT phantom together with (b) an
arbitrary projection of this phantom

a o]

Figure 3: A slice of reconstructed image result from the acquisition of
64 projections (128 x 128 matrices) by a 180° rotation of the camera
for (a) cold-spheres in hot-background phantom, and (b) hot-spheres in
cold-background phantom

F-

C

Figure 4: (a) The illustration of projection views in the cardiac imaging, and (b) an arbitrary slice of reconstructed image from 32 projections (64 x 64
matrices) acquired over a 180° arc, and (c) the corresponding slice of reconstructed image from 64 projections (64 x 64 matrices) acquired over

a 360° arc
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Figure 5: The line profiles from an arbitrary row [Figure 4] of the images
reconstructed by using 180° and 360° arcs of rotation

32 projections 64 projections 128 projections

Figure 6: A slice of reconstructed image from cold-spheres in
hot-background phantom (first row), and hot-spheres in cold-background
phantom (second row) by using 128 x 128 projection image matrix with
pixel size 0.3 cm and the number of (a) 32, (b) 64, and (c) 128 views

Figure 7: The reconstructed images from cold-spheres in hot-background
phantom by using (a) a 64 x 64 image matrix with a pixel size 0.6 cm,
and (b) a 128 x 128 image matrix with a pixel size 0.3 cm

The effect of the number of angular views

To investigate the effect of the number of angular views in
SPECT imaging in a 360° rotation of the camera, we use 32,
64 and 128 views for a 128 x 128 projection image matrix
(pixel size = 0.3 cm). As shown in Figure 6, for a 128 x 128

image matrix, if the number of views is lower than the
image matrix size (128), the star artifacts may appear in the
reconstructed image. Therefore, to avoid producing these
artifacts, the number of views used for imaging should be at
least equal to the projection image matrix size. Of course, it
should be noted that the use of 128 views fora 128 x 128 image
matrix leads to a significant increase in the imaging time and
therefore, the probability of patient motion during the imaging.
Hence, for preventing the appearance of the motion artifacts
in reconstructed images, a 64 x 64 projection image matrix is
usually used in clinical imaging.

The effect of image matrix size

The image matrices used in the nuclear medicine imaging have

usually 64 x 64 and 128 x 128 sizes. For showing the effect of

image matrix size on quality of SPECT images, we simulated

the images in two situations:

1. By using a 64 x 64 projection image matrix with a pixel
size 0.6 cm, and

2. Byusinga 128 x 128 projection image matrix with a pixel
size 0.3 cm.

Figure 7 illustrates the results of these simulations. From
this Figure, it is clear that the spatial resolution obtained
from situation (1) is lower than that from situation, (2) image
contrasts calculated for six cold-spheres show that only the
first three largest spheres are distinguishable in the first
situation. While for the second situation, all of the cold-spheres
except the smallest sphere (spheres 6) are distinguishable. On
the other hand, the RNB, in the first situation (0.0161) is
approximately half of the second situation (0.0316). These
results show that the use of a 128 x 128 projection image
matrix leads to a higher spatial resolution compared to a
64 x 64 projection image matrix, but at the cost of reduction
of SNR.

The effect of the presence of collimator

In the first stage, to show the effect of the presence of
collimator on the quality of images obtained from SPECT
imaging system, we performed simulation by using hot-spheres
in cold-background phantom without the presence of any
collimator. As shown in Figure 8, because of the acceptance
of all of the photons arrived at the detector, regardless of
their direction, the spatial resolution of the image reduces
significantly. Therefore, it is necessary to use a suitable
collimator depending on the purpose of imaging.

