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Abstract

Multi-pinhole (MPH) collimators are known to provide better trade-off between sensitivity and resolution for preclinical, as well
as for smaller regions in clinical SPECT imaging compared to conventional collimators. In addition to this geometric advantage,
MPH plates typically offer better stopping power for penetration than the conventional collimators, which is especially relevant for
1-123 imaging. The I-123 emits a series of high-energy (>300 keV, ~2.5% abundance) gamma photons in addition to the primary
emission (159 keV, 83% abundance). Despite their low abundance, high-energy photons penetrate through a low-energy parallel-
hole (LEHR) collimator much more readily than the 159 keV photons, resulting in large downscatter in the photopeak window. In
this work, we investigate the primary, scatter, and penetration characteristics of a single pinhole collimator that is commonly used
for 1-123 thyroid imaging and our two MPH collimators designed for 1-123 DaTscan imaging for Parkinson’s Disease, in
comparison to three different parallel-hole collimators through a series of experiments and Monte Carlo simulations. The
simulations of a point source and a digital human phantom with DaTscan activity distribution showed that our MPH collimators
provide superior count performance in terms of high primary counts, low penetration, and low scatter counts compared to the
parallel-hole and single pinhole collimators. For example, total scatter, multiple scatter, and collimator penetration events for the
LEHR were 2.5, 7.6 and 14 times more than that of MPH within the 15% photopeak window. The total scatter fraction for LEHR
was 56% where the largest contribution came from the high-energy scatter from the back compartments (31%). For the same energy
window, the total scatter for MPH was 21% with only 1% scatter from the back compartments. We therefore anticipate that using
MPH collimators, higher quality reconstructions can be obtained in a substantially shorter acquisition time for I-123 DaTscan and
thyroid imaging.

1. Introduction

While clinical SPECT imaging is commonly performed on general-purpose systems using parallel-hole or cone/fan-
beam collimators, most small-animal SPECT systems employ multi-pinhole (MPH) collimators (Franc et al., 2008)
because of the improved sensitivity-resolution trade-off offered for a smaller volume of interest (VOI) (Van
Audenhaege ef al., 2015). With the same motivation, clinical SPECT systems using MPH collimators have been
designed to target smaller regions in the body such as the heart (Erlandsson ef al., 2009; Bhusal et al., 2019; Bocher
et al., 2010; Bowen et al., 2013; Ogawa and Ichimura, 2014), the breast (van Roosmalen et al., 2017; Tornai ef al.,
2003; van Roosmalen et al., 2016) and the brain (Chen et al., 2017; Chen et al., 2018; King et al., 2016; Stam et al.,
2018). Unlike the general-purpose systems, these dedicated SPECT systems use the detector space more efficiently,
hence can provide better sensitivity-resolution trade-off within a smaller VOI.

In addition to this geometric advantage, MPH collimator plates typically offer better stopping power for
penetration than the conventional (i.e., parallel-hole and cone/fan-beam) collimators, which have thousands of holes
separated by thin lead alloy walls (septa) resulting in the majority of the collimator being composed of air and hence
allowing a large amount of collimator penetration. In comparison, except for the pinholes, MPH plates are entirely
made of lead or tungsten alloy. While this difference in collimation may not be relevant for most clinical SPECT
applications using Tc-99m with 140 keV low-energy primary emissions, where conventional collimators already
provide sufficient collimation (Pandey et al., 2015), efficient collimation becomes very important when higher energy
emissions are involved, as in the case of 1-123. In addition, most MPH collimator plates are made of tungsten (ptso0:
2.66 cm™, p: 19.3 g/cm?), which is about 1.5 times more attenuating than the same thickness of lead (psoo: 1.82 cm’!,
p: 11.3 g/cm?) used in conventional collimators at energies >500 keV (computations are performed based on pure
tungsten and lead using XCOM, https://physics.nist.gov/PhysRefData/Xcom).

[-123 is an important radionuclide commonly used in clinical SPECT applications such as thyroid, brain perfusion,
and dopamine transporter (DAT) imaging, which emits a series of high-energy (>300 keV, ~2.5% abundance) gamma
photons in addition to the primary photons (159 keV, 83% abundance) (Gregory et al., 2017). Despite the low




abundance of the high-energy photons, they penetrate through the low-energy parallel-hole collimator approximately
15 times more than the primary photons since the attenuation of the high-energy photons in the collimator is much
less than the primary photons (Van Holen et al., 2009). Many of these high-energy photons pass through the crystal,
undergo Compton scattering from the layers behind the crystal (e.g., photo-multiplier tubes — PMTs and associated
electronics), and are then detected by re-entering the crystal with a lower energy within the photopeak window
contaminating the projection data. Among these high-energy emissions, the most abundant one is at 529 keV (1.4%
abundance) with a backscatter peak at 172 keV (180° Compton scatter) falling into the 20% photopeak window (143—
175 keV) of the primary photons. These events are defined as backscatter, a special case of downscatter (detection of
the high energy photons after scattering). Depending on the collimator employed and the crystal thickness, the
magnitude of backscatter can be very high. Using Monte Carlo simulations a backscatter fraction of approximately
30% (Cot et al., 2004) and a total scatter counts larger than the primary counts (Tanaka et al., 2007) were reported for
the low-energy high-resolution (LEHR) collimator.

