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Purpose: Single photon emission computed tomography (SPECT) scanners using cadmium zinc tel-
luride (CZT) offer compact, lightweight, and improved imaging capability over conventional NaI
(Tl)-based SPECT scanners. The main purpose in this study is to propose a full-ring SPECT system
design with eight large-area CZT detectors that can be used for a broad spectrum of SPECT radio-
pharmaceuticals and demonstrate the performance of our system in comparison to the reference con-
ventional NaI(Tl)-based two-head Anger cameras.
Methods: A newly designed full-ring SPECT system is composed of eight large-area CZT cameras
(128 mm × 179.2 mm effective area) that can be independently swiveled around their own axes of
rotation independently and can have radial motion for varying aperture sizes that can be adapted to
different sizes of imaging volume. Extended projection data were generated by conjoining projections
of two adjacent detectors to overcome the limited field-of-view (FOV) by each CZT camera. Using
Monte Carlo simulations, we evaluated this new system design with digital phantoms including a
Derenzo hot rod phantom and a Zubal brain phantom. Comparison of performance metrics such as
spatial resolution, sensitivity, contrast-to-noise ratio (CNR), and contrast-recovery ratio was made
between our design and conventional SPECT scanners having different pixel sizes and radii of rota-
tion (one clinically well-known type and two arbitrary types matched to our proposed CZT-SPECT
geometries).
Results: The proposed scanner could result in up to about three times faster in acquisition time over
conventional scan time at same acquisition time per step. The spatial resolution improvement, or
deterioration, of our proposed scanner compared to the clinical-type scanner was dependent upon the
location of the point source. However, there were overall performance improvements over the three
different setups of the conventional scanner particularly in volume sensitivity (approximately up to
1.7 times). Overall, we successfully reconstructed the phantom image for both 99mTc-based perfusion
and 123I-based dopamine transporter (DaT) brain studies simulated for our new design. In particular,
the striatal/background contrast-recovery ratio in 3-to-1 reference ratio was over 0.8 for the 123I-based
DaT study.
Conclusions: We proposed a variable-aperture full-ring SPECT system using combined pixelated
CZT and energy-optimized parallel-hole collimator modules and evaluated the performance of this
scanner using relevant digital phantoms and MC simulations. Our studies demonstrated the potential
of our new full-ring CZT-SPECT design, showing reduced acquisition time and improved sensitivity
with acceptable CNR and spatial resolution. © 2021 American Association of Physicists in Medicine
[https://doi.org/10.1002/mp.14836]
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1. INTRODUCTION

Single photon emission computed tomography (SPECT) is
one of the most important biomedical imaging modalities,
used for the management of many human diseases.1–3 The
SPECT scanner is typically performed by rotating dual-head
(or triple-head) gamma cameras that were originally intro-
duced by Hal Anger in 1958,4 around an imaging object for
180 or 360 degrees. The gamma cameras consist of a
radionuclide collimator to reject off-directional and scattered
photons, scintillation crystals such as NaI (Tl), and a set of
photodetectors like photomultiplier tubes (PMTs).5 Due to
the physical and mechanical characteristics, the conventional
SPECT scanner has relatively poor spatial resolution and low
photon-detection sensitivity.

In recent years, SPECT scanners using solid-state direct-
conversion detectors, particularly cadmium zinc telluride
(CZT), have been introduced. CZT-SPECT offers improved
quantitative imaging capability over conventional NaI (Tl)-
based SPECT scanners by offering improved energy resolu-
tion.6,7 Based on the promising CZT performance, the use of
parallel-slit collimator and small pixels for high spatial reso-
lution applications or the use of large collimator hole
matched with four pixels for high sensitivity applications
were previously proposed.8,9 Furthermore, in order to over-
come the trade-off between the sensitivity and spatial resolu-
tion, a stack-up method of two large-hole parallel-hole
collimators for preclinical study,10 or virtual subpixels using
3D positioning algorithm11 were proposed.

Instead of these previous methods of manipulating colli-
mator geometries, we proposed a more straightforward pixel-
matching collimator design that takes advantage of placing
collimator septa directly on inactive areas of detector pixels
(i.e., spacings between adjacent pixels). This design with a
careful choice of collimator material (i.e., tungsten alloy) and
septal thickness allows an energy-optimized collimator geom-
etry when coupled with CZT detectors, implying the potential
of using a single collimator for a broad energy range of
SPECT radionuclides (up to 250 keV).12

The lightweight, one of the important characteristics of
the CZT detectors, enables easy mechanical motion, and non-
standard SPECT geometry is readily possible so that it could
reduce the scan time or improve the sensitivity. For example,
a recently introduced CZT-based SPECT system, D-SPECT
(Spectrum Dynamics) heavily relies on swiveling (i.e., multi-
step acquisitions) small rectangular pixelated CZT detector
modules and high aspect-ratio parallel-hole collimators13 for
cardiac applications, providing high sensitivity. The D-
SPECT system was also studied for quantitative assessment
of centrally located brain regions14 to take advantage of its
high sensitivity for other applications than the heart and the
similar technology was extended for general purpose applica-
tions.15,16

In this study, on top of the previously developed energy-
optimized collimator design, we further evaluated a full-ring
SPECT system design with eight large-area CZT detectors
that can be used for a broad spectrum of single-photon

emitting radiopharmaceuticals. Our design feature includes a
variable-aperture full-ring geometry to overcome the limited
field of view and independently swiveling detectors to mini-
mize the interference between each detector. In order to eval-
uate the imaging performance of our proposed CZT-SPECT
system, we employed analytical digital phantoms and realistic
digital brain phantoms for conventional NaI(Tl)-SPECT sys-
tems with comparable pixel sizes and radii of rotation.