The collimators used in SPECT imaging are generally
classified into three groups: High-resolution, high-sensitivity,
and general-(all-) purpose collimators. High-resolution refers
to the high ability of the imaging system for the detection
of adjacent points, and high-sensitivity denotes to the high
ability of the system for detection of the photons emitted
by the source. The general-(all-) purpose collimators have
the characteristics intermediate of high-resolution and
high-sensitivity collimators.
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Since Tc-99m is a radioisotope emitting low-energy gamma-rays, 5. Collimator efficiency: This parameter is the
we investigate the effect of three collimators, low-energy high- geometric collimator efficiency that is defined as the
resolution (LEHR), low-energy high-sensitivity (LEHS), and low-
energy general-purpose (LEGP) on the Tc-99m SPECT images.
Using the SIMIND MC code, it is possible to simulate different
models of the collimators. In this study, we used GENERAL
ELECTRIC (GE) collimator model. Figure 9 illustrates a slice
of the reconstructed image from cold-spheres in hot-background
phantom by using each of these collimators. Also, for a better
comparison of the performance of three collimators, Tc-99m
energy spectra obtained from the simulation of these collimators
are given in Figure 10.

Anumber of spectral parameters obtained from the simulation g, e 8: The reconstructed images from hot-spheres in cold-background

of these collimators are given in Table 1. These parameters phantom (a) without and (b) with simulation of the collimator

are including:

1. Compton area: The area under the energy spectrum
(integral of simulated events) from energy 0 keV to lower
energy limit (126 keV) of photopeak window

2. Photo area: The area under the energy spectrum from
the lower energy limit (126 keV) to the upper energy
limit (154 keV) of photopeak window

3. Pileup area: The area under the energy spectrum between
upper energy limit (154 keV) of photopeak window to the GE-LEHR GE-LEHS

highest energy of the SPeCt_rum Figure 9: The reconstructed image from cold-spheres in hot-background
4. FWHM: This parameter is defined as FWHM of the  phantom by simulating of three collimators: (a) GE-LEHR (b) GE-LEGP

photopeak at 140 keV and (c) GE-LEHS
Table 1: The spectral parameters calculated by 225 7g§t§g§
SIMulation of Imaging Nuclear Detector for cold-spheres 20 GE-LEHS
in hot-background phantom in the simulation of .
GE-low-energy high-resolution, GE-low-energy )
general-purpose, and GE-low-energy high-sensitivity 8 -
collimators s: 12.5
Parameter GE-LEHR GE-LEGP GE-LEHS § 1
Compton area (x10°) 0.7112 1.417 3.246 7.5 /\\
Photo area (x10°) 0.8665 1.727 3.956 R
Pileup area (x10°) 0.0085 0.0171 0.0391
FWHM (keV) 17.057 17.045 16.864 /
Collimator efficiency 0.140 0.206 0.304 0 50 100 150 200
Sensitivity (cps/MBq) 36.6 72.9 167 Energy (keV)
GE: General Electric, LEHR: Low-energy high-resolution,
LEGP: Low-energy general-purpose, LEHS: Low-energy high-sensitivity, Figure 10: The Technetium-99m energy spectra obtained from the
FWHM: Full width at half maximum simulation of GE-LEHR, GE-LEGP, and GE-LEHS collimators

Table 2: The image contrasts and signal-to-noise ratios calculated for five spheres in reconstructed image of cold-sphere
hot-background phantom with and without use of the filters

None Hann Hamming Cosine Shepp-Logan Ram-Lak
Contrast  SNR Contrast SNR  Contrast SNR Contrast SNR  Contrast SNR Contrast  SNR
Sphere 1 -10.21 13.29 -61.56 19.47 —62.26 18.46 -65.91 15.73 —68.88 9.84 -70.37 7.88
Sphere 2 —8.54 11.12 -50.28 15.91 —51.40 15.24 -56.38 13.45 -61.59 8.80 -64.27 7.20
Sphere 3 -6.22 8.10 -36.34 11.49 -37.65 11.16 —43.60 10.40 —49.63 7.09 -52.71 5.90
Sphere 4 -3.32 432 -10.97 3.47 -11.36 3.37 -13.62 3.25 -15.19 2.17 -15.96 1.78
Sphere 5 -2.13 278 —6.00 1.90 —6.88 2.04 -9.80 2.34 -14.53 2.07 ~17.04 1.91

