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Abstract

In single photon emission computed tomography, it is a challenging task to maintain reasonable
performance using only one specific collimator for radio-tracers over a broad spectrum of
diagnostic photon energies, since photon scatter and penetration in a collimator differ with the
photon energy. Frequent collimator exchanges are inevitable in daily clinical SPECT imaging,
which hinders throughput while subjecting the camera to operational errors and damage. Our
objective is to design a collimator, which independent of the photon energy performs reasonably
well for commonly used radiotracers with low- to medium-energy levels of gamma emissions.
Using the Geant4 simulation toolkit, we simulated and evaluated a parallel-hole collimator
mounted to a CZT detector. With the pixel-geometry-matching collimation, the pitch of the
collimator hole was fixed to match the pixel size of the CZT detector throughout this work. Four
variables, hole shape, hole length, hole radius/width and the source-to-collimator distance were
carefully studied. Scatter and penetration of the collimator, sensitivity and spatial resolution of the
system were assessed for four radionuclides including 3’Co, 29™Tc, 123] and 111In, with respect to
the aforementioned four variables. An optimal collimator was then decided upon such that it
maximized the total relative sensitivity (TRS) for the four considered radionuclides while other
performance parameters, such as scatter, penetration and spatial resolution, were benchmarked to
prevalent commercial scanners and collimators. Digital phantom studies were also performed to
validate the system with the optimal square-hole collimator (23 mm hole length, 1.28 mm hole
width, 0.32 mm septal thickness) in terms of contrast, contrast-to-noise ratio and recovery ratio.
This study demonstrates promise of our proposed energy-optimized collimator to be used in a
CZT-based gamma camera, with comparable or even better imaging performance versus
commercial collimators such as low-energy high resolution (LEHR) and medium energy general
purpose (MEGP) collimators.
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1. Introduction

Single photon emission computed tomography (SPECT) radiotracers emit photons over a
range of energies and collimator specifications vary with the energy levels of the
radionuclides being imaged. Hence multiple collimators are required for imaging such as
commercially available low-energy high-resolution (LEHR) and medium-energy general-
purpose (MEGP) collimators coupled with conventional Nal(TI) detectors[1]. This
necessitates collimator exchanges between scans, sometimes even multiple times during the
same day, and therefore hampers an efficient management of clinical imaging due to the
time-consuming procedures. More importantly, low energy collimators generally are quite
fragile, and their thin septa can be damaged easily by mechanical abuse (dropping, stacking
on sharp objects, etc.).

Although, collimators are crucial for producing high quality tomographic images, they
introduce artifacts into images from photons penetrating through the collimators and
decreases sensitivity by absorbing/scattering photons. Thus, a careful collimator design with
various criteria is essential in a new SPECT system to improve image quality[2]. The aim of
this work, subsequently, has been to design a single collimator with improved sensitivity
while maintaining comparable resolution over a broad spectrum of diagnostic energy levels.

The collimated gamma rays are traditionally detected by a scintillator coupled with
photomultiplier tubes, which is still largely used in in vivo and non-invasive cross-sectional
nuclear imaging. A renewed effort is being made to improve the quality of SPECT images
by replacing these conventional indirect-conversion detectors with direct-conversion
semiconductor detectors with better energy resolution[3][4]. Recent advances in fabricating
solid-state detectors such as cadmium zinc telluride (CZT)[4][5] together with optimization
of collimator designs[6][7][8] promise improvement in resolution and sensitivity of the
front-end system. To that end, our energy-optimized collimator has been designed for a
SPECT scanner equipped with a pair of relatively large-area CZT detectors with a small
pixel pitch to operate over a broad range of gamma emission energies without collimator
changes.