2. METHODS

2.A. Proposed scanner geometry and image
acquisition design

The proposed CZT-SPECT scanner technology uses eight
large-area detector heads coupled with energy-optimized
tungsten-alloy collimators arranged in a full-ring configura-
tion for general purpose studies, including brain SPECT.
Adjacent detector heads need small gaps between them to
rotate around the common axes of rotation (i.e., swivel) indi-
vidually without interference. Each detector head consists of
80 × 112 individual CZT pixels (1.6 mm × 1.6 mm × 5
mm) paired with the energy-optimized tungsten-alloy paral-
lel-hole collimator previously designed by our group,12

resulting in a total detector surface of 128 mm × 179.2 mm.
Each square collimator hole matches each pixel of the CZT
detector pixel. There are two image acquisition types we sim-
ulated for our proposed system, Angular Step 3° (AS-3) and
Angular Step 5° (AS-5). Each detector head in AS-3 and AS-
5 is swiveled around the center of the head from −42° to 42°
or from −42.5° to 42.5° with 29 steps or 18 steps, respec-
tively (Fig. 1). However, there is no rotation of all detectors
around the common axis of rotation. In order to overcome the
limited field-of-view (FOV) of an individual detector head,
an extended projection by conjoining projections of two adja-
cent detectors was generated so that the number of angular
projections of AS-3 and AS-5 are 120 and 72, respectively.
After all, AS-3 has a similar number of projections as a typi-
cal number of projections for a brain SPECT study and AS-5
has a reduced number of projections in order to compare with
a typical one. The details are described in the next section.

In order to compare imaging performances between our
proposed full-ring CZT-SPECT and one of the conventional
two-headed SPECT systems, we simulated three different NaI
(Tl)-based SPECT systems from a GE Infinia Hawkeye 4
SPECT/CT system. The Clinical_3.18 scanner was modeled
to have a 3.18 mm × 3.18 mm bin size using a zoom of 1.38
with 150 mm radius of rotation17–19 and Arb_1.6RR150 and
Arb_1.6RR185 scanners were modeled to have the 1.6 mm ×
1.6 mm bin size same as that of our proposed scanner, with
150- (Arb_1.6RR150) or 185- (Arb_1.6RR185) mm radius of
rotation in order to match those of the Clinical_3.18 scanner
and our proposed scanner, respectively. For our proposed
scanner, to avoid interference between adjacent detector
heads, the radius of rotation was set at 185 mm larger than
150 mm that is a typical radius of rotation for a conventional
two-headed NaI(Tl)-based SPECT system for brain studies.20
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Table I summarizes the specifications of our proposed (AS-3
and AS-5) and the conventional NaI(Tl)-based SPECT scan-
ners modeled in our simulations.

2.B. Generation of extended projection

As mentioned earlier, we generated an extended projection
by conjoining projections of two adjacent detector heads to
extend the limited transaxial view. However, this method cre-
ates a gap between conjoined projections and different radial
positions between two detector heads [Fig. 2(a)]. The center

of all extended projections is also shifted corresponding to a
specific swiveled angle of the projection. In order to solve
these problems, we calculated the gap between two detector
heads and shifted the center position of the extended projec-
tion using the geometrical information. The shifted center
position is simply calculated as

Shif ted center¼ r sinθstep (1)

where r is the distance from the origin to center of the detec-
tor head and θstep is the rotation step angle of the detector
head. In Fig. 2(a), the shifted center position for the extended

FIG. 1. Example diagrams for Angular Step 3° (AS-3, top) and Angular Step 5° (AS-5, bottom) image acquisition mode for our proposed SPECT scanner. Each
detector head is swiveled from −42° to 42° for AS-3 or −42.5° to 42.5° for AS-5 within the rotation angular range. Each detector head has a collimator (blue)
and a detector (black).

TABLE I. Specifications of the proposed (AS-3 and AS-5) and NaI(Tl)-based SPECT scanners simulated in this work.

Parameter
NaI(Tl)-based Conventional Proposed

Clinical_3.18 Arb_1.6RR150 Arb_1.6RR185 AS-3 AS-5

Detector head 2 8

Detector type NaI(Tl)-PMT CZT

Detector size (mm3) 563.2 × 563.2 × 9.5 128 × 179.2 × 5.0

Pixel (binning) size (mm2) 3.18 × 3.18 1.6 × 1.6 1.6 × 1.6

Hole Shape Hexagonal Rectangular

Material Lead Tungsten-Alloy

Hole length (mm) 35 23

Septal thickness (mm) 0.2 0.32

Hole diameter (mm) 1.5 1.28

Radius of Rotation (mm) 150 185 185

Rotation Angle Range - −42°~42° −42.5°~42.5°

# of Total Angles 120 120 72

Step Angle 3° 3° 5°

# of Steps 60 29 18
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projection between Detector Head (DH) #0 and DH #1 is
moved from DH #0 to DH #1 according to the above equa-
tion. The gap between two detector heads was calculated by
subtracting the fixed width between two detector heads and
from the end-to-end length of the DHs as

Gap¼ End� to� end lengthof twoDHs�ð Þ
Fixedwidthof twoDHsð Þ (2)

Gap¼ d¼ 153:6�2j j (3)

d¼ a � xDH#1þb � yDH#1þ cj j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2þb2

p (4)

where d is the length between two DHs (#0 and #1) at a
specific angle and a, b, and c are coefficients for the line
equation. The coefficients, a, b, and c, are calculated as

a¼ y2:DH#0� y1:DH#0

x2:DH#0� x1:DH#0
(5)

b¼�1 (6)

c¼�a � x1:DH#0þ y1:DH#0 (7)

where the parameters in the above equations are described in
Fig. 2(a).