Sphere 6 isn’t recognizable. SNR: Signal-to-noise ratio
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Without filter
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Figure 11: A slice of reconstructed image of cold-spheres in hot-background phantom (first row), and hot-sphere in cold-background phantom (second
row), (a) without use of a filter, and by using five filters: (b) Hann (c) Hamming, (d) Cosine (e) Ram-Lak and (f) Shepp-Logan.
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Figure 12: The energy spectrum of scatter, primary (nonscattered) and total
counts together with the spectra of the first three scatter orders for Tc-99m
radioisotope from the simulation cold-spheres in hot-background phantom

ratio of the number of photons passing through the
interested collimator to the total number of emitted
photons

6. Sensitivity: The ratio of count rate in the photopeak energy
window to the activity used in the simulation.

The effect of use of the filters in reconstructed images

For evaluation of the effect of the use of the filter in the

process of image reconstruction, we investigated two different

situations:

1. The simple BP reconstruction without the use of any filter,
and

2. The FBP reconstruction by using Ram-Lak, Hann,
Hamming, Cosine, and Shepp-Logan filters. All of these
filters are defined in the image reconstruction process
which is programmed in MATLAB environment, with a
cut-off frequency equal to 0.5 Hz for all of them.

The results of this simulation for cold-spheres in hot-background
and hot-spheres in cold-background phantoms are shown in
Figure 11. Furthermore, the image contrasts and SNRs calculated
for the different situations shown in Figure 11, are given in Table 2.

From the data given in Table 2, it can be found that the use of a
suitable filter in the image reconstruction process is necessary
to improve both the image contrast and SNR. Among five

Table 3: The image contrasts and signal-to-noise ratios
calculated for the cold spheres before and after applying
the scatter correction

Noncorrection Corrected Primary

Contrast SNR Contrast SNR Contrast SNR
Sphere 1 71.88  23.00 6452  21.66 85.57  23.14
Sphere2  60.80 1944  53.82 18.07  73.80 19.95
Sphere3  43.44 13.89 3923 13.17  51.29 13.87
Sphere4  23.09 7.38 20.60 6.91 27.74 7.50
Sphere 5 6.40 2.05 472 1.58 9.53 2.58
SNR: Signal-to-noise ratio

filters evaluated in this study, the Ram-Lak filter and in lower
rank, the Shepp-Logan filter, yield highest values for the image
contrasts compared to other filters, but the SNRs obtained from
these filters are significantly low, even lower than when is not
used any filter. While the Hann filter and in lower rank, the
Hamming filter, resulting in the highest SNRs or the lowest
level of background noise (0.0316 for Hann filter and 0.0337
for Hamming filter compared to 0.892 for Ram-Lak filter and
0.699 for Shepp-Logan filter). The characteristics of Cosine
filter are intermediate investigated filters. In this study, we
used the Hann filter in the process of image reconstruction
that shows a high degree of smoothing.!

The effect of detection of the scattered photons

One of the factors affecting on quality of SPECT images is
the detection of Compton scattered photons into the photopeak
energy window used in imaging. Since by using the simulation
it is possible to distinguish the scattered photons from the
primary (nonscattered) photons and produce individual images
and energy spectra for each of them, simulation is a suitable
tool for study in the field of scattering. Figure 12 shows the
energy spectrum of total, primary and scattered counts together
with the spectra of the first three scatter orders, obtained from
the simulation of cold-spheres in hot-background phantom.
The results of this simulation show that about 22% of photons
detected into a 20% photopeak energy window are scattered
photons that 86.5% of them are first-order scattered photons.
The inclusion of these photons into the photopeak window
results in the image blurring. Therefore, the use of a suitable
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a o]
Figure 13: The cold-sphere images reconstructed from (a) total, (b) scatter, (c) primary counts together with (d) image corrected by dual-energy

window method

0 0 0

(4| Non-correction b Corrected c Primary

Figure 14: An arbitrary slice of reconstructed image from three-dimensional
Nonuniform Rational B-spline-based CArdiac-Torso (3D NCAT) phantom in

three situations: (a) non-correction (b) corrected by dual-energy window
(DEW) method and (c) the image obtained from primary counts

scatter correction method can help to increase the image
contrast and therefore, improve the diagnostic accuracy.