For a pixelated detector, a straightforward approach for maximizing sensitivity is to match
the collimator holes with detector pixels to obtain a pixel-geometry-matching collimator
(PGMCQC)[9][10]. Detectors combined with PGM-Cs are expected to be more efficient than
non-pixel-matching collimations. The length, size, and shape of collimator holes, however,
remain to be optimized to achieve energy independence. Researchers have proven that the
extended low-energy general-purpose collimator (ELEGP) is a better choice than the MEGP
collimator for mid-energy photons emitted from radiotracers such as 1111n and 1231[11]. It
was also found that the best performance could be obtained from a collimator that allowed a
moderate amount of septal scatter and penetration[11][12]. Improved reconstruction
algorithms also help compensate for the serious scattering and penetration[13]. New camera
architecture[6] has sought to trade-off spatial resolution and sensitivity with pixelated
semiconductor detectors. However, the majority of these papers have focused only on a
specific radionuclide. Other efforts have been limited to optimizing collimators for
simultaneous or sequential dual-isotope imaging[14][15]. There has been no initiative so far
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to actually get rid of the energy dependency of SPECT nuclides on collimators by exploiting
the superior energy resolution and high stopping power of CZT or CdTe detectors to avoid
collimator changes.

In this paper, we describe the design characteristics of an optimized parallel-hole PGMC for
a SPECT gamma camera using a CZT detector based on the Geant4 Monte Carlo
simulations. Materials used are introduced with details on the tools adopted for evaluation,
followed by the performance of the designed collimator combined with the large-area CZT
detector. Our goal is to maximize sensitivity for acceptable values of other indices at low
and medium energy gamma emissions from 9MT¢, 57Co, 123 and 111In radionuclides.
Digital phantom studies are performed to validate the optimized energy-optimized
collimator.

2. Materials and Methods

2.1. Collimator-detector model

In order to achieve improved image quality for an energy-optimized SPECT scanner, we use
a relatively large-detection-area CZT-based detector (20.48 x 20.48 cm?2) with a thickness of
5 mm (thinner than the typical Nal crystal of 3/8 inches thickness used for SPECT imaging)
and a small pixel pitch of 1.60 mm. This CZT detector has been fabricated at Redlen
Technologies, Canada with the electronics currently being designed at Brookhaven National
Laboratory. The detector comprises 8 x 8 modules of the 16 x 16 arrays for a total of 128 x
128 detector pixels.

When mounted to the CZT detector, collimators are designed such that the center of each
collimator hole coincides with that of each detector pixel, hence the name pixel-geometry-
matching collimator (PGMC). In other words, the pitch of the collimator hole is also set to
be 1.60 mm. This pixel-matching collimation for a pixelated CZT detector gives high
detection efficiency since the dead space on CZT resulting from collimator septa is
small[16]. The designed collimator will be fabricated from high-density tungsten alloy
(made of 91% tungsten, 6% nickel and 3% iron with a density of 17.1 — 17.3 g/cc),
decreasing the rate of penetration in comparison to lead-based ones, with lower
manufacturing costs than pure tungsten collimators.

The SPECT system model comprises of two opposing gamma cameras with compact CZT
detectors and PGMCs. The model for the proposed SPECT system for different collimator
hole shapes is shown in Figure 1.

2.2. Monte Carlo simulation

Geant4[17],one of the most advanced and supported toolKkits in nuclear medical and particle
physics, was employed here to fully simulate the CZT detectors and the parallel-hole
collimators. Propagation of the particles in our simulations was dictated by the Low Energy
Electromagnetic Physics list, with Livermore as the chosen physics model which has a
validated energy range of 250 eVV-100 GeV. The physics processes considered here include
photoelectric effect, Comp-ton scattering and Rayleigh scattering. The detector was set to be
sensitive to all of the emitted particles to obtain detailed information about the interactions.
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The Geant4 application developed was partly validated by comparing the simulated half-life
times, main gamma energy peaks and emission possibilities of the four radionuclides used in
our study with their respective theoretical values. The analytical values for resolution and
sensitivity for a parallel square-hole collimator[18] were also calculated to verify the
numerical values recorded from Geant4 with a similar design.

2.3. Iterative reconstruction

In-house codes for a maximum-likelihood expectation maximization (M-LEM)
reconstruction algorithm were applied to reconstruct the simulated projection data, acquired
with digital phantoms centered on the axis of rotation with a circular orbit at 120 equally
spaced angular intervals from 0 to 360 degrees. Attenuation coefficients were calculated at
the windowed-effective energy of each radionuclide. For 111In, the weighted average of the
attenuation map based on the emission probabilities and linear attenuation coefficients were
used[19]. Corrections for collimator and detector response and attenuation have been
considered, but not for penetration and partial volume effects (PVE). The matrix size of the
iteratively reconstructed images was 128 x 128 x 128 and the voxel size was 1.6 x 1.6 x 1.6
mms3.