Some extended projections also suffer truncation, as an
extended projection that combines projections of DH #0 at
the 14th step and DH #1 at the 29th step in Fig. 2(b). To gener-
ate a corrected extended projection, we calculated the gap
and edge values using a linear interpolation method. Finally,
in order to correct the overlapping projections and different
transaxial positions of independently swiveling detectors, we
normalized each extended projection using the uniform phan-
tom (a cylinder with a radius of 110 mm and an axial length
of 120 mm) data simulated for a typical two-head SPECT
system having the same detector specification and the radius
of rotation.

2.C. Monte Carlo simulation model

The proposed and conventional scanners were modeled by
Geant4 Application for Tomographic Emission (GATE), a
Monte Carlo (MC) simulation framework.21 A standard phy-
sics process model was used, which includes the physical
processes of photoelectric effect, Compton scattering, Ray-
leigh scattering, bremsstrahlung, and ionization. Each projec-
tion was simulated assuming an 8.5% energy resolution
with � 8.5% energy window for the CZT-SPECT scanner22

or a 10% energy resolution with � 10% energy window for
the conventional NaI (Tl)-SPECT scanners at Tc-99m or
I-123. We modeled that each detector head consisted of seven
rows and five columns of pixelated CZT crystal (density =
5.78 g/cm3) of 25.6 mm in width and length and 5 mm thick-
ness. Each crystal was divided into 16 by 16 pixels with a
pitch of 1.6 mm. For CZT crystal modeling, neither charge
sharing, nor electronic noise was introduced. However, we
decreased the photopeak counts acquired from the CZT simu-
lation to 65% of that of the NaI detector incorporating the
reduction in sensitivity due to the low-energy tailing
effect.23,24 For the NaI(Tl)-SPECT scanner model, a back
compartment (Glass, density: 2.5 g/cm3) was simplified to
represent photomultipliers and associated electronics, and
overall intrinsic spatial blurring of 2.5 mm FWHM was
implemented corresponding to the effects of crystal and the
back compartment. This simplified model was previously
validated with medium-energy isotopes (under
300 keV).25–27 We set the CZT and NaI(Tl) detectors as a
sensitive detector in the GATE simulation, and then each SD
detector was used to store energy deposition, positions of
interaction, origin of the particle, and types of interaction
regarding interactions taking place inside the detector. And
the SD detectors were able to track and store all information
inside the detectors and convert the signals without any dead
time for the detectors. Lead shielding on all four sides of each

FIG. 2. Example diagrams for the gap and shifted center corrections (a) and truncated edge (b). The gap correction and edge correction were needed when an
extended projection was generated by combining projections of DH #1 at 23rd step and DH #0 at 8th step, and projections of DH #1 at 29th step and DH #0 at
14th step, respectively. These examples are based on the AS-3 scanning geometry.
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detector head for both scanner configurations was added to
the detector model to avoid unexpected scatter events coming
from the side. All simulation jobs ran in parallel with GATE
(version 8.2) in three high performance computing clusters,
having Xeon (Intel) series CPUs. The output format from the
simulation was configured to be projection data for each
angle which were then used for iterative image reconstruc-
tion. The details for phantoms and activities are described in
section 2.5 below.

2.D. Iterative image reconstruction

The extended projections acquired in our proposed scan-
ner using the two acquisition types (AS-3 and AS-5) were in
a 160 × 112 matrix with a 1.6 mm × 1.6 mm pixel size;
while the acquired projections were in a 128 × 128 matrix
size with a 3.18 mm × 3.18 mm pixel size for the Clin-
cal_3.18 scanner, and in a 350 × 350 matrix size with a
1.6 mm × 1.6 mm pixel size for both Arb_1.6RR150 and
Arb_1.6RR185 scanners. The Software for Tomographic
Image Reconstruction (STIR) package,28 with an open-source
objected-oriented library implemented in C++, for a maxi-
mum-likelihood expectation maximization (MLEM) recon-
struction algorithm was used to reconstruct the simulated
projection data. The version 4.0.1 of STIR allows modeling
3D SPECT along with both attenuation and Collimator and
Detector Response (CDR) corrections,29 and both corrections
were applied in our image reconstructions. To obtain CDR
function of the proposed SPECT scanner and conventional
SPECT scanner, we used previously simulated spatial resolu-
tion data as a function of distance from a point source to col-
limator,12 and we simulated it previously to our study using
the GATE tool, respectively. The CDR of the proposed scan-
ner at other distances was linearly interpolated. The distance-
dependent resolutions are described as

σ¼ a�dþb (8)

where σ is the standard deviation of the Gaussian-modeled
CDR, d is the source-to-collimator distance (mm), b is the
intercept (mm), and a is the slope (mm/mm). The standard
deviation is its full width at half maximum (FWHM) divided
by 2.355. We applied the CDR function with a slope of 0.028
and an intercept of 0.7821 (R2 = 0.9880) and a slope of 0.018
and an intercept of 1.2877 (R2 = 0.9836), for the proposed
scanner and the modeled conventional scanners, respectively.
Attenuation correction was applied to all reconstructed images;
however, CDR correction was only applied to reconstructed
images of brain SPECT examples. The penetration, scatter, and
partial volume corrections were not incorporated. The matrix
and the pixel size of the reconstructed images were
160 × 160 × 112 with 1.6 mm × 1.6 mm × 1.6 mm for the
proposed scanner, 128 × 128 × 128 with 3.18 mm × 3.18
mm × 3.18 mm for the Clinical_3.18 scanner, and
350 × 350 × 350 with 1.6 mm × 1.6 mm × 1.6 mm for both
the Arb_1.6RR150 and Arb_1.6RR185 scanners. We set each
number of iterations for the reconstructions based on the con-
trast-to-noise ratio (CNR) or the contrast-recovery ratio.