One of the simplest and most effective methods proposed to
reduce the contribution of scattered photons is the dual-energy
window (DEW) method.?”! In this correction method it is
assumed that the spatial distribution of scatter counts detected
in the photopeak energy window (126—154 keV) is same
with that for the total counts detected in a secondary energy
window (92—-125 keV) placed in Compton area of Tc-99 m
energy spectrum:!4

S, ) = KT, (i /) 5)

The “k” factor is determined by dividing pixel-to-pixel of the
scatter projection of photopeak window (Spk) to the projection
of Compton window (T_). Then by averaging “k” values
obtained for different pixels (i, j), the calculated mean “k”
value (=0.46) is used for scatter correction.['*?%] Figure 13
illustrates the cold-sphere images reconstructed from total,
scatter and primary counts detected in 20% photopeak window
together with the image corrected by DEW method. Also,
the image contrasts and SNRs for six cold-spheres are given
in Table 3. The results obtained from this simulation show
that the use of the DEW scatter correction method results in
improvement of the image contrasts with SNRs near to before
the correction.

For more evaluation, we investigated the effect of this scatter
correction method on the reconstructed images of 3D-NCAT
phantom. Figure 14 illustrates an arbitrary slice of the
reconstructed image of this phantom before and after scatter

o

0.16 Non correction
0.14 Corrected
Primary
? 0.12
2 01
[
£ 008
&
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2
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= 0.02
0 \/“ —_—
0 10 20 30 40 50"/—/60 70
-0.02 5
Number of Pixels

Figure 15: The line profiles obtained from an arbitrary row of the images
reconstructed from 3D-NCAT phantom in three situations [Figure 14]

correction along with the image reconstructed from the primary
photons. By using the line profiles shown in Figure 15, The
contrast of images corrected by DEW method (=1.062) show a
relative increase about 21.1% compared to the image contrast
before the correction (=0.877).

Discussion Anp GoncLusion

Since many researchers do not have access to the medical
imaging systems and also, due to some limitations of the
clinical imaging systems (e.g., lack access to the scattered
and primary counts), and the risks of the radioactive sources
for the human health, development of MC codes was a great
step to increase and improve the studies in the different fields
of the nuclear medicine imaging.

In this study, we used the SIMIND MC code dedicated
to SPECT imaging, and also two simulated Jaszczak and
3D-NCAT phantoms for investigating several factors affecting
on the quality of SPECT images.

The results of this study show that when the number of
angular views is lower than image matrix size, it results in the
appearance of artifacts in the reconstructed images. To prevent
these artifacts, the number of acquired projections must be kept
at least equal to image matrix size. Furthermore, by choosing
a larger image matrix size and a smaller pixel size, the final
reconstructed image would have higher spatial resolution
with a higher level of the noise and a longer time required for
imaging. On the other hand, except in cardiac imaging, data
acquisition by using 180° rotation of camera results in some
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of the anomalies in the reconstructed images compared to a
360° arc of rotation.

Also, for reducting the detection of scattered photons and
preventing the production of the images with undesirable
spatial resolution or degraded image contrast, it is necessary
to use a detector system equipped with a suitable collimator
and also use of a suitable filter in the image reconstruction
process approporate to the purpose of imaging.

In final, presence of scattered photons into the used photopeak
energy window is one of the essential problems in SPECT
imaging that leads to blurring of the image. For resolving
this problem, access to scattered counts and their spectrum
can be a great help for scatter correction. The MC simulation
codes provide this capability for researchers. Therefore, the
simulation is a suitable tool for the studies related to scattering
and also in the evaluation of scatter correction methods. The
results obtained from this research show that the use of DEW
scatter correction method improves the image contrast and
therefore, diagnostic accuracy.
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