2.4. Performance estimation

With the simulated data from four radionuclides, scatter and penetration of the collimator,
and sensitivity and spatial resolution of the system were thoroughly investigated. An 16%
symmetrical energy window centered at the photo-peak energies 122 keV, 140.5 keV, 159
keV for 37Co, 99™Tc, 123] respectively and two 8% windows at 171 keV and 245 keV

for 1111n, were set to reject the scattering particles, assuring that at least half of the
unnecessary particles were eliminated[20]. During each simulation, 5 x 108 gamma rays
were emitted in air from a point source placed at a distance of 10 cm from the collimator
surface. Four simulations were performed for every experiment to reduce random errors.

The scattering rate and the penetration rate are both calculated for the gamma rays detected
within the energy window. The former is estimated as the fraction of scattered photons
(having at least one interaction with the collimator), while the latter is the portion
penetrating through one or more septa without changing the incident direction. Sensitivity of
the system is defined as the fraction of detected particles within the energy window among
all the photons emitted, while the spatial resolution is measured as the full width at half
maximum (FWHM) of a point-spread function (PSF), fitted by a symmetric Gaussian
function.

2.5. Collimator optimization

The collimator performance, and accordingly the performance of the detector and imaging
system, varies with the imaging radiotracers due to the different energy levels of the photons
they emit. Thus the desired collimator dimensions for different radiotracers cannot be the
same. The rationale adopted for optimizing an energy-optimized collimator is to maximize
the total relative sensitivity (TRS) for the four considered radionuclides while maintaining
other performance parameters (including spatial resolution, penetration and so on)
comparable to those obtained with the commercial ones such as LEHR/ MEGP collimators.
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Based on collimator scatter, penetration, system resolution and sensitivity evaluated for
different radionuclides, we determined permissible ranges for geometrical parameters of the
collimator and optimized the collimator within these permissible ranges via the total relative
sensitivity. For a given radioactive nuclide and a given collimator, the relative sensitivity is
defined as the sensitivity obtained with this specific collimator divided by the maximum
sensitivity that can be achieved by any collimator in the permissible ranges. Assuming equal
weight for the considered radionuclides, for a given collimator, the total relative sensitivity
is defined as the sum of four relative sensitivities:

4 g
TRS=> o O

4=1"—"maxr

In Equation 1, S denotes the sensitivity of the ith radionuclide and St .. is the maximal
sensitivity obtained with the ith radionuclide. The optimal collimator is chosen as

TRS pt=argmaz(TRS). (2)

2.6. System validation

The SPECT imaging system equipped with the optimal collimator is validated using digital
phantoms in terms of the contrast, contrast-to-noise ratio and recovery ratio.

Contrast, a quantitative measurement of the differences in intensity of the reconstructed
image, was evaluated using a hot phantom. The hot phantom shown in Figure 2 (a) consists
of six radioactive hot rods. The rods with different sizes ranging from 9.6 mm to 17.6 mmin
radii are placed in a non-radioactive water-filled cylinder with a diameter of 16 cm and
height 2 cm, and filled with aqueous solutions of >’Co-/ 99MT¢-/ 123]./ 111|n- sodium
pertech-netates at a concentration of 60 kBg/ml. Contrast denoted by C is given by

M - M
C=—feL 59 » 100%, (3)
]\'[R OD +J\'IBG

where, Mrop is the average activity in each of the six hot rod regions and Mpg is the
average activity in the background ROI (the circle with red dashed line centered in the
phantom) containing 1961 pixels for each slice. To reduce the statistical variations, 6
sequential slices selected from the middle of the rods were averaged. The corresponding
contrast-to-noise ratio (CNR) is defined as

M M

ONRzimzf;D BG4

where NSD is the standard deviation of the uniform background ROI.