2.E. Performance evaluations using digital
phantoms

At first, we simulated all projection data in acquisition
times shown in Table II. In comparison to the conventional
acquisition time for all phantom studies, the acquisition times
for our proposed scanner were reduced by about 52% and
70% for two types of acquisition modes when the acquisition
time per step is kept the same. The acquisition time of the
brain perfusion study was the same as that of the hot rod
phantom study; however, the acquisition time of the DaT
imaging was increased to meet the minimum total counts in
the practice guideline of DaT SPECT imaging.30 All acquisi-
tions were based on a step and shoot mode, and the transition
time between steps was not considered.

For tomographic spatial resolution, two line sources
(1 mm diameter and 10 cm length) were located in the FOV;
one at the center of the FOV and the other one placed
100 mm away from the center. The projection data were
reconstructed using the filtered back-projection algorithm
implemented in STIR without attenuation correction. A uni-
form cylindrical water phantom (200 mm in diame-
ter × 200 mm) was simulated for the tomographic volume
sensitivity assessment. The volume sensitivity is calculated
as follows:

Volume Sensitivity in ½cps= MBq=mlð Þ=cm� ¼C=t=A=L (9)

where C is the deposited total counts in all projections, t is
the acquisition time, A is the decay corrected activity, and L
the axial length of the cylindrical phantom.31,32 All of these
sources had an activity of 37 MBq of Tc-99m.

Then, the proposed scanner was compared with the con-
ventional SPECT scanners using a Derenzo hot rod phantom
in terms of CNR and profile amplitudes. Tc-99m aqueous
solution-filled phantom was generated in a cylinder with
216 mm diameter and 150 mm height and was modeled
based on the geometry of the Flanged Deluxe Jaszczak ECT
Phantom,33 as shown in Fig. 3(a). The hot rod Derenzo phan-
tom consisted of acrylic (attenuation coefficient: 0.147 cm-1

TABLE II. Comparison of acquisition times between the NaI(Tl)-based con-
ventional scanners and two types of acquisition modes for the proposed CZT-
SPECT scanner for brain perfusion and dopamine receptor imaging studies
(s = seconds).

Phantom study

NaI(Tl)-based
conventional
scanners (60

steps)
AS-3 (29
steps)

AS-5 (18
steps)

Per
step Total

Per
step Total

Per
step Total

Line, cylindrical,
and hot rod phantoms

10 s 600 s 10 s 290 s 10 s 180 s

Brain perfusion
phantom

10 s 600 s 10 s 290 s 10 s 180 s

Brain DaT phantom 15 s 900 s 15 s 435 s 25 s 450 s
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at 140 keV) and six sectors of hot rods with different diame-
ters, 12.7, 11.1, 9.5, 7.9, 6.4, and 4.8 mm with 88-mm height
for hot rods. The activity concentration of the Tc-99m in the
six sectors of hot rods was 300 Bq/mm3 (total activity:
~170 MBq) and the background activity in the center of the
phantom was zero.

To evaluate the CNR in reconstructed images of the hot
rods as a figure of merit, we calculated the average value of
the regions of interest (ROI) of two rods with 12.7- and 9.5-
mm diameter and obtained the profiles through the rods (yel-
low-dashed circle) and background (blue circle) as shown in
Fig. 3(a). The CNR is defined as

CNR¼ MROI �MBGj j
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
σ2ROI þσ2BG

p (10)

where MROI is the average value in each of the ROI, MBG is
the average value in the background ROI and sigma values
are the standard deviation of each ROI.

Finally, we validated our proposed scanning geometries
(AS-3 and AS-5) using the computational brain model in
terms of amplitudes of line profiles, CNR, and contrast-re-
covery ratio compared to the conventional scanners. The
brain anatomy model was simplified from the real human
data proposed by Zubal.34 [Fig. 3(b)]. The simplified Zubal
phantom has 10 materials consisting of air, blood, skull, gray
matter, white matter, caudate, putamen, cartilage, muscle,
and adipose tissue. The matrix and voxel size of the Zubal
phantom were also modified from 256 × 256 × 128 matrix,
1.1 mm × 1.1 mm × 1.4 mm to 200 × 260 × 168 matrix,
0.8 mm × 0.8 mm × 0.8 mm. We modeled two kinds of
brain SPECT studies: perfusion imaging with 99mTc-exam-
etazime and dopamine transporter (DaT) imaging with 123I-
ioflupane. In order to create a range of realistic Tc-99m and
I-123 uptake ratios, total activity was defined around 10% of
the recommended dosage of radiopharmaceutical for each
brain study, ~112 MBq and ~18.5 MBq, respectively.30,35 For
the brain perfusion study, gray matter, white matter, soft
tissues, and others that are bone or air were defined and the
uptake ratios were 100, 25, 4, and 0, respectively [Fig. 3(c)].36

In contrast, the striatal volume that contains caudate and

putamen, and others as a background that is neither bone nor
brain were defined, and different intensities of I-123 solution
with different striatal-to-background uptake ratios, ranging
from 3:1 to 10:1 were set for the DaT imaging [Fig. 3(d)].
Each nonuniform attenuation map was obtained by setting
the attenuation coefficients to 0.143 cm−1 for brain tissues
and 0.304 cm−1 for bone when Tc-99m was simulated, and
0.138 cm−1 for brain tissues and 0.289 cm-1 for bone when I-
123 was considered [Fig. 3(e)].37