The backscatter from I-123 high-energy photons is a well-known and studied problem. Some research suggests
the usage of medium-energy collimators to reduce the downscatter (including backscatter) despite their inferior
sensitivity and resolution characteristics (Snay et al., 2011; Gregory et al, 2017) or implementing downscatter
correction if low-energy collimators are used (Dobbeleir ef al., 1999; Small ef al., 2006). For the I-123 DAT imaging,
the Society of Nuclear Medicine and Molecular Imaging, SNMMI (Djang et al., 2012) and the European Association
of Nuclear Medicine, EANM (Darcourt ef al., 2010) guidelines recommend the usage of low-energy collimators and
fan-beam, if available. Both guidelines also recommend dedicated systems for the I-123 DAT imaging.

The research on the scatter characteristics of the [-123 high-energy photons appears to be limited to conventional
collimators without considering the pinhole collimators. In this work, we are aiming to fill this gap by investigating
the primary, scatter, and penetration characteristics of a single pinhole collimator that is commonly used for 1-123
thyroid imaging and our MPH collimators designed for I-123 DAT imaging (King ef al., 2016; Konik ef al., 2018), in
comparison to parallel-hole collimators through a series of experiments and Monte Carlo simulations. As detailed in
the following section, we obtained the projection images and energy spectra of an I-123 capsule for different
collimators of a SPECT system through experimental measurements and simulations. Once we verified our simulation
model based on the close agreement of these datasets, we performed the simulations of an I-123 point source and I-
123 DAT (or DaTscan™, GE) distribution for quantification of primary, scatter, and penetration events for the parallel
and pinhole collimators.

2. Methods
2.1 Experimental Acquisitions of an I-123 source

We acquired projections of the background (without a source) and an 1-123 capsule source of ~0.2 mCi on a dual-
head SPECT/CT system (Philips, BrightView) using three different parallel-hole collimators and a pinhole collimator:
LEHR, medium-energy general-purpose (MEGP), high-energy general-purpose (HEGP), and single pinhole (SPH).
Table 1 summarizes the specifications of these collimators. The capsule source was placed on the patient table ~10
cm away from the parallel-hole collimator faces and the aperture of the pinhole collimator. The projections of this
source were simultaneously acquired using the LEHR/SPH and MEGP/HEGP collimator pairs at 180° mode over 20
minutes. The same acquisition protocol was followed for the background measurements. The energy spectra and
projections presented in this work are obtained after the subtraction of the background counts from the corresponding
source projections followed by their decay correction. In this way, a total of 7.4, 1.6, 1.0 and 0.78 million counts were
collected within the full spectrum for LEHR, MEGP, HEGP, and SPH respectively. The corresponding values within
the 15% photopeak energy window (147-171 keV) were 0.95, 0.59, 0.52, and 0.48 million counts, respectively.

Table 1. Specifications of the collimators used in experiments and simulations.

LEHR MEGP HEGP SPH 9MPH, 16MPH
*Hole size (mm) 1.22 3.40 3.81 5.00 5.00
Collimator thickness (cm) 2.70 5.84 5.84 4.15 2
Septal thickness (mm) 0.152 0.86 1.73 — —
**Air in collimator (%) 74 64 47 10 22,25
Collimator material Lead Alloy  Lead Alloy Lead Alloy Lead Alloy Tungsten Alloy

* Distance between the two opposite sides of the parallel hexagon holes. Diameter for the SPH and MPH apertures.
**Derived from the simulated geometry. SPH air% was calculated within the collimator insert.



2.2 Modeling of the SPECT head and collimators

We modeled the geometry of the Brightview SPECT system with the collimators mentioned in the previous section
using the Geant4 Application for Tomographic Emission (GATE) Monte Carlo simulation toolkit (Jan et al., 2004)
based on manufacturers’ specifications and our physical measurements. We also modeled two of our MPH collimator
designs with 9 and 16 pinhole apertures in a 2-cm thick tungsten alloy (tungsten 90% + copper 10%, density: 18.2
g/cm3 ) plate, herein referred to as 9MPH and 16MPH collimators, respectively, aimed for DAT imaging (Konik et
al., 2018; Konik et al., 2017).