One potential application of a gamma system with the proposed energy-optimized collimator
and the CZT detector is in brain imaging. Thus a DaT (dopamine transporters) SPECT
imaging study was simulated here using a striatal phantom filled with 9°™Tc or 123] solution
and the recovery ratios were recorded. As a target organ, the left striatal compartment (left
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caudate nucleus and left putamen) and right striatal compartment (right nucleus and right
putamen) were separated from the background based on a segmented magnetic resonance
image. Different intensities of radioactive solutions with different striatal-to-background
uptake ratios, ranging from 3:1 to 10:1 were set and simulated. One slice of the five-
compartment brain striatal phantom with the different activity levels is shown in Figure 2 (b)
and the recovery ratio Rr is estimated by the following equation

(MSTRLATAL/MBG)
(M,

éTRLATAL/MBG)Rcal

Rr=

Measured , (5)

where MgrriaTaL IS the mean value of the left/right striatal region and Mgg is the mean
value of the background (the circle with red dashed line in Figure 2 (b)).

We first illustrate the simulation results of four figures of merit (the collimator scatter and
penetration, system sensitivity and resolution) for four radionuclides (°’Co, 9MT¢, 123|
and 111In) with respect to four variables (hole length, radius, source-to-collimator distance
and hole shape). In each simulation, one variable varied while the other three stayed
unchanged. If not specified otherwise, a square hole collimator with a bore thickness of 24
mm and radius 0.65 mm was used with the radionuclide located 10 cm away from the
collimator surface.

3.1. Scatter and penetration

Among all the four nuclides, nuclide %°™Tc emitted the smallest percentage of scattered
photons as shown in the left column of Figure 3, owing to its pure mono-emission at 140.5
keV. As compared to 9™MTc at 140.5 keV/, more scattered photons were detected in the 122
keV energy window of 57Co, because besides the 122 keV photons, >’Co produces 136 keV
photons as well, some of which down-scatter to the energy window of the 122 keV photo
peak. 111In, not surprisingly, has the highest scattering rate and the highest penetration rate.

The rates of the penetrated and scattered gamma rays both decrease as the hole length
increases shown in Figures 3 (a) and (b). When the hole length is less than 21 mm, for 111In,
penetration and scatter together account for over 60%. If less deterioration is expected, a
collimator with square holes (radius being 0.65 mm) should be longer than 21 mm. Similarly
from Figures 3 (c) and (d), we find that a square-hole collimator with a hole length of 24
mm should have a radius smaller than 0.66 mm to ensure the total scatter and penetration is
less than 60%.

When increasing the distance from the source to the collimator surface, it is clear that the
scattering rate declines as depicted in Figure 3 (e), however, the penetration component
increases as shown in Figure 3 (f), no matter which radioisotope is simulated. The total
proportion of scatter and penetration decreases as the distance increases for 111In, but stays
stable for 5/Co, 99™T¢ and 123] beyond 16 cm.
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As for the bore shape graphs shown in Figures 3 (g) and (h), the collimator with square
holes yields the highest fraction of unwanted particles. However the degradation is not so
obvious as to counteract the higher sensitivity resulting from the square hole collimator, as
illustrated in the next subsection.

It can be seen from the subplots in Figure 3 that obvious variations exist in scattering and
penetration for high energy photon emitters. Thus rigorous comparison endeavors are
necessary especially for 111In. In the following context, for a fair comparison, only half of
the sensitivity for 1111n was calculated unlike the three other radionuclides, since 111In emits
two photons (171 keV and 245 keV) with almost equal emission probabilities (90% and
94%).

3.2. Resolution and sensitivity

Figure 4 (a) shows that the system resolution is the best when imaging ’Co point source
and the worst for 111In imaging, with a square hole (0.65 mm radius) collimator. For
sensitivity variation shown in Figure 4 (b), 111In yields the highest among the four nuclides
when the hole length is less than 22 mm, however, as the hole length increases, the detection
efficiency with 57Co surpasses half of that with 111In. Relatively, the detector shows the
least sensitivity with 123].

The deflation of spatial resolution (Figure 4 (c)) and the amplification of detection efficiency
(Figure 4 (d)) as the bore radius changes from 0.62 mm to 0.67 mm are also illustrated when
the hole length is 24 mm. The sensitivity for 11In is higher than that for the three other
radionuclides when hole radius is larger than 0.66 mm, although the difference in resolution
is small. This is observed because the penetration is more severe and scatter non-negligible,
as the septa get thinner. The interval in hole radius of 0.01 mm effectively changes the
diameter by 0.02 mm. 111In quickly increases penetration in comparison to low-energy
tracers making this range crucial for optimizing performance.