We obtained the profiles of brain perfusion images and
calculated the average value of six gray matter ROIs and two
white matter ROIs for CNR evaluation. Average values in
caudate and putamen ROIs and background ROI were calcu-
lated from DaT images with different uptake ratios for con-
trast-recovery ratio evaluation. The values of contrast-
recovery ratio are calculated as follows:

Contrast� recovery ratio ¼MSTRLATAL=MBG

RSTRLATAL=RBG
(11)

where MSTRLATAL is the measured average value in the caudate
or putamen region and MBG is the measured average value in
the background ROI and RSTRLATAL is the reference activity
value in the caudate or putamen region and RBG is the refer-
ence activity value in the background ROI. All ROIs for brain
phantom studies were defined by anatomical information
based on the segmented Zubal model.

The CNR and contrast-recovery ratio in the reconstructed
images of the sphere and brain phantoms were calculated as a
function of iteration number in order to define the stopping
iteration number.

3. RESULTS

3.A. Spatial resolution and sensitivity

Table III includes the planar spatial resolution and sensi-
tivity results calculated in our previous report for the energy-
optimized collimator12 and other studies.38 Compared to the
planar spatial resolution and sensitivity at 10 cm, the pro-
posed scanner had comparable sensitivity but better planar

FIG. 3. Derenzo hot rod phantom (a) has acryl material for the background. The yellow-dashed line in the hot rod region indicates the location of profiles of the
hot rods and the yellow-dashed circle and blue circle indicates the ROI and background for CNR, respectively. Original Zubal phantom (b) and activity maps for
brain perfusion imaging with Tc-99m (c) and DaT imaging with I-123 (d) and attenuation map (e) for both brain phantom studies. The yellow circles indicate the
gray matter and striatal ROIs and the blue circles indicate the background.
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spatial resolution. For the tomographic spatial resolution,
compared to the conventional NaI(Tl) scanner with a zoom
of 1.0 and 4.4 mm pixel size,38 our proposed systems had rel-
atively similar resolution (approximately 1.0 mm FWHM dif-
ference) when the line source was positioned at the center of
the FOV and even the radius of rotation was larger. At the
center of FOV, however, the tomographic spatial resolution
for our proposed scanner was poorer compared to those of
the Clinical_3.18, Arb_1.6RR150, and Arb_1.6RR185 scan-
ners that were modeled in our simulation. In contrast the
tomographic spatial resolution for our proposed system was
greatly improved when the source was moved to a peripheral
position so that it had similar or better resolution to those of
the three NaI(Tl)-based scanners we modeled (Clinical_3.18,
Arb_1.6RR150, and Arb_1.6RR185). Moreover, the tomo-
graphic volume sensitivities of our proposed scanning
geometries (AS-3 and AS-5) are much higher than those of
the three conventional scanners modeled (approximately up
to 1.7 times).

3.B. Hot rod phantom study

Figure 4 shows that the reconstructed images from the
Derenzo hot rod phantom for three different configurations
of the conventional scanner and the two scan geometries of
the proposed scanner. Although some rods of the Derenzo
phantom were outside of the FOV of several detectors of our
proposed scan geometries, there were no truncation artifacts
in the reconstructed images. The peripheral rods of the small-
est rod segment (4.8 mm in diameter) in AS-3 and AS-5 scan
geometries were better resolved than those in the images from
the Clinical_3.18 scanner, and they are similarly resolved by
the Arb_1.6RR150 and the Arb_1.6RR185 scanners. These
results correspond to the line profiles of the Derenzo phan-
tom as shown in Fig. 5 and the tomographic spatial resolu-
tion results in Table III. The peak values of the rods for the
proposed scanners (AS-3 and AS-5) and two scanners having
arbitrary 1.6 mm pixels (Arb_1.6RR150 and Arb_1.6RR185)
were decreased slightly toward the center. Even the peak-to-
valley ratios were higher for the peripheral rods in AS-3 and
AS-5 scan geometries, while the image for the Clinical_3.18
scanner did not show this behavior.

CNR values with 50 and 100 iterations were plotted for
two different rods of the reconstructions of the Derenzo phan-
tom obtained from the three conventional scanner configura-
tions and our proposed scanner with AS-3 and AS-5
acquisition modes (Fig. 6). The CNR values of the 12.7-mm
diameter and 9.5-mm rods in the Derenzo phantom for our
proposed scanner were slightly improved than those of the
conventional scanner; however, the difference of CNR values
was below 1. It was determined that, based on the data shown
in Fig. 6, reconstructions with 50 iterations are sufficient for
image reconstruction since the improvement after 50 itera-
tions was almost negligible.

3.C. Brain phantom studies

Figures 7 and 8 show reconstructed images with CDR cor-
rection, line profiles, and CNRs for a brain perfusion study
with Tc-99m obtained by two acquisition types of our pro-
posed scanner and the three types of the conventional scan-
ner. In comparison to three configurations of the
conventional scanner (Clinical_3.18, Arb_1.6RR150, and
Arb_1.6RR185), our proposed scanner in both acquisition
modes (AS-3 and AS-5) has a similar contrast between gray
matter and white matter, and also has a similar spatial resolu-
tion. The line profile and CNR as a function of the number of
iterations show the performance similarity. The CNR of the
Clinical_3.18 scanner was slightly lower than those of the
others; however, the difference of the CNR was also below 1.
The images for both acquisition modes show no artifacts and
reasonable image quality in the peripheral part of the brain
images, and there was no notable difference in line profiles
and CNRs between the two acquisition modes. In the central
part of each image for the AS-3 and AS-5 acquisition modes,
the structures of the striatum and the thalamus were not much
distorted so that putamen and the caudate could be distin-
guishable. It was determined that, based on the CNR data as
a function of the number of iterations in Fig. 8, reconstruc-
tions with 100 iterations were sufficient since the improve-
ment after 100 iterations was almost negligible.