The walls of the LEHR collimator are constructed by folding lead alloy (lead 95% + antimony 5%, density: 11.1
g/cm3 ) foils, which forms double septa on two opposing sides and single septa on the other four sides of the hexagon
holes resulting in uneven stopping power. The MEGP and HEGP collimators are built by casting lead, where all six
walls are formed by single septa providing a uniform stopping power — except at the vertices of the hexagon. We
implemented these construction details in our simulation models as shown in Figure 1. The inserts in this figure show
the measured projections of the capsule source for the full energy spectrum and 15% photopeak window. The “star”
artifacts in the projections (the image scale was adjusted to make the effect more visible) follow the exact same
directions as denoted with the blue arrows. These directions indicate the shortest attenuation path in the collimators:
four single-foil septa of the LEHR and perpendicular photon incidence on six septa of the MEGP/HEGP. Another
detail to note is that the LEHR hexagon holes are oriented in 90° with respect to the holes of the MEGP and HEGP
collimators. Assuming an equal surface area for the collimator plane and the Nal(T1) crystal (540 x 400 mm?), 354 x
350, 146 x 93 and 112 x 72 holes were placed in the LEHR, MEGP and HEGP collimators, occupying 74%, 64%,
and 47% (as shown in Table 1) of the collimator volumes, respectively.

The geometry of the SPH collimator was first generated in Solidworks® software (https://www.solidworks.com/)
based on the Computer-Aided Design (CAD) drawing provided by the manufacturer and then was converted into the
STL format (triangular surface meshes) and imported into GATE. We used the same method for modeling the
geometry of 9MPH and 16MPH collimators in GATE. Figure 2 presents the geometry of these collimators modeled
and visualized in GATE. The specifications of the collimator insert for the SPH and the collimator plate for MPH are
listed in Table 1. The volumetric proportion of air for the MPH was calculated within the dashed box indicated over
the collimator plates in Figure 2. The SPH collimator insert is considerably smaller than this region, hence the larger
air volume (10%) compared to MPH (2.2% and 2.5%). In addition to these properties, knife-edge pinholes were
modeled for both SPH and MPH collimators.
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Figure 1. Foil (LEHR) and cast (MEGP and HEGP) collimators implemented in GATE. Note, LEHR hexagon holes have dual-
septa on two sides and are oriented in 90° with respect to the MEGP and HEGP collimators. The blue arrows indicate the directions
ofthe “star artifact” observed in both measured and simulated projections of the capsule source. The inserts here show the measured
projections for the 15% energy window and full spectrum (image scale was adjusted for visibility). These blue arrows indicate the
directions for the shortest attenuation paths in the collimators: four single-foil septa of the LEHR and perpendicular photon
incidence on six septa of the MEGP/HEGP).
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Figure 2. Screenshots from GATE simulations showing the geometry of the parallel collimators (HEGP is shown), SPH collimator,
and MPH collimators with 9 and 16 pinholes. The figures at the bottom show the side view of the collimator and the SPECT camera
consisting of the identical Nal(Tl) crystal and back compartments (optical coupling — opt., PMTs, and electronics) for all cases.
The figures on top show a portion of the top view of the collimators (green).

Pb Casing (1.8 cm)

For modeling the compartments behind the 0.925-cm thick crystal (i.e., back compartment), we followed the
“intermediate model” described in (Rault ef al., 2011), which represents the compartments as multiple layers and
PMTs by a box filled with a mixture of materials. Their study shows that the intermediate model provided the best
quantitative (sensitivity and spatial resolution) agreement with the measurements for the I-123 source. Herein, the
back compartments consist of a light guide (0.925 cm), PMTs, and electronics, which are enclosed in the lead and
aluminum casings as indicated in Figure 2.

2.3 Monte Carlo simulations

GATE simulations presented in this work modeled all the relevant physics including attenuation (photo-electric
absorption, Compton and Rayleigh scattering), collimator penetration, and fluorescent x-ray secondary emission (e.g.,
characteristic x-rays emitted by the collimators and shielding). In addition, the intrinsic energy and spatial resolutions
of the detector were modeled by sampling from Gaussian distributions of 10% FWHM at 159 keV and 3 mm FWHM,
respectively. The energy resolution assumed to follow a linear relation with the gamma energy. When a gamma photon
undergoes multiple interactions (hits) in the crystal the energy for this event is summed and the event position is
obtained from the energy-weighted centroid of the different interactions. We used the 14 most abundant gamma
emissions to model the I-123 emission spectrum accurately (Be ef al., 2004).