As expected, the distance from the collimator surface strongly affects the collimator
resolution (Figure 4 (e)). Taking 99™Tc as an example, the amplification is over 150% when
the distance changes from 7 cm to 10 cm. The sensitivities of the nuclides in Figure 4 (f)
stay nearly unchanged except for 111In because of the existence of a larger proportion of
penetrated and scattered particles.

Figures 4 (g) and (h) show the results of the four radionuclides using a PGMC with various
hole shapes. Using 111In to illustrate the trend noted, square holes provided 9.84% worse
spatial resolution while giving 108.43% higher sensitivity than circular holes, and 5.15%
lower spatial resolution but an increase of 43.81% in sensitivity than hexagonal holes on
average. The results show that square bore is superior to the other two types of bores in
terms of obtaining higher sensitivity with insignificant degradation in resolution.

In general, the collimator parameters affect the sensitivity for 111In more than they do for the
three other radionuclides (Figure 4) , due to the larger variation they cause in scattering and
penetration for 111In (Figure 3) .
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3.3. Optimized collimator design via TRS maximization

Based on collimator scatter, penetration, system resolution and sensitivity evaluated for
different radionuclides, we determined permissible ranges for geometrical parameters of the
collimator. The results from varying hole length at four energy levels yielded the optimum
range to be between 23-25 mm. Similarly, we varied the hole radius and observed
acceptable performance between 0.63-0.65 mm. Three source-to-collimator distances
indicated as short (4 cm), medium (13 cm) and long (22 cm) were simulated for different
applications. The behaviors of the three hole shapes presented in Figures 4 (g) and (h) show
that square holes give much higher sensitivity at the cost of a slight decline in resolution for
all radionuclides tested when compared to hexagonal and circular holes. Higher sensitivity is
very essential to better image qualities[6]. Hence, the square-hole collimator was our
primary step towards gaining a better detection efficiency.

With the permissible ranges for geometrical parameters of the collimator, the total relative
sensitivity was calculated as in Equation 1 , where the maximum sensitivity in the
permissible ranges is 337, 302, 281 and 612 cpm/uCi for 5'Co, 99™T¢, 123] and 111In,
respectively. The TRScalculated for the square-hole collimators when the source-to-
collimator surface distance is 13 cm was listed in Table 1, together with the sensitivity for
each radionuclide.

The highest TRSvalue is obtained when the hole radius is 0.65 mm and the hole length is 23
mm as deduced from Table 1. Similar trends in results are observed for both short and large
distances. However, the total scattering and penetration rate is about 57% (over 50%)

with 112In for the short distance. Thus, the one with the second highest TRS value and
49.79% of total scattering and penetration rate is regarded as the optimum configuration for
our project, namely, the tungsten-alloy-based collimator with square holes having a radius of
0.64 mm and hole length of 23 mm. Compared to the one with the highest TRSvalue, the
optimum collimator provides a 7.15% decrease in scattering rate and a 12.57% decrease in
penetration rate, with a 3.32% improvement in resolution for 111In when the source-to-
collimator distance is 4 cm.

3.4. Validation

3.4.1. Contrast and CNR—To evaluate the performance of the proposed optimum
PGMC, simulated projection data from the hot rod phantom were acquired over 30 minutes
for a total of 120 projection angles for contrast studies. The distance from the phantom
center to the collimator surface was set to be 13 cm. The images reconstructed with 30
iterations for four radionuclides are presented in Figure 5 and the line profiles across the hot
rods with radii of 11.2 mm as well as 17.6 mm were also plotted. The contrast and CNR for
the six hot rod radii and four radionuclides are shown in Figure 6.

Obviously, the image for °’Co has the largest CNR value as well as the best contrast over the
three other radionuclides from Figure 6, which was expected since the septa absorb photons
with lower energy more effectively leading to a lower level of septal penetration. Although
the contrast of 111In is better, the CNR is poorer than that of 123|, due to the higher noise
level of 111In. However, the lowest contrast is still over 90% and CNR is over 15, indicating
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the good ability of the system to distinguish different levels of activities. The image quality
of 111In is preserved owing to the high sensitivity even with a higher proportion of
penetrated photons.