Figure 9 shows the reconstructed images with CDR cor-
rection for I-123 DaT imaging. Images in the first to third col-
umns are from the three configurations of the conventional

TABLE III. Spatial resolution and sensitivity values for the NaI(Tl)-based conventional scanners with three different configurations (Clinical_3.18,
Arb_1.6RR150, and Arb_1.6RR185) and our proposed CZT-based scanner with two different geometries (AS-3 and AS-5) in this simulation study.

NaI(Tl)-based conventional Proposed

Clincal_3.18 Arb_1.6RR150 Arb_1.6RR185 AS-3 AS-5

Spatial resolution Planar @10 cm (mm FWHM) 7.4* 6.91**

Tomographic @ 0 cm from center of FOV (mm FWHM) 8.74 (≤9.9*) 8.08 8.73 11.10 11.55

Tomographic @ 10 cm from radial of FOV (mm FWHM) 8.65 (≤9.9*) 7.10 7.72 7.53 7.68

Tomographic @ 10 cm from tangential of FOV (mm FWHM) 7.36 (≤7.5*) 5.58 6.16 4.85 4.69

Sensitivity Planar @10 cm (cpm/mCi) 202* 261**

Tomographic Volume (kcps/(MBq/ml)/cm) 29.87 29.79 23.59 38.82 37.96

*values for a 4.4 mm pixel size (zoom 1.0) configuration.38

**values in our previous published studies.12
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scanner while the fourth and fifth columns are from the AS-3
and AS-5 acquisition modes of our proposed scanner, respec-
tively. Images in each row correspond to different simulated
reference striatal/background ratios ranging from 3:1 to 10:1.
As expected in all evaluated scanners, the putamen and the
caudate were more clearly separated and the striatal shape
was more characterized by two symmetric comma- or

crescent-shaped focal regions when the simulated striatal/
background ratio was higher. A quantitative and detailed
assessment of contrast recovery for uptake ratios from the
two proposed acquisition modes of our proposed scanner is
shown in Table IV.

Figures 10 shows a brain DaT image from AS-3 superim-
posed on the ground-truth activity map, line profiles, and
contrast-recovery ratios from the brain image for 10 to 1
uptake ratio. The structures of the striatum and the thalamus
were also only somewhat distorted so that putamen and the
caudate could be distinguishable in the central part of each
image. The line profiles for our proposed scanner in the two
acquisition modes were very similar to those of the Clini-
cal_3.18 and Arb_1.6RR185 scanner. The Arb_1.6RR150
scanner showed the best line profile in terms of the peak-to-
valley ratio even when the peak values of the scanner were
lower than the others. To assess the improvement in recon-
struction from a quantitative point of view, contrast recovery
was estimated as a function of the number of iterations for
the putamen and the caudate. The figure displays the results
of the striatal-to-background uptake ratio of 10:1. The plots
correspond to the mean values after averaging right and left
ROI values as shown in Fig. 2(d). These results were similar
to the other previous study.37

FIG. 4. Reconstructed images of the Derenzo hot rod phantom from three different setups for conventional scanners (Clinical_3.18, Arb_1.6RR150, and
Arb_1.6RR185) and our proposed system with two acquisition modes (AS-3 and AS-5). All images were reconstructed with 50 iterations and with a postpro-
cessed 3D Gaussian filter with sigma equal to 1 pixel. The phantom images were summed axially (28 slices for the Clinical_3.18 configuration and 55 slices for
the others).

FIG. 5. The line profiles of reconstructed images for the Derenzo hot rod phantom from line profile A (11.1–7.9 mm diameter, middle) and line profile B
(4.8 mm diameter third row, bottom) as shown in Fig. 3(a). All values were normalized by the maximum value in the reconstructed images.

FIG. 6. CNRs for two different rods of the Derenzo hot rod phantom corre-
sponding to 50 and 100 iterations.
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4. DISCUSSION

In this study, our proposed full-ring SPECT scanner using
pixelated CZT and energy-optimized parallel-hole collimator
with two acquisition modes were evaluated using analytical
digital phantoms including Derenzo hot rod phantom as well
as simulated digital brain phantoms replicating perfusion and
dopamine transporter imaging. In our nonstandard system
geometry, eight large-area CZT detectors were enough to
cover the brain fully, and they can acquire extended projec-
tions using independent swivel movements without a need to
rotate the entire gantry. Because of the simple and efficient
scanning geometry, our proposed scanner can decrease the
acquisition time as much as two to three times as shown in
this report, particularly using the AS-5 acquisition mode as
described above, compared to the acquisition time

conventionally performed at the same acquisition time per
step. The compactness of CZT detector modules allows the
simple and efficient implementation of a scanning geometry,
which is an advantage over a bulkier construction of a gamma
camera using NaI(Tl) crystals with photomultiplier tubes.
Furthermore, each square parallel-hole matches each pixel of
the CZT detector in our design, so that this design gives high
detection efficiency and sensitivity because the dead space
from collimator septa that are placed over the gaps between
pixels is minimized. The values of the septa thickness, length,
and diameter were chosen considering scatter/penetration
ratios, resolution, and sensitivity over a broad range of
gamma emission energies. Therefore, the efficient scanning
geometry was able to make the swiveled detectors be close to
the object, compared to the standard geometry, and the pro-
posed parallel-hole collimator was also well adapted to the

FIG. 7. The 3D activity map (left) and the 3D reconstructed images for the brain perfusion study using the three configurations of the conventional scanner and
our proposed scanner in AS-3 and AS-5 acquisition modes with 100 iterations and postprocessed using a 3D Gaussian filter with a sigma of 1 pixel.