2.3.1  Capsule source simulations

To validate our simulation setup, we modeled the 1-123 capsule source by a cylindrical source (diameter: 0.68 mm
and height: 0.68 mm in sucrose with a density of 1.6 g/cm?) with uniform activity and placed it at 10 cm distance from
collimator face and pinhole aperture, replicating the experimental acquisitions above. For this purpose, we compared
the energy spectra (0 — 700 keV) and projections (energy window: 159 keV+7.5%) obtained from the measurements
and simulations. In addition to the SPECT heads, we modeled the attenuation of the capsule and its 2 mm thick plastic
container (measured density: 1.5 g/cm?), and 9.5 mm thick carbon-fiber patient table (simulated density: 0.55 g/cm?)
as these introduce attenuation (i.e., absorption and scatter) and alter the energy spectra at energies mainly below the
photopeak region.

2.3.2  Point-source simulations

In addition to the capsule source simulations, we simulated the projections of a point source in air to determine the
scatter and penetration characteristics in the absence of attenuation media other than the components of the SPECT



head. Hence, we did not include the attenuating objects mentioned for the capsule source simulations. In this set of
simulations, we also included the 9MPH and 16MPH collimators. We placed the point source at 14 cm from the
parallel-hole collimator faces and the aperture plane of the pinhole collimators, which is also the focal point for the
MPH collimators. As explained in the following sections we used the data from the point source simulations to obtain
the scatter, primary and collimator penetration counts for a range of photopeak energy windows and for the full energy
spectrum.

2.3.3  DaTscan simulations

We obtained the projections of the XCAT digital phantom (Segars ef al., 2010) approximately modeling a normal
DaTscan distribution with the activity concentration ratios of striatum : salivary glands : lungs : liver : background
=8:4:2:6:1(Sydoffetal., 2013). We represented this activity distribution with a voxelized phantom covering the
head and torso, as shown in Figure 3. In order to avoid volume overlaps between the attenuation phantom and the
rotating SPECT head, instead of using a voxelized attenuation phantom, we used a mesh modeling (STL) of the XCAT
attenuation phantom derived from its native NURBS data (Auer et al., 2018). Figure 3 at the right shows the STL-
based anatomy with the organs listed above. This anatomy was then converted to attenuation map by segmenting it
into five different attenuation coefficient regions: water, brain, lung, bone and air. The compositions of these regions
were predefined in GATE.

For each collimator, 20 equally spaced projections were obtained over 360° around the head at a radius of rotation
of 14 cm. The projection images from the parallel-hole collimators included the entire brain and a small portion of the
salivary glands as seen in clinical images. While the images from the SPH collimator also included the entire brain,
the MPH collimators imaged mainly the inner region of the brain focusing on the center of the striatum. That is, the
common field-of-view (FOV) of all the MPH pinholes was the inner brain although some of the pinholes imaged
regions beyond this common FOV depending on the projection view in the acquisition. In addition, 16MPH had 30%
background/background and 28% background/striatum multiplexing in the projection data, while 9MPH was nearly
multiplex-free with 3% background/background multiplexing only and no background/striatum multiplexing.

s

Figure 3. Center coronal slice (left), summed coronal slices (middle) of the XCAT voxelized activity phantom representing normal
DaTscan distribution, and a 3D rendering of the STL representation of the corresponding anatomy (right) showing organs.

2.3.4  Analyses

We developed a stand-alone analysis based on ROOT (http://root.cern.ch) to determine the primary and scatter counts
from the object (phantom), collimator, shielding, and back compartments for a range of energy windows over the 159
keV photopeak (10, 15, 20 and 25%) and for the full energy spectrum (0-700 keV). We also included collimator
penetration for the point source in air and the XCAT DaTscan simulations in this analysis. To do this, we used a
modified version of the GATE code (De Beenhouwer et al., 2009) to obtain the original emission energies of the
scatter, primary, and collimator penetration counts, as this information is not available by default in GATE.

We reported these results in terms of fractions with respect to the total counts: scatter fraction (100 X scatter
counts / total counts) as described in section 3.3, multiple scatter fraction (100 x multiple scatter / total counts) as
described in section 3.4, primary score (primaryisokev/ total counts) x (primaryisokev sensitivity) as described in section
3.5, and collimator penetration (100 x collimator penetration counts / total counts) as described in section 3.6.