3.4.2. Recovery ratio—Two simulations were also performed to evaluate the recovery
ratio of the PGMC. Each was conducted for 123] and 99MTc separately. In the first
simulation, the left and right striatal regions were filled with radionuclides with striatal to
background activity ratios of 6:1 and 3:1, respectively. While in the second acquisition,
striatum-to-background ratios were set to be 10:1 (left) and 8:1 (right). The recovery ratios
from the reconstructed images after 45 iterations were measured and tabulated in Table 2.
The striatal and background ROIs were drawn after reconstruction by multiplying a mask
based on the original striatal phantom.

The recovery ratios listed in Table 2 for ™T¢ and 123] are both comparable with some other
published results. The images for 2°™Tc provide better recovery than that for 1231 due to less
scatter and penetration. However, the measured ratio over real ratio decreases as the real
ratio increases due to the larger PVE. It has been reported that over 50% of the radioactivity
concentration in the striatum was underestimated since the background with lower activity
was overestimated due to the effect of spillover from adjacent striatal regions with higher
activities. The capability to recover activity concentration ratios for this system can be
further improved if the PVE is applied in the reconstruction algorithm[21].

3.5. Benchmarking the optimized design with existing collimators

Established by the TRSanalysis, as well as contrast and recovery evaluation described
above, we finally list the dimensions for the optimum collimator configuration in Table 3
and compare its performance with the BiCoreTM collimators.

Compared to the conventional Siemens LEHR and MELP (medium energy low penetration)
collimators, the proposed optimal energy-optimized collimator has comparable sensitivity,
more septal penetration, and higher resolution as shown in the last three rows in Table 3.
Taking 99MTc imaging as an example, there is about a 6.62% improvement in resolution and
a 29.20% increment in detection efficiency compared to the LEHR collimator. In addition,
the resolution and sensitivity of the proposed collimator configuration are contrasted to
those in other studies[22], and to some commercial scanners. Though sensitivity and
resolution values depend on the isotope, detector spatial resolution, crystal thickness and the
gap between the collimator and crystal, the comparison in Table 4 highlights the potential of
the energy-optimized CZT-based SPECT system to provide comparable or even better
imaging quality.

4. Discussion

In this study, various designs of the parallel-hole collimators have been compared for
different radiotracers emitting energies below 250 keV. The performance of the large-area
CZT-based detector combined with the PGMC has been studied to establish the possibility
of fabricating an energy-optimized SPECT system. The quality of the gamma-camera
system designed to image small targeted volumes at low- and medium-energy ranges was
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quantitatively assessed by utilizing two voxel-based phantoms. The results have shown that,
with an appropriate design of the PGMC, it is possible to obtain comparable or even better
images using four different radionuclides (°’Co, 9™T¢, 123] and 111In) without collimator
exchanges, compared to image qualities acquired using the conventional SPECT system
with commercial collimators such as LEHR and MEGP ones.

The strength of this work lies in the compromised design for imaging four radionuclides
simultaneously based on the total relative sensitivity. We had to sacrifice the performance
for nuclides emitting low energy photons to reduce the scatter and penetration for 111in.
Fortunately, the sensitivity for 111In is high and it has been reported that a better imaging
performance of 111In can be obtained from a collimator that allows a certain fraction of
penetrated and scattered particles[12]. Another way to compensate for the two pollution
effects is to develop a more accurate reconstruction method[11].

The collimator proposed was designed for direct-conversion pixelated CZT detectors, which
offer higher stopping power and better pixel isolation at the same thickness than
conventional indirect-conversion scintillation detectors, such as those using the Nal(Tl)
cystal, hence obtaining considerable sensitivity and adequate resolution even at high energy.
The excellent energy resolution of the CZT detector allow us to acquire SPECT data using
narrower energy windows (4% — 8%) filtering most of the unnecessary photons without
obvious deterioration in detection efficiency.