FIG. 8. Left: Brain perfusion image from AS-3 with ground-truth activity map (yellow for location of the line profiles). Center: line profiles for the reference
activity phantom (orange, dotted line) compared to the reconstructed brain perfusion images for the Clincal_3.18 (green, dash line), Arb_1.6RR150 (gray, dash
line), Arb_1.6RR185 (black, dash line), AS-3 (blue line), and AS-5 (red line) configurations. Right: CNRs as a function of the number of iterations
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FIG. 9. Reconstructed images with 150 iterations and CDR correction for I-123 brain DaT imaging from the three configurations of the conventional scanner and
our proposed scanner in AS-3 and AS-5 acquisition modes as a function of striatal-to-background activity ratio. All images in each row were normalized by the
maximum value in the images for 10–1 striatal/background ratio and postprocessed using a 3D Gaussian filter with a sigma of 1 pixel.

TABLE IV. Contrast recovery values obtained from the three configurations of the conventional scanner and our proposed scanner in AS-3 and AS-5 acquisition
modes for striatal-to-background uptake ratios of 3:1, 5:1, 8:1, and 10:1.

Organ Type

Activity ratio

3–1 5–1 8–1 10–1

Caudate Clinical_3.18 0.75 � 0.08 0.73 � 0.02 0.68 � 0.05 0.63 � 0.01

Arb_1.6RR150 0.82 � 0.03 0.72 � 0.01 0.72 � 0.04 0.70 � 0.03

Arb_1.6RR185 0.81 � 0.02 0.72 � 0.04 0.73 � 0.09 0.65 � 0.05

AS-3 0.80 � 0.04 0.74 � 0.01 0.70 � 0.02 0.65 � 0.02

AS-5 0.82 � 0.09 0.75 � 0.04 0.72 � 0.03 0.69 � 0.02

Putamen Clinical_3.18 0.77 � 0.03 0.77 � 0.02 0.69 � 0.00 0.67 � 0.01

Arb_1.6RR150 0.82 � 0.08 0.75 � 0.03 0.73 � 0.01 0.71 � 0.02

Arb_1.6RR185 0.81 � 0.03 0.77 � 0.04 0.72 � 0.06 0.70 � 0.05

AS-3 0.81 � 0.10 0.74 � 0.01 0.70 � 0.05 0.72 � 0.02

AS-5 0.83 � 0.03 0.76 � 0.05 0.71 � 0.04 0.69 � 0.02
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pixelated CZT detector module, showing volume sensitivity
improvements in this study.

However, our proposed scanning geometries had wide
swiveling angle ranges to compare with a typical SPECT
brain study acquisition having 120 projections and three
angular steps as mentioned earlier. Those wide rotation
angles could have limited object sizes within the FOV in
order to avoid interferences with the rotation of detectors,
especially at the edge of the detector. Each detector with the
first or last angular step was overly rotated compared to the
object size, and each detector’s view was half blocked by its
adjacent detector as shown Fig. 2(b). Our proposed scanning
geometries also had a fixed radius of rotation in order to
avoid the interference between adjacent detectors, so that
they had about 2 mm FWHM difference in tomographic
spatial resolution in the center of the FOV compared to the
resolution using a zoom of 1.38 with a conventional scanner
geometry. The difference showed suboptimal resolution in
the center of the hot rod phantom image, especially in the

sector of the smallest rods in Fig. 4. The large differences
between resolutions in the radial and tangential directions
caused by a smaller diameter but shorter hole length of the
proposed collimator also showed that each rod of the phan-
tom was slightly distorted. This asymmetric resolution could
potentially underestimate the volume at the edge in the cor-
tex region in a brain perfusion study. Novel approaches that
will optimize rotation angle for large FOVs and minimize
geometric resolution differences will be pursued as a future
study.

We simulated a clinically well-known NaI(Tl)-based two-
headed SPECT scanner with conventional binning and two
arbitrary types of binning in order to compare with our pro-
posed scanners. The simulation results between the three
types showed that the spatial resolution and sensitivity corre-
lated with bin size and radius of rotation. First, comparing
Clinical_3.18 and Arb_1.6RR150 (same radius of rotation),
the smaller bin size provided the better spatial resolution.
Comparing Arb_1.6RR150 and Arb_1.6RR185 (same

FIG. 10. Upper Left: Brain DaT image from AS-3 with the ground-truth activity map (yellow for the location of the line profiles). Upper Right: Line profiles of
the reconstructed brain DaT images compared to the reference activity (orange, dotted line). Caudate (lower left) and putamen (lower right) contrast recovery as a
function of the number of iterations for the striatal-to-background uptake ratio of 10:1. The plots correspond to contrast recovery values when reconstruction was
performed based on the attenuation correction with CDR correction.
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binning size), the longer radius of rotation resulted in poorer
spatial resolution and sensitivity.