3. Results
3.1 Verification of the simulation setup

We obtained a reasonable agreement between the measurements and simulations of the 1-123 capsule source for the
energy spectra and projections. Figure 4 shows the energy spectra side by side for the four different collimators of the
BrightView SPECT system. Note, the BrightView specifications list the operation energy range as 56-920 keV.
Hence, the measured spectra should be ignored below 56 keV. In both sets of spectra the counts are normalized by the
maximum count level of the LEHR. Apart from the overall visual agreement between the measured and simulated
spectra, the relative spatial distribution of counts around the photopeak energy from different collimators are nearly
the same. In the same figure, measured and simulated projections are presented along with their corresponding full-
width at half-maximum (FWHM) in horizontal (x) and vertical (y) directions in mm. The difference in FWHMSs from
measurements and simulations was less than 10%, which is reasonable considering various potential sources of errors
such as in modeling the attenuation of the patient bed, capsule dimensions and its distance to collimators, crystal
energy resolution as function of energy, Poisson noise in the datasets, and non-Gaussian point spread functions (PSFs)
especially for HEGP and MEGP. Note that the HEGP and MEGP projections were smoothed by a Gaussian filter
(FWHM: 0.7) prior to FWHM measurements to obtain an approximately Gaussian PSF.
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Figure 4. Measured (left) and simulated (right) energy spectra of an I-123 capsule source at a distance of ~10 cm from the face of

the parallel-hole collimators and from the aperture of the pinhole collimator. Both sets of spectra are normalized by the maximum

count of the LEHR collimator. The inserts show the corresponding projections and their FWHMSs (mm) in horizontal (x) and vertical

(y) directions. *The projections of the MEGP and HEGP collimators were smoothed by a Gaussian filter (FWHM: 0.7 mm) prior

to FWHM measurement.

3.2 Energy spectra

Figure 5 shows the energy spectra obtained from the simulations of an I-123 point source at a distance of 14 cm from
the parallel collimator faces and aperture planes of the SPH, 9MPH, and 16MPH collimators. With the inclusion of
the MPH energy spectra, the spectra from the rest of the collimators scaled down dramatically. For example, a 5.5-
fold difference is visible between the photopeak of 16MPH and LEHR despite the large downscatter in LEHR counts.
For this reason, we also included the energy spectra of the parallel-hole and pinhole collimators, separately.
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Figure 5. (Left) Simulated energy spectra of an I-123 point source for the parallel-hole and SPH collimators. (Right) Same data
including the spectra from the MPH collimators. Both sets of energy spectra were normalized to the maximum counts of the LEHR
collimator. The maximum photopeak counts of the 16MPH is 5.5 times larger than that of LEHR. The inserts show the projections
from all collimators and their FWHMs (mm) in horizontal (x) and vertical (y) directions. The FWHMs of the MPH collimators
were calculated from the indicated (green and magenta circles) pinhole projections. *The projections of the MEGP and HEGP
collimators were smoothed by a Gaussian filter (FWHM: 0.7 mm) prior to FWHM measurement.

Figure 6 shows the energy spectra and sum of 20 projection views over 360° obtained from the simulations of the
XCAT phantom with I-123 DaTscan distributions for the parallel-hole and pinhole collimators. We show the summed
projections to improve the statistics in the images. For the MPH, the striatum is not identifiable from these images
because of the striatum/background overlaps among different projection views and the higher noise level per pinhole.
For example, the count levels for the 16MPH and single pinhole are 0.36M/16 = 0.0225M and 0.04M per pinhole,
respectively.
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Figure 6. (Left) Simulated energy spectra of the I-123 DaTscan distribution obtained from parallel-hole and pinhole collimators
normalized by the maximum counts of the 16-MPH. (Right) Summed projections over 360° rotation and their total counts obtained
within the 15% photopeak window (147 — 171 keV).

3.3 Scatter Fraction from individual components

A “scatter” or “scatter event” in this work is defined as a gamma photon undergoing a single or multiple Compton or
Rayleigh scattering interactions with matter prior to detection within the defined energy window. That is, the scattered
photons not reaching the crystal or being outside the energy window are not counted as scatter event. In this section,
we present individual scatter fractions from the XCAT phantom and from different system components such as the
collimator, shielding, and back compartments. As indicated in Figure 2, “collimator” refers to the septa of the hexagons
in the parallel-hole collimator, the insert in single pinhole collimator, and the plates in MPH collimators; “shielding”



is defined as the lead casings on the SPECT head and also the trapezoid supporting the MPH plate; and the back
compartments are defined as the components behind the crystal other than the shielding. The individual scatter
fractions are based on the scattering from the last volume of interaction prior to detection regardless of being a multi-
scattering or single-scattering event. For example, a photon that scattered first in the collimator and then in back
compartments, is counted as a single scatter event from the back compartments. The multi-scatter aspect is separately
presented in the next section.