Combined with the large-detection-area CZT detector, the parallel-hole PGM-C was
designed to improve efficiency and decrease aliasing artifacts since the collimator holes
directly overlap the detector pixels. To determine the optimal combination of the collimation
and detection, various configurations of the collimators were investigated using sensitivity,
resolution, scattering and penetration. The values presented in Figure 3 and Figure 4 guided
us to decide reasonable ranges for different parameters. The parameter space for hole radius
is limited to elucidate the rapid variation of penetration and sensitivity for 111In as evident
from Figure 3 (d) and Figure 4 (d). The range chosen is crucial in optimizing the collimator
since 111In quickly increases penetration here in comparison to low-energy tracers. Since
the optimum dimension of the collimator differs with different radioisotopes, TRSwas
defined to comprehensively investigate the performance of the given radiopharmaceuticals.
It is obvious that the sensitivity of 111In is much higher than that of the three other
radiotracers. However, the penetrated and scattered photons are in fact the predominant
contributors in producing high sensitivity for 111In.

Fortunately, it has been reported that a high sensitivity is desired in detecting small tumors,
even when the images are not reconstructed from the correctly collimated photons alone[11].
The preferred collimator design for energy-independence was decided based on the TRS
calculation. Contrast, mostly used to characterize the system performance[6][11][23] was
calculated using the hot rod phantom with six rods to validate the preferred collimator
design. Though the performances degraded at high energies, image contrast was preserved
and CNR was shown to be consistent in Figure 6. Even for the hot rod with a radius of 9.6
mm, the contrast for 111In is over 90%, demonstrating the good ability of the system to
distinguish different activity levels. An optimized energy window might offer some benefit
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in further improving the image quality[23][24] . We will be following up the current study
by investigating the effects of the energy window settings on the capability of the CZT-
based system.

The SPECT camera presented in this work could find potential applications in imaging
small-volume organs such as human brain, breast and prostate. One of the applications
studied for brain imaging for early detection of Parkinsons disease was simulated using the
striatal phantom. The recovery ratios for 99™T¢ and 123] were enlisted in Table 2 at different
striatum to background ratio settings. The values are comparable or even better though the
penetration and PVE corrections have not yet been incorporated in the reconstructed
algorithm compared with other results|25][26].The compensations for penetration correction
and PVE will be developed in following work to improve the reconstruction. Dual-isotope
imaging will also be carried out to take advantage of the good energy resolution of the CZT
detector.

Further investigation, however, is required to evaluate if the capability of the system to
image at higher energies can be improved by using thicker or longer collimator holes such as
in the four-pixel matching[10] and nine-pixel matching collimator designs[27] which will
allow thicker septa and higher sensitivity. Experimental validations are still required in the
near future as a proof-of-concept for preclinical trials.

5. Conclusion

The performances of the SPECT system for imaging four commonly used radionuclides
emitting photons at low and medium energy levels were compared for various
configurations of the PGMCs. The behavior of the CZT-based detector in combination with
PGMCs was also studied. We found that the PGMC made of tungsten-alloy with square
holes of radius 0.64 mm and bore length of 23 mm is best suited for energy independence.
Preliminary simulated results prove that with such an energy-optimized collimator, the
SPECT system is feasible and promising, providing acceptable image quality for a variety of
radionuclides to image small targeted volumes. The use of a single collimator for imaging
radiotracers targeting different organs will minimize the risk of collimator damage from
interchanging collimators, while enabling an efficient workflow.
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The scattering (left column) and penetration (right column) components measured by
changing (a)—(b) hole length, (c)-(d) hole radius, (e)—(f) source-to-collimator surface
distance and (g)—(h) hole shape of the gamma system for ®/Co radionuclide (black squares
marked), 99™Tc¢ radionuclide (red circles marked), 1231 radionuclide (blue upper-triangles
marked) and 111In radionuclide (cyan lower-triangles marked).
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Figure 4.

The resolution (left column) and sensitivity (right column) measured by changing (a)—(b)
hole length, (c)-(d) hole radius, (e)-(f) source-to-collimator surface distance and (g)—(h)
hole shape of the gamma system for >’Co radionuclide (black squares marked), 9™Tc
radionuclide (red circles marked), 1231 radionuclide (blue upper-triangles marked) and 111In
radionuclide (cyan lower-triangles marked and only half of the sensitivity shown).
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Figure 5.
Comparison of the reconstructed images with 30 iterations and the corresponding profiles

across the hot rods with radii 11.2 mm and 17.6 mm on the lower half of the phantom for (a)
57Co, (b) 2°MTc, (c) 1231 and (d) 111In radioisotopes.
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