Our proposed detector head consisted of a pixelated CZT
detector, and pixel-matching parallel-hole collimator has a
limited FOV although the combination has good sensitivity
and spatial resolution in general. In order to minimize a trun-
cation problem, the detector size should be as large as possi-
ble or the detector should have a motion which can cover the
whole geometry of the imaging object. However, these
approaches could be associated with a high cost or mechani-
cal complexity, and trade-offs need to be considered. Our
proposed geometry reduced the number of detectors as well
as the detector size and minimized the detector movements,
compared to the dual-head CZT-SPECT scanner (e.g., GE
Discovery NM series) or multi-head CZT-SPECT scanner
(e.g., VERITON). In addition, even when NaI detectors were
used in place of the CZT detectors in our proposed scanner,
scan time could be reduced in our two types of acquisition
modes. However, the NaI-based scanner still faces the issues
related to the gaps and edges.

Our proposed geometry appears to be quite similar to the
commercial VERITON system due to multiple detectors
using CZT material and tungsten parallel-hole collimator and
data acquisition strategy with swiveling detectors. However,
our detector size is larger than that of the VERITON and it
can reduce the number of overlap or gap portions between
adjacent detectors with minimum detector combinations
when projection data required for reconstruction are gener-
ated. And our collimator design is also optimized for a broad
energy range of SPECT radionuclides (up to 250 keV), com-
pared to that of the VERITON optimized for only Tc-99m.39

Despite these performance benefits for our system, the pro-
posed detector design has a limitation that the absence of a
common axis of rotation and the wide width of detectors do
not allow very close patient proximity, compared to the nar-
row width of the VERITON detector.

In order to extend the FOV, the simple linear interpolation
was applied corresponding to rotation step angles with 3-de-
gree or 5-degree; however, some rods in the center were still
distorted (Fig. 4) and the quantitative performance differ-
ences of the reconstructed images between AS-3 and AS-5
acquisition modes were similar even though the number of
angular samples for an AS-3 acquisition was 120, which was
1.6 times that of an AS-5 acquisition. We found that an AS-3
acquisition needed more pixels for the corrections compared
to an AS-5 acquisition when we investigated pixel by pixel
the raw data of each projection before any correction. Further
correction may be needed using novel techniques such as
deep learning-based correction methods,40–42 which is
beyond the scope of this current study.

The well-established open-source Monte Carlo simulation
and reconstruction tool, including physical processes of atten-
uation and CDR correction, were used in this study; however,
there are some limitations for the simulation setup between
the conventional system and the proposed system each other.
At first, we did not implement a full hardware part and posi-
tioning algorithm such as Anger Logic with multiple circular

PMTs into the detector part for the conventional SPECT sim-
ulation. The position information for detected gamma events
in a NaI crystal was sampled with a pixel size considering the
specification of a conventional SPECT (e.g., 3.18 mm pixel
size for GE Infinia Hawkeye with a zoom of 1.38). And, we
did not include the realistic charge-transport effect for CZT
material in relation to crystal size and incomplete charge col-
lection in the simulation as mentioned above even though the
photopeak counts were decreased to 65% that of NaI(Tl). At
first, in order to improve the energy resolution, a 10 mm
thickness for 1.6 mm pixel size would be better than a 5 mm
thickness based on a charge-sharing simulation previously
reported.43 However, the performance difference for the
SPECT application was not significant and the cost and per-
formance trade-off should be considered. And, charge sharing
events can produce a large amount of tailing in the photopeak
leading to an increased FWHM or sensitivity,44 and can
affect count statistics during dual-isotope acquisition, for
example, count statistics error within the Tc-99m photopeak
during I-123/Tc-99m acquisition.45,46 The approximated the
low-energy tailing effect in this study may induce errors, and
further investigation will be needed. Furthermore, we did not
apply additional correction methods such as scatter correction
for the CZT detector. It has been reported that adding the
scatter correction to the image reconstruction for DaT imag-
ing could improve the contrast-recovery ratios over 0.9.37

Including these effects would make our future work more
realistic and reliable.

Finally, as we mentioned earlier, our proposed system has
approximately 2–3.3 times reduction in scan time, up to 1.7
times improved volume sensitivity and reasonable spatial res-
olution for a brain study when compared to the conventional
dual-head scanner. However, if we compare our proposed
scanner with an experimental dedicated multi-pinhole brain
SPECT system,47,48 the dedicated system has good spatial
resolution (~4.8 mm FWHM in the center of the cylindrical
volume of interest) and the caudate and putamen in the brain
phantom are well differentiated due to the magnification of
the pinhole collimator for a small spherical volume having a
21 cm-diameter. In addition, the investigational multi-pinhole
dedicated brain SPECT (e.g., G-SPECT) having a high spa-
tial resolution (below 3 mm) and a high sensitivity of 415
cps/MBq takes only 30 s for a total brain perfusion scan with
optimized bed position sequences.49,50 However, these dedi-
cated brain designs using multi-pinhole collimators have a
significant limitation as for general-purpose imaging scenar-
ios (e.g., bone SPECT) due to a small cylindrical volume of
interest.48 In contrast, our proposed detector head geometry
could be radially extended and still could have shorter scan
time by swiveling individual detectors, which will be further
investigated to optimize the acquisition mode with a slightly
common axis of rotation if needed.

5. CONCLUSIONS

In this study, we proposed a variable-aperture full-ring
SPECT system using combined pixelated CZT and energy-
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optimized parallel-hole collimator modules and evaluated the
performance of this scanner using relevant digital phantoms
and MC simulations. Our simulation studies showed that the
proposed CZT-SPECT design could result in reduced acqui-
sition time and improved sensitivity with acceptable contrast-
to-noise ratio spatial resolution. This encouraging result war-
rants further studies to realize the full potential of our new
system design for general purpose studies such as fully 3D
bone SPECT with acquisition strategy optimization of radial
positions using large-area CZT cameras.
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