The bar graphs in Figure 7 show the scatter fractions of the individual system components obtained from the I-
123 point source simulations for a range of photopeak energy windows (10, 15, 20, and 25%) and for the full spectrum
(0-700 keV). For example, LEHR total scatter fraction is 31% at 15% energy window, where majority of the scatter
is recorded from the back compartments (20%). For the same energy window, the total scatter fraction for the MPH
collimators is less than 2%. Similarly, Figure 8 shows the percent scatter fractions for I-123 DaTscan simulation where
XCAT brain and torso phantom scatter is also included. In this case, LEHR total scatter fraction is 56% at 15%
photopeak energy window where 31% of the scatter is from the back compartments. For the same energy window, the
total scatter for 16MPH is 21% with only 1% scatter from the back compartments.
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Figure 7. Scatter fraction in percent (100 % scatter counts / total counts) for the 1-123 point source from collimator, shielding, and
back compartments for different collimators and for a range of photopeak energy windows (10, 15, 20, and 25%) and for the full
spectrum (0700 keV). Only the scatter events from the last volume of interaction were considered. Scatter of below 1.5% is not
labeled.
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Figure 8. Scatter fraction in percent (100 X scatter counts / total counts) for the I-123 DaTscan simulations from XCAT brain and
torso phantom, collimator, shielding, and back compartments for different collimators and for a range of photopeak energy windows
(10, 15, 20, and 25%) and for the full spectrum (0-700 keV). Only the scatter events from the last volume of interaction were
considered. Scatter of below 1.5% is not labeled.
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3.4 Multiple scatter

In Figures 7 and 8, scatter fractions in percent for the phantom and different components of the system are presented
based on the scatter counts from the last volume of interaction prior to detection. In reality, however, many gamma
photons undergo multiple scatter events, which have potentially larger impact in image degradation since multiple
scatter can cause further deviation from the original emission direction. We defined multiple scatter events as follows:
if a gamma photon undergoes scattering more than once prior to detection within the energy window, it is considered
as one multiple scatter event. For example, each of these are considered as a multiple scatter event: > 2 x Compton
scatter, > 2 x Rayleigh scatter, or > 1 Rayleigh + > 1 Compton scatter. In Figure 9, we present multiple scatter fractions
in percent for the I-123 point source and DaTscan simulations, where fotal scatter counts = single scatter + multiple
scatter. Based on these results LEHR shows considerably higher multiple scatter fraction than that of the other
collimators indicating more impact in the images.
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Figure 9. Multiple scatter fraction in percent (/00 X multiple scatter / total counts) obtained from the I-123 point source in air (left)
and XCAT DaTscan (right) simulations of different collimators for a range of photopeak energy windows (10, 15, 20, and 25%)
and for the full spectrum (0-700 keV).

3.5 Primary counts

The primary counts are the unscattered events that reached the detector and counted within the energy window. In this
work, we removed the collimator penetration component from the 159 keV primary counts and hence considered only
the ones that go through the collimator holes. Therefore, these scatter and penetration-free photons carry uncorrupted
information about the position of the emission source. Since [-123 imaging is ideally based on the counts of the
primary photopeak photons, a high primary/total count ratio and high primary sensitivity (159 keV primary counts /
total number of emissions) is desirable. We quantified this aspect as (primaryisoker / total counts) % (primaryisokev
sensitivity) and referred to it as “primary 159 keV score”. InFigure 10 we show these scores for the I-123 point source
and DaTscan simulations after normalizing by the corresponding maximum values of the 16MPH at 25% and 20%
energy windows, respectively. By this metric I6MPH outperforms LEHR, MEGP, HEGP, SPH and 9MPH by about
13, 3.7,3.8, 11, and 1.6 times, respectively, for the DaTscan projections obtained within the 15% and 20% photopeak
energy windows. For the point source projections, the corresponding factors were 17, 6.6, 7.1, 18, and 1.6.
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Figure 10. “Primary 159 keV score” for the I-123 point source (left) and DaTscan (right) simulations, calculated as (primary;soker
/ total counts) x (primarysorevsensitivity) and normalized by the maximum value of the 16MPH. Results are shown for a range of
photopeak energy windows (10, 15, 20, and 25%) and for the full spectrum (0-700 keV).
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3.6 Collimator Penetration

Collimator penetration in this paper is defined as the gamma photons going through the parallel-hole collimator septa,
SPH collimator insert, or MPH collimator plate without any interaction and then being detected within the energy
window. These photons may or may not have scattered in places other than the collimator before or after collimator
penetration. These non-collimated events thus result in image degradation. Figure 11 shows the collimator penetration
in percent of the 159 keV and high-energy (HE) photons, separately, for the 1-123 point source in air and XCAT
DaTscan simulations. Interestingly, for the LEHR collimator, as the energy window gets wider the collimator
penetration fraction of the 159 keV decreases while the penetration fraction of the HE increases. The decreasing trend
for the penetration fraction of the 159 keV photons is simply because of the increasing total counts (more scatter in
wider windows) while 159 keV penetration counts remain relatively stable. The increasing trend for the penetration
fraction of the HE photons can be explained as following: many HE penetration photons scatter in the crystal and
escape from it partly depositing their energy, thus falling into the photopeak window. The rate of these events increases
as the energy window gets wider. For the other collimators, penetration fractions of the 159 keV photons is nearly
constant as the total counts remain about the same, as can be seen from the energy spectra in Figures 5 and 6.

Figure 12 shows the I-123 point source projections of the collimator penetration counts obtained within the 15%
photopeak energy window. The projections at the top and bottom rows are for the HE and 159 keV emissions obtained
within the 15% photopeak energy window, respectively. A large amount of collimator penetration is recorded from
HE for the LEHR collimator. In contrast, MPH collimators have large amount of penetration for the 159 keV photons.
However, the penetration counts per pinhole are considerably smaller than the rest of the collimators: 5.8K/pinhole
for 9MPH and 4.8K/pinhole for 16 MPH. Another observation is that the HE penetration counts are relatively localized
for the pinholes mainly because of the penetration through the knife edge and they would have less impact in images
compared to widely spread projections of the parallel collimators.
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Figure 11. Collimator penetration in percent (100 x collimator penetration counts / total counts) of the 159 keV and high-energy
(HE) photons from the I-123 point source (left) and XCAT DaTscan (right) simulations for a range of photopeak energy windows
(10, 15, 20, and 25%). Note the large amount of penetration through LEHR is observed for the high-energy emissions (e.g., ~30%
for the 15% energy window), while it is negligible for the MPH collimators.
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Figure 12. Simulated I-123 point source projections of the collimator penetration counts only. The projections in the top row are
for the high-energy (HE) photons of I-123 and bottom row are for the 159 keV emissions, obtained within the 15% photopeak
energy window. Point source location and imaging time were the same for all cases.

4. Discussion

We verified our Monte Carlo simulation geometry through a comparison of the energy spectra and projection
images from the experimental acquisition and simulation of an I-123 source (capsule source). While we made a
considerable effort to obtain a close match, reaching an exact agreement between the measurements and simulations
was challenging because of many uncertainties or unknowns about the system as briefly mentioned in the results
section. Nevertheless, we obtained sufficient agreement for the purpose of our study.

We showed scatter, primary, and penetration characteristics of three different parallel-hole collimators, a single
pinhole collimator and two of our MPH collimator designs for a range of energy windows. MPH collimators,
especially 16MPH, showed superior performance over the other collimators in every aspect we presented here. We
summarized these results for the I-123 point source in air and XCAT DaTscan simulations in Table 2 for the 15%
photopeak energy window. For example, total scatter, multiple scatter, and collimator penetration events, from LEHR
were 2.5, 7.6 and 14 times more than that of I6MPH for XCAT DaTscan simulations. The major scatter component
for LEHR was from the backscatter of the high-energy photons, as other investigators have shown (Cot et al., 2006).
All of these events are misplaced in the projections degrading the reconstructed images. In addition to the large amount
of collimator penetration, these events are broadly spread across the crystal for the parallel-hole collimators, as shown
in the point source projection images obtained from the high-energy collimator penetration counts (Figure 12).
Whereas the corresponding projections for SPH and MPH are relatively localized for both 159 keV and high-energy
photons, hence less impact would be expected in the reconstructed images.

The Compton scatter can be reduced to some extent through scatter correction methods such as triple energy
window (TEW) (Ichihara et al., 1993), but these methods amplify image noise (Hutton et al., 2011). On the other
hand, counts from Rayleigh (coherent) scatter and collimator penetration cannot be corrected based on these energy
discrimination methods as in both processes photon energies remain unchanged. However, in practice the impact of
Rayleigh scatter is negligible because of narrow-angle scatter and lower contribution to the counts. In these
simulations, 80-90% of the total scatter was from Compton scatter only, 1.5-3% from Rayleigh scatter only, and the
remaining was a mixture of Compton and Rayleigh scatter.

While the scattering in the phantom is independent of the collimator choice, the phantom scatter fractions
presented in Figure 8 vary depending on the collimator as they are obtained from the last volume of interaction. For
example, high-energy photons scattered in the phantom are much more likely to penetrate through the LEHR
collimator and backscatter than the other collimators studied here. Since these events are recorded as scatter in the
back comportment, which is the last scatter volume in this case, LEHR appears to have considerably less phantom
scatter compared to the other collimators.

In addition to the image degrading events mentioned above, we defined a metric for the “good events” obtained
from scatter and penetration-free 159 keV primary photons, since these are the most valuable counts in the photopeak
window. For DaTscan images both high primary ratio and sensitivity of 159 keV photons are desired. Thus, we defined
our metric as: (primaryisokey / total counts) * (primaryisokev sensitivity). In terms of this metric, Il6MPH score was
about 12 times greater than that of LEHR for DaTscan as listed in Table 2. Note, however, I6MPH had 30%
background/background and 28% background/striatum multiplexing in the projection data, which elevates the counts
at the expense of potential multiplexing artifacts. 9MPH on the other hand was nearly multiplex-free with 3%
background/background multiplexing only and no background/striatum multiplexing. Hence, the primary scores
presented in Figure 10 for MPH should be interpreted effectively between the 16MPH (multiplexed) and 9MPH



(multiplex-free) scores reported herein. Also, we did not use baffle (Kench ef al., 2011) in the simulation which would
reduce the multiplexing.

Table 2. Summary of the collimator characterizations for the 15% energy window
Simulation: I-123 Point Source in Air

LEHR MEGP HEGP SPH 9MPH, 16MPH
Total Scatter % 32 8 5 3 1,1
Multiple Scatter % 22 4 1 1 0,0
Primary Score % 5 14 13 5 58,93
Collimator Penetration % 46 8 5 13 6,5
*Relative Total Count % 1 0.81 0.70 0.33 3.00, 4.75

Simulation: I-123 XCAT DaTscan

Total Scatter % 56 25 22 28 24,22
Multiple Scatter % 38 8 5 11 55
Primary Score % 8 27 26 9 61,99
Collimator Penetration % 56 9 5 9 4,4
*Relative Total Count 1 0.67 0.60 0.27 1.47,2.40

*Normalized by total count of LEHR

Another important point is related to the FOV of different collimators. The parallel-hole collimators had larger
FOVs than the MPH collimators, receiving additional background counts from regions that were not covered by the
limited FOV of the MPH collimators. However, these extra counts that are mainly from other portions of the brain
than the striatal region and the salivary glands, and thus are not useful for DAT imaging. In addition, we found that
11,1, 0.5, 8, 3, and 2% of the total counts for the LEHR, MEGP, HEGP, SPH, 9MPH, and 16MPH, respectively, are
from the torso (below the neck) for the 15% photopeak energy window, which are almost entirely scatter counts. For
example, in Table 2 the total counts of 16MPH is 2.4 times more than that of LEHR for the DaTscan. For the same
data, the striatum counts of the I6MPH is ~5 times more than the striatum counts of the LEHR. Therefore, we expect
that the performance difference between MPH and parallel-hole collimators will be even more dramatic for the counts
that originated from the striatum.

Thus far we mainly limited our discussion to comparing the LEHR and MPH collimators, while MEGP and HEGP
collimators showed ~3 times better primary score than LEHR and have similar scatter fractions as MPH. However,
their primary score, collimator penetration, total count ratio, as well as, spatial resolution obtained from PSFs (Figure
5), were considerably inferior compared to the values for the MPH collimators. Also, SPH had similar primary score
as LEHR and lower scatter/penetration characteristics than LEHR.

The results presented in this work are based on the 5 mm pinhole aperture diameter. The FWHMs of SPH and
MPH projections were ~11 mm for a point source placed at 14 cm from the aperture. This distance is the focal point
of the MPH collimators and also is the radius of rotation (ROR) for the DaTscan simulations. Similarly, for LEHR,
the point source was 14 cm away from the collimator face and we measured its FWHM as ~9 mm. Hence smaller
apertures could be used to match the resolution of the LEHR at ROR, which would result in slightly lower sensitivity
and hence lower primary score than we presented here. We used knife-edge apertures, which allowed considerable
penetration from the 159 keV photons forming ring-shaped projections and impacting the spatial resolution, as shown
in Figure 12. These rings can be reduced and hence the spatial resolution can be improved by using keel-edge apertures
at the expense of decreased sensitivity (Van Der Have and Beekman, 2006) and/or modeling the PSF (Pino et al.,
2015).

5. Conclusion

We showed scatter, primary and collimator penetration characteristics of three different parallel-hole collimators, a
single pinhole collimator, and two of our MPH collimator designs. Our quantitative results based on verified
simulation geometries show that our MPH collimator designs, especially 16MPH, provides superior performance in
terms of high primary counts, low penetration, and low scatter counts compared to the parallel-hole or single pinhole
collimators. This advantage is further enhanced when only striatum counts considered, which provides the most



relevant information for DaTscan imaging. Our findings are encouraging for the usage of the existing and new MPH
SPECT systems for I-123 imaging, especially for thyroid and DaTscan imaging. We expect that using MPH
collimators, higher quality reconstructions can be obtained in a substantially shorter acquisition time for 1-123
DaTscan and thyroid imaging